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The tuatara, Sphenodon, is the sole extant representative of the
Rhynchocephalia, a group of diapsid reptiles that were extremely widespread during the
M esozoic. Traditionally, Sphenodon was considered to be ••primitive’', and its fossil
relatives are frequently disregarded as conservative. However, a detailed review shows
that the group was diverse in terms of both morphology and lifestyle. In particular, it
dem onstrates a range o f different tooth morphologies and arrangements. Geometric
m orphom etric analysis shows that differences between the skull shape o f different taxa
is related to feeding (e.g. muscle volume, jaw joint position). Derived taxa possess
stouter teeth, an increase in space for adductor musculature, a larger skull size and in
turn a greater potential bite force. A surv ey o f suture morphology rev eals that by
com parison to basal taxa (Diphydontosaurus, Gephyrosaurus), derived taxa (e.g.
C levosaurus, Sphenodon) have more complicated sutures including extensive overlaps.
These observ ations correspond with research indicating that sutures are important for
controlling and reducing stresses within the skull. Variation in sutures is also found
between different derived taxa. For example in Clevosaurus the most complex sutures
are found in the palate; by contrast in Sphenodon, the most complex sutures surround
the postfrontal bones. These differences are probably related to the extent and
distribution o f forces experienced by the skull. A contributing factor is the different
mode o f shearing mechanism employed by each taxon: a precise orthal scissor-like cut
in Clevosaurus and a prooral rip in Sphenodon, each of which required a specific
muscle arrangement. The Rhynchocephalia as a whole demonstrate a progressive
evolutionary trend in their diet toward larger and harder food items; this allowed at least
one clade to become herbivorous. This to some extent echoes Sphenodon ontogeny. The
rhynchocephalian skull is highly integrated; suture complexity increased in parallel with
increasing complexity o f feeding apparatus.
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1 IN T R O D U C T IO N
1.1 TUA TARA
1.1.1 General background
The Tuatara is a quadrupedal terrestrial reptile approximately 50cm in length
(Fig. 1.1), half of which is the tail. They have large heads, large eyes, long laterally

compressed tails and relatively short but strong legs. Covering their bodies are small
scales which can be green, grey, brown, yellow, white or red in colour with varying
degress of spotting (Dawbin, 1949, 1962; 1982; Sharell, 1966; Newman, 1987a;
Parkinson, 2002). Tuatara is a Maori name meaning ‘shields on back’ referring to the
frill along the animal’s spine. It was spelt perhaps incorrectly as Tuatera by Gunther
(1867) who also lists an alternative Maori name: Narara

Fig. 1.1 - An adult tuatara in the wild. Taken from Parkinson (2002: 5).

Today, Tuatara are restricted to approximately 30 New Zealand offshore islands
(Fig. 1.2) (Dawbin, 1949, 1962, 1982; Crook, 1973, 1975; Robb, 1977; Gans, 1983;

Newman, 1987ab, Daugherty e ta /., 1990; Towns and Daugherty, 1994; Parkinson,
2002; Hay, et a/., 2003). Here the Tuatara spend much of the time in burrows that were
built and abandoned by seabirds, although they are capable of digging their own (Crook,
1975, Gans, 1983; Newman, 1987ab). Juveniles are much more active and agile than
adults and occasionally climb trees (Parkinson, 2002).
Tuatara were once present on the mainland (e.g. Sharell, 1966; Crook, 1975;
Worthy and Holdaway, 1995; Clark etal., 1996; Holdaway and Worthy, 1997; Worthy,
-8-

1998), but these populations seem to have become extinct with the arrival of humans
about

Fig. 1.2 —C u rren t distribution of the tuatara. Taken from Cree and Butler (2001: 9). The
n orthern tu atara corresponds to Sphenodon punctatus punctatus , Cook Strait tuatara
corresponds to Sphenodon punctatus and the Brothers tuatara corresponds to Sphenodon

guntheri.

1000 years ago (Towns and Daugherty, 1994). Mainland sightings reported from the
19th century are probably escaped pets (Gilnther, 1867; Towns and Daugherty, 1994).
During this time populations were extensively “harvested” for scientific specimens until
legislation in 1895 (Schmidt, 1952; Newman, 1987a; Daugherty et al., 1990; Towns and
Daugherty, 1994). Nevertheless, Tuatara island populations continued to dwindle over
the 20th century (Daugherty et al., 1990) threatened primarily by the introduction of rats
(Crook, 1973; Daugherty et al., 1990; Usscher, 1999: Cree and Butler, 2001; Parkinson,
2002; Towns et a i, 2001; Hay et ai, 2003). Over the last decade or so efforts have been
made to monitor remaining populations and also establish new populations (e.g. Cree
-9-

and Butler, 1993, 2001; Cree et al., 1995; Mlot, 1997; Towns et al., 2001; Nelson et al.,
2002 ).
Two species o f Sphenodon are currently recognised: punctatus and guntheri
(Gunther, 1867; Buller, 1877; Daugherty et al., 1990). For a long time the latter species
was not widely accepted but genetic data has now been used to support its separate
status (Daugherty el al., 1990; Freeman and Freeman, 1995). The scientific name
Sphenodon refers to the wedge-shaped teeth. The upper teeth are arranged in two
parallel rows between w hich the lower jaw bites, shearing in a powerful slicing
mechanism (Robinson, 1976). Tuatara prey mainly on large arthropods and snails but
also have no trouble dealing with eggs, lizards, nestlings, and even juveniles of their
own species (Gunther, 1867; Walls, 1981, 1982; Ussher, 1999). Tuatara are well
adapted to the the “rugged and windswept” conditions of their island homes, surv iving
far colder conditions than most other reptiles (Cree, 1994; Thompson and Daugherty,
1998). Tuatara are also renowned for their longevity, a captive individual was recorded
as 77 years old, and wild animals are thought to frequently exceed 100 years (Castanet
et al., 1988; Dawbin, 1949).
Initially Sphenodon was considered to be a type o f lizard (Gray, 1931; 1942).
However, the first detailed morphological description concluded that it was distinct
from all living reptiles (Gunther, 1867). As a result it was placed in the group
Rhynchocephalia on its own with the expectation that fossil relatives would eventually
be found. As the only extant rhynchocephalian, the Tuatara potentially provides a
valuable insight into the behaviour and physiology of extinct group members. However,
its long period o f isolation means these traits may be aberrant (Gans, 1983).

1.1.2 ‘Living fossil’ status
It seems that Sphenodon, the tuatara, will always be associated with the term
“living fossil” (e.g. Dawbin, 1962, 1982; Crook, 1975; Robb, 1977; Abbasi et al., 1988;
Benton 1990, 1997, 2004; Dicks, 1999; Tresise, 2003; Hay et al., 2004; Lutz, 2005;
Reilly et al., 2006) or even “living dinosaur” (Wright, 1994). T his is despite repeated
attem pts to remove this tag (e.g. Gans, 1983; Schopf, 1984; Benton, 1986; Newman,
1987a; W hiteside, 1986; Fraser and Wu, 1988; Cree and Daugherty, 1990; Reynoso,
1996). The notion partly stems from the presence of several morphological features
w ithin Sphenodon that were considered “primitive” (e.g. structure of the heart, the
presence o f amphicoelous vertebrae, a complete lower temporal bar, gastralia, a
functional parietal eye and the lack of a quadrate conch or tympanum, reviewed in
Robb, 1977). This led to Sphenodon being regarded as morphologically similar to “the
-
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ancestral reptile" (Sharell, 1966; Crook, 1975). (Wettstein, 1932) considered Sphenodon
to represent the basal amniote condition from which all other amniotes evolved. In
addition, there was a perceived “near identical" similarity to Triassic and Jurassic taxa
(e.g. Romer, 1933, 1945, 1956, 1966; Robinson, 1973; Crook, 1975; Robb, 1977), and
this in tum suggested a slowly evolving animal. Hence, Sphenodon is frequently
described as being “unchanged for over 250 million years" (e.g. Romer, 1933, 1945,
1956, 1966, Robinson, 1973; Crook, 1975; Attenborough, 1980, 1985; Carroll, 1985;
Newman, 1987a; Reilly et al., 2006). The anim al's low metabolism and longevity has
also been considered as evidence for being “primitive" (Milligan, 1923; Bogert, 1953).
Description o f new fossil taxa has demonstrated that two o f the main characters
previously assumed to be primitive are not (Whiteside, 1986). The lower temporal bar
has been secondarily acquired through a posterior hypertrophy of the jugal and the
quadrate-quadrojugal conch has been lost within the clade leading to Sphenodon from a
common ancestor with squamates (Whiteside, 1986). Loss o f the latter structure also
suggests that loss o f the tympanum is secondary’. Its “slow primitive" physiological
characteristics may be secondary, as a consequence of the temperate climate and long
period o f isolated island existence (Harrison, 190lab; Gans, 1983 contra Milligan,
1923; Bogert, 1953). Incubation periods for example, are less in captivity (11 months or
less rather than 14) than in the wild, reproduction is inhibited by the cold climate
(Dawbin, 1982). This also applies to squamates from the same offshore-islands (Cree,
1994).
Despite much published work on the subject (e.g. Evans, 1984, 1988, 2003a;
Whiteside, 1986; Gauthier et al., 1988; Fraser, 1988; Reynoso, 1996) the evolutionary
relationships and evolutionary context of Sphenodon remain poorly understood in the
wider literature (e.g. Ung and Monteno, 2004; Schwab and O'Connor, 2004).

1.1.3 Sphenodon skull morphology
The skull o f adult Sphenodon possesses a short snout, large orbits, and large
postorbital area (Figs 1.3, 1.4) and measures approximately 60mm long from the
rostrum to a point level w ith the jaw joints. The lacrimal bone is absent (unlike most
lizards) so that the lacrimal duct its positioned on the lateral face of the skull between
the prefrontal and maxilla (Fig. 1.3A). Both lower and upper temporal fenestra are
present and bounded by the upper and lower temporal bars. The former is composed of
the postorbital and squamosal w hereas the latter is composed primarily of the jugal
posterior process. Premaxillae, nasals, frontals and parietals are paired although the
seam between the parietals can be indistinct posteriorly (Fig. 1.3B). Anteriorly the seam
-
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Fig. 1.3 - Labelled skull of Sphenodon. A: lateral view (OMNH 908). B: Dorsal view
(NMNZ0385). Skull length approximately 60mm. Please see Section 9 for Anatomical
Abbreviations.
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Fig. 1.4 - Labelled skull of Sphenodon. A: Ventral view (NMNZ0385). B: Dorsal view of
the palate based on (NMNZ0385). Skull length approximately 60mm.
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Fig. 1.5 - Lower jaw of Sphenodon (UCLGMZ x723 right side flipped). A: Labial view. B:
Lingual view. Jaw length approximately 60mm long.
is interrupted by an lenticular parietal foramen. A large row of teeth is present on the
lateral margin o f the palatine (Fig 1.4A) nearly parallel to the tooth on the maxilla so
that the teeth on the lower jaw bite between the tw o upper row s when the jaw s close.
The lower jaw itself is robust and demonstrates a conspicuous mandibular foramen. The
dentary extends posteriorly to a point level with the articular surface (Fig 1.5), and
posterior to the tooth row’ it expands dorsally contributing to the coronoid process with
the coronoid bone. The latter is large and contacts the prearticular and angular. The
teeth are fused to the jaw (acrodont) and frequently demonstrate wear. The teeth on the
m axilla and palatine bear posterolingual flanges whereas teeth on the dentary possess
anterolingual and anterolateral flanges. In adults the premaxilla bears a single large
chisel-like tooth.

1.2 FO SSIL TAXA
1.2.1 General introduction
In contrast to the current situation, Rhynchocephalia were diverse and
w idespread for much o f the Mesozoic (-2 3 0 -7 0 mya of 252-65.5 mya). Over 30 fossil
genera have been named, most of which appear valid (Table 1.1). They have been
found on all continents except Antarctica (Fig. 1.6) although their presence there is
expected (Sues and Reisz, 1995; Evans et al., 2001).
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The Rhynchocephalia have been considered a conservative group (e.g.,
Wettstein, 1931; Romer, 1956; Robinson, 1973; Crook, 1975; Robb, 1977; Dawbin,
1982). Over the last few decades ongoing research has revealed an unexpected diversity
within fossil rhynchocephalians (Figs 1.7-1.11), They possess a range of body
proportions (Cocude-Michel, 1963; Reynoso, 2000; Apesteguia and Novas, 2003); and
a skull length varying over an order o f magnitude (15mm up to 150mm, Whiteside,
1986; Apesteguia and Novas, 2003) they appear to have radiated into an aquatic niche at
least twice (pleurosaurs and sapheosaurs, Cocude-Michel, 1963; Carroll and Wild,
1994, Reynoso, 2000) and one taxon exhibits a peculiar covering of dermal osteoderms
(,Pamizinsaurtts, Reynoso, 1997) In particular, there is significant variation in the
structure and arrangement of teeth (e.g., Throckmorton et al., 1981; Fraser and
Walkden, 1983; Fraser, 1986; Fraser and Benton, 1989; Evans and Sigogneau-Russell,
1997; Reynoso, 2000; Evans et al., 2001; Heckert, 2004; Saila, 2005; Jones, 2006a).

Fig. 1.6 - M ap of present continental distributions plotted with the localities that yield
fossil rhynchocephalians (Purple = Triassic; Blue = Jurassic; G reen = Cretaceous) and
also the present distribution of Sphenodon (red stars). Produced with data from table 1.

<overleaf>
TA B LE 1.1 - M aterial considered to be of rhynchocephalian affinity.
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1.2.2 The best known taxa
The well known taxa can be separated into six groups: the ‘basal taxa’,
clevosaurs, pleurosaurs, sapheosaurs, sphenodontines and eilenodontines.
The ‘basal taxa’ consists primarily o f three main genera: Gephyrosaurus from
the Early Jurassic o f Wales, UK (Evans, 1980; contra Sues et al., 1994: 328),
Diphydontosaurus from the Late Triassic o f England, UK (Whiteside, 1986) and
Planocephalosaurus from the Late Triassic o f England, UK (Fraser, 1982). Other
material possibly representing ‘basal taxa’ is known from the late Triassic o f mainland
Europe and North America (Duffin, 1995; Renesto, 1995; Heckert, 2004). Generally
they were small, lightly built, quadrapedal, terrestrial and scansorial animals (SVL =
100-200mm) (Evans, 1981; Fraser and Walkden, 1984).
Clevosaurs were slightly larger and more robust than the basal taxa and have
now been found worldwide (Swinton, 1939; Robinson, 1973; Fraser, 1988, 1993; Wu,
1994; Sues et a l., 1994; Saila. 2005; Bonaparte and Sues, 2006). The best known
clevosaur is Clevosaurus hudsoni (Late Triassic, UK), characterised by a small number
o f long blade-like teeth on both the maxilla and dentary (Swinton, 1939; Robinson,
1973; Fraser, 1988). In total, eight other species o f Clevosaurus have been named: C.
bairdi, C brasiliensis, C. convalis, C. latidens, C. minor, C. mcgilli, C. petilus, and C.
wangi (Robinson, 1973; Fraser, 1988, 1993; Wu, 1994; Sues et al., 1994; Saila, 2005;
Sues and Bonaparte, 2006). Clevosaurus bairdi (Early Jurassic, Canada, Sues et al.,
1994), C brasiliensis (Late Triassic, Brazil, Sues and Bonaparte, 2006), C. mcgilli
(Early Jurassic,W u, 1994), C. petilus (Early Jurassic,Wu, 1994), and ‘C. wangi' (Early
Jurassic, Wu, 1994) are largely differentiated on the basis of skull proportions and size
whereas C. convalis (Early Jurassic, UK, Saila, 2005), C. latidens (Late Triassic, UK,
Fraser. 1993), and C. minor (Late Triassic, UK, Fraser, 1988), based on more
incomplete, material are differentiated by tooth morphology.
This group also currently contains the oldest known rhynchocephalians:
Polysphenodon and Brachyrhinodon, from the Late Triassic of Germany and Scotland,
UK, respectively (Fraser and Benton, 1989).
Pleurosaurs are long-bodied aquatic forms from the Jurassic of Europe (CocudeMichel, 1963; Carroll, 1985; Carroll and Wild, 1994; Rothery, 2002, 2005; Dupret,
2004). The group contains two genera, Palaeopleurosaurus from Germany (Carroll,
1985) and the larger Pleurosaurus from both Germany and France (Carroll and Wild,
1994; Dupret, 2004). A species distinction between Pleurosaurus goldfussi and
ginsburgi w as recently advocated by Dupret (2004). However, many of the differences
- 23 -

in morphology can be related to preservation, crushing, size and age (Rothery pers.
comm., 2006).
Sapheosaurs are short-bodied aquatic forms from the Late Jurasssic of Europe
and the Early Cretaceous o f Italy and Mexico (Cocude-Michel, 1963; Renesto and
Viohl, 1997; Reynoso, 2000; Reynoso and Gomez-Bonilla, 2000). Several taxa are
known as complete skeletons but unfortunately the material is cither poorly prepared,
poorly preserved or poorly described. As a result, the exact nature o f several taxa
remain uncertain. Kallimodon, Leptosaurus, Piocormis may all represent different
size age classes o\' Sapheosaurus (Cocude-Michel, 1963; Evans, 1994; Renesto &
Viohl, 1997 Reynoso, 2000). The largest known sapheosaur, Ankylosphenodon (Early
Cretaceous, Mexico, Reynoso, 2000), possessed specialised vertebral attachments
which may be related to its aquatic mode o f life (Reynoso, 2000).
The fifth group, sphenodontines, are united by the presence of one or more
caniniform teeth on the dentary like Sphenodon (Reynoso. 1996, 2003, 2005). The
group contains Sphenocion itself and several poorly known fossil taxa known almost
exclusively from partial jaws: Cynosphenodon and Sphenovipera, Early Jurassic,
Mexico (Reynoso, 1996, 2005); the ‘Oxford sphenodontian', Kirtlington Quarry,
Oxfordshire (Evans. 1992); Theretairus. Upper Jurassic, Morrison Formation, USA
(Simpson. 1926),
The last group, eilenodontines. represents large, derived, terrestrial herbivores.
These were first described from the Late Jurassic and Early Cretaceous o f USA
(Rasmussen and Callison, 1981; Throckmorton et al., 1981; Foster, 2003) but have
more recently been described from the Late Cretaceous of South America (Apesteguia
and Novas, 2003; Simon and Kellner. 2003). Priosphenodon is the largest taxon and is
known from hundreds o f three-dimensionally preserved skeletons (Apesteguia and
Novas, 2003). It was heavily built and possessed “hoof-like" digits and unusually long
humeri (Apesteguia and Novas, 2003).

1.2.3 Other taxa
There are also a number o f other taxa of uncertain affinity including
( 7evosaurus latidens, / lomoeosaurus. Godavarisaurus, Opisthias, Palaeollanosaurus.
Pamizinsaurus, Pelecymala, Rehhanasaurus, Sigmala, Tingitana and Zapatadon
(Fraser, 1986, 1993; Fraser and Wu, 1998; Evans and Searle, 2002; Reynoso, 1997,
2000; Fraser and Wu, 1998; Reynoso and Clark, 1998; Evans et al., 2001).
A current problem in rhynchocephalian systematics is that there exists some
confusion as to the distinction between Opisthias and Homoeosaurus (Fraser and Wu,
-24-

1998; Evans et al., 2001; Evans and Searle, 2002). Homoeosaurus is known from
several complete but poorly preserved skeletons. It is characterised by fairly long limbs
and has a skull length o f around 20mm (Cocude-Michel, 1963). It has primarily been
described from the Late Jurassic o f Germany and France (Meyer, 1847; Cocude-Michel,
1963, fab re et al., 1982; Evans, 1994). Material o f Opisthias is restricted to partial jaws
and is reported from the Late Jurassic o f the USA and Early Cretaceous o f UK and
South Africa (Gilmore, 1909; Simpson, 1926; Rich et al., 1983; Evans and Fraser,
1992; Fraser and Wu, 1998). In terms o f the lower jaw morphology and dentition,
Homoeosaurus and Opisthias are supposedly very similar (Fraser and Wu, 1998; Evans
et al., 2001; Evans and Searle, 2002). Homoeosaurus is considered to possess slightly
more extensive flanges on the teeth o f the dentary (Evans, 1992; Fraser and Wu, 1998),
but these differences may be attributed to wear and ontogeny (Fraser, pers. comm.
2004). Fraser and Wu (1998) noted that the two genera are currently poorly diagnosed
and require redescription. In some recent cladistic analyses they have been input as a
single equivalent taxon (Evans et al., 2001; Evans, 2003a). In contrast, Apesteguia and
Novas (2003) included Homoeosaurus and Opisthias as separate taxa, with very
different character coding, and they emerged as widely separated within the tree.
Pamizinsaurus (Early Cretaceous, Mexico, Reynoso, 1997) and Zapatadon
(Early Jurassic, Mexico, Reynoso and Clark, 1998) are both known from single
specimens that seem to represent juvenile animals. Available morphology suggests they
are derived rhynchocephalians but it remains unclear with which other derived members
they share affinity.
Pelecymala was described on the basis o f jaw fragments with extremely
characteristic teeth (Fraser, 1986). The holotype, an anterior portion of a maxilla, is
clearly rhynchocephalian in bearing acrodont dentition, secondary bone, worn hatchling
dentition, a larger additional dentition, and Sphenodon-Yikc facets for the premaxilla,
nasal, prcfrontal and palatine (Fraser, 1986: 172). The maxillary additional teeth are
transversely broadened, increase in size caudally and bear small posterolingual flanges
(Fraser, 1986). However, dentaries previously attributed to Pelecymala have been
reattributed to Clevosaurus latidens or declared incertae sedis by Fraser (1993). The
palatine attributed to Pelecymala, despite possessing a possible ectopterygoid facet,
bears some similarities to prolocophonid material (e.g. Spencer and Storrs, 2002;
Edwards, 2000). Further material is required to confirm its identity.
'Clevosaurus latidens\ Palaeollanosaurus and Planocephalosaurus lucasi are
very poorly known, each based mainly on a single incomplete element (Fraser, 1993;
-25-

Heckert, 2004). 'Clevosaurus latidens’ was named by Fraser (1993) on the basis of
fragmentary jaw material from the UK. It is described as a species o f large Clevosaurus
(skull length = 50mm) with teeth bearing posterolingual flanges that are expanded
medially rather than posteriorly. A dentary fragment attributed to 'Clevosaurus latidens’
(Fraser, 1993) was previously placed with Pelecymala (Fraser, 1986: A U P11192)
because the teeth are transversely wide with rounded crests. It bears some resemblance
to prolocophonid jaw material but the asymmetrical wear facets suggest a
rhynchocephalian-like palatal tooth row, and there is possibly a notch above the
symphysis (Fraser, 1986: plate 20.8). This latter character is discussed below'.
Palaeollanosaurus fraseri has a peculiar dental morphology (Heckert, 2004); the only
known jaw fragment bears large cylindrical subpleurodont teeth and small worn
acrodont teeth. Heckert (2003) suggests this jaw' fragment is part of a left dentary and
that the small acrodont teeth sit posteriorly. This fits with the pattern in
Diphydontosaurus, Gephvrosaurus and Planocephalosaurus where the anterior
dentition is more pleurodont than the posterior dentition. However, in Rhynchocephalia
posterior teeth are usually larger than anterior teeth. Furthermore because the jaw'
symphysis is missing, it is possible that the jaw fragment is part of a right jaw’ instead
representing a taxon with highly worn anterior acrodont teeth and larger posterior
pleurodont teeth. Both morphologies would be novel but Triassic microvertebrates are
so poorly known either is considered possible. Planocephalosaurus lucasi was also
described by Heckert (2004). The type material consists o f a single piece o f jaw bearing
two teeth, an incomplete erupting tooth and an erupting replacement tooth. A second
fragment bears tw o teeth. The tooth shape resembles that of Planocephalosaurus but the
implantation is pleurodont.
Rehhanasaurus and Godavarisaurus are both known from disarticulated
microvertebrate material from the Lower Jurassic o f India (Evans et al., 2001).
Rehhanasaurus is considered to be basal taxon and bears some resemblances to
Planocephalosaurus (Evans et al., 2001). Godavarisaurus possesses some characters
previously associated with Clevosaurus (Evans et al., 2001). Tingitana is based mainly
on a low er jaw from the Early Cretaceous of Morocco which possesses a unique
combination o f characters. The dentary teeth are long and blade-like resembling those
o f large Clevosaurus specimens but the teeth occur in greater numbers. By contrast the
maxillary teeth referred to Tingitana are closer in structure and arrangement to those of
Sphenodon than Clevosaurus (Evans and Signogneau-Russell, 1997). The dentary of
Tingitana is relatively shallow with a tall coronoid process resembling those of
-26-

pleurosaurs but only superficially (Rothery pers. com. 2006).
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Fig. 1.7 - Fossil rhynchocephalian skulls in lateral view. A: Kuehneosaurus (Outgroup). B:

(iephyrosaurus. C: Diphydontosaurus. D: Planocephalosaurus. E: Brachyrhinodon. F:
Clevosaurus hudsoni. G: C bairdi. H: Palaeopleurosaurus. I: Pleurosaurus. J:
Priosphenodon. A dapted from Robinson, 1962; Evans, 1980; Fraser, 1982, 1988; Carroll,
1985; W hiteside, 1986; F raser and Benton, 1989; C arroll and Wild, 1994; Sues et al., 1994;
Apesteguia and Novas, 2003. Scale bars = 10mm. Purple = outgroup, gold = ‘basal taxa*,
tom ato red = clevosaurs, sky blue = pleurosaurs, light green = eilenodontines.
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HIM

Fig. 1 .8 - Fossil rhynchocephalian skulls in dorsal view. A: Kuehneosaurus (Outgroup). B:

Gephyrosaurus. C: Planocephalosaurus. D: Diphydontosaurus. E: Homoeosaurus; F:
Clevosaurus hudsoni. G: Palaeopleurosaurus. H: Pleurosaurus. I: Sapheosaurus. J:
Priosphenodon. A dapted from Robinson, 1962 Cocude-Michel, 1963; Evans, 1980; Fraser,
1982, 1988; C arroll, 1985; Whiteside, 1986; C arroll and Wild, 1994; Apesteguia and
Novas, 2003. Scale bars = 10mm. Light blue = sapheosaurs. Pink = uncertain affinity.
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Fig. 1 .9 - Fossil rhynchocephalian skulls in ventral view. A: Gephyrosaurus. B:

Diphydontosaurus. C: Homoeosaurus. D: Clevosaurus hudsoni. E: Pa/aeopleurosaurus. F:
Pleurosaurus. G: Kallimodon. H: Priosphenodon. Adapted from Cocude-Michel, 1963;
Evans, 1980; C arroll, 1985; Whiteside, 1986; Fraser, 1988; C arroll and Wild, 1994; Wu,
2003; A pesteguia and Novas, 2003. Scale bars = 10mm.
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Fig. 1.10 - Fossil rhynchocephalian lower jaws in labial view. A: Kuehneosaurus
(Outgroup). B: Iguana (Outgroup, squamate). C: Gephyrosaurus. D: Diphydontosaurus. E:

Planocephalosaurus. F: Clevosaurus hudsoni. G: Tingitana. H: Cynosphenodon. I:
Pamizinsaurus. J: Theratairus. K: Palaeopleurosaurus. L: Homoeosaurus. M: Pleurosaurus.
N: Sigma/a. O: Kal/imodon. P: Opisthias (USA). Q: Toxolophosaurus. R: Priosphenodon.
Adapted from Simpson, 1926; Robinson, 1962 Cocude-Michel, 1963; Throckmorton et al.,
1981; Evans, 1980; Fraser, 1982, 1986, 1988; Carroll, 1985; Carroll and Wild, 1994;
Reynoso, 1996, 1997; Evans and Signogneau-Russell, 1997; Apesteguia and Novas, 2003
and BMNH 16521. Scale bars = 10mm.
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Fig. 1.11 - Fossil rhynchocephalian lower jaws in lingual view. A: Gephyrosaurus. B:

Diphydontosaurus. C: Planocephalosaurus. D: Clevosaurus hudsoni. E: Tingitana. F:
Clevosaurus convalis. G: Pamizinsaurus. H: Palaeopleurosaurus. 1: Cynosphenodon. J:
Sphenodovipera. K: Kallimodon. L: Toxolophosaurus. M: Opisthias (USA). N: Opisthias
(UK). Adapted from Cocude-Michel, 1963; Throckmorton et al., 1981; Evans, 1980;
Fraser, 1982, 1988; Carroll, 1985; Reynoso, 1996,1997, 2005; Evans and SignogneauRussell, 1997; Apesteguia and Novas, 2003; Saila, 2005. Scale bars = 10mm.
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1.3 A REVIEW OF PHYLOG ENETIC SYSTEM ATICS
“An understanding o f the limitations and problems with current phylogenetic
models is necessary and must preface a functional morphological study” (Busbey, 1995:
175, see also Schwenk, 2000).
Here the phylogentic relationships o f Rhynchocephalia are reviewed in order to
put taxa into evolutionary' context. This is necessary to identify whether functional
adaptations are plesiomorphic, derived, homoplastic (present in more than one taxon
because o f convergence), or that their nature is currently uncertain (Skelton et al.,

2002 ).

1.3.1 Historical perspective
As mentioned above Gray (1931, 1942) who first described Sphenodon initially
considered it be an aberrant lizard. Subsequently the acrodont dentition o f Sphenodon
was compared to fossil rhynchosaurs by Owen (1845), Gunther (1867) and Huxley
(1869). Although a close relationship was questioned, Sphenodon was grouped with
rhynchosaurs inside the Rhynchocephalia (Osborn, 1903). The Rhynchocephalia were
in turn placed within Diapsida, along with Squamata (lizards and snakes), defined by
the possession o f two temporal openings. Further fossil taxa were associated with
Rhynchocephalia. Some o f these, such as Homoeosaurus, are still considered to be
closely related to Sphenodon but others were associated largely on the basis of acrodont
dentition. The Diapsida were split into two groups: Archosauria (Thecodontia,
Saurischia, Omithischia, Phytosauria, Pterosauria and Aves) and Lepidosauria (snakes,
lizards, Sphenodon, and fossil taxa including rhynchosaurs, prolacertids) (Romer, 1933,
1945, 1956, 1966; Kuhn, 1969). Both groups were considered to have evolved
separately from the ‘cotylosaurs’, and the term ‘Eosuchia’ was used to denote a grade
between ‘cotylosaurs' and lepidosaurs. Much of the classification was determined by
primitive characters, magic traits (single characters considered to be of great
importance), and the intention o f providing ancestors for modem groups (regardless of
how poor the known fossil record was). Lepidosauria (sensu Romer 1956) was largely a
waste basket group for taxa considered to be diapsids but not archosaurs (Evans,
2003a). See Evans (1984, 2003a) and Dilkes (1998) for a larger review.
As rhynchosaurs and other diapsids became better known, the traditional
classification was questioned. More importantly since the beginning of the 1980’s there
has been an increasing emphasis on cladistic methodology for determining phylogenetic
relationships, classification and taxonomy o f fossil taxa (e.g. Forey, 1990, 2005;
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Kitching et al., 1998; Ruta, 1999; Skelton et al., 2002; Baum et al., 2005). This involves
assessing character distribution among groups of taxa with computer programmes.
There is an emphasis on shared derived characters, characters are treated as equally as
possible, and large numbers o f characters are used. Results are presented as branching
diagrams (cladograms) which represents the most parminonious distribution of
character states. This can be used as a phylogenetic hypothesis (e.g. Evans, 1984, 1988;
Gauthier et al., 1988; DeBraga and Rieppel, 1997) and plotted against time to assess
correspondence with the fossil record (Evans and Hecht, 1993).

1.3.2 Lepidosauria (Rhynchocephalia-Squamata)
On the basis o f morphological data the Rhynchocephalia are currently classified
w ithin a newly defined Lepidosauria as sister taxon to Squamata, w ithin the
Lepidosauromorpha, and in turn within the Diapsida (Evans, 1984, 1988; Gauthier et
al., 1988; Rieppel, 1994; Schwenk, 2000; see Evans, 2003a forhistorical review).
Evans (1984, 1988) found 15 characters shared by Rhynchocephalia and Squamata
(snakes, lizards, amphisbaenians) that support a sister group relationship within the
Lepidosauria to the exclusion o f the kuehneosaurs (as part o f Lepidosauromorpha):
1. Reduced lacrimal restricted to orbit
2. Teeth attached superficially to jaws: pleurodont or acrodont dentition
3. Complete abducens canals, well developed dorsum sellae
4. Caudal autonomy
5. Accessory facets (zygosphene/zygantrum) on neural arches
6.

1sl and 5th metacarpal shorter than 2nd and 4th

7. 3rd metacarpal longer than 4th
8. Separate centres o f ossification at the ends o f long bones: epiphyses
9. Ilium with strong pubic flange
10. Astralagus and calcaneum fuse in juvenile
11. Lateral pes centrale fused to astragalus
12. Loss o f Is' distal tarsal; 1st metatarsal meets astragalocalcaneum
13. Loss or fusion o f 5th distal tarsal
14. 5th metatarsal hooked in two planes with plantar tubercles
15. Loss o f perforating foramen in ankle
Some studies using data from solely extant taxa have contested the position of
Sphenodon as the closest living relative o f the Squamata, and suggested that the clade
Lepidosauria is paraphyletic. Jamieson and Healy (1992) assessed the structure o f the
spermatozoa and used this data to produce a cladogram in which Sphenodon nested
-3 3 -

away from squamates, separated by crocodiles, birds and mammals. A cladogram based
on molecular data assessed by Hedges and Poling (1999) placed the Tuatara in an
unresolved clade with birds, crocodiles and turtles outside the Squamata. However, the
evidence in favour o f a monophyletic Lepidosauria is far more extensive and diverse
with 55 shared derived character states now known for Lepidosauria (Evans, 2003a)
including recent detailed analysis o f Sphenodon and squamate skin structure (Alibardi
and Maderson 2003ab). In the case o f Jamieson and Healy (1992) the most
parsimonious explanation is that the spermatozoa are subject to large amounts of
convergent evolution. This was a factor they neglected to consider despite monotremes
nesting within birds, a phylogenetic hypothesis never before considered or proposed. In
a subsequent paper Healy and Jamieson (1994: 197) state "The fact that morphological
differences between sperm o f Sphenodon and turtles are relatively minor is highly
significant because it does not support the widely held view that sphenodontids are
closely allied to the Squamata". An alternative explanation is simply that the
reproductive system o f squamates has been specialised whereas that o f Sphenodon and
turtles exhibits the plesiomophic condition. Similarly, considering the long temporal
and phylogenetic isolation o f the tuatara it is perhaps not surprising that some molecular
data (e.g. Hedges and Poling, 1999) may produce anomalous results (see also Gorr et
al., 1998; Graur and Martin, 2004). More recent studies from both nuclear (Harris et al.,
2001), mitochondrial DNA (Rest et al., 2003) and a mixture of both (Townsend et al.,
2004) support the consensus (e.g. Evans, 1984, 1988, 2003a; Gauthier et a l 1988,
Rieppel, 1993; DeBraga and Rieppel, 1997; Alibardi and Maderson 2003ab; Hill, 2005)
that Sphenodon, and hence Rhynchocephalia is the sister group to a monophyletic
Squamata, together constituting the Lepidosauria.
Note, the term ‘lizard’ is used to refer to squamates that are not snakes or
amphisbaenians (Evans, 2003a: 520), but ‘lizards’ per se is a paraphyletic grouping
(sensu Forey, 1990).

1.3.3 Rhynchocephalia
As mentioned above the group name Rhynchocephalia was originally erected by
Gunther (1867: 626) to accommodate Sphenodon and future discoveries of its fossil
relatives. Unfortunately several taxa were added to Rhynchocephalia on the basis of
little more than acrodont dentition (e.g. rhynchosaurs, Romer, 1933, 1945, 1956, 1966;
Kuhn, 1969), and the group was deemed polyphyletic (Benton, 1985). As a result, the
terms Sphenodontida (Estes, 1983; Carroll, 1985; Fraser, 1985, 1986, 1988; Evans,
1988), Sphenodontia (Evans, 1984; Benton, 1985) or Sphenodontoidea (Whiteside,
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1986) were used in place o f Rhynchocephalia to avoid confusion. The redefinition of a
monophyletic Rhynchocephalia by Gauthier (1988) based around Sphenodon and its
fossil relatives as originally intended (Gunther, 1867), has now been widely accepted
(e.g. Sues and Baird, 1993; Clark and Hernandez, 1994; Evans, 1994, 2003a; Sues et
al., 1994; Rieppel, 1994; Reynoso, 1996, 2000, 2003, 2005; Ananjeva and Dujsebayeva,
1997; DeBraga and Rieppel, 1997; Evans and Sigogneau-Russell, 1997; Gorr et al.,
1998; Lee, 1998; Reynoso and Clark, 1998; Ferigolo, 1999; Ross et al., 1999; Kirkland
et al., 1999; Schwenk, 2000; Evans et al., 2001, 2004; Reilly et al., 2001; Evans and
Searle, 2002; Metzger, 2002; Milner et al., 2000; Muller, 2003; Wu, 2003; Dujsebayeva
et al., 1997; Jones, 2004; Saila, 2005; Moore and Godfrey, 2006). Note also that
Reynoso (1996) defined Sphenodontia as all Rhynchocephalia except Gephyrosaurus
and Sphenodontidae as all Rhynchocephalia except Diphydontosaurus, Gephyrosaurus
and Planocephalosaurus.
Wu (1994) argued against the use o f Rhynchocephalia because it sounded too
similar to rhynchosaurs, a group of archosauromorphs once thought to be related to
Sphenodon. However, abundant comparable situations have not being considered a
problem. For example the basal synapsid group Varanopsidae and the squamate group
Varanidae, raptorial non-avian theropods and crown group raptorial birds, and any other
polyphyletic taxa sharing the same prefix or suffix e.g. “saurus", **ptero’ >“deino'\
Four characters diagnose Rhynchocephalia (after Evans, 1988, 2003a):
1. Enlarged tooth row on the palate running parallel or nearly parallel to the maxilla
2. Posterior end o f the dentary extends beyond the coronoid
3. Acrodont dentition or at least approaching acrodonty
4. Loss, fusion or at least reduction o f the supratemporal bone
The first three o f these characters are found in all known taxa when preservation
permits. Reynoso (1996) found additional characters with which to define the
Rhynchocephalia, but several of these, such as the presence of a lacrimal (Reynoso
1996: ch 6), reverse character state within the tree almost immediately. They are
therefore not considered useful at present to diagnose the entire clade.

1.3.4 Within Rhynchocephalia
Many o f the pre-cladistic classifications used superficial similarities or were
restricted to the few characters and taxa that were inadequately known (summarised in
Fraser 1986: 180). Also, as mentioned above, several taxa were previously included
within Rhynchocephalia that are no longer considered to be related to Sphenodon. More
recently, however, there have been several phylogenetic analyses of rhynchocephalian
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relationships with increasing emphasis on cladistic methodology (Whiteside, 1986;
Evans, 1988; Gauthier et al., 1988; Fraser, 1988; Fraser & Benton 1989; Wu 1994; Sues
et al., 1994; Wilkinson and Benton, 1996; Reynoso, 1996, 1997, 2000, 2005; Reynoso
and Clark, 1998; Dupret, 2004).
1.3.4a Current hypotheses
The majority o f phylogenetic hypotheses produced (Whiteside, 1986; Evans,
1988; Fraser & Benton 1989; Sues et al., 1994; Wu 1994; Wilkinson and Benton, 1996)
place Gephyrosaurus, Diphydontosaurus and Planocephalosaurus as successive stem
taxa at the base o f the main clade (Sphenodontidae in Reynoso 1996). Gephyrosaurus
(Evans, 1980) is universally considered to be the basal member o f the Rhynchocephalia.
Reynoso (1996) defined all taxa above this as the Sphenodontia with Gephyrosaurus
excluded due to the absence of the acrodont dentition and possession of the lacrimal.
Diphydontosaurus (Whiteside, 1986), is only slightly more derived than Gephyrosaurus
in exhibiting a partial acrodont dentition on the rear of the maxilla and dentary (Evans,
1980). In the analysis o f Reynoso and Clark (1998) alternative character coding placed
both Diphydontosaurus and Gephyrosaurus in an unresolved polytomy at the base of
the tree. In most analyses Planocephalosaurus (Fraser, 1982) is grouped with more
derived taxa on the basis of a taller symphysis, a pronouced comoid process on the
dentary, teeth bearing flanges (all be it small ones) and a more distinct posterior process
on the sacral vertebrae (Reynoso, 1996; Reynoso and Clark, 1998).
Taxa above the paraphyletic ‘basal taxa’ have been referred to as the
Sphenodontidae (Reynoso, 1996; Reynoso and Clark, 1998) or as the ‘derived taxa’
(Jones, 2006ab). They are united in possessing a premaxillary chisel, unfused frontals,
unfused parietals (in adults), medium sized flanges on the maxillary dentition and well
defined wear facets.
Derived taxa mainly cluster in the groups introduced above, each being
diagnosed by one or more characters (Reynoso, 1996; Apesteguia and Novas, 2003).
Clevosaurs have an antorbital region less than 25% skull length, a narrow and elongate
dorsal process o f the jugal, an antorbital region less than one fourth skull length and a
weak, reduced premaxillary process of the maxilla, and dorsally expanded lateral
process o f the premaxilla (Wu, 1994; Bonaparte and Sues, 2006). Pleurosaurs are united
by loss o f caudal autonomy, reduced metatarsals, and epiphyses that do not ossify
(Carroll, 1985; Evans, 1988; Carroll and Wild, 1994; Dupret, 2002). Sapheosaurs have a
prominent posterior process on the ischium, laterally compressed caudal vertebrae, and
a robust 1st metacarpal (Cocude-Michel, 1963; Reynoso 1996, 2000; Reynoso, pers.
-3 6 -

com. 2006). Sphenodontines share possession of a caniniform on the dentary (Reynoso,
1996). Eilenodontines all possess mediolaterally expanded dentary dentition and very
deep jaw s (Reynoso, 1996; Throckmorton et al.y 1981).
The exact relationships between derived taxa remain uncertain (Fig. 1.12). Some
analyses place pleurosaurs in a more derived position than clevosaurs (Dupret, 2002;
Apesteguia and Novas, 2003; Rothery pers. comm. 2006), but other studies suggest the
reverse (Wu, 1994; Reynoso, 1996; Reynoso and Clark, 1998), and both groups formed
a polytomy with sapheosaurs in the study performed by Reynoso (2000). Characters
suggesting that clevosaurs are more derived include (Reynoso, 1996):
-

Broad posterior end o f the maxilla

-

Pterygoid excluded from the suborbital fenestra

-

Flanges on the palatal tooth row (found in Clevosaurus and Sphenodon)

-

Complete lower temporal bar

Characters suggesting that pleurosaurs are more derived include (Apesteguia and
Novas. 2003):
-

Well defined parietal crest.

-

Postorbital with ridge and concavity on the dorsal surface.

-

No ptery goid tooth rows
Similarly the position o f Homoeosaurus is contested, being either basally

positioned (Apesteguia and Novas, 2003) or more derived than pleurosaurs and
clev osaurs (Reynoso, 1996). Sapheosaurs usually branch above pleurosaurs and
clevosaurs but below sphenodontines and eilenodontines (Reynoso, 1996; Apesteguia
and Novas, 2003). A sister group relationship between sphenodontines and
eilenodontines seems to be well supported by a reduced retroarticulator process and
parallel alignment o f the palatal and maxillary’ tooth rows (Reynoso, 1996, 1997; Evans
et a l., 2001; Apesteguia and Novas, 2003).
A number o f other taxa with unique character combinations are known, but,
these currently remain of uncertain affinity until more material is recovered. T his
includes Clevosaurus latidens, Homoeosaurus, Godavarisaurus, Opisthias,
Palaeollanosaurus, Pamizinsaurus, Pelecymala, Rehhanasaurus, Sigmala,
Sphenovipera, Theretairus, Tingitana and 'Zapatadon (Fraser, 1986, 1993; Evans, 1992;
Fraser and Wu, 1998; Evans and Searle, 2002; Reynoso, 1997, 2000, 2005; Fraser and
Wu, 1998; Reynoso and Clark, 1998; Evans et al., 2001; Fraser and Wu, 1998).
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Fig. 1.12 - Two of the most recent and com prehensive phylogenies. Both are based on
cladistic analyis of morphological data and are here plotted against time. A: Reynoso and
C lark (1998). B: Apesteguia and Novas (2003). Colours correspond to epochs (Gradstein et

al., 2004). Black lines represent the proposed phylogeny but their length is arbitray, black
bars represent the known fossil record and the open bars represent the inferred minimum
ghost lineages. All taxa are extinct except for Sphenodon.
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1.3.4a Limitations of sample
Although the composition and morphology o f Rhynchocephalia have become
better known over the past few decades (as discussed above) there remain several
limitations and problems with the current phylogenetic framework. Most of these are
linked to the quality o f the fossil record and the situation will hopefully improve with
recovery o f new' material. Other problems include the lack of baseline data on
ontogenetic and non-ontogenetic intraspecific variation.
While numerous fossil taxa are known phylogenetic studies have been limited to
a subset o f genera and species (Table 1.2). In total, 30 rhynchocephalian taxa have
previously been subjected to cladistic analysis but no single analysis has ever included
more than 22 taxa (Reynoso and Clark, 1998) (Table 1.2). Instead the number of taxa
used has remained fairly similar and the sample composition has altered (Fig. 1.8).
This is primarily because many taxa are known from a sample o f limited material, often
consisting mainly or even solely o f the jaw elements: Sigmala, Pelecymala (Fraser
(1986), Tingitana (Evans and Sigogneau-Russell, 1997), Rebbanasaurus and
G odivarisaurus (Evans et al., 2001). These are excluded from phylogenetic analyses
because there is too much missing data. Inclusion of such taxa increases the number of
possible character distributions and tree arrangements dramatically (e.g. Reynoso,
2005). Therefore they are associated with multiple equally parsimonious trees, uncertain
placem ent o f incomplete taxa and poorly resolved consensus trees (Wiens, 2003).
Several o f these taxa (e.g. Pelecymala, Sigmala, Tingitana) exhibit combinations of
characters not found in taxa known from more complete material. They are currently not
contributing to character polarity or character congruence and their own phylogenetic
position must be discussed in terms o f affinities or those few characters that can be used
to anchor them on to a particular part o f the tree (Evans et al., 2001).
As Fraser (1986) has noted, it is hoped that more complete material will eventually be
recovered for these taxa. Such microvertebrate material can often be very well
preserved is extremely important for demonstrating the geographic distribution (e.g.
Evans el al., 2001), stratigraphic range and the potential interspecific variation o f the
dentition for the Rhynchocephalia as a whole.
A further problem is that some taxa are known from disarticulated elements (e.g.
Diphydontosaurus, Gephyrosaurus, and Planocephalosaurus [Evans, 1980, 1981:
Fraser, 1982; Fraser and Walkden, 1984; Whiteside, 1986]) while others are known
solely from articulated skeletons that tend to be flattened (e.g. Homoeosaurus,
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Kallimodon, Pleurosaurus and Sapheosaurus [Cocude Michel, 1963]). This restricts the
number o f characters that can be compared without increasing the uncertainty of
character coding within cladistic data matrices. Therefore, character choice can affect
available taxa and vice versa. Both disarticulated elements and articulated material are
known for Clevosaurus hudsoni (Fraser, 1988).
While better than the early fossil record for squamates, the fossil record for
Rhynchocephalia is still limited (Evans, 2003a). Comparison between two of the most
recent phylogenies demonstrates that there are long ghost lineages for both hypotheses
(Fig. 1.6). No rhynchocephalians are known from the Early Triassic but the fossil

record o f upland environments is very' poor for this time, as is the microvertebrate
record generally.
Another problem for rhynchocephalian phylogenetics is the lack of a well
known generalised outgroup. In phylogenetic analyses, one or more of the following are
usually used: Kuehneosaurus, Youngina, Prolacerta, various squamates such as Iguana
(e.g. Evans, 1988; Gauthier et al. 1988; Sues et al., 1994; Reynoso, 2000; Dupret,
2004), or a hypothetical generalised squamate (e.g. Sues et al., 1994).
Evans (1984) placed Youngina and Kuehneosaurus as successive outgroups
outside a monophyletic Lepidosauria: i.e ( Youngina {Kuehneosaurus (Rhynchocephalia
and Squamata))). This was subsequently supported by the cladistic analyses of Evans
(1988) and Gauthier et al. (1988). Recently Muller (2003) obtained a more basal
position for Kuehneosaurus. In an analysis o f amniote phylogeny DeBraga and Rieppel
(1997) a grouping o f {Kuehneosaurus (Rhynchocephalia and Squamata))) was
recovered but Youngina was separated from this clade by a number o f plesions
com prising Archosauria, Eosauropterygia and Testudines. However, neither of these
phylogenies have subsequently received much support (e.g. Evans, 2003a) and may
both be the result of incorrect or inappropriate character coding.
The lepidosauromorph M armoretta (Middle Jurassic, UK: Evans, 1991;
W aldman and Evans, 1994; Evans and Waldman, 1996) appears to have a very derived
skull possibly associated with aquatic life (Taylor, 1987; 1992). As a result, its use as a
specific outgroup is generally avoided (e.g. Reynoso, 1996, 2000; Sues et al., 1994).
I lowever, its morphology has been used along with Kuehneosaurus to generate a
hypothetical lepidosauromorph. Tamaulipasaurus (Early Jurassic, Mexico: Clark and
Hernandez, 1994) is a problematic taxon. It may be lepidosauromorph but its skull is
highly specialized towards a burrowing mode of life (Clark and Hernandez, 1994).
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Here, Kuehneosaurus and Youngina are considered, although not ideal, the most
appropriate outgroup taxa in terms o f skull morphology and feeding strategy (Evans,
2003a). On a more positive note, as first argued by Evans (1984, 2003a), the
morphology o f Gephyrosaurus is extremely close to what we would expect to find in
the common ancestor o f all lepidosaurs. Therefore, Gephyrosaurus is extremely
valuable as a basal ingroup taxon.
Potentially important material is also awaiting description from Brazil (Ferigolo,
1999), Arizona (Farish Jenkins pers. comm., 2003) and Brazil (Martinelli and
Forasieppi, 2004; Apestigua, 2005). Note, the Triassic material reported from
M adagascar by Flynn et al. (1999) is not sphenodontian, it is juvenile rhynchosaur
(Robin Whatley pers comm., 2005; Jones, 2006b).
1.3.4b Limitations of the characters used
Reynoso's (1996) single most parsimonious tree is held together by character
congruence. It was hoped that further taxa and additional characters would strengthen
the phylogenetic hypothesis. However, this is not the case. Reynoso (1997),
investigating the position o f Pamizinsaurus, found 33 equally parsimonious trees and
Reynoso and Clark (2000) investigating the position of Zapatadon, discovered 69
equally parsimonious trees. Generally, the more characters used the lower the
consistency index, and correspondingly the greater the number of most parsimonious
trees (Fig. 1.13). Overall the number o f trees has increased with each new analysis (Fig.
i.i4 )

rhis again illustrates the problem that not all taxa can currently be included in a

phylogenetic analyisis. There is so much missing data (even without the inclusion of
very poorly known taxa) that the tree becomes highly unresolved.
Tooth morphology in Rhynchocephalia is a double edged sword (Jones, 2006b): it
provides a larger number o f characters for phylogenetic analysis and taxonomy but
because the teeth of Rhynchocephalia are often acrodont, morphology varies
ontogenetically with wear. This can alter or even obliterate the dentition (e.g.
Sapheosaurus, Cocude-Michel, 1963; Brachyrhinodon, Fraser and Benton, 1989).
Description o f teeth may also be unreliable or incomplete with inadequate images for
com parison (Fraser and Benton, 1989: 414). Tooth arrangement also varies with
ontogeny (Robinson, 1976; Fraser, 1996; e.g. Clevosaurus, Planocephalosaurus,
Sphenodon). Since several taxa are known only from apparently juvenile material (e.g.
Pelecym ala, Fraser 1986; Tingitana, Evans and Sigogneau Russell, 1997;
Pam izinsaurus Reynoso, 1997; Zapatadon Reynoso and Clark, 1998) available
morphology may be
-41 -
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misleading or uninformative. Fraser (1988: 170) has also cautioned that tooth
morphology is related to dietary habit and therefore may be plastic.
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The high number o f cranial and dental characters used to construct phylogenies
means that for a study of functional morphology such as this, it will not be surprising if
functional interpretations echo the pattern of phylogeny. Examples o f convergent and
parallel evolution in feeding are less likely to be identified until the scope of characters
is increased so that it more comprehensively represents the animal's full morphology.
The available postcrania needs to be better surveyed for characters and more postcranial
material needs to be found.

1.3.5 Summary
The majority o f phylogenetic hypotheses place Gephyrosaurus,
Diphydontosaurus and Planocephalosaurus as successive stem taxa at the base of the
main clade (W hiteside, 1986; Hvans, 1988; Fraser and Benton 1989; Sues et al., 1994;
Wu 1994; Wilkinson and Benton, 1996). This paraphyletic groups has been referred to
as the 'basal taxa' (Jones, 2006ab). Generally they are small and scansorial (Fvans,
1981; Fraser and Walkden, 1984).
The remaining more derived sphenodontians have been referred to as the
Sphenodontidae (Reynoso, 1996; Reynoso and Clark, 1998) or as the derived taxa
(Jones. 2006ab). Derived rhynchocephalians can primarily be divided into five main
groups all of which are supposedly monophyletic (Fig. 1.15). The clevosaurs (slightly
larger and more robust that the basal taxa [Swinton, 1939; Robinson. 1973; Fraser.
1988. 1993; Wu, 1994; Sues et al., 1994; Saila, 2005; Bonaparte and Sues, 2006]),
pleurosaurs (long bodied aquatic forms [Cocude-Michel, 1963; Carroll, 1985; Carroll
and Wild. 1994; Rothery, 2002; Dupret, 2004]), sapheosaurs (short bodied aquatic
forms [Cocude-Michel, 1963; Renesto and Viohl, 1997; Reynoso, 2000; Reynoso and
Gomcv-Bonilla, 2000]), sphenodontines (which contains the only extant genus,
Sphenodon [Gunther, 1867; Reynoso, 1996; Reynoso, 2003]) and eilenodontines (large,
derived, terrestrial herbivores [Rasmussen and Callison, 1981; Throckmorton et al.,
1981; Apesteguia and Novas, 2003; f oster, 2003]).
Some analyses place pleurosaurs in a more derived position than clevosaurs
(Apesteguia and Novas, 2003; Dupret, 2004; Rothery unpublished data), in contrast,
other studies suggest the reverse (Wu, 1994; Reynoso, 1996; Reynoso and Clark, 1998).
Both groups formed a polytomy with sapheosaurs in the study performed by Reynoso
(2000). A sister group relationship between sphenodontines and eilenodontines seems to
be well supported (Reynoso, 1996, 1997; Hvans et al., 2001; Apesteguia and Novas,
2003).
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A number of other taxa with unique character combinations are known.
However, these currently remain of uncertain affinity until more material is recovered.
This includes Clevosaurus latidens, Homoeosaurus, Godavarisaurus, Opisthias,
Palaeollanosaurus, Pamizinsaurus, Pelecymala, Rehhanasaurus, Sigmala,
Sphenovipera, Theretairus, Tingitana and Zapatadon (Fraser, 1986, 1993; Fraser and
Wu, 1998; Hvans and Searle, 2002; Reynoso. 1997, 2000, 2005; Fraser and Wu, 1998;
Reynoso and Clark, 1998; Hvans et al., 2001).
R e p tilia (sen.su M o d e sto and A nderson, 2 0 0 4 )
D iap sid a
P e tro la c lo sa u ru s
Y o u n g in ifo rm e s
Y o u n g in a
A rc h o sa u ro m o rp h a
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M a rm o retta
l.ep id o sau rifo rm e s
K uehneosaurid ae
K u ehneosa u ru s
L epidosauria
S quam ata
Iguania
Ig u a n a
S clero g lo ssa
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Fig. 1.15 - T he c u rre n t taxonomic fram ew o rk based mainly on G au th ier et al. (1988);
Reynoso (1996, 1997, 2000); Reynoso and C la rk (1998); and A pesteguia and Novas (2003)
is show n above. Note three potential o u tg ro u p s ( Kuehneosaurus , Iguana and Youngina )
a re included for completeness. Note the m onophyly of Scleroglossa is cu rren tly contested
(e.g. Tow nsend et al., 2004).
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the latter. This will be related to forces experienced during life such as feeding
and also insights from beam theory.
4. A discussion of the findings in reference to character distribution, phylogenetic
hypotheses, the fossil record, diversity, palaeoecology and feeding strategies.
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2 THE FEEDING MECHANISMS
OF RHYNCHOCEPHALIANS
2.1 INTRODUCTION TO FEEDING MECHANISMS
Rhynchocephalia demonstrates a wide range of tooth morphologies. Within "basal
rhynchocephalians" (Gephyrosaurus, Diphydontosaurus, Planocephalosaurus) there is a
transition from tall, columnar pleurodont teeth (attached lingually, periodically replaced)
towards stouter, conical acrodont teeth (fused to the crest of the jaw. not replaced) (Hvans,
1980; Fraser and Walkden, 1983; Whiteside, 1986). The teeth of more derived taxa are
more complex. Those of clevosaurs are often described as blade-like, and mov ed against
each other in a precise orthal shear (Fraser. 1988). In contrast, the dentary teeth of
eilenodontines (Eilenodon, Toxoiophosaurus, Priosphenodon) are described as transversely
expanded and were heavily worn by prooral jaw action (Rasmussen and Callison. 1981;
Throckmorton et al. 1981; Apesteguia and Novas, 2003; Foster, 2003). Sphenodontines
(Cynosphenodon, Sphenodon) also use a prooral jaw action and generally possess elongate
dentary teeth with anteromedial and anterolateral crests (Throckmorton et al., 1981;
Reynoso. 1996). Several poorly known, often small, taxa of uncertain affinity (e.g.
Pelecymala, Sigmala and Tingitana', Fraser, 1986; Hvans and Sigogneau-Russell, 1997)
also possess characteristic tooth shapes. The shape of dentary teeth in Opisthias resembles
that of sphenodontines but the teeth are more closely packed, like those of eilenodontines
(Throckmorton et al., 1981; Apesteguia and Novas, 2003). Rhynchocephalia also show
variation in the size, shape and structure of premaxillary, maxillary, and palatal teeth; in the
number of palatal teeth and the alignment of the enlarged lateral row; and in enamel
texture.
Tooth structure is directly related to feeding strategy but teeth are best treated as
tools in order to assess general mechanical attributes and evaluate the food items they are
best suited to dealing with (Fra/zetla. 1988; Lucas and Luke. 1984; Lvans and Sanson,
1998. 2003, 2005).

2.1.1 Descriptions of tooth morphology in the best known taxa
This section describes the teeth of the best known taxa including Gephyrosaurus
(Hvans, 1980), Diphydontosaurus (Whiteside, 1986), Planocephalosaurus (Fraser, 1982)
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Clevosaurus hudsoni (Fraser, 1988), and Eilenodon (Rasmussen and Callison, 1981; Foster,
2003).
In Gephyrosaurus and Diphydontosaurus the teeth on the maxilla and dentary are
broadly similar to one another (Evans, 1980, 1985; Whiteside, 1986). Anteriorly the teeth
are thin, and slightly recurved and the tips are kept sharp by replacement. Centrally the
teeth are columnar, and more slowly replaced, with slightly worn tips. Posteriorly there are
larger teeth which are rarely if ever replaced (Evans, 1980, 1985; Whiteside, 1986). These
are lanceolate in shape, with convex anterior and posterior edges and with slight
labiolingual compression (Figs 2.1, 2.2).

Fig. 2.1 - The marginal teeth of Gephyrosaurus in lateral view. A: Right maxillary tooth row
(GM-04 (flipped horizontally], GM-03, GM-01 respectively). B: Right dentary tooth row (GD04, GD-02 respectively). Scale = 5mm.

The anterior and posterior teeth of Planocephalosaurus appear more acrodont than
those of Gephyrosaurus and Diphydontosaurus (Whiteside, 1986; Fraser and Shelton,
1988). Because the teeth are not replaced, their tips tend to be rounded (Fig. 2.3). In general
they are stout and conical with radial ridging. Small posterolingual flanges may be found
on the maxillary teeth and the posteriormost dentary tooth is particularly large possessing
an anterolabial flange (Fraser, 1982).
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D

Fig. 2.2 - Posterior marginal teeth of Diphydontosaurus. A: The four posteriormost right
m axillary teeth of (BMNH R16524) in lateral and occlusal view. B: The four posteriormost
left m axillary teeth of (BMNH R16S24) in lateral and occlusal view. C: Posteriorm ost left
dentary tooth in lingual view (BMNH R16523). D: Four posterior right dentary teeth in
lingual view (BMNH R16523). Scale bar = 1mm.

The teeth o f Clevosaurus hudsoni are few in number and increase in size posteriorly
(Fig. 2.5). The teeth are fully acrodont (Fraser, 1988). The maxillary teeth are conical,
medially worn and possess long posterior flanges orientated almost parallel with the long
axis o f the tooth row. The dentary teeth are also conical bear long anterior flanges and
shorter posterior flanges. These are worn on their lateral edge as is the surface of the
dentary bone itself (Fraser, 1988). The dentary teeth are arranged so that the anterior flange
o f each tooth extends anterolateral ly beyond the posterior flange of the preceding tooth.
Similarly, the maxillary teeth are arranged so that the posterior flange extends
posterolingually beyond the anterior margin of the more posterior tooth (Fraser, 1988). The
largest and posteriormost dentary tooth is particularly stout and conical and lacks a
posterior flange (Fraser, 1988).
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adult maxillary dentition of Sphenodon consists of the additional series. These are conical
with a posterolingual flange but the flanges are shorter than in Clevosaurus and orientated
differently, oblique to the long axis of the tooth row rather than near parallel to it
(Robinson, 1976).

break

Fig. 2.4 - The teeth of Clevosaurus hudsoni in lateral view. Scale = 5mm. See Section 9 for
Anatomical Abbreviations.

Fig. 2.5 - The teeth of Sphenodon in lateral view. Scale = 5mm.
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Medially the teeth are worn mainly from contact with food. Robinson (1976: 46) justifiably
referred to the dentary additional teeth of Sphenodon as “difficult to describe”. They are
pyramidal with an anteriorly positioned apex from which run anterolingual and anterolabial
flanges or crests (“shoulders” in Robinson, 1976 and Throckmorton etal., 1981). The
anterior surface is somewhat concave and may enclose the posterior edge of the preceding
tooth. In adults the tooth tips may be coronal or longitudinal ridges and the tooth length is
greater than tooth apicobasal height. These aspects of their structure are largely the result of
lateral, medial and dorsal wear, again mainly from food on tooth contact. A similar wear
pattern can also be found in Cynosphenodon (Reynoso, 1996). In subadults with unworn
teeth, the teeth are relatively taller with sharp tips so that apicobasal height is greater than
tooth length (e.g. OMNH 700). Such teeth can be found posteriorly in older individuals.

break

break

Fig. 2 .6 - Stereopairs of teeth referred to Eilenodon (DMNH 10685) in lateral view. A: left
maxilla. B: left dentary (reversed). Scale = 5mm. Stereo pairs made with flatbed scanner
according to directions in Boyde and Howell (2002). See also Schubert (2000).

The maxillary teeth of eilenodontines are very similar to those of Sphenodon but
have thicker enamel (DMNH 10685) (Fig. 2.6) The dentary teeth are lanceolate in lateral
profile but are expanded medially and are closely packed. However, the most posterior
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teeth are heav ily worn on their dorsal and lateral surfaces revealing crests of enamel
(Throckmorton et al., 1981; Rasmussen and Callison, 1981; Foster, 2003).

2.1.2

Functional analogues

Sphenodon is the closest living relative of fossil rhynchocephalians and therefore
provides a living analogue. However, because of its long isolation and island existence
aspects o f its behaviour may be misleading (Gans, 1983). It is also quite different in terms
of its morphology to several of the extinct taxa (e.g. Gephyrosaurus and Clevosaurus).
Squamates provide some comparison in terms of their size and general morphology,
whereas mammals may also provide some insight since the teeth of rhynchocephalians can
be quite complex.
When Sphenodon is compared against the general diapsid traits composed by
Galton (1986), it clearly stands out as representing something different (Table 2.1). Like
most herbivorous diapsids, Sphenodon possesses a jaw articulation ventral to its tooth row,
small gaps between its teeth, and crowns (on the maxilla at least) that are orientated en
echelon. Because the teeth taper from the base they resemble those of carnivorous diapsids
and also the herbivorous agamid Uromastyx (Throckmorton, 1976).

TABLE 2.1 - Adapted from Galton (1986: 205) with additional taxa and data from personal
observation*.

Character

Carnivorous
diapsids: theropods,
certain ‘thecodonts’,
varanid lizards

Herbivorous
diapsids: iguanid
lizards,
prosauropods,
ornithischians.

Herbivorous
diapsid:
Uromastyx *

Carnivorous
diapsid:
Sphenodon*

Jaw
Articulation

In line with
tooth rows

V entral to tooth
row s

V entral to tooth
rows

V entral to
tooth row s

Spacing of the
teeth
Orientation of
crowns
Shape of
cheek teeth
crowns
Form of
serrations

P rom inent gaps

Sm all o r no gaps

Small or no gaps

Sm all gaps but
these decrease
w ith age due to
w ear

A long m iddle o f jaw

E n ech elo n

A long m iddle o f
ja w

En echelon

C o n tin u o u s taper from
root

W idens before
tap erin g

C ontinuous taper
from base

C ontinuous taper
from base

l ine and perpendicular
to the edge

C oarse, at 45° to
edge and tow ards
apex

N o serrations

N o serrations
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2.1.3 Feeding strategy
Here feeding strategy is defined as the relationship between a taxon and its food
items. This encompasses variation in the emphasis placed on each aspect of feeding as
defined by De Vree and Gans (1989): “acquisition, immobilization, reducing (processing),
transport, swallowing”. Parameters of these aspects include:
The physical nature of the food items (size, hardness, toughness, nutrient content)
The variety o f food items consumed (euryphagy vs stenophagy, Schwenk, 2000)
The degree of food processing (method, duration)
The spacial nature of the food items (energy required to find, catch and subdue)
The temporal nature of the food items (e.g. nocturnal vs diurnal, seasonal variations)
Characterising many of these factors for fossil taxa is extremely difficult, but some
possibilities can be excluded and others suggested.
The feeding strategies of predatory lepidosaurs have been divided into two basic
types: “sit and wait” and “widely foraging” (Pianka, 1966; Huey and Pianka, 1981). The
former involves ambushing prey from a sedentary position whereas the latter involves
actively hunting prey (Table 2.2). Observational studies on lizards seemed to confirm a
dichotomy in behaviour (McLaughlin, 1989) although part of the result may reflect
phylogenetic relationships (Perry, 1999), since, iguanians are generally “sit and wait”
predators, whereas anguimorphs and scincomorphs are generally “widely foraging” (“active
foragers” in McBrayer and Reilly, 2002).
Both the strategies bring with them their own implications for ecology, behaviour,
community structure, morphology, prey type and mode of food processing (Huey and
Pianka, 1981; McBrayer and Reilly, 2002).
“Sit and wait” predators are more likely to be territorial, visual and feed on prey that
is mobile and active (Huey and Pianka, 1981). “Actively foraging” taxa search, using
chemosensory cues, for prey that may be sedentary and/or patchily distributed (Huey and
Pianka, 1981). They are able to catch large volumes of prey but expend energy foraging
and are more vulnerable to predation. Recent research also suggests “actively foraging”
taxa are more likely to be omnivorous and are associated with a higher consumption of
plant material (Cooper and Vitt, 2002; McBrayer and Reilly, 2002).
McBrayer and Reilly (2002) suggest that methods of food processing are linked to
foraging strategy. Taxa that use a “sit and wait” strategy (e.g. the agamid Agama and the
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iguanid Sceloporous) tend to also use a lot of “palatal crushing” behaviour (McBrayer and
Reilly, 2002). This involves the tongue repeatedly pressing the food item against the palate.
By contrast taxa that use a “widely foraging” strategy engaged in more puncture crushing
o f prey with their teeth (e.g. the gerrhosaur Gerrhosaurus and the teiid Cnemidophorus)
(McBrayer and Reilly, 2002).
For both feeding strategies the amount of foraging may be modified
intraspecifically according to the abundance and distribution of prey and predators. A high
abundance o f food makes foraging more worthwhile but high numbers of predators can
counteract the benefit (Huey and Pianka, 1981).
A “sit and wait” strategy is probably the plesiomorphic condition for Lepidosauria
(Evans, 1980; McBrayer and Reilly, 2002). Evans (1983) hypothesised that Gephyrosaurus
was a “sit and wait” predator rather than a “widely foraging” one because a significant
proportion o f the jaw bones (7%) in her sample demonstrated healed injuries. This
suggested a high incidence of intraspecific fighting possibly linked to territoriality.
TABLE 2.2 - Selected correlates of feeding strategy. Adapted from Huey and Pianka (1981)
with additions from Cooper and Vitt (2002)+and McBrayer and Reilly (2002)ft.
General phylogenetic distribution
Nature of prey
Amount of prey captured per day
Daily metabolic expense
Sensory mode
Encounters with predators
Consumption of plant matter*
Food processing

Sit and wait

Widely foraging

Iguanians
A ctive and sm all
Low
Low
P rim arily visual
G enerally low
V ery low
P alatal crushes

S cincom orphs and ang u im o rp h s
C lum ped, sedentary, m ay be large
H igh
H igh
V isual or chem osensory
Probably high
V ariable
Puncture crushes

The modem Sphenodon is considered to follow a “sit and wait” feeding strategy
during dusk and dawn (Newman, 1987a; Parkinson, 2002; McBrayer and Reilly, 2002), but
it remains unclear whether this reflects the ancestral condition (Fraser, 1985). Gans (1983)
argues that “sit and wait” is misleading, noting that Sphenodon actively inspect crevices for
prey. A “widely foraging” strategy is associated with high energy gains and high energy
expenditure (Huey and Pianka, 1981). In order to survive in harsh climate conditions at
high latitudes Sphenodon may have had to become a “sit and wait” predator secondarily.
Clevosaurus does not exhibit the same level of jaw fracture as Gephyrosaurus (<1%)
suggesting it is was either less territorial than Gephyrosaurus or was subject to less
competition (Fraser, 1995). Perhaps it is evidence that Clevosaurus pursued a widely
foraging feeding strategy.
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2.1.4 Food reduction and processing
Food processing can be defined as: “Any behaviour during which the size, shape
and (or) structural integrity of the [food or] prey item was changed via contact with the
tongue, palate, jaws and (or) teeth” (McBrayer and Reilly, 2002: 884).
Food processing in mammals is complex (Crompton and Hiiemae, 1969; Hiiemae
and Crompton, 1985; Herring 1993a; Lucas, 2004). Initially food is punctured and crushed
without tooth-to-tooth contact or complete jaw closure. Subsequent food reduction
frequently involves transverse jaw movements, one side of the jaws is typically used more
than the other (unilateral biting) and contact occurs between teeth with complementary
shapes. Because o f the latter, mammalian teeth are frequently perceived to represent the
peak of dental complexity (Reilly et al., 2001) and resemblance to mammalian teeth is
considered important (e.g. Clark et al., 1989; Donoghue and Purnell, 1999; Nydam et al.,
2000). Correspondingly increase in tooth complexity is associated with a greater degree of
oral food processing.
Complexity of feeding in amniotes other than mammals is often underestimated
(e.g. Lucas, 2004), and this partly reflects a lack of detailed research (McBrayer and Reilly,
2002). As long ago as the 19th century Gunther (1867) noted that all lizards process food
using repeated bites. This is analogous to the “puncture crush” action of mammals during
the early phases o f mastication and may only require simple columnar teeth (Evans and
Sanson, 1998; Reilly et al., 2001; McBrayer and Reilly, 2002). Biting asymmetry also
occurs in lizards (Schwenk 2000: 224, contra Stayton, 2006) and Sphenodon (Gomiak et
al., 1982), and repositioning of food items is also found in both (Gomiak et al., 1982;
McBrayer and Reilly, 2002).
According to Lucas and Luke (1984) there are two extreme morphologies for
fracturing material:
1. A pair o f opposing sharp blades.
2. A pair o f opposing blunt surfaces (one being concave and the other convex).
Lucas and Luke (1984) avoided the terms crushing, grinding and cutting because they
involve both shape and movement and have never been defined satisfactory. This is
because the changing nature of contact and loading between food and teeth make specific
mechanical systems very difficult to calculate and test (Table 2.3). In their scheme the
ability o f the jaws to break down food is defined by ‘S’ and ‘B’.
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TABLE 2 .3 -Term inology from Lucas and Luke (1984).

B

Selection

The proportion o f particles o f size x that are broken dow n per chew

The degree o f fracture

The proportion o f selected particles o f size x that break to below size y per
chew w here y < x

A pair of opposing blunt surfaces divide food with a high ‘S’ and ‘B’. A pair of
opposing blades divide food with a much lower ‘S’ and ‘B’, and ‘S’ declines rapidly per
jaw closure. However, blades allow bite forces to be concentrated into a small surface area,
providing a high initial force for crack initiation.
Food processing (reduction and breaking down) is advantageous for three main
reasons:
1. It increases the surface area available for chemical breakdown (Reilly et a l , 2001).
This in turn allows more efficient digestion and reduces the length of intestines
needed to digest the same amount of food (Lucas and Luke, 1984). Surface coatings
that may be resistant to chemical breakdown can be opened mechanically
(Hiienmae and Crompton, 1985; Lucas, 2004). This is particularly important for
herbivores and as a result food processing is also associated with increased
omnivory and herbiovory (Cooper and Vitt, 2002; Hiienmae and Crompton, 1985).
2. Smaller pieces of a food item can be removed from a larger food item so that that
they fit inside the mouth and can be swallowed. This allows access to larger food
items (Robinson, 1973; Lucas, 2004).
3. Food items can be packed into a smaller space as vacuoles within the food item are
compressed. Also, a limited space can accommodate a greater volume of material if
that material is heterogenous rather than homogenous. This again reduces the size of
intestine required for the same amount of food intake (Fig. 2.7).

r y
L
. il
Fig. 2 .7 - Schematic diagram illustrating that a given space can accommodate a greater
volume of substance if the substance is heterogenous rather than homogenous. Inspired by
part of a presentation titled “More Chocology” given on behalf of Stephen T. Beckett (Nestle)
to the Royal Institution on November 3rd 2005 (see also Beckett, 2002).
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2.1.5 Diet
Diet is a key part to understanding the palaeoecology and feeding strategy of a
taxon. However attribution of a particular diet to a particular taxon is extremely difficult.
Many animals are opportunistic and diets vary intraspecifically depending on age, sex,
season, body size, geography, and availability. The diet of extant taxa can be assessed from
direct observation, faecal pellets, gut contents, morphology, isotope analysis and fatty
tissue composition (e.g. Walls, 1981; Ussher, 1999; Blair et al., 2000; Cooperand Vitt,
2002). Unfortunately observational studies of extant taxa usually consist of vague poorly
sampled descriptions (Schwenk, 2000; Cooper and Vitt, 2002). Nevertheless, as Schvvenk
(2002) points out, diet needs to be at least considered for the purposes of context.
Most squamates are insectivorous or carnivorous but according to Cooper and Vitt
(2002) consumption of plant material by lizards is more extensive than previously
appreciated. Nevertheless, very few lizards survive entirely of plants. These include the
scincid Corucia zebrata, the agamids Uromastyx aegyptius and Phymaturus palluma, and
the iguanids Amblyrhynchus cristatus, Iguana iguana, and Sauromalus hispidus. Espinoza
et al. (2004) consider less than 2% of the known 7800 described squamate species to be
herbivorous.
Diet is influenced by body size in both predators (Rieppel, 1984; Vezina, 1985;
Maglia, 1996; Tucker et al., 1996; Carbone et al., 1999; Anguirre et al., 2002; Shine and
Thomas, 2005) and herbivores (Pough, 1973; Chivers and Hladik 1984). Body size is
directly related to metabolism (Altman and Ditmer, 1968; Peters, 1983). Larger animals
have a greater ability to travel long distances which permits certain feeding strategies, but
with large size capture of small prey may become less economically viable (Vezina, 1985;
Carbone et al., 1999). Body size also effects the type of locomotion used and may restrict
access to certain sources of food such as prey located within rocky crevices and on the
distal branches o f tall vegetation.
Pough (1973) argued that herbivory in lizards is generally restricted to large taxa,
>300g. This allows a larger gut and greater degree of digestion (Pough, 1973; Troyer,
1984abc; Chivers and Hladik, 1984). Pough (1973) also suggested that this may influence
diet during ontogeny. In certain taxa (but not all) adults eat a greater proportion of plant
material than juvenile conspecifics (Cooper and Vitt, 2002). This may be in part because
the adults are less able to catch active and mobile prey than the more agile juveniles.
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However, as discussed by Schwenk (2000), Pough’s idea is flawed, a huge confounding
variable being phylogeny. Several small lizard taxa have since been reported as herbivorous
(e.g. Jaksic and Schwenk, 1983; Schwenk, 2000; Espinoza et al., 2004). Nevertheless, a
general correlation between body size and herbivory is apparent (Cooper and Vitt, 2002;
Stayton, 2006). It is important to note that the herbivores vary greatly in the amount of
coarse fibre rich material relative to fibre poor material; foliage vs fruits, flowers, nectar
and buds (Popowics and Fortelius, 1997). Omnivorus taxa eat more of the latter (Cooper
and Vitt, 2002). The former requires a large gut and intestinal bacteria to breakdown the
cellulose cell walls (Iverson, 1980, 1982; Troyer, 1984abc; King, 1996; Barrett, 2000;
Cooper and Vitt, 2002). In Iguana iguana the gut possess specialised folds or valves to
slow the passage of food and increase digestion times (Iverson, 1980, 1982; Troyer,
1984abc). A similar feature has also been described for Gallotia galloti (Herrel et al.,

2001a).
Consumption of plant material is associated with an “actively foraging” feeding
strategy (Cooper and Vitt, 2002). There is also evidence from lacertids that populations
restricted to islands are more likely to become more europhagous, accessing more plant
material (Van Damme, 1999). This is associated with taller skulls and larger coronoids
compared to carnivorous taxa, suggesting larger bite forces (Herrel et al., 2001a). Herrel et
al. (2001a) argue that omnivory maybe a distinct dietary category rather than a transistional
grouping between camivory and herbivory.
As already mentioned in the introduction (Section 1.1), Tuatara are carnivorous,
feeding on a variety of arthropods, molluscs, small vertebrates and occasionally eggs (Fig.
2.8; GUnther, 1867; Dawbin, 1949, 1962, 1982; Farlow, 1975; Walls, 1981, 1982; Ussher,
1999; Schwenk, 2000). In all over 100 different items have been found in faecal pellets
(Newman, 1987a). The darkling beetle, Mimopeus opaculus, is the food item most
frequently recognised. Rarer items include hatchling Sphenodon, frogs, passerine birds and
on Green Island, the remains of crabs (Walls, 1981; Newman, 1987a Blair et al., 2000;
Moore and Godfrey, 2006). Sea bird material is also important (but not essential) to the
larger stronger males on Stephens Island (Walls, 1978; Cree et al., 1995; Markwell, 1998;
Blair et al., 2000; Cree and Butler, 2001) particularly during spring and summer when eggs
and chicks are available and invertebrates may be scarce (Walls, 1981; Newman, 1987a).
Females and juveniles may also consume sea bird material but probably as carrion (Cree et
al., 1995). No sea birds were found in the diet of Sphenodon from Lady Alice, perhaps
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because of competition from the Pacific Rat, Rattus exulans which is absent from Stephens
island (Ussher, 1999). Although consumption of plant material may be accidental it can be
as high as 14% (Walls, 1981), which places Sphenodon within the generous omnivorous
category of Cooper and Vitt (2002) (>10%). In around 10% of individuals faecal pellets
contained a substantial number of seeds (Walls, 1981; Schwenk, 2000).
There does appear to be some evidence for an ontogenetic (or at least size) shift in
diet. Hatchlings eat small insects, juveniles large insects, and adults (especially the larger
males) may also consume vertebrate material (Cartland-Shaw et al., 1998; Cree et al.,
1999; Ussher, 1999; Alison Cree, pers. comm. 2004 [to S. E. Evans]).

Sphonodon d r o p p in g s fro m S t e p h e n s Isla n d (W alls, 1981)

Inorganic material
Other animal material
Birds
Lepidosaurs
Plant material
Other invertebrates
Insects

60

Fig. 2 .8 - Diet in Sphenodon inferred from faecal pellets (Walls, 1981,1982).

Dietary assessment of fossil taxa is largely limited to broad statements generated
from studies of tooth wear, tooth shape, body size, comparative morphology and rare gut
contents. In most cases coprolites can not be attributed to their maker.
In the Mesozoic insect communities were broadly similar to today (Grimaldi, 2005). In
particular, the Triassic saw diversification of the beetles (Anderson and Anderson, 1993ab,
Anderson et a l , 1998). Plant communities varied across time and space throughout the
Mesozoic (Field and Arens, 2005). Unfortunately the fossil record is biased towards woody
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unpalatable plant material. Therefore, identifying specific plants that potentially supported
herbivore communities is problematic. For the first half of the Mesozoic plant communities
were characterised by ferns, cycads and conifers (Anderson and Anderson, 1993ab,
Anderson et a l 1998) but this did include taxa with fruit-like bodies and palatable foliage
(PM Barrett pers. comm. 2006 [to S E Evans]). The second half of the Mesozoic witnessed
the radiation of angiosperms but there is a bias in the fossil record against the environments
where herbaceous terrestrial angiosperms would have grown.

TABLE 2 .4 - Postulated diets of Rhynchocephalia. From Fraser and Walkden (1983: 361)
with the addition of further taxa* and interpretations based on personal observations and
published research: Throckmorton et aL, 1981; Fraser, 1985,1986,1988; Jones, 2006a.
S m all
fa s t
in s e c ts
(=flies,
m o th s )

L a rg e in s e c ts
(= b e e tle s ,
g ra ssh o p e rs)

Sm all
v e r te b r a te s
(= juvenile
re p tile s)

L arge
re p tile s
(=C.

P la n t
m a te ria l

hudsoni)

O utgroup

{Kuehneosaurus)
Gephyrosaurus*
Diphydontosaurus
Planocephalosa urns
Palaeople urosa urus'
Pleurosaurus*
Tmgitana*
Godivarisaurus*
Rebbanasaurus*
Petycymala
Sigmala
*

X?

0?
X

X
X
X

X

X?
0?

0?
0?

?

?

C h in e se c le v o sa u rs

Clevosaurus bairdi
Clevosaurus
hudsoni
Clevosaurus minor
Homoeosaurus*
Opisthias*
Pamzinsaurus *
Kallimodon*
Sapheosaurus*
Ankylosphenodon*
Cynosphenodon*
Sphenodon*
Eilenodon*
Toxobphosaunjs*
Priosphenodon*

0
0
0
0?

0
0
0
0

X?

0
0
0
0

0
0
0
0
0
0
0

X
X

0

0

X?

■

0
0
0?
?0
0
?

0

X
X

X?

X

X?

X
X
X?

X?
X
X?

X

X?

X

X

X?
X?
0?

X

X?

0
0
X
X
X
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Evans (1980: 239) interpreted Gephyrosaurus to have been capable of dealing with
a variety of arthropods and insects. Based on tooth morphology and body size Fraser and
Walkden (1983) interpreted Sigmala sigmala as being herbivorous; Planocephalosaurus to
have fed on large insects; Diphydontosaurus to have been restricted to smaller
invertebrates; and Clevosaurus minor to be a possible scavenger (Table 2.4). The diet of
Clevosaurus hudsoni is uncertain. Fraser and Walkden (1983) proposed that it ate insects
and small vertebrates whereas Fraser (1985, 1988) suggested it might have been facultively
herbivorous. Toxolophosaurus, Eilenodon and Priosphenodon are more certainly
interpreted as herbivorous (Rasmussen and Callison, 1981; Throckmorton et al., 1981;
Apesteguia and Novas, 2003), and Foster (2003) suggested they might eat seeds.
Ankylosphenodon was considered to be a herbivore by Reynoso (1997).
Stomach contents have recently been found in a fossil rhynchocephalian (Evans et
al., 2004). They consist of a small lizard, Eichstaettisaurus gouldi. Unfortunately the
rhynchocephalian is difficult to identify because the head is missing, postcranial elements
suggest an affinity to Sapheosaurus, Ankylosphenodon or Kallimodon but it differs from
Derasmosaurus a taxon known from the same locality.

2.1.6 Mechanical properties of food
Food differs in its mechanical properties and thus its resistance and reaction to food
processing. Lucas and Luke (1984) described food items using three parameters (Tables
2.5, 2.6). Hard items are not amenable to deformation whereas soft (or compliant) items
are. Strong items require more stress to crack them open than weak items. Cracks that have
been formed spread more readily in brittle food items than tough food items. Many items
that are hard are also brittle (e.g. shell, chitin, bone), conversely many items that are not
hard are tough (e.g. foliage, meat) (Lucas and Luke, 1984).
TABLE 2.5 - Terminology used in Lucas and Luke (1984).
H ard

Soft

M easure o f deform ability

S trong

W eak

Stress endurance before failure

T ough

Brittle

R esistance to crack propagation

Many food items are heterogenous (Lucas and Luke, 1984; Evans and Sanson,
1998). For example, there is considerable variation of mechanical properties within insects
alone (Evans and Sanson, 2005). Different types of seeds can also have very different
physical properties (Lucas and Teaford, 1994). Even foliage from different parts of the
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same plant can pose radically different problems for a potential herbivore as well as
different parts of the same leaf (Lucas and Luke, 1984; Lucas and Teaford, 1994;
Lucas et al., 2000; Sanson et al., 2001). The outer coating of a leaf may possess very
different material properties from the internal components (Evans and Sanson, 1998; Lucas
et al., 2000). If an animal uses its teeth for only a limited amount of food processing
(puncture-crushes), swallowing it almost whole, then the teeth will probably be adapted to
deal only with the outer surface of food items. In contrast, the more an animal divides and
reduces its food the more relevant internal structure will become and the more likely the
animal will have to deal with a range of different materials simultaneously (Evans and
Sanson, 2005).
TABLE 2.6 - Examples of food and their properties using the criteria of Lucas and Luke
(1984).
F o o d ite m o r m a te ria l
S n ail sh ell
B one
N u ts, s e e d s
U n rip e fruit
T u b e rs e .g . p o ta to
B e e tle sh e ll (highly sclero tin ised )
L e a th e r
M eat
D ried Fruit
O ld L e a v e s
R ip e fruit e g. a p p le
C h e e s e e g. C h e d d a r
R ip e fruit e .g . b a n a n a w ithout skin
R ubber
P la s tic in e
R ip e fruit e .g . p e a c h
L a rv a e
In se c t c u tic le (low sclerotin isation)
Ice c re a m
Y o u n g le a v e s
...... ....................................
Jelly

H a rd n e ss
V ery h ard
V ery h ard
H ard
H ard
H ard
H ard
M edium
M edium
M edium
M edium
M edium
M edium
M edium
Soft
Soft
Soft
V ery soft
Soft
Soft
Soft
Soft

S tr e n g th
S tro n g
V ery stro n g
S tro n g
M edium
M edium
S tro n g
S tro n g
M edium
M edium
M edium
M edium
W e ak
W e ak
S tro n g
M edium
W e ak
M edium
W e ak
W eak
W e ak
W e ak

T oughness
V ery brittle
Brittle
Brittle
Brittle
M edium
Brittle
T ough
T ough
T ough
T ough
M edium
M edium
M edium
T ough
T ough
T ough
T ough
M edium
M edium
M edium
Brittle

2.1.7 Teeth
Tooth shape in Rhynchocephalia is diverse and is oflen used as the basis for naming
new taxa (Throckmorton et al., 1981; Fraser and Walkden, 1983; Fraser, 1986; Evans and
Signogneau-Russell, 1997; Evans et al., 2001; Heckert, 2004; Saila, 2005). Furthermore
tooth structure and arrangement forms the basis of several phylogenetic characters (e.g.
Reynoso, 1986; Apesteguia and Novas, 2003). Flowever, the teeth of Rhynchocephalia
have received very little attention from a functional point of view. In fact, reviews of
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feeding in amniotes or lepidosaurs frequently overlook fossil rhynchocephalian taxa (e.g.,
King 1996; Schwenk 2000; Herrel et al., 2001b; Reilly et al., 2001; McBrayer and Reilly,
2002; Espinoza et al., 2004). In addition, Sphenodon is also often used as an outgroup (e.g.
McBrayer and Reilly, 2002; Cooper and Vitt, 2002; Vitt et al., 2003) when discussing
squamate feeding, despite it being a derived member of the Rhynchocephalia (e.g.
Whiteside, 1986; Apesteguia and Novas, 2003).
Lepidosauria demonstrate a wide range of diets, with some animals being more
selective than others (stenophagous vs europhagous, Schwenk, 2000). According to
Schwenk (2000) it is uncommon for stenophagous lepidosaurs to demonstrate specific or
obvious anatomical adaptations to their diet. Many animals are opportunistic feeders
regardless o f their tooth morphology. It may therefore not be possible to infer diet precisely
from tooth morphology, particularly since diet varies within species ontogenetically,
seasonally and geographically. Nevertheless tooth morphology can provide general
indicators regarding diet (Hotton, 1955; Montanucci, 1968; Galton, 1986; Barrett, 2000;
Herrel et al., 2001a; Cooper and Vitt, 2002). Furthermore, as discussed below, the
morphology of teeth can be assessed as if they were tools (Frazzetta, 1988; Abler, 1992;
Evans and Sanson, 1998, 2003) and the suitability of a tooth shape for a particular task can
be interpreted.
Teeth are used to catch, grip, subdue and kill food items, as well as to process food.
Teeth vary in a number of potentially independent features.
Recent research has greatly enhanced the way in which teeth and feeding are
discussed (Lucas and Luke, 1984; Massare, 1987; Frazzetta, 1988; Abler, 1992; Evans and
Sanson 1998; 2003, 2005, 2006; Schwenk, 2000; Reilly et al., 2001; Weil, 2003; Lucas,
2004; Evans, 2005; Freeman and Leman, 2006). Several of these studies have considered
teeth as cutting or puncturing tools, using engineering principles to assess what different
shaped teeth are capable of and best shaped to do (Frazzetta, 1988). Here the teeth and
feeding apparatus o f Rhynchocephalia are discussed in relation to this new approach and
the insights it provides. There are several aspects to consider including the implantation,
number, size, crown shape including variation along the tooth row. All of these attributes
vary within Rhynchocephalia and many follow trends of increasing complexity.
2.1.7a Tooth implantation
Within amniotes there are several different forms of tooth implantation (Table 2.7).
Teeth in lepidosauromorphs, such as Kuehneosaurus, are subpleurodont (attached in a
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shallow groove and replaced periodically). Gephyrosaurus and iguanians instead possess
pleurodont dentition (attached to the lingual side of the jaw and replaced periodically) and
this was almost certainly the plesiomorphic condition for Lepidosauria (Auge, 1997).
Acrodont lizards possess acrodont teeth (attached more labially, not replaced, and the
subdental shelf is often absent or reduced) (Auge, 1997).
Gephyrosaurus, Diphydontosaurus and Planocephalosaurus demonstrate the
transition from pleurodont dentition towards increasingly acrodont teeth (Fraser and
Shelton, 1988). In Gephyrosaurus the anterior dentition was essentially pleurodont (Evans,
1980, 1985). The posterior marginal teeth instead sit on the crest of the dentary, and the
rarity of resorption pits indicate that replacement was very infrequent (Evans, 1980, 1985).
The posterior dentition o f Diphydontosaurus and marginal dentition of Planocephalosaurus
are usually considered to be fully acrodont (Fraser, 1982; Whiteside, 1986). However,
Fraser and Shelton (1988) showed that differences between pleurodont and acrodont teeth
are more continuous than often appreciated. Using X-ray the bases of posterior teeth of
Diphydontosaurus and anterior teeth of Planocephalosaurus could be distinguished from
the jaw bone (Fraser and Shelton, 1988).

TABLE 2.7 - The various forms of tooth implantation and replacement. Compiled using
http://palaeos.com/Vertebrates/Bones/Teeth/ToothImplantation.html, Romer, 1956 and
Edmund, 1960.
T hecodont

T eeth are secured d eep er than height o f
tooth crow ns. T here is no an k y lo sis and
roots are cylindrical.

S u bthecodont

T eeth are secured in a shallow groove and
shallow sockets, w ithin the groove, are
present. The groove has a high labial w all
and low lingual w all.. M ay be som e degree
o f ankylosis.
T eeth set in a groove, w ithout ank y lo sis to
the jaw .
T eeth are secured to the base o f a shallow
groove.

A ulacodont
S u b pleurodont

C rocodiles and other
archosaurs
S auropterygia,
m am m als.
C horistodera,

Paleothyris,
Petrolacosaurus

Ichthyosaurus?

M otani, 1997

Kuehneosaurus,
Youngina , specialised

R obinson, 1962,
1973; N ydam et
a l, 2000
Evans, 1980,
1985;

teiid squam ates
P leurodont

A crodont

A n k y lo th e o co d o n t

T eeth are ankylosed to the lingual side o f
the ja w lateral to a lingual s h e lf and are
periodically replaced.
T eeth are attached m ore labially , not
replaced, lack a subdental sh e lf

T eeth are ankylosed d eep w ithin the ja w

Gephyrosaurus (m ore
obvious anteriorly),
m ost squam ates
Sphenodon,
Clevosaurus,
Uromastyx
Ankylosphenodon,
R hynchosauria
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R obinson, 1976;
A uge, 1997;
F raser and
Shelton, 1988
R eynoso, 2000

Derived

Rhynchocephalia

such

as

Clevosaurus,

Eilenodon

Pleurosaurus,

Priosphenodon, and Sphenodon are characterised by fully acrodont teeth: distinction
between jaw and tooth is not possible even with X-ray (Auge, 1997; Fraser and Shelton,
1988). Old teeth become worn while new teeth are added to the rear of the existing tooth
row. Sapheosaurus is edentulous but this is probably the result of extensive wear which can
also be observed in certain specimens o f Sphenodon (e.g. UCZM2582, OMNH4911). The
teeth of Ankylosphenodon are ankylothecodont but also appear to demonstrate evidence of
continuous tooth growth (Reynoso, 2000).
Acrodont teeth should produce a different mechanical effect to pleurodont teeth, as
they are usually stouter with broader bases. T hus, the surface area of attachment is larger
relative to the bending forces the tooth is likely to experience.
2.1.7b Tooth Point (tip and cusp morphology)

A “point” is a location with high (local maximum) curvature in all directions on a
two dimensional convex surface (Evans and Sanson, 2003: 174). The point of a tooth can
be described in terms of its “tip” and “cusp” morphology (Evans and Sanson, 1998).
Tip sharpness - the surface area of contact between the tooth and food for a given applied
force, proportional to the radius of the tip (Evans and Sanson, 1998)
Cusp sharpness - the volume or surface area of the cusp at increasing distance from the
tip (Evans and Sanson, 1998). Hence, at equal distance from the tip a wide cusp
(low cusp sharpness) will demonstrate greater volume and surface area than a
narrow cusp (high cusp sharpness).
A high tip sharpness will allow concentration of force into a small area of contact which
reduces the amount of force is required for initial penetration (Fig. 2.9; Lucas, 1982). This
was confirmed experimentally by Evans and Sanson (1998) using steel punches of different
shapes. Therefore a tooth with high tip sharpness has the most energy efficient shape for the
initial puncturing of material. Note, the relative surface area of contact will increase if the
surface o f the food item is complaint and deforms around the tip before puncture (Frazzetta,
1988; Evans and Sanson, 1998). Therefore, if the food item is hard (non-compliant) a
penetrating tooth can afford to have a lower tip sharpness (Lucas, 1982). In some cases the
surface area o f initial contact area between a sharp tooth and compliant material may equal
the surface area o f initial contact between a blunt tooth and hard material. Tip sharpness is
most relevant to crack initiation but cusp sharpness has a greater bearing on crack
propagation and also penetration of the tooth after the initial puncture (Fig. 2.9; Evans and
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Sanson, 1998). Teeth with high cusp sharpness are the easiest to push into a food item after
the initial puncture because they have less volume relative to the distance from the tooth
tip. Correspondingly teeth with a high cusp sharpness will displace less material for a given
penetration distance relative to those with a low cusp sharpness (Evans and Sanson, 1998).
When the food item is hard and brittle, a blunt cusp (with a high surface area and
volume relative to distance from tip) is better at propagating cracks than a sharp cusp (low
surface area and volume to distance from tip). Stout blunt teeth are also less vulnerable to
bending stresses and thus can be used more forcefully than narrow sharp teeth (Lucas,
1982; Massare, 1987; Taylor, 1992; Evans and Sanson, 1998; Erickson et al., 2003; Jones,
2006a). Decreases in tip sharpness and cusp sharpness brought about by wear to some
extent correlate with one another (Evans and Sanson, 1998).

n

D ecreasin g
tip sh a rp n ess

Increase
in en ergy
required
for crack
initiation

i

k

ikk

ik
D ecreasin g cu sp sh a rp n ess
Increase tooth strength
Fig. 2 .9 - Faint line indicates outline of the original tooth before wear. Based on the work of
Evans and Sanson (1998, 2003).

The tips of fossil lepidosaur teeth demonstrate a variety of morphologies (Evans and
Searle, 2002; Nick Arnold (NHM) pers. comm., 2005), and these minor differences in
crown morphology probably make a difference during processing (Grant, 1985; Evans and
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Sanson, 1998). Cusp morphology is certainly variable. Herrel et al. (2001a) found that cusp
angle was higher in insectivorous lacertids compared to omnivorous lacertids. For
Rhynchocephalia tooth tip structure is probably more important in basal taxa with
pleurodont dentition or the juveniles of acrodont taxa before their teeth become worn.
In Diphydontosaurus and Gephyrosaurus the anterior marginal teeth are acuminate
or columnar (relatively high cusp sharpness). The posterior teeth are broader
anteroposteriorly. In Clevosaurus the main cusps of the dentary teeth are broad cones. In
general, cusp sharpness decreases within Rhynchocephalia (Jones, 2006a); teeth become
broader or longer with larger bases and in general a wider cusp angle.
2.1.7c Blades: flanges, crests and worn edges
A “blade” is defined as a location with high curvature (essentially equal local
maxima of curvature) in one dimension, with a substantially lower curvature (i.e. nearly
flat) in the surface at approximately right angles to the first direction (Evans and Sanson,
2003: 174). This definition will include “flanges”, “carinae” (Massare, 1987), “crests”
(Evans and Sanson, 1998), “blades” (Savage, 1977; Lucas and Teaford, 1994; Wright and
Vincent, 1996; Evans and Sanson, 2003), “shoulders” (Robinson, 1973; Throckmorton et
al., 1981) and just about any sort of sharp or narrow edge, including to some extent dental
ornament.
TABLE 2.8 - The three different modes of fracture (Lucas and Teaford, 1994; Wright and
Vincent, 1996).

Mode i

Description

Notes

I

M aterial either side o f a crack is w edged
ap art cau sin g the crack to w iden further
because o f tensile stresses.

II

O ne portion o f the m aterial is loaded or
co m p ressed relative to the other. C rack
grow th is parallel to the loading
direction.
C rack grow th is perpendicular to the
loading direction. Fractured ends o f
m aterial are tw isted (out-of-plane shear)

M ost usual form o f fracture once an initial crack has
been produced. T he crack opens up ahead o f the blade
edge and hence the latter will not be subject to wear.
T he crack may follow lines o f w eakness rath er than
the exact direction o f force from the blade. A nalogous
to a three point bend m odel.
R elatively even distributes force: no point loading.
A nalo g o u s to a hole punch. M ainly involves shear
forces.

III

C oncentration o f force at one point: point loading.
M ost com m on m ode for initial puncture. A nalogous to
a p air o f scissors cutting thin paper.

Blades allow material to be cut not simply punctured. On teeth the blades
themselves may consist of inherent projecting structures (produced genetically) or edges
that have arisen from wear. In many cases projections originally present on unworn teeth
are exaggerated, enhanced or kept sharp by wear. How blades are used as tools to fracture
(divide, cut) material has been previously been discussed in relation to the teeth of sharks
-69-

(Frazzetta, 1988), non-avian theropod dinosaurs (Abler, 1992), and mammals (Lucas and
Luke, 1984; Lucas and Teaford, 1994; Popowics and Fortelius, 1997; Evans and Sanson,
1998; 2003). However, many of the principles observed (or estimated) apply across
taxonomic boundaries. There are essentially three different ways in which fracture occurs
(Table 2.8, Fig. 10; Lucas and Teaford, 1994; Wright and Vincent, 1996). Lucas and

Teaford (1994: 186) make a distinction between blades and wedges, whereby a wedge has a
more symmetrical profile and is better at driving Mode-I fracture, whereas blades with an
asymmetrical profile are more adept at opening cracks with Mode-111 fracture (Wright and
Vincent, 1996).
N

fs

N

X

✓

\

Fig. 2.10 - The three different modes of fracture (Taken from Lucas and Teaford, 1994: 184).

The attributes of a blade can be divided into a number of parameters (Evans and
Sanson, 2003). Each will have a bearing on how the blade is used to fracture food (Table
2.9, Fig. 2.11).

Blades work best when they approach the material to be cut obliquely because this
minimizes the contact surface area (Evans and Sanson, 1998). However, for blades running
along a puncturing tool (near perpendicular) contact can aid penetration and propagate
cracks (Evans and Sanson, 1998; Freeman and Leman, 2006). Freeman and Leman (2006)
found this was true for insect and animal material but longitudinal blades made no
difference in plant material.
Within rhynchocephalian taxa there are a number of structures that qualify as
“blades” (or wedges) on the teeth, particularly in derived taxa (Table 2.10). These include
the obvious structures often referred to as flanges (e.g. Evans, 1988; Fraser and Benton,
1989; Reynoso, 1996), and dental ornament, but also sharp edges that have formed by wear

- 70-

alone. All will perform some degree of cutting but they vary greatly in length, number,
location, edge sharpness, and orientation relative to opposing blades.

TABLE 2 .9 - Terminology compiled from Evans and Sanson (2003).
E dge (or crest)
sharpness
W edge sharpness
R ake angle
R e lie f angle

A pproach angle

Food capture
F ragm ent
clearance

T he radius o f curvature o f a blade edge (som ew hat analogous to tip ‘sharpness’)
(Frazzetta, 1988; Evans and Sanson, 2003).
T he radius o f curvature o f a blade edge (som ew hat analogous to cusp ‘sharpness’)
(Frazzetta, 1988; Evans and Sanson, 2003).
A ngle betw een the leading surface o f a tool and a line running from the edge
perpendicular to the direction o f tool m ovem ent (Evans and Sanson, 2003).
A ngle between the direction o f tooth m ovem ent and the trailing surface. In a
m axillary dentition this is the angle betw een the parasagittal plane and the lingual
surface o f the tooth. For dentary dentition this is the angle betw een the labial
surface o f the tooth and a the horizontal plane (perpendicular to the parasagittal
plane) (Evans and Sanson, 2003).
A ngle between the long axis o f the blade and a line perpendicular to the direction
o f m ovem ent (A bler, 1992; E vans and Sanson, 2003). I f occluding blades have a
sim ilar approach angle they w ill m eet sim ultaneously along their length and
distribute the force evenly preventing effective point cutting.
W here food is captured betw een the concave edges o f a blade o r blades (e.g.
carnassial teeth) (Savage 1977; L ucas and Luke, 1984; Evans and Sanson, 2003).
U sed to described the ease at w hich fractured m aterial is rem oved from the cutting
surfaces via exit structures and flow channels (Evans and Sanson, 2003).

A) Tool design features
View of blade end-on - length of blade goes into page.

B) Rake angle
View of blade as in A).

Direction of
tool movement

C) Approach angle
Two occluding blades
viewed perpendicular to A).

I

Relief angle;
Trailing (relief)
surface
Blade edge

Leading (rake)
surface
Rake angle

(i) No point cutting
Positive rake angle

O b je c t to b e fra c tu re d
(ii) Point cutting occurs

l-ve

Occluding tool

h.
Negative rake angle

(iii) No point cutting

Fig. 2.11 - The attributes of blade structure. A: Leading surface, trailing surface, rake angle,
relief angle. B: Positive and negative rake angles. C: Approach angles of two occluding blades
and consequences for point cutting (Taken from Evans and Sanson, 2003: 176).
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Edge (or crest) sharpness: The radius of curvature of a blade edge (is somewhat
analogous to tip ‘sharpness’) (Evans and Sanson, 2003 see also Frazzetta, 1988, Popowics
and Fortelius 1997). Edge sharpness is greater in mammalian carnivores that specialize in
vertebrate meat rather than mammals that also eat insects (Popowics and Fortelius, 1997).
The edge sharpness will vary greatly between cutting edges. For example the edge
sharpness of the posterior maxillary flanges in Clevosaurus will be far greater than the edge
sharpness of the anterior crests on the dentary teeth of Sphenodon.
Rake angle: This is the angle between the leading surface of a tool and a line
running from the edge perpendicular to the direction of tool movement (Evans and Sanson,
2003). A positive rake angle reduces the amount of surface area contact with the food item
and the amount of material that needs to be displaced (Fig. 2.12; Evans and Sanson, 2003).
Also, since resistance from the food force will be perpendicular to the rake angle, as the
teeth penetrate the food item, material either side of the cutting plane presses the cutting
edges together (Evans and Sanson, 2003). The rake angle is estimated to be positive for all
the blades considered in rhynchocephalian taxa (Table 2.11).

Fig. 2.12-S chem atic diagram of opposing blades in coronal section meeting against a tough
but pliable food item. A: Blades that possess a positive rake angle. B: Blades that possess a
negative rake angle. White arrows indicate direction of the jaws whereas black arrows
indicate the direction of force on the teeth resulting from resistance of the food (perpendicular
to the surface of the leading surfaces). The dotted line indicates the cutting plane.
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TABLE 2.10 - Examples of cutting edges in Rhynchocephalia with a description of location,
shape, origin and included angle (estimated angle between the two faces which provide the
cutting edge).
Tooth location

Location on tooth

Description

Prcmaxilla

Posterior edge

Sharp edge

Included
angle*
-45°

Maxilla

Postcrolingual
edge
Postcrolingual
edge

Small protruding structure.

-60°

Protruding structure, triangular
profile in lateral view, distal crest
oblique to tooth margin facing
posteroventrally
l^arge protruding curtain-like
structure with a sharp distal crest
orientated near parallel to tooth
margin facing almost ventrally
Sharp edge

Anterior edge
(raised enamel
ridge)
Anterior edge

Very sharp raised sharp edge

Taxa

O rigin

Sphenodon,
Godavarisaurus,
Prtosphenodon,
Planocephalosaurus

w ear from
prooral
movement
genetic

-15°

Sphenodon,
hilenodontines

genetic

-15°

Clevosaurus,
Homoeosaurus,
Palaeopleurosaurus

genetic
and wear

-45°

wear

- 15°

Sphenodon,
Clevosaurus
hilenodontines

Sharp edge

-45°

Pleurosaurus

Anterior edge

Sharp edge

-45°

Sphenodon

genetic0
and wear
wear

Posterior edge

Sharp edge

-45°

Sphenodon

wear

Sharp edge

-80-90°°

Sphenodon

wear

Sphenodon

-80-90°

Sphenodon

Dentary

Dorsal edge

-40-60°*

Sphenodon

genetic'’
and wear
genetic
and wear
wear

Dentary

Anterior labial
edge

Subtle comer that becomes
quickly worn into a sharp edge
Distinct corner that becomes
quickly worn into a sharp edge
Wedge like sy mmetrical crosssection
Protruding structure with a sharp
distal crest oblique to tooth row
faces anterodorsally
Sharp edge
Protruding ridge

-80-90°

Dentary

Anterior of the
dentary
Posteriolingual
edge
Posteriolabial edge

-15°

genetic
and wear

-60°
-90°°

Clevosaurus,
Planocephalosaurus,
pleurosaurs
Sphenodon
Planocephalosaurus

Sharp edge

-60°

Sphenodon

Sharp edge

-40-50°

Sphenodon

genetic
and wear
wear

Small protruding structure with a
sharp distal crest aligned oblique
to tooth row facing
posterodorsally
Sharp edge
l.obc w ith a rounded edge

-15°

Clevosaurus

genetic
and wear

-40°
-60°

wear
genetic

Very sharp raised sharp edge

-15°

Sphenodon
To.xolophosaurus and
other eilenodontines
hilenodontines

Protruding structure w ith sharp
edge, triangular in lateral profile,
Protruding structure with sharp
edge, triangular in lateral profile.

-15°

Sphenodon,
Godavarisaurus
hilenodontines

genetic
and wear
wear

Maxilla

Maxilla

Postcrolingual
edge

Maxilla

Anterior edge

Maxilla

1
!
1

Maxilla
Maxilla
success lonal
can in iforms
Maxilla
successional
camniforms
Anterior edge
of the dentarv
Dentary

Dentarv
Dentary
Dentary
Dentary
c an in iform
Dentary

IXntarv
Dentary
Dentarv
■

Palatine
Palatine

..

[
!
j
!
j
;
;

Anteriolabial edge
Anteriolingual
edge
Anteriolingual
edge
j
Posterior edge
Posterior surface

Anteriolabial edge
Anteriolingual
edge
Outer edge of
teeth (raised
enamel ridge)
surrounding
dentine
Posterior edge
Outer edge of
teeth (raised
enamel ridge)
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-15°

wear

wear
genetic

wear

TABLE 2.11 - Cutting edges found in rhynchocephalian taxa and their estimated edge
sharpness, rake angle and relied angle. Does not include enamel ornament.
Tooth
location

Location on tooth

Taxa

Estim ated
edge
sharpness

Rake
angle

R elief
angle

Premax il la

Posterolingual edge

Sharp

+ve

+ve

Maxilla

Posterolingual edge

Sphenodon, Godavarisaurus,
Prtosphenodon0
Planocephalosaurus

Very sharp

+ve

-ve

Maxilla
Maxilla

Posterolingual edge
Posterolingual edge

Sphenodon, Eilenodon
Clevosaurus, Homoeosaurus,
Palaeopleurosaurus
Sphenodon, Clevosaurus
Hilenodontines
Pleurosaurus
Sphenodon

Very sharp
Very sharp

+ve
+ve

-ve
-v e ”

Sharp
Sharp
Very sharp
Sharp

+ve
+ve
+ve
+ve

-ve
-ve
-ve ’
-ve

Posterior edge

Sphenodon

Sharp

+ve

-ve

Anterior o f the dentary

Sphenodon

Medium0

+ve

-ve

Posterolingual edge

Sphenodon

Medium

+ve

-ve

Posterolabial edge

Sphenodon

Medium

+ve

-ve

Dorsal edge

Sphenodon

Medium

+ve

—ve

Anterior edge

C levosaurus,
Planocephalosaurus, pleurosaurs

Sharp

+ve

-ve 0

Anterolabial edge

Sphenodon

Sharp

+ve

+ve

Anterolmgual edge

Planocephalosaurus

Sharp

+ve

-ve 0

Anterolingual edge

Sphenodon

Sharp

+ve

-ve

Posterior edge

Sphenodon

Sharp

+ve

-ve

Posterior edge

Clevosaurus

Sharp

+ve

-v e ’

Anterolabial edge

Sphenodon

Sharp

+ve

-ve

Anterolingual edge

Toxolophosaurus and other
eilenodontines

Not sharp

+ve

-ve

Outer edge of teeth surrounding
dentine

Hilenodontines

Sharp

+ VC

neutral0

Posterior edge

Sphenodon, Godavarisaurus

Very sharp

+ VC

-ve

Outer edge of teeth (raised
enamel ridge) surrounding
dentine

Hilenodontines

Sharp

+ VC

neutral’

Maxilla
Maxilla
Maxilla
Maxilla
successional
can in iforms
Maxilla
successional
caniniforms
Anterior edge
o f the dentarv
Dentary
additional
teeth
Dentary
additional
teeth
Dentary
additional
teeth
Dentary
additional
teeth
Dentary
additional
teeth
Dentary
additional
teeth
Dentary
additional
teeth
Dentary
cantniform
Dentary
additional
teeth
Dentary
additional
teeth
Dentary
additional
teeth
Dentary
additional
teeth
Palatine
dentition
Palatine
dentition

Anterior
Anterior
Anterior
Anterior

edge
edge
edge
edge
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Relief angle: The relief angle is defined as the angle between the direction of tooth

movement and the trailing surface (Fig. 2.11; Evans and Sanson, 2003). As opposing
blades close against one another, material trapped between them will push the cutting edges
apart and increase frictional forces. However, a small amount of relief (4° and 7°) behind
the leading edges will allow fractured food to move away, reducing the problem. Hence,
assuming jaw closure takes place in a vertical plane, the relief angle for the maxillary
dentition is that between the parasagittal plane and the lingual surface of the tooth.
Correspondingly, for dentary dentition this is the angle between the labial surface of the
tooth and the horizontal plane (perpendicular to the parasagittal plane) (Evans and Sanson,
2003).
This characteristic is difficult to estimate particularly in taxa known from
disarticulated material such as Tingitana (Evans and Signogneau-Russell, 1997). The
posterior maxillary and palatine teeth of Sphenodon certainly have a negative relief angle
(DGPC2). This may also become more negative with medial wear on the tooth surfaces.
The dorsal edge of the dentary teeth has a very negative relief angle. It effectively acts as a
wedge {sensu Lucas and Teaford, 1994). Only on the worn posteroventral edge of the
premaxilla in Sphenodon is the relief angle clearly positive.
Approach angle: The orientation of opposing blades to one another has important

implications for their use as tools. Their approach angles can be defined in terms of
approach angle: the angle between the long axis of the blade and a line perpendicular to the
direction of movement (Fig. 2.11; Evans and Sanson, 2003 see also Abler, 1992). If
occluding blades have a similar approach angle they will meet simultaneously along their
length and distribute the force evenly preventing effective point cutting. Alternatively if
blades met obliquely, one end of the blade will contact the food item first and allow the
force to be concentrated at one point (Evans and Sanson 1998; 2003). The larger the angle
between the blades, the greater the mechanical advantage (Evans and Sanson, 2003).
In Sphenodon (maxillary teeth only) and Clevosaurus (dentary and maxillary teeth)
flanges run away from the tip of a main cusp. Hence, the distal end of the flange will
contact the food item first and open up the puncture made by the main cusp as the tooth is
forced further into the food item (Evans and Sanson, 1998: 398). This analogy can be
expanded to the entire jaws in Clevosaurus: initial punctures made by the large stout
posterior most teeth are progressively opened by the narrow anteroposterior edge of each
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tooth as the jaws close shut. The jaws of Uromastyx act in a similar way (Throckmorton,
1976).
In Clevosaurus the approach angle of the posterior maxillary flanges is between 0°
and 10° and the approach angle of the anterior dentary flanges is approximately 45°. Hence,
the difference in approach is around 35°, the blades do not meet simultaneously along their
length and the applied force is initially concentrated at one end where point cutting can
occur (Evans and Sanson 1998, 2003).
In Sphenodon there are more cutting edges to consider and their approach angles
change depending on orthal or prooral jaw movement (Tables 2.12, 2.13). Nevertheless
there are blades that meet obliquely during jaw closure and prooral jaw movement.
TABLE 2.12 - Approach angles of various blades in Sphenodon. Note the dorsal crest of the
dentary teeth forms through wear at the expense of the posterior crest (Reynoso, 1996).
Orthal

Prooral

approach angle

approach angle

P osterior flange o f the m axillary teeth

40-50°

40-50°

A n terio r edge o f the m axillary teeth

40-50°

na

P o sterio r flange o f the palatine teeth

40-50°

40-50°

A n terio r edge o f the palatine teeth

40-50°

na

80°

10°

40-50°

na

0°

90°

Blade type

A nterolingual and anterolabial crest o f a w orn dentary teeth
P osterio r crest o f a w orn dentary tooth
D orsal crest o f a significantly w orn dentary tooth

TABLE 2.13 - Differences in approach angle for the main cutting edges in Sphenodon. Based
mainly on DGPC2 and UCLGMZ \036. Worn edges of the caniniform and successional
dentition are excluded.

P osterior crest o f a w orn
dentary tooth (orthal)
D orsal crest o f a w orn dentary
tooth (orthal)
A nterolingual and
anterolabial crest o f a w orn
d entary teeth (orthal)
D orsal crest o f a w orn dentary
tooth (p ro p alin al)
A nterolingual and
anterolabial crest o f a w orn
den tary teeth (propalinal)

P osterior flange o f the
m axillary and palatine
teeth (orthal)

A nterior edge o f the
m axillary teeth
(orthal)

P osterior flange
o f the m axillary
teeth (propalinal)

-9 0 °

0-5°

na

45°

45°

na

45° (d ecreases w ith
w ear)

-1 3 5 °

na

na

na

45°

na

na

'4 5 °
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Although several of the blades in Sphenodon arise from wear in the first instance
progressive wear alters the approach angles of shape and thus the approach angles of
several tooth types. After extensive wear both the upper tooth row and lower tooth rows
will become single continuous blades. This will reduce the length of cutting surface in both
taxa. In Clevosaurus, because of the tooth on tooth wear the jaw may exhibit a reasonably
high edge sharpness. In Sphenodon the edge sharpness is much lower.
Food capture: Food capture is where food is captured between the concave edges
of a blade or blades (e.g. camassial teeth) (Evans and Sanson, 2003 see also Savage 1977,
Lucas and Luke, 1984). For example in certain mammalian carnivores as the jaws close the
flanges of the maxillary teeth and dentary teeth would converge so that a significant portion
of the food item would be “captured”, trapped and compressed into a small area where a
great deal o f force is applied to it. This system is ideal for dividing tough food items (e.g.
animal soft tissues) which possess a high poisson ratio. This is a ratio that describes how
much a substance will deform laterally as force is applied to it in the dorsal or ventral plane.
(McGowan, 1999). When materials with a high poisson are compressed in between
camassial teeth they expand laterally and are forced to fill the ‘capture zone’ between the
blades because of static pressure (Abler, 1992: 181). As the jaws close, and the capture
zone decreases in size, the material is forced against the perimeter formed by the blades on
the teeth.
The teeth of Sphenodon have previously been likened to mammalian camassials
(Reilly et al., 2001: 403). Manipulation of Sphenodon skulls and fossil material of
Clevosaurus demonstrates that food capture occurred in both taxa. Based on the shape of
their teeth and described wear facets, food capture probably also occurred in Opisthias and
Tingitana (Simpson 1926; Evans and Signogneau-Russell, 1997).
Fragm ent clearance: In order for blades to function efficiently, the material
already fractured should be moved away from the cutting surfaces. This may be achieved
by the presence of exit structures and flow channels (Evans and Sanson, 2003).
Exit structures are found on the lingual surface of the dentary teeth in both
Clevosaurus (Fig. 2.13) and Tingitana (Evans and Sigogneau-Russell, 1997) although they
are more obvious in the latter (SE Evans pers. comm., 2005). They consist of a valley-like
recess that widens lingually and are positioned anterolingual to the main cusp.
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On the medial surfaces of Sphenodon teeth there are small triangular depressions
(Fig. 2.14). In Sphenodon the blades do not occlude as precisely as in Clevosaurus, and
they are also shorter more numerous. Additionally, prooral movement itself will probably
help move fractured material away from the cutting edges of the teeth (Evans, 1980).
Similar triangular depressions are found on the teeth of jaws attributed to Opisthias
(Cocude-Michel, 1963; Throckmorton etal., 1981; DMNH 18369). Note that the grooves
formed within and between dental ornament (Section 2.1.7g Enamel) may also act as exit
structures removing material from the point or cutting edge of the tooth.
break

cvex

Fig. 2 .1 3 - Dentary dentition of Clevosaurus hudsoni. A: Dorsal view. B: Lateral view (labial).
C. Medial (lingual) view. Wear facets on the dentary closely match those that occur in
camassial teeth. Scale = 5mm.

The concave surfaces between paired flanges (e.g. posterolingual and posterolabial
maxillary flanges in Planocephalosaurus, anterolabial and anterolingual denetary flanges in
Sphenodon, and the anterolabial and smaller anterolingual flanges in the
Planocephalosaurus large dentary tooth) act as exit structures.
Sanson and Evans (2003) point out that exit structure will be more important the
more closely opposed the blades are to one another. This corresponds well with the
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presence of very prominent structures in Clevosaurus and Tingitana which both exhibit
tooth-on-tooth wear and less prominent structures in Sphenodon where most wear is foodon-tooth and the blades are not closely opposed.

Fig. 2.14 - Close up of the medial surface of the dentary teeth in Sphenodon specimen
(UCLGMZ x804). Scale = 10mm.
Serrations: Very few studies have examined how the presence of serration effects
the performance of blades (e.g. Frazzetta, 1988; Abler, 1992). Increasing numbers of
serrations on iguanid teeth are associated with increasing herbivory (Barrett, 2002).
However, serrations are also found on the teeth of carnivores (Galton, 1986; Frazzetta,
1988; Abler, 1992).
No Rhynchocephalia are known that possess serrations although when a maxillary
tooth bearing radial ridging (Fig. 2.15) is worn, the tooth possesses some similar
mechanical properties. The edge will be slightly serrated increasing friction and slicing
ability, although these serrations may be oblique to the cutting edge. Moreover such teeth
will lack the sophisticated denticles and notches found in other taxa for severing fibres
(Frazzetta, 1988; Abler, 1992).
Optimum combination: Evans and Sanson (2003), predicted the ideal tooth shapes
for dividing tough foods based on the mechanics of tools and materials. They reasoned that
the ideal single bladed tool would meet eight functional criteria:
1. High tip sharpness (small radius of point)
2. High cusp sharpness (low volume of point)
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3. High edge sharpness (small radius of the blade edge)
4. Positive rake angle (leading surface angled away from the occluding tooth in
coronal section)
5. Positive relief angle (leading surface angled away from the food item)
6. Positive approach angle (opposing blades arranged obliquely in lateral view)
7. ‘Capture zone’ possible (blades arranged with a capture zone to trap food)
8. Good fragment clearance (exit structures present, e.g. gutters and valleys)
The first three criteria (high tip sharpness, high cusp sharpness, high edge
sharpness) will allow food items to be penetrated easily (Evans and Sanson, 1998). A
positive rake angle reduces the amount of material that need to be displaced (Evans and
Sanson, 2003) and a positive relief angle reduces friction and the tendency for the cutting
edges to be forced apart by the material being cut (Evans and Sanson, 2003). A capture
zone allows food to be squeezed against the converging blades (Savage, 1977; Abler, 1992;
Evans and Sanson, 2003) and good fragment clearance is important for removing food
already cut away from the cutting edge.
Tools that confirm to all o f these criteria can be of three basic types depending on
the relationship between the two main cusps (Fig. 2.16). The first of these is symmetrical,
and as Evans and Sanson (2003) point out, that these tooth shapes closely match the
camassials o f mammalian carnivores (Fig. 2.16 A, 2.17). The second and third types
instead more closely match the premolars of animals with tribosphenic-like teeth (Fig. 2,16
B and C) (Savage, 1977; Evans and Sanson, 2003). The advantage of the asymmetrical
tooth types is that the largest apex will contact the food item on its own with a high degree
of point loading.
The ideal tooth shapes can also be compared to the morphology found rhynchocephalians.
The dentary teeth o f Tingitana conform very well to the second tooth shape (Figs 2.16 B,
2.18, 2.19) whereas the largest dentary teeth of Clevosaurus hudsoni conform to the third
tooth shape (Figs 2.16 C, 2.13,2.19, 2.20) unless they are considered in serial. In this case
they conform to the second tooth shape (Figs 2.16 B, 2.13, 2.19, 2.20).
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Fig. 2.15-SEM of Clevosaurus maxillary additional teeth (CM-03) in lateral view. A: Third
tooth from the rear. B: Second tooth from the rear. C: Rearmost tooth. D: The flange of the
third tooth from the rear. E: Tooth tip of the second tooth from the rear. F: Tooth tip from
the rearmost tooth. G: Ventral edge of the flange of the rearmost tooth. H: Specimen CM-03
in lateral view. Scale for A-C = 1mm, D-G = 0.5mm, H = 5mm.
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B

A

C

Food
capture
area

Fig. 2.16- T h r e e hypothetical single bladed tools shown in isolation and in occlusion with an
opposing blade of equivalent shape. A: A blade with two peaks (anterior and posterior) of
equal height separated by a valley. B: A blade with a tall posterior peak separated from a
lower anterior peaks by a valley. C: A blade with a tall posterior peak, a valley and an
anterior peak that is shallower than the valley (Taken from Evans and Sanson, 2003: 178).

Fig. 2.17 - Cam assial dentition in Felis. A: Lateral view. B: medial view, jj: position of the
jaw joint. Taken from Savage, 1977. Hatching represents he area of polished wear facets.

Camassials often possess a notch at the base of the blade (Savage, 1977; diaphyses
in Abler, 1992: 181). Its function may be to reduce the concentration of stress at this point
(Savage, 1977: 264; McGowan, 1999: 76) or to cut the Final strands of material (Abler,
1992). This feature is not found in the dentary teeth of Tingitana but its benefit may be size
related and therefore unnecessary in smaller teeth. There is a notch at the base of the
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capture zone in Clevosaurus but this is because it is formed from two separate blades on
different teeth. Therefore its presence may be incidental.

Fig. 2.18 - “Carnassial-like” dentition in Tingitana (labial view), jj = approximate position of
the jaw joint The maxilla is from a larger individual but scaling can be crudely estimated
based on the position of lingual facets. Parallel lines represent the area of polished wear facets
on the dentary teeth. Hatching represents breakage. Adapted from Evans and SignogneauRussell, 1997. Scale = 1mm.

MX

wf

wf
val

DEN

Fig. 2.19 - “Carnassial-like" dentition in Tingitana (lingual view), jj = approximate position of
the jaw joint. The maxilla is from a larger individual but scaling can be crudely estimated
based on the position of lingual facets. Parallel lines represents the area of polished wear
facets on the maxillary teeth. Hatching represents breakage. Adapted from Evans and
Signogneau-Russell, 1997. Scale = 1mm.
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2.1.7d Tooth wear

Tooth wear can be divided into two types: macrowear which is visible to the naked
eye and microwear that requires an SEM or high powered microscope. The latter will not
be discussed here. The degree of tooth macrowear is related to food abrasiveness, the
amount of food consumed and the degree of tooth to tooth interaction.
Tooth wear is used to age animals such as elephants and deer (Jachmann 1985,
1988; Brown and Capman, 1990) but Robinson (1976) noted that in Sphenodon the degree
of tooth macrowear was not related simply to skull length. Small skulls can exhibit an
extremely high degree of wear (e.g. OMNH 4911) whereas those in large skulls can exhibit
relatively low amounts of wear (e.g. DGPC 2, BMNH K, UCLGMZ 036). Robinson (1976)
reasoned that since males grow to a larger size than females (Wettstein, 1932), females
might possess more wear relative to skull size, but this assumes that females and males
have equally abrasive diets.
Examining tooth wear is perhaps a more useful method for understanding skull
functional morphology than comparing tooth morphology. Robinson (1976) used this
method to provide a better understanding of relative jaw movements in Sphenodon. This
same approach has also been used with great success in fossil taxa, for example
omithopods (Weishampel, 1984), and is frequently addressed when describing
rhynchocephalian fossils (e.g. Evans, 1992; Evans and Signogneau-Russell, 1997). This
does not allow a direct assessment of diet but provides direct evidence of the degree and
mode o f occlusion. This in turn can indicate the nature of food processing, degree of skull
kinesis, or relative jaw movements (Weishampel, 1984).
The acrodont teeth of most rhynchocephalians are not replaced and can therefore
undergo substantial shape change during life due to macrowear (e.g. Reynoso 1996).
Abrasion from food will reduce tip sharpness and eventually cusp sharpness, and the
anterior hatchling dentition is frequently worn away completely. However, tooth
macrowear from occlusion can create and maintain new sharp edges. For example in
Clevosaurus there is substantial tooth-on-tooth and also tooth-on-bone wear, this can
supposedly result in a single long cutting edge like a beak (Fraser and Walkden, 1983).
Wear on the labia surface of the dentary teeth and medial surface of the maxillary teeth in
both Clevosaurus and Tingitana resembles tooth wear found on mammalian carnivores.
This wear arises as the teeth shear past each other during use and helps maintain a sharp
cutting edge (Savage, 1977; Fraser, 1988). Clevosaurus minor was speculated to possibly
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be an opportunistic scavenger because it demonstrates a high intraspecific variation in tooth
wear (Fraser and Walkden; 1983: 359, 361).
In eilenodontines the dentary and palatine teeth are worn nearly flat, suitable for
grinding (Rasmussen and Callison, 1981; Throckmorton et al., 1981). However because the
hard enamel is worn more slowly than the softer dentine, each cusp tip eventually becomes
almost concave, bordered by a raised sharpened rim of enamel. A long battery of such teeth
used in conjunction with prooral jaw movements would enable the shredding of tough and
fibrous food items via point cutting (Every et al., 1998). This is analogous to feeding in
many mammalian herbivores although the latter also use transverse movements of the
lower jaw (Lucas and Luke, 1984; King, 1986; Every et al., 1998).
2.1.7e Heterodontv

Heterodonty refers to the possession of differently shaped teeth in the same jaw so
that the mechanical consequences of tooth contact with a food item are different depending
on the particular tooth involved. As shown by Evans and Sanson (1998: 399) teeth of the
same shape but different sizes require different amount of force to puncture a material and
hence they possess different mechanical attributes. Therefore it can be argued that even if
tooth shape is relatively consistent along the jaw (e.g. Clevosaurus hudsoni, Eilenodon,
Gephyrosaurus, Tingitana) but tooth size is not, a taxon is still effectively heterodont.
Larger teeth are usually positioned at the rear of the tooth row which is where the largest
bite forces usually occur (Dumont and Herrel, 2003). Degree of wear also varies along the
tooth row altering the shape of the teeth thus their function in relation to food items (e.g.
Reynoso, 1996).
A mature individual of Sphenodon may possess 10 different tooth types in its jaw:
1. Anterior premaxillary chisel (1)
2. Long half cone of a maxillary caniniform (1 -2 )
3. Maxilla hatchling teeth (3)
4. Flanged additional maxillary teeth (8-11)
5. Successional maxillary teeth (2-3)
6. Anterior palatine hypertrophied tooth (“fang” in Robinson, 1976) (1)
7. Flanged palatine teeth (9-13)
8. Tall conical caniniform on the dentary (1)
9. Dentary hatchling teeth (9)
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10. Pyramidal additional dentary teeth (12-15)
The numbers in bracket represent the approximate number of teeth of that type per
side (left or right). Some of the tooth types are similar in shape (4 vs 5 vs 7 or 2 vs 6 vs 8)
but others are very different from one another (1 vs 8 vs 4 vs 10). Even teeth within a type
may vary in shape because of wear (e.g. 4 or 10). It is therefore justifiable to say that
Sphenodon is heterodont (Robinson, 1976).
In Sphenodon the heterodont nature of the dentition can partly be attributed to
ontogeny (Robinson, 1976). As discussed above the animal begins with a set of acrodont
hatchling teeth which alternate in size on the dentary, palatine and maxilla. Larger teeth are
subsequently added to the rear of this series throughout life (Robinson, 1973). The teeth at
the front of the jaw being older, experience more wear and thus may be a different shape
from the newer teeth. In old of individuals o f Sphenodon, the hatchling teeth may be so
worn that individually they are indiscernible. Parts of the hatchling series are eventually
replaced with successional teeth resembling the posteriorly placed additional maxillary
teeth. Caniniform teeth may also be acquired on the maxilla and dentary at the expense of
hatchling dentition. Also during ontogeny the two or three teeth of the hatchling premaxilla
are replaced with a single chisel-like structure again from secondary bone growth
(Harrison, 190lab; Howes and Swinerton, 1901; Robinson, 1973).
None of the well known fossil rhynchocephalian taxa exhibit heterodonty as
obviously as Sphenodon. Nevertheless, a similar pattern can be seen in several fossil
rhynchocephalians, presumably reflecting ontogeny (Fraser and Walkden, 1983; Reynoso,
2003). In Clevosaurus, the most posterior additional dentary tooth differs from more
anteriorly placed teeth in lacking a posterior flange and is more distinctly conical
(Robinson, 1973; Fraser, 1988; pers. obs.). In Diphydontosaurus and Gephyrosaurus the
anterior pleurodont teeth are more acuminate than the posterior teeth and thus more suited
to piercing weak food items (Evans, 1980, 1985; Whiteside, 1986).
2.1.7f Tooth size
As mentioned above size affects the mechanical properties of a tooth even if tooth
shape is kept constant (Evans and Sanson, 1998). As tooth size increases isometrically the
amount of energy required for penetration also increases because the volume of material
that needs to be displaced per distance of penetration increases. However, a large tooth will
be able to experience a greater amount of loading and bending forces compared to a smaller
tooth o f similar shape.
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2.1.7g Enamel
Tetrapod teeth are composed of dentine and an enamel coating. Enamel is harder
but also more brittle than dentine.
Thickness: Rasmussen and Callison (1981) diagnosed the eilenodontines as
possessing thicker enamel than other Rhynchocephalia. Although the enamel thickness of
different taxa has never been measured, this assertion has not been questioned. The
thickened enamel wears much more slowly than the softer dentine. Therefore, tooth wear
generates transverse (coronal) and longitudinal crests that are raised above the surface of
the teeth (Throckmorton et al., 1981). These occur on the dentary, palatine and maxillary
teeth and allow point cutting during prooral jaw movement. By contract in Sphenodon the
thinner layer o f enamel is quickly worn away on occlusal surfaces and the edges are much
less conspicuous (Harrison, 190lab; Robinson, 1976).
M acrostructure: Dental ornamentation can be found in both extant and fossil
squamates (Rieppel and Labhardt, 1979; Rieppel and Kearney, 2001; Evans, 1998; Evans
and Searle, 2002; Heckert, 2004), basal tetrapods (Preuschoft et a l , 1991), choristoderes
(Evans and Klembara, 2005), theropod dinosaurs (Dal Sasso et al., 2005), crocodiles (pers.
obs.) and marine reptiles (Massare, 1987; Taylor, 1992).
Within Rhynchocephalia the teeth of Planocephalosaurus are characterised by ridges
running down from the apex (Fraser, 1982; Edwards, 2000). Similar structures are also
found in Eilenodon (Fig. 2.21), Opisthias, Pamizinsaurus, Priosphenodon and
Rebbanasaurus (Reynoso, 1997; Evans et al., 2001; Apesteguia and Novas, 2003). In
Clevosaurus enamel ornament is occasionally found on teeth of the maxilla (e.g. Sues et al.,
1994), and palatine (pers. obs.). Also the teeth of pleurosaurs and some sapheosaurs have
been described as fluted or striated (Carroll, 1985; Renesto and Vihol, 1997). These ridges
may have several functional consequences none of which are mutually exclusive.
Ridges increase friction and may improve grip on food items (Rieppel and
Labhardt, 1979; Massare, 1987). This not because the surface area of contact is increased
(McGowan, 1999:135) but because the contact occurs in different orientations
simultaneously.
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Fig. 2.21 - Unworn tooth from an eilenodontine (DMNH 10685: the rear of the left dentary).
A: A nterior view. B: Posterior view. C: Ventrolingual view. D: Dorsolabial view: E:
Dorsolingual view. F: Ventrolabial view. Scale = 1mm.
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As mentioned elsewhere (Section 2.1.7c), each ridge will act like a small cutting
edge, applying shear on the food item (Taylor, 1987). During orthal jaw movement in
eilenodontines, the radial ridging will grip food as it is punctured and then rip it open
during prooral jaw movement (see Section 2.1.10). The extra cutting surfaces will increase
the amount of food than can be processed per powerstroke. This important in young
individuals where the enamel has not been worn sufficiently to provide the transverse
cutting edges between islands of dentine. However, some of the radial ridges on the
posterior teeth of Eilenodon are comparable in size to the crests on the dentary teeth of
Sphenodon. Edges running along the long axis of the tooth may also benefit penetration of
certain materials and enhance crack propagation (Evans and Sanson, 1998; Freeman and
Lemen, 2006). In light of their potential functional benefit, “enamel ornament” is perhaps
an unsuitable term.
The ridges may also function as exit structures (sensu Evans and Sanson, 2003) that
help remove slippery fluids from punctured food items (Frazzetta, 1988). Taylor (1992)
compared these to the gutter on a military bayonet and suggested they would reduce suction
forces that might impede penetration or retraction (of a fluid filled food item). Alternatively
the ornament may be to strengthen the rigid dentine layer from stress experienced during
biting (Rieppel and Labhardt, 1979). Varanus niloticus also possesses teeth with ridges.
Rieppel and Labhardt (1979) suggested that “during the bite, pressure will be received on
these ridges and carried away along the two planes of curvature of the ridges” (e.g. down
along the vaulting of the tooth crown and down along the sides of the ridges into the valleys
between the ridges).
Using two layered (glass and epoxy) models of dome-shaped teeth, Rensberger
(1992) found that pressure on the apex produced radial cracks from the apex stress. He
reasoned that this was because of horizontally distributed tensile stress and preliminary
Finite Element models produced corresponding results (Rensberger, 1992). Radial ridges
may serve to reduce the horizontal tensile stress and thus reduce cracking. More recent
FEA models o f conical teeth show stress distributing in a radial pattern from the apex
(Sadleir and Chapman, 2005) and this is not necessarily an artefeact of the FEA model
(Sadleir pers. comm. 2005).
It remains unclear as to whether the internal surface of the enamel follows the outer
surface in parallel (folds) or whether the enamel ridges are areas of longitudinal thickening.
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These ridges may simply be a developmental structure related to how the enamel grows,
but the presence of ribbing or ridges will have functional consequences.
Enamel microstructure: There is a considerable diversity of enamel types found in

the teeth of tetrapods (Sander, 1999: 29). Significant convergent evolution is apparent
between major clades of tetrapods but enamel structure suggests repeated development
because o f functional needs. Carlson and Bartels (1986) reported that enamel in Sphenodon
was intermediate between non-prismatic and prismatic enamel. This latter was described as
columnar enamel (Carlson, 1990). Several types have been be found within Squamata e.g.
parallel crystallite, columnar, basal unit layer, prismatic enamel, major divergence and
major convergence (Sander, 1999). Currently we can only speculate about
rhynchocephalian taxa that have not been examined.
2.1.7h Tooth number

There is a variation in tooth number within Rhynchocephalia and this is in part
linked to tooth shape, tooth size, jaw length and ontogeny. The length of the tooth limits the
number of cusp tips that can fit in a tooth row without extensive tooth overlap. The most
basal rhynchocephalian Gephyrosaurus had up to 40 teeth on the dentary whereas most
derived taxa possessed between 15 to 20 teeth (e.g. Kallimodon, Pleurosaurus,
Sphenodon). An extreme reduction is demonstrated by adult Clevosaurus hudsoni that may
have had only 3 or 4 functional teeth. A small number of cusp tips will reduce the surface
area o f contact made during a bite, and thus increase the initial loading. This is a good
strategy for puncturing hard but brittle prey, such as arthropod carapaces. Any flanges
leading from the cusp tips can be used to propagate cracks made by the initial puncture as
the jaws close further. Derived taxa with larger skulls, that were probably herbivorous (e.g.
Priosphenodon), possess large tooth numbers. This allows more points of contact with the
food item for gripping and shearing during prooral jaw movements (Abler, 1992). Tooth
number in Rhynchocephalia varies ontogenetically as old teeth at the front of the jaw are
worn down and new teeth are added to the rear (Robinson, 1976).
2.1.7i Anterior chisel-like teeth

During ontogeny in Sphenodon, the three individual teeth on the hatchling
premaxilla are covered in secondary bone to form a single large tooth bearing two pointed
cusps, that are frequently worn down so that the structure appears chisel-like (Robinson,
1976). This has also been referred to as a beak-like structure (Fraser, 1988). The same adult
condition in found in a number of rhynchocephalian taxa including Clevosaurus,
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Cy no sphenodon, Kallimodon, Palaeopleurosaurus, Pleurosaurus, Priosphenodon and
Sapheosaurus. It is unknown in Ankylosphenodon and Zapatadon (Carroll, 1985; Fraser,
1988; Reynoso and Clark, 1998; Reynoso, 2000; Carroll and Wild, 1994; Apesteguia and
Novas, 2003). Pamizinsaurus has separate premaxillary teeth but is inferred to be juvenile
(Reynoso, 1997). In Sphenodon the posterior surface of the premaxillary chisel is often
polished (e.g. DGPC1) from wear by the lower jaw incurred during prooral movement. This
also sharpens the postero ventral edge of the tooth providing a ‘blade’. This morphology is
found in Godavarisaurus (Evans et al., 2001) and Priosphenodon (Apesteguia and Novas,
2003: 610). In Clevosaurus which lacks such wear the premaxillary chisel tooth is much
blunter and lacks a cutting edge.
Acquisition of small prey or food items in Sphenodon is achieved with a large
sticky tongue (Gomiak et al., 1982: 332-334). However, the premaxillary chisel teeth are
important for impaling and griping vertebrate prey, keeping it inside the mouth while it is
being reduced (Gomiak et a l, 1982: 337). Gomiak et al. (1982: 350) also describes
Sphenodon using its chisel teeth to clean its tongue after feeding. Adult Clevosaurus also
possessed a pair of chisel-like teeth but they are relatively smaller than those found in
Sphenodon (Fraser, 1988), resembling more closely the single tooth found in the squamate
Uromastyx (Cooper and Poole, 1973). Throckmorton (1976) stated that Uromastyx used its
small chisel-like tooth “in a special way when feeding on some types of plant material” but
is not more specific. Herbivorous sphenodontians, e.g. Priosphenodon, may have used
these teeth for bark stripping instead, as rodents do when other sources of food or water are
scarce (Baxter and Hanson, 2001); alternatively they may have been useful for burrowing
(Wake, 1993), digging (for food such as tubers) or intraspecific fighting (Lappin and
Husak, 2005).
2.1.7j Caniniform teeth

These are tall (apico-basal dimension) and conical with a narrow cusp angle, and
may be found anteriorly on the dentary (Fig. 2.22). They work in a similar way to other
acuminate teeth (e.g. canines of mammalian predators, Savage, 1977) that are optimally
shaped for puncturing (e.g. Taylor, 1992; Evans and Sanson, 1998), but are able to
withstand larger bending forces and greater loading forces than similar shaped teeth of a
smaller size. A greater absolute length allows deeper penetration of the prey providing two
advantages. Firstly, prey is gripped more effectively. Secondly, there will be more damage
to the prey item (Hungerbuhler, 2000). Internal organs may be reached more effectively
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which may be necessary for subduing certain prey. The tips of their caniniform teeth are
initially sharp but this is subject to wear. They may also bear wear facets with sharp edges
from contact with opposing teeth.

Fig. 2.22 - Right dentary caniniform tooth of Sphenodon specimen DGPC 2. Scale = 5mm

A single caniniform on dentary is known in Cynosphenodon, Sphenodon, the
‘Oxford Sphenodontian’ and possibly also Opisthias (Gilmore, 1909; Simpson 1926;
Robinson, 1976; Evans, 1992ab; Reynoso, 1995, 2003). The presence of two caniniforms
on the dentary is known in Sphenovipera and Theretarius (Gilmore, 1909; Reynoso, 2005).
Two may also be occasionally be found in Sphenodon (Parkinson, 2002: 6) although
considering their proximity this maybe as one is being replaced by another. In Sphenodon,
at least, caniniforms do not appear until late in ontogeny (Reynoso, 2003). The anterior
tooth on the palatal dentition (palatal fang of Robinson, 1976) and maxillary “canines” may
also be thought of as caniniforms in terms of function. Because of medial wear, caniniform
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teeth on the maxilla usually possess a cross-section that is kD’-shaped. The comers of the
“D” are relatively sharp and act like blades that run along the length of the tooth improving
penetration of certain materials (Freeman and Lemen, 2006).
In Sphenodon caniniform teeth are used for dealing with vertebrate prey, much like
the anterior chisel-like tooth (Gomiak et al., 1982). They may also be used in fighting when
competing for mates and living space. In herbivorous agamid lizards the caniniform is
frequently lost (Robinson, 1976: SE Evans, pres. comm. 2006).
2.1.7k Venom

Reynoso (2005) recently described Sphenovipera based on a jaw from the Early
Jurassic of Mexico. It appears to possess a posterior groove on both of its caniniform teeth
which Reynoso (2005) interpreted as venom tracts. An alternative explanation is that the
grooves are exit structures.
2.1.71 Shaft curvature

The long axis of teeth in diapsids is often curved and directed away from the
rostrum. This serves two main purposes. Firstly, when the jaws close on a food item the
distal tip of the tooth is more likely to meet the surface food item perpendicularly rather
than obliquely (Taylor, 1992). This reduces the surfaces area of contact and makes
penetration easier. Secondly, once the food item has been punctured it will be gripped more
effectively. However, strongly curved teeth are vulnerable to tensile stresses and so can
only be used with limited force (Taylor, 1992).
The anterior marginal teeth of Gephyrosaurus and Diphydontosaurus demonstrate
curvature as do the maxillary dentition of several rhynchocephalians (e.g.
Planocephalosaurus, Palaeopleurosaurus, Pleurosaurus, Sphenodon). The caniniform
teeth of sphenodontines are also slightly recurved.
2.1.8m Palatal tooth rows (palatines, vomerine and pterygoid teeth)

The large numbers of columnar teeth on the palate of early lepidosauromorphs are
largely retained in basal rhynchocephalians (such as Gephyrosaurus, Diphydontosaurus and
Planocephalosaurus), but are reduced in more derived taxa. There is an overall trend for a
reduction in the number of palatal tooth rows towards a single row of large teeth equal in
size to those of the maxilla. Diphydontosaurus has four palatal rows, Sphenodon has one
row.
In Clevosaurus hudsoni there are two rows of conical pterygoid teeth, arranged
centrally in parasagittal rows (Fraser, 1982, 1988). Opisthias is also reported to have a
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single row teeth (Fraser and Wu, 1998; Apesteguia and Novas, 2003). Teeth are usually
absent from the vomers and pterygoids in other derived rhynchocephalians:
Paleopleurosaurus, Pleurosaurus, Kallimodon, Homoeosaurus, Priosphenodon and
Sphenodon (Fraser, 1988; Wu, 1994; Fraser and Wu, 1998; Apesteguia and Novas, 2003).
Extant squamates occasionally possess a single row of teeth on the pterygoid or a patch of
such teeth.
A few vomerine teeth are found in Clevosaurus (Fraser, 1988; Jones, 2006b)
whereas pleurosaurs, sapheosaurs and eilenodontines lack vomerine teeth (Cocude-Michel,
1963; Apesteguia and Novas, 2003). A pair of vomerine teeth (one per vomer) may be
found in juvenile and occasionally adult individuals of Sphenodon (e.g. AMPC1,
UCLGMZ x804, UCLGMZ x343, BM B100225, OMNH 4911) but these teeth supposedly
do not enter the oral cavity and are vestigial (Harrison 1901a: 162). The only known
squamate to possess vomerine teeth is Ophisaurus (Evans, 1980).
2.1.7n Palatine tooth row position and length

Rhynchocephalians are characterised by an enlarged palatal tooth row (Fig. 2.23;
Whiteside, 1986; Evans, 2003a), but there is variation in its orientation with respect to the
maxillary dentition. In basal taxa, it is at least partly oblique to the marginal dentition (e.g.
Gephyrosaurus, Evans, 1980) and it remains so in Clevosaurus hudsoni and pleurosaurs
(Carroll, 1985; Fraser, 1988; Carroll and Wild, 1994). Wu (1994) claimed that
‘Clevosaurus mcgilli’ (IVPP V8272 and IVPP V8273) possessed a palatine tooth row
closely aligned with the maxillary teeth but the evidence for this is questionable (Jones,
2006b). In Sphenodon, the row is parallel and in Priosphenodon it is parallel but also
elongated (Apesteguia and Novas, 2003). Apesteguia and Novas (2003) termed this latter
condition “eupropaliny”.
The enlarged palatal tooth row allows a distinct type of food processing (e.g.
Gunther 1867; Robinson, 1976; Evans, 1980; Gomiak et al., 1982). The food is held
between the palatal tooth row and maxillary tooth row in a horizontal plane while the lower
jaw moves vertically against the food item between the fixed points applying three-point
bending (Fig. 2.24) (Weishampel, 1993: fig. 7.2c). Presumably the more parallel the palatal
tooth is to the maxillary tooth row, the more efficient the system becomes. If the item is
brittle and the force is great enough it will fracture between the two upper rows of teeth
because of tension on its dorsal surface (Mode-I fracture). Alternatively, if the food item is
compliant it will deform and be gripped. After informal experimentation with dead locusts,
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Evans (1980, pers. comm., 2005) considered this type of shear best for reducing hard and
brittle materials such as bone, shell or chitin and suggested it was advantageous in not
needing sharp teeth or precise occlusion (Evans, 1980). For tough and pliable food items
prooral shearing is required to avoid food becoming clogged between the two upper rows of
teeth.

Fig. 2.23 - The two upper tooth rows of Sphenodon (DGPC 2).
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Fig. 2.24 - Three point bending on stiff brittle materials. A: A planar food item is held
between the upper and lower tooth rows. B. Dentary presses food against the two upper rows
of teeth. C: Dentary continues to close until the food item fractures because of tension on its
dorsal surface. See Evans, 1980.
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Variation in the orientation between the two upper rows of teeth directly effects the
relative distances between the points of contact. This is particularly true at the posterior end
o f the jaw (where bite force is highest). The optimum distance for maximum mechanical
advantage between the two upper tooth rows will vary depending on the rigidity of the
material being broken. A more parallel orientation of the two upper tooth rows will also
allow the three point bending to be applied to smaller food items.
Note the situation in eilenodontines is probably slightly different from other taxa.
The dentary teeth of eilenodontines are medially expanded and demonstrate large lateral
and dorsal wear facets that meet at an angle (Rasmussen and Callison, 1981; Throckmorton
et al., 1981). This suggests that the dentary did not bite between the two upper tooth rows
(as in other rhynchocephalians) but instead that it occluded directly with both, possible
because the palatine has been laterally expanded (Fig. 2.25, confirmed by examination of a
previously undescribed palatine in DMNH 10685).

2.1.8 Secondary bone
Secondary bone is not directly related to the teeth. In adult Sphenodon a strange
substance is found along the alveolar margin and around the bases of the teeth. Harrison
(190 lab) described this as highly calcified bone composed of closely applied lamellae with
no bone corpuscles. Later Fraser (1986, 1988) referred to it as “secondary dentine”. A
similar deposit has been found in fossil rhynchocephalians (Fraser 1986, 1988: 143; Fraser
and Benton, 1989; Sues et al., 1994; Evans et al., 2001: 315). In Clevosaurus it is deposited
between teeth during ontogeny and may eventually enclose them (Fraser, 1988: 143). It
also forms a distinct band above the maxillary dentition (referred to as “a lip of secondary
bone” by Sues et al. 1994) and a skirt, or apron, alongside the dentary teeth (“longitudinal
lip” of Whiteside [ 1986], “ridge” of Saila [2005], “ledge” of Fraser and Benton [ 1989]). It
is not obvious in either Gephyrosaurus or Diphydontosaurus. Planocephalosaurus appears
to possess a secondary bone band and although secondary bone seems to be present around
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Fig. 2 .2 5 - A left palatine referred to Eilenodon sp. (DMNH 10685). A: Lateral view. B:
V entral view. C: Posterior view of anterior portion. D: Anterior view of posterior portion.
Scale = 10mm.
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the anterior teeth a distinct skirt is not present. The amount of secondary bone can
be particularly extensive in Clevosaurus and is required for the development of the chisel
like front teeth and to some extent the platforms beneath the palatal teeth (Fraser, 1988).
However, secondary bone deposition also occurs in taxa without chisel-like teeth (e.g.
Rebbanasaurus, Evans et al., 2001).

2.1.9

Lower jaws

The lower jaw is surprisingly varied in lepidosaurs and other diapsids (Evans, 1980:
248) and different lower jaws are probably better suited to different functions. The lower
jaw is one o f the elements often recovered for fossil rhynchocephalians (Figs 1.10, 1.11),
and often provides the holotype (e.g. Gilmore 1909; Simpson 1926; Rasmussen and
Callison, 1981; Throckmorton, 1981, Evans and Sigogneau-Russell, 1997; Fraser and Wu,
1998; Evans et al., 2001). In fact some taxa are known only by parts of their lower jaw.
Eilenodontines are characterised by deeper lower jaws (Rasmussen and Callison,
1981; Throckmorton et al., 1981, Apestuguia & Novas, 2003) which are interpreted as a
method of resisting bending forces along the long axis that may arise during prooral jaw
movements in relation to plant material (Throckmorton et al., 1981). In
Planocephalosaurus the angular, surangular, prearticular and articular appear to be fused
(Fraser, 1982). Evans (1980: 232-233) noted that in Gephyrosaurus the meckelian groove
closes beneath the centre of the tooth row. A similar morphology can be observed in
Diphydontosaurus (Whiteside, 1986), Cynosphenodon (Reynoso, 1996), Sphenodon (e.g.
UCLGMZ 036) and Sphenovipera (Reynoso, 2005). In Clevosaurus convalis the groove
narrows more anteriorly (Fraser, 1988; Saila, 2005) and in Toxolophosaurus the narrowing
appears to be absent so that the groove is wide along the entire length of the jaw
(Rasmussen and Callison, 1981; Throckmorton et al., 1981). This makes the eilenodontine
jaw as a fossil vulnerable to breakage along the groove (e.g. Foster, 2003). These
differences in meckelian groove structure (Throckmorton et al., 1981; Evans, 1980;
Whiteside, 1986) may have functional implications. In the ‘basal taxa’ a groove that is
nearly closed (Evans, 1980) and will result in a tube like construction. By contrast in
eilenodontines the open meckelian groove (in conjunction with the secondary bone skirt)
provides an ‘ I ’ beam like construction. Other taxa do not clearly fall into either category.
Both structures situate material (the bone) to where it will be most needed to resist forces,
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away from the neutral axis (McGowan, 1999). The ‘ I ’ beam structure resists longitudinal
bending forces whereas a tube resists torsion and multidirectional loading. Multidirectional
loading may be of less concern to a herbivore that does not have to deal with active prey
and also an ‘ I ’ beam like construction may be unavailable to taxa below a certain size.
The size and position of the coronoid process is important because it determines
muscle vectors and effects jaw leverage (King, 1995; Reilly et al., 2001). In
Rhynchocephalia it is composed of the coronoid bone (as in squamates) but also of a dorsal
expansion, the coronoid projection, of the dentary (CPD). Previously in the literature a
distinction has not always been made (e.g. Apesteguia and Novas, 2003). The coronoid
bone in Sphenodon is large and projects above the level of the dentary, but it remains
unknown for several taxa including Clevosaurus and Planocephalosaurus (Fraser, 1982,
1988). The coronoid bone is supposedly small in Eilenodon and Toxolophosaurus, but in
both relevant specimens the dorsal tips are broken (Rasmussen and Callison, 1981;
Throckmorton et al., 1981). The CPD is particularly large relative to the height and length
of the jaw in both Clevosaurus (Fraser, 1988; Sues et al., 1994; Jones, 2006b) and
Palaeopleurosaurus (Carroll, 1985; Carroll and Wild, 1994). This in contrast to
Gephyrosaurus and Diphydontosaurus where the CPD is low (Evans, 1980; Whiteside,
1986). Although height of the CPD may in part be size related (Rieppel, 1984) it is already
relatively large in hatchling Sphenodon (Rieppel, 1992).
A frequently overlooked variation in the jaw is the position of the coronoid process
in relation to the tooth row in dorsal view. In Toxolophosaurus and Eilenodon the tooth row
is medially placed (Throckmorton et al., 1981: Rasmussen and Callison, 1981). This is also
found in Sigmala (Fraser, 1986) and large individuals of Clevosaurus hudsoni (Fraser,
1988; pers obs.). It may be a means o f increasing the leverage of the posterior teeth by
locating them closer to the fulcrum.
The length and proportions of the lower jaw provide some indication of jaw
mechanics. Based on the position of the coronoid process along the jaw relative to the jaw
joint and anterior margin, Reynoso (2005) divided rhynchocephalian jaws into two
categories: “fast bite forms”, those with long outlevers (e.g. Diphydontosaurus,
Gephyrosaurus, Palaeopleurosaurus, Pleurosaurus and Sphenovipera) and “powered bite
forms”, those with short outlevers (e.g. Clevosaurus, Sapheosaurus, Sphenodon, and
Toxolophosaurus).
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Although the lateral profile of the jaw is often discussed (Reynoso, 1997;
Apesteguia and Novas, 2003), the articulation surface and medial aspect are rarely
discussed or figured in detail. This is partly because jaws are often preserved in articulation
and the symphysis is hidden. The symphyseal articulation surface of Homoeosaurus,
Kallimodon, Palaeopleurosaurus, Pleurosaurus, Priosphenodon, Sapheosaurus, Zapatadon
and the outgroup Youngina is currently unknown (Cocude-Michel, 1963; Gow, 1975,
Reynoso and Clark, 1998; Apesteguia and Novas, 2003).
How firmly the jaws are joined together anteriorly will have a bearing on how they
can be used (Jenkins et a l, 2002). For example, a firmer symphysis with a large surface
area implies a greater bite force whereas a more compliant joint will allow the independent
movement necessary for prooral jaw action (Robinson, 1976). There certainly appears to be
variation in the nature of the symphysis within Rhynchocephalia. Eilenodontines possess a
long narrow symphysis corresponding to their deep jaws (Throckmorton et a l, 1981), and
that of Clevosaurus is also relatively long (Fraser, 1988; Saila, 2005). By contrast, the area
available for a symphysis is very small in Pleurosaurus (Carroll, 1985; Carroll and Wild,
1994). In derived rhynchocephalians (not Gephyrosaurus and Diphydontosaurus) there is a
ventral projection at the anterior margin of the jaw (Reynoso, 1997; Jones, 2006b). This
may be a means of extending the contact between the paired dentaries. In Clevosaurus
hudsoni, Pamizinsaurus, Priosphenodon and Toxolophosaurus the anterodorsal comer of
the anterior margin of the lower jaw also projects rostrally (Throckmorton et a l, 1981;
Fraser, 1988; Reynoso, 1997; Apesteguia and Novas, 2003) but this projection is absent in
Diphydontosaurus, Gephyrosaurus, Godavarisaurus, Planocephalosaurus, Opisthias,
Rebbanasaurus, Sigmala, Sphenodon and Tingitana (Gilmore, 1909; Simpson, 1926;
Evans, 1980; Fraser, 1982, 1986; Evans, et a l, 2001, Evans and Signogneau-Russell, 1997)
There is also variation in the angle of the anterior margin of the lower jaw in lateral
view (ignoring the anterior and ventral projections described above). In Diphydontosaurus,
Kallimodon, Sapheosaurus, Priosphenodon and Theretarius, the margin is relatively
upright (more than 70 degrees). By contrast, a shallow (less than 45 degrees) angle is
present in Cynosphenodon, Palaeopleurosaurus, Pamzinsaurus and Tingitana. The angle is
intermediate (between 70 and 45 degrees from the tooth row) in Clevosaurus,
Gephyrosaurus, Godavarisaurus, Planocephalosaurus, Rebbanasaurus, Sphenodon,
Opisthias and Toxolophosaurus. Reynoso (1997: 56) discusses this feature, but places
Toxolophosaurus with Cynosphenodon and Palaeopleurosaurus. There is some
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intraspecific variation in this character in Sphenodon because it can occasionally appear
upright (e.g. KCL xl2, Rieppel, 1992). This is partly correlated with ontogeny (Reynoso,
1997) but not entirely.
In some taxa the symphyseal articulation surface is penetrated by the meckelian
fossa (Evans et al., 2001, 2002). This feature is clearly visible in Diphydontosaurus,
Cynosphenodon, Gephyrosaurus and Sphenovipera (Evans, 1980: 233; Whiteside, 1986:
plate 6b; Reynoso, 1997: 55; Reynoso, 2005) and it also seems to be present in
Pamizinsaurus (Reynoso, 2003: 614). Evans et al. (2001) considered it to be absent in
Clevosaurus but it seems to be present in C. convalis (Saila, 2005: 824) and also in
specimens from Cromhall (pers. obs.). Taxa that lack this condition include
Godavarisaurus, Opisthias, Palaeopleurosaurus, Planocephalosaurus, Sphenodon, ‘the
Oxford sphenodontian’, Rebbanasaurus, Tingitana and Toxolophosaurus (Evans et al.,
2001). This feature is not found in squamates but can be found in archosaurs (Fraser and
Walkden, 1983: fig. 16). The polarity of this character is therefore currently uncertain.
In several Rhynchocephalia there appears to be a notch at the anterior margin of the
lower jaw (Evans et al., 2001, 2002). This may be within the symphysis or above it,
separating the symphysis from the alveolar margin. This character is not well understood
but in Sphenodon it presumably corresponds to the “broad dorsal gap” of Robinson (1976:
54, fig. 1). In life this is filled with connective tissue that enables the lower jaws to rotate
around their long axes whilst still being attached. It is present in Godavarisaurus,
Rebbanasaurus, Sphenodon, ‘the Oxford sphenodontian’, Tingitana, Toxolophosaurus,
Opisthias and at least some individuals of Cynosphenodon (Evans, 1992: Evans et a l,
2001: 318; Reynoso, 2003: fig. lc). It is not present in Diphydontosaurus, Gephyrosaurus
(Evans, 1980; Fraser, 1982) and probably not Pleurosaurus. Evans et al. (2001: 328) did
not consider it to be present in Planocephalosaurus but it does appear to be evident in
images of the lower jaw (Fraser, 1982). In Clevosaurus convalis (Saila, 2005: 824) and C.
hudsoni material from Cromhall quarry, a notch is present but this is located within the
symphysis rather than above it and appears to be a continuation of the meckelian fossa. A
systematic survey of taxa may reveal difference in the relative notch size.

2.1.10 Jaw movement
The way teeth are moved against food items is important (Abler, 1992; Evans and
Sanson, 2003), therefore jaw movement and tooth position must be considered. In general,
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the anterior teeth and palatal teeth serve to hold the prey item while the posterior teeth are
used to bite (Robinson, 1976; Evans, 1980; Gorniak et al., 1982).
The term “propalinal” movement has been frequently used to described jaw
movement (e.g. Rasmussen and Callison, 1981, Upchurch and Barrett, 2000; Evans et al.,
2001; Reilly et al., 2001; Reynoso, 2000; Jones, 2006a). However, the precise meaning of
this term is forward and backwards movement of the lower jaw during the cutting phase.
No animal is known to do this (Table 2.14). The lower jaw instead either moves forwards
or backwards. The terms prooral and palinal should be used instead respectively; if the
direction could be either, this should be stated (DW Krause, pers. comm., 2006).
The rhynchocephalian feeding system, is primarily characterised by teeth on the dentary
biting up in between parallel rows of maxillary and palatal teeth which causes shear on the
food item (as described above). However, this can occur in two different ways, with either
orthal shearing (e.g. Clevosaurus) and/or prooral shearing (e.g. Sphenodon).
TABLE 2 .1 4 - Information taken from Evans, 1980; Krause, 1982; Fraser, 1982,1988;
Gorniak et al., 1982; Upchurch and Barrett, 2000; Reilly et al., 2001.

Type of jaw movement
Simple arc-like closure of lower jaw
Arc-like closure of closely opposing upper
and lower jaw producing tooth on tooth wear
Forward and backward movement of the
Propalinal
lower jaw following jaw closure
Forward movement of the lower jaw
Prooral
following closure
Posterior movement of the lower jaw
Palinal
following closure
2.1.7a Prooral jaw movement
Term
Arcilinal
Orthal

Example
Iguana
Clevosaurus, pleurosaurs?
?
Sphenodon, eilenodontines,
basal taxa?, rodents
Dicynodonts, some turtles?,
some sauropod dinosaurs

Prooral movement involves an anterior movement of the lower jaws relative to the
tooth row of the maxilla following jaw closure (Gorniak et al., 1982). It is analogous to the
action of a steak knife or saw and termed ‘draw cutting’ (Robinson, 1976; Frazzetta, 1988;
Abler, 1992). Frazzetta (1988) and Abler (1992) investigated serrations on teeth, but many
of the principles they discussed can also be applied to the teeth along the entire jaw.
As described above, if a compliant food item is bitten between three rows of teeth it
will deform and become gripped between them. Taxa that can move the lower jaw
anteriorly in relation to the upper jaw will be able to rip this gripped food. This is
somewhat analogous to the “grip and rip” mechanism described for theropod dinosaurs
(Abler, 1992). These used head movements and the inertial weight of the food item to do
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most of the tearing (rather than relative movements between the jaws per se), like
crocodiles. Certain lizards may also rip food items by swinging their heads, occasionally
holding prey against the ground and using the neck muscles to pull the skull (and teeth)
away from it.
The height of the serrations (or teeth) will determine how much food is moved
during the jaw movement and the depth of the cut produced; the higher the serrations the
deeper the cut, the greater the friction, suction and volume of material moved (Frazzetta,
1988). Correspondingly, more drawing force (D) will be required to move the jaw and the
serrations themselves will have to withstand greater forces (Frazzetta, 1988; Abler, 1992).
This implies there is a trade off between the height of serrations and number of jaw
movements required to cut food items (Table 2.10). The strength of the teeth and nature of
the material to be cut may determine optimum values. Exit structures on the teeth may help
reduce the problem of friction and suction.
TABLE 2.10 - Serration (tooth) height and their implications. Based primarily on Frazzetta
(1988) and Abler (1992).

Depth of cut
Amount of material moved
Downward force required for initial penetration
Drawing force required (D)
Bending forces on the serrations themselves
assuming equal shape
Amount of cuts required per unit depth of food item

Low short
serrations

Tall long
serrations

Shallow
Low
H igh
Low
Low

D eep
High
Low
High
High

High

Low

In order for the draw cutting to be efficient the teeth need to be spaced at equal or
greater distances than the irregularities on the surface of the material (Frazzetta, 1988). This
allows the topographic lows to be gripped and the topographic highs to be tom. Therefore,
the more irregularities are present on the material the closer the teeth can be without losing
efficiency. If the teeth have already penetrated the outer surface of the material this
consideration will be less important since well spaced topographic highs and lows have
been created by the tooth points. Thus, if a food item is smooth or tough the initial
downward bite will be important for puncturing its surface (crack initiation) so that the
prooral movement can subsequently ‘cut’ open up the cracks (Evans and Sanson, 2003).
The efficiency of prooral movement against compliant material is reduced if the
cutting edges are smooth (Frazzetta, 1988). Therefore, the highly worn rounded alveolar
margins found in mature Sphenodon (e.g. UMZC 2614) are probably rendered ineffective
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for draw cutting and they rely instead on swallowing food whole or crushing with the broad
jaw crests. In Clevosaurus the anterior narrow edge has been suggested to be useful for
cropping during jaw closure (Fraser, 1985, 1988).
Following jaw closure (which may consist of a strong crushing bite) the extant
Sphenodon clearly demonstrates prooral jaw movement (Fig. 2.26; Gunther, 1867; Farlow,
1975; Robinson, 1976; Evans, 1980; Gorniak et a l, 1982; Whiteside, 1986). Smooth wear
facets and antero-posterior enlargement of the mandibular articular surface are features that
seem to indicate prooral movement was also present in some fossil taxa (Evans, 1980;
Throckmorton et al., 1981; Fraser, 1982; Gauthier et al., 1988; Reynoso 1996: 219).
Robinson (1976) postulated that this adaptation evolved late in sphenodontian evolution,
and it is often considered to be restricted to topmost crown taxa: Ankylosphenodon,
Cynosphenodon, Eilenodon, Toxolophosaurus, Sphenodon, and Zapatadon (Wu, 1994: 36;
Reynoso, 1996: 19; Apesteguia and Novas, 2003: 32 but see below). Opisthias is also
thought to have had it (Throckmorton et al., 1981). Cynosphenodon is from the Early
Jurassic which is earlier temporally than Robinson had expected (1976). Moreover, the
original descriptions of basal rhynchocephalians (Evans, 1980; Whiteside, 1986; Fraser,
1982) asserted that they were capable of some prooral jaw movement based on the length
of the articular surface and longitudinal wear marks on the dentary. This seems to have
been ignored to some extent and basal taxa have been described or coded as possessing a
“precision-shear bite” or “orthal” jaw motion (Wu, 1994: 36; Reynoso, 1996: 19;
Apesteguia and Novas, 2003: 32).

Fig. 2.26 - Jaw movement in Sphenodon (based mainly on Gorniak et al., 1982, and Whiteside,
1986). Sphenodon skull modified from Robinson (1976).

Reilly et al. (2001) state “surprisingly, except for two lepidosaurians ( Uromastyx
and Sphenodon) propaliny [prooral] is not found in the diapsids”. This is further evidence
that fossil Rhynchocephalia are completely ignored outside palaeontological literature.
Reilly et al. (2001) also stated that Sphenodon possessed one of the best shearing jaws
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known in amniotes. This remains questionable. Robinson (1976) wrote that Sphenodon can
crack snail shells although Ussher (1999) states snails are swallowed whole.
The heavy wear, transverse expansion of the dentary teeth, thickened enamel and
deep jaw have been used as evidence that eilenodontines were herbivorous (Throckmorton
et al., 1981). The substantial wear on the dorsal surface of the dentary teeth suggests
contact with an enlarged palatine tooth row which was closely aligned with the maxillary
dentition (Throckmorton et al., 1981), an arrangement more similar to Sphenodon than to
other rhynchocephalians (Evans, 1980; Fraser, 1988). The lateral wear facet also suggests
occlusion against the maxillary dentition (Rasmussen and Callison, 1981; Throckmorton et
al., 1981). Within the wear facet of each tooth, the posterior dentine is more extensively
worn relative to the enamel so that there is a distinct step between the dentine and the
harder enamel crest. Based on work in mammals (e.g. Fig. 2.27; Rensberger, 1973;
Greaves, 1973; Costa and Greaves, 1981; Krause, 1982; Teaford and Walker, 1983),
Throckmorton et al. (1981) interpreted this to mean that the lower jaw moved forward
during shearing (prooral jaw movement) as in Sphenodon (e.g. Gorniak et al., 1982).

Enamel
Leading

Trailing
edge

edge

Leading
edge

Trailing
edge

Lower jaw movement

......... ................ ..

Fig. 2.27 - A diagrammatic cross-section of 4 teeth from the upper and lower tooth rows of an
eilenodontine demonstrating the observed relationship between jaw movement and the wear
pattern of dentine between enamel edges. Based on the work of Rensberger (1973), Greaves
(1973), Costa and Greaves (1981), Krause (1982), and Teaford and W alker (1983).

In horizontal section the teeth of eilenodontines are kidney shaped. Hence, the
posterior surface is convex and anterior surface is concave. This may improve the
- 106-

efficiency of prooral shearing by distributing the points of the cutting edge more evenly
along the jaw (Fig. 2.28; Throckmorton et al., 1981; Rensberger, 1973: 518).
The term ‘eupropaliny’ was proposed by Apesteguia and Novas (2003) to describe
the jaw mechanism in Priosphenodon where the palatine tooth rows are proportionally
longer. However, as explained above, the term ‘propaliny’ is ambiguous and as
‘eupropaliny’ itself does not involve any difference in jaw movement from ‘prooral’ the
term is considered unnecessary.

Fig. 2.28 - A: Block representation of teeth of an eilneodontines with an ovoid horizontal
section and teeth with a kidney shaped horizontal section. B: Respective number of number of
contact points (blocks) along the jaw.

2.1.7b Orthal jaw movement
Orthal jaw movement involves the labial surface of the lower jaw wearing against
the lingual surface of the upper jaw. This producing tooth-on-tooth wear and maintains a
sharp cutting edge (Fraser, 1988) not unlike that found in mammalian carnivores (Savage,
1977). This action has been described as analogous to that of a pair of scissors and equates
to Mode III fracture at least initially (Lucas and Teaford, 1994; Wright and Vincent, 1996).
Orthal jaw movement occurred in Clevosaurus (and probably also pleurosaurs)
(Fig. 2.29). This is demonstrated by the well-defined deep wear facets on the labial surface
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of the dentary and the lingual surface of the maxilla, orientated obliquely to the long axis of
the tooth (Robinson, 1973; Carroll, 1985; Fraser, 1988; Carroll and Wild, 1994; Saila,
2005). Because of the tooth arrangement, the profile of the cutting edge in occlusal view is
zigzagged like that of pinking shears. This led Robinson (1973) to draw comparison
between Clevosaurus and Uromastyx in which the teeth also meet precisely.

TABLE 2 .2 9 - Jaw movement in Clevosaurus hudsoni (Fraser, 1988). Skull adapted from
Fraser (1988).

As described elsewhere if food is not removed efficiently from the cutting edge the
edges will be forces apart inhibiting occlusion (Evans and Sanson, 2003). Without prooral
jaw movement food may become clogged in between the upper tooth rows if it was too soft
(Evans, 1980). This problem may have been reduced by maintaining distance between the
palatal tooth and maxillary dentition in Clevosaurus.
To some extent orthal jaw movement occurs in most derived rhynchocephalians.
For example, in Sphenodon it precedes prooral jaw movement. Nevertheless, the occlusion
is much less precise than in Clevosaurus.

2.2 TO OTH BASE DIM ENSIONS
Tooth base size and shape is rarely discussed in diapsids. This maybe in part due to
a perceived homogeneity but also because of more obvious variation in other tooth
attributes (e.g. tooth height, tooth attachment, enamel ornament, tooth wear).
Smith et al., (2005) surveyed the characteristics (crown base length vs crown base
width) in non-avian theropod dinosaurs, mainly in the hope of finding a phylogenetic
signal. All taxa examined possessed ovoid teeth that were slightly longer than wide (ratio =
between 15:15 and 15:4). Tyrannosaurus possessed significantly wider teeth to other taxa
but otherwise the morphospace of taxa overlapped. Most theropods demonstrated variation
along their jaw with anterior tooth bases being more circular (Smith, 2005; Smith et al.,
2005).
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Since the teeth of most rhynchocephalians are attached to the crest of the jaw bone
and the crown tapers from the tooth base, dimensions should correspond to the surface area
of attachment.
Increased tooth base length permits individual teeth to bear long blades that are
parallel with the margin of the jaw. However, increasing tooth length also limits the number
of teeth possible within the jaw without significant overlap. If each tooth possess only a
single tip (point or apex) this will increase the initial point loading applied to a food item.
Tooth base width increases the amount of potential surface area contact with the prey item
without limiting the number of teeth within the jaw (Lucas and Luke, 1984). Assuming
even jaw closure and regular tooth height, this may reduce the relative amount of point
loading possible because the force will be more evenly distributed. However, it also allows
blades to be aligned perpendicular to the margin of the jaw. Since tooth number is not
limited these may occur in large numbers. Tooth base area can be used as a crude proxy to
estimate the degree of loading force that a tooth can experience. How these factors vary
between taxa and within the jaw of the same taxon is examined.
The following section reviews dentary tooth shape throughout Rhynchocephalia in
order to determine whether the accepted differences between clevosaurs and eilenodontines
are justified, and to assess how other taxa compare. The aim is a better characterisation of
dentary tooth base shape and how it equates with other factors (e.g. tooth wear, jaw
movement, flange length, tooth shape, tooth function and proposed diet).

2.2.1

Methods and materials

The method for data collection is essentially the same as described in Jones (2006a)
but here a larger sample size is used and tooth shape and size are examined along the tooth
row both within and between taxa.
2.2.1a Methods and materials
Each lower jaw was orientated in sand and drawn in occlusal view using a camera
lucida, a Wild Stereo Microscope and a Steadtler Mars 780 mechanical pencil with F leads
and regularly sharpened with a Steadtler 502 lead pointer. Some taxa possess lower jaws
with slightly concave dorsal margins (e.g. Sphenodon), so for these, three or four teeth were
drawn at a time before reorientation. Scale bars of at least 5mm were drawn for each jaw or
set o f teeth. From the drawings dentary tooth length at its base (parallel to the margin of the
jaw) and dentary tooth width at its base (perpendicular to the margin of the jaw) were
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measured using a “C-thru” ruler (Fig. 2.30). The scale bar was then used to convert the
measurements back into their original values. Measurements from the original drawings
were also supplemented with measurements from published images (e.g. Throckmorton et
al. 1981; Fraser 1986; Reynoso 1996; Evans and Sigogneau-Russell 1997; Saila 2005).

Fig. 2.30 - Selected lower jaw s in occlusal view. A: Diphydontosaurus (BMNH 16523). B:

Planocephalosaurus (PD-02). C: Clevosaurus (Ben Edwards, 2000: Cromhall specimen). D:
Sphenodon (UCLGMZ x804). E: Eilenodon (DMNH 10685). Black bars represent examples of
length and width measurements taken. All are left jaws except for B which is reversed for
comparison. Scale bars = 5mm.

For the main analysis the width and length of each tooth base were plotted on a
bivariate plot (Fig. 2.31). This allowed the distributions (occupied morphospace) of taxa to
be compared. Tooth shape was also plotted against tooth position to examine variation
along the tooth row in several taxa (e.g. Diphydontosaurus, Clevosaurus, Opisthias,
Planocephalosaurus, eilenodontines, Sphenodon, and Tingitana). This was done for mean
length, width, aspect ratio (length/width) and tooth base area (((length+width/2)/2)*7c2).
Note tooth position is counted from the rear following Rasmussen and Callison (1981), so
that the most posterior tooth is the first tooth. When sample size permits standard deviation
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(sd), median, 25th percentile and 75th percentile are also plotted. Error bars always represent
standard deviation unless stated.
As defined the width and length represent the extreme dimensions of the tooth. The
cusp tapers up from the base, so in nearly all rhynchocephalian teeth these two dimensions
are effectively measure the dimensions of the tooth base. Note that measurements for
caniniform teeth and the hatchling dentition were excluded and will be dealt with outside of
this thesis.
In order to estimate precision repeat measurements were made of one jaw (see
Section 8.3 in the Appendix).

Increase
in width
of base

» ■■

■ ■■ ■■ »

Increase in length of base

Fig. 2.31 - Schematic explanation of the main bivariate plot. Width is plotted along the y axis
and length along the x axis.

2.2.1b Sample
The relatively simple methodology allowed a large number of teeth to be included
within the analysis. These included teeth from poorly known taxa such as Pelecymala and
Sigmala (Upper Triassic, UK) (Fraser, 1986), and Tingitana (Evans and Sigogneau-Russell,
1997). In total 546 teeth were measured, more than double the sample size used previously
in Jones (2006a: 262). Principle additions include more specimens of Clevosaurus and
Sphenodon, but also additional specimens of Eilenodon and Planocephalosaurus. The
poorly known Paleollanosaurus and C. latidens are also included. Unfortunately, usable
images of dentary teeth for sapheosaurs and pleurosaurs are not currently available
(Cocude-Michel, 1963). Otherwise the sample is fairly balanced with a large number of
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teeth representing each of the remaining major groupings (Table 2.12, Fig. 2.32, Section
8.2 in the Appendix). The sample of Clevosaurus is particularly large compared to the
number of teeth usually found in the lower jaw.
TABLE 2.12 - The sample of teeth used.
Taxon

Age

Gephyrosaurus

Early Jurassic

Diphydontosaurus

Late Triassic

Location

Nature of data collection

No. of
teeth
used

Basal taxa

UK

original drawings

26

Basal taxa

UK

original drawings

37
29

Affinity

Late Triassic

Basal taxa

UK

Evans, et al., 2001 and
original drawings

?

Morocco

Evans, et al., 2001

14

?

Morocco

Evans, etal., 2001

6

Pelecymala

Early
Cretaceous
Early
Cretaceous
Late Triassic

?

UK

Fraser, 1986

11

Paleollanosaurus

Late Triassic

?

USA

Heckert, 2004

7

Sigmala

Late Triassic

?

UK

Fraser, 1986

7

BMNH7547

Late Triassic

Clevosaur

UK

Saila, 2005

0

C convalis

Late Triassic

Clevosaur

UK

saila, 2005 and original
drawings

22

C. hudsoni

Late Triassic

Clevosaur

UK

Fraser, 1988 and original
drawings

21

C. latidens

Late Triassic

Clevosaur?

UK

Fraser, 1993

3

Clevosaurus sp.

Late Triassic

Clevosaur

UK

original drawings

144

Lufeng clevosaurs

Earty Jurassic

Clevosaur

China

original drawings

10

Cynosphenodon

Early Jurassic

Sphenodontine

Mexico

Reynoso, 1996

18

original drawings

110

Planocephalosaurus
Taxon B Anoual
Tingitana

Sphenodon

Recent material

Sphenodontine

New
Zealand

Opisthias

Late Jurassic
Early
Cretaceous
Late Jurassic

?

USA

Throckmorton etal. 1981

12

Eilenodontine

USA

Throckmorton etal. 1981

20

Eilenodontine

USA

original drawings

49

Toxolophosaurus
Eilenodon

....

2.2.1c Limitations and potential error
Teeth are complex structures, therefore characterizing them by two measurements
may seem simplistic (Evans and Sanson, 1998, 2003, 2005). Nevertheless, bivariate plots of
teeth can be powerful indicators of general trends and patterns (e.g. Peters, 1983; Vezina,
1985; Carbone et al., 1999; Reynoso, 2000; Marugan-Lobon and Buscalioni, 2003). Also,
alternative approaches such as geometric morphometries are difficult to apply to a wide
range of taxa because consistent landmarks are largely unavailable. This problem is
increased when teeth are worn. Calculation of tooth base area assumes the tooth base is
ovoid. Therefore, for certain taxa such, as Opisthias, which are considered to possess teeth
with square bases, the surface area will be underestimated (Apesteguia and Novas, 2003).
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A

Uncertain
affinity

Eilenodontines

9%

13%

Clevosaurs

37%
Sphenodontines

24%

B

Uncertain affinity
Basal taxa
Sphenodontines
Clevosaurs
Eilenodontines

0

50

100

150

200

250

N u m b e r of te e t h u s e d

Fig. 2.32 - Sample of teeth used. A: Percentage contribution of each rhynchocephalian group
to the total sample. B: Actual numbers of teeth used from each group.

There are several other potential sources of error. Firstly, in order for comparison to
be meaningful the definitions of tooth width and tooth length need to be consistent. This is
reasonably straightforward in pleurodont teeth but in acrodont teeth the surface of the jaw
bone and tooth can be effectively contiguous (Fig. 2.33). In this case differences in colour
and texture between the enamel and bone can be used to discern the edges of the teeth but if
the teeth are highly worn the enamel may be absent. In basal taxa enamel is not usually
removed by wear in significant quantities but in some taxa such as Clevosaurus the enamel
may be entirely absent from the lateral side of the dentary teeth. Moreover, in Sphenodon
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the enamel is usually absent for all four sides of the tooth. Without enamel the tooth’s edge
is mainly inferred from topology because the appearance of bone and dentine can be very
similar. The angle of the jaw bone’s surface and the more vertical surface of the tooth is
often sufficient but deposition of secondary bone can make the transition more gradual.
This is a particular problem in Sphenodon. Projecting the scale bar may also restrict the
resolution of accurate measurements so that comparison between small teeth is restricted.
Inconsistent orientation may also reduce precision. Another potential source of error is the
accuracy of the drawings. As mentioned above many of these were produced by the author
using camera lucida which can produce highly accurate drawings (compare the drawings
and SEM pictures in Jones, et al., 2003).

Fig. 2.33 - Schematic diagrams of teeth in coronal section. Double headed arrow represents
tooth width in a pleurodont tooth (A), an acrodont tooth (B) and an acrodont tooth with
lateral and medial deposits of secondary bone (C).

The measurements taken from published images are probably less accurate than
those of the original drawings because they were not consciously drawn for the method
described above. As a result the orientation may differ from that used for the original
drawings in being slightly too lateral (e.g. Saila, 2005) or posterior (e.g. Throckmorton et
a l , 1981). Nevertheless, the benefits of including the taxa represented are considered far
greater than the benefits of their exclusion.
Both worn and unworn teeth were measured and included in the analysis. Therefore
teeth may plot differently solely because of differences in lateral or lingual wear rather than
their original shape. However, in many rhynchocephalian taxa the teeth can be substantially
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worn for much of an individual’s life (e.g. Clevosaurus, Eilenodon, Sphenodon and
Toxolophosaurus [Robinson, 1976; Fraser, 1988; Throckmorton et al., 1981; Rasmussen
and Callison, 1981; Foster, 2003]). The shape of tooth produced by the wear, here termed
“effective tooth shape”, is actually part of the animal’s feeding strategy (e.g. Fraser, 1988;
Throckmorton et al., 1981).
Comparisons of tooth shape along the tooth row are done using tooth position,
which is here numbered from the posterior end of the jaw (as in Rasmussen and Callison,
1981). This is in apparent conflict with tooth homology as in most rhynchocephalian taxa,
teeth are added to the rear of the jaw. Thus the anteriormost tooth of one jaw is homologous
to the anteriormost tooth of another jaw from the same taxon (Robinson, 1976; Fraser,
1988; Saila 2005), but because tooth number varies both ontogenetically and
intraspecifically, the posteriormost tooth of one jaw is not necessarily homologous to the
posteriormost tooth of another jaw from the same taxon. However, in several specimens
(e.g. of Sphenodon and Clevosaurus), the anterior teeth may be so heavily worn that they
cannot be distinguished from the worn hatchling dentition. In addition, there are several
fossil specimens for which the anterior section of lower jaw is not fully preserved (e.g. Fig.
2.30; BMNH R 16523; PD-02; PD-05; LACM120462, Rasmussen and Callison, 1981;
DMNH 10685, Foster, 2003). Without a starting point from which to count tooth position
this restricts the use of the entire specimen. Therefore, to permit the inclusion of many
specimens the teeth are numbered here from the posterior end of the jaw (<contra Saila
2005). Hence, the posteriormost tooth is also the First tooth.
A comparison of tooth shape along the tooth row using tooth position rather than
relative distance is problematic for another reason. Tooth position in one taxon does not
necessarily reflect a similar position along the tooth row in another taxon because different
taxa (and individuals) possess a different number of teeth. For example the 4th tooth of a
Clevosaurus (3 to 5 in total) will be close to half way along the tooth row (behind the worn
hatchling series) but the 4th tooth in an eilenodontine (which can possess up to 20 teeth)
will be much more posteriorly positioned by comparison. However, comparisons using
distance would require more measurements per specimen and also more complete
specimens with both anterior and posterior ends intact. Therefore, tooth position alone was
used in this study.
To produce the graphs of tooth shape along the tooth row, as many specimens were
used as possible. However, some of these differed in size and also completeness. As noted
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above, for many taxa a much larger sample was available for the posteriormost teeth
compared to the anterior teeth. For example, the graphs for Sphenodon were compiled
using jaws from different specimens for which the total number of teeth varies from 8 to
15. This in part reflects the number of teeth that can be measured accurately but also the
actual number of teeth present in the lower jaw.

2.2.2 Results
This section is divided into a description of the main plot and variation along the
tooth row.
2.2.2a Main plot
The teeth of most basal taxa (Gephyrosaurus, Diphydontosaurus) plot in the bottom
left hand comer of the graph because the teeth are small with generally circular bases, and
o f generally similar length and width (Fig. 2.30A, Fig. 2.34, Fig. 2.35). Derived
rhynchocephalians plot in the top right of the graph as the tooth bases are generally both
wider and longer (Jones, 2006a). There is also a distinct dichotomy within derived taxa
with respect to the relative proportions of tooth length and width. All teeth belonging to
clevosaurs (Clevosaurus convalis, C. hudsoni, C. mcgilli) and most belonging to
sphenodontines (Cynosphenodon, Sphenodon) plot as being longer than wide with many
being twice as long as wide. In contrast, the eilenodontines (Eilenodon, Toxolophosaurus)
plot with teeth that are usually wider than long and these are generally twice as wide as
they are long. Note the teeth of eilenodontines are of similar length to those of
sphenodontines or clevosaurs, but they are usually more than twice the width. In some
cases teeth of the same length (2.5mm) are over five times wider in eilenodontines (5mm+)
than they are in sphenodontines and clevosaurs (1mm).
The teeth of Paleollanosaurus (Heckert, 2004) plot amongst the basal taxa because
of their small size. Most teeth measured from specimens of C. latidens, Opisthias and
Pelecymala are wider than long and plot amongst the small eilenodontine teeth, whereas the
dentary teeth of Sigmala plot in various positions but mainly within the elongate group
(longer than wide). Planocephalosaurus teeth are mostly circular (width equal to length)
but the large flanged posteriormost tooth plots within the area otherwise occupied by
Sphenodon and Clevosaurus (Fig. 2.35). Tingitana also has elongate teeth, but these are
smaller than those of most sphenodontines and clevosaurs (Jones, 2006a). The teeth of
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Cynosphenodon plot with a similar tooth aspect ratio but because of differences in size their
distributions overlap very little.
Generally there is positive relationship between tooth size and skull size (skull
length). For example the teeth with the largest tooth base areas are found in eilenodontines
(skull length = 60-110mm; Throckmorton et al., 1981; Apesteguia and Novas, 2003) and
the teeth with the smallest tooth base areas are found in Diphydontosaurus (skull length =
10-15mm; Whiteside, 1986). However, the posterior tooth in Clevosaurus can be both
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longer and wider than teeth found in Sphenodon. Skull length in the Sphenodon sample
used here varies between 43 and 67mm and the largest jaws of Clevosaurus are estimated
to have come from animals with skulls up to 40mm long (Fraser, 1988). Known articulated
clevosaur skulls never significantly exceed this length (e.g. Fraser, 1988; Wu, 1994; Sues et
al., 1994; Bonaparte and Sues, 2006; PLR604, PLR605). Similarly, the posteriormost tooth
in Planocephalosaurus (skull length = 20mm) can be as large as teeth from Sphenodon.
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2.2.2b Variation along the tooth row
In Diphydontosaurus the anterior teeth are generally ovoid with bases of similar
width and length (diameters ranging from 0.1 -0.3mm). The four or five most posterior
teeth are slightly labiolingually compressed with bases which are slightly wider and up to
double the length of those found in the preceding teeth which have more circular bases
(Figs 2.36, 2.37). Most of the teeth in Planocephalosaurus have ovoid bases with diameters
around 0.5mm. By contrast the largest posterior tooth is elongate and has a base about
2.5mm long and 1.25mm wide (Fig. 2.38). The base of the posterior most tooth (7.91mm2)
has a surface area 20 times greater than the seventh tooth (0.37 mm ). The sample of
Clevosaurus demonstrates a general decrease in tooth length and width along the dentary
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tooth row but the length of a tooth is always greater than its width (Figs 2.39,2.40). There
is also a general increase in dentary tooth aspect ratio so that more anteriorly positioned
teeth are relatively longer than posterior positioned teeth. This coincides with a progressive
reduction in the mean and median of tooth base area along the tooth row; 10 mm2 in the
first (posteriormost) tooth but less than 3 mm2 in the fourth tooth (usually the most anterior
tooth in Clevosaurus).
There is a notable amount of variation in dentary tooth width and length between
individuals of Sphenodon (Figs 2.41, 2.42) and the differences are larger than repeat
measurements taken from a single specimen (see appendix). Values for the first and second
most posterior tooth in particular are highly variable but an overall trend is apparent (Fig.
2.41). Tooth length increases in the first five teeth (posterior) and then gradually decreases

in the following eight or so teeth. Tooth width is less variable but again initially increases
up until the fourth tooth before a more gradual decrease. Correspondingly tooth aspect ratio
increases along the tooth row up until the fifth tooth from the rear of the jaw bone.
Subsequently the teeth are all nearly twice as long as they are wide (Fig. 2.42). Also tooth
base surface area correspondingly follows a similar trend to length and width. In the
posteriormost tooth it is approximately 3mm“ but it increases to 8mm in the fifth tooth
from the rear before decreasing steadily (Fig. 2.42C).
Like other taxa the eilenodontines demonstrate variation along the tooth row.
Overall there is a gradual decrease in tooth length along the tooth row from just over 2mm
(posteriorly) to nearer 1mm (anteriorly). There is also a more dramatic decrease in tooth
width from just over 4mm to just over 1mm (Figs 2.43, 2.44). Correspondingly, tooth
aspect ratio increases along the tooth row so that in the posterior eight teeth mean tooth
length is approximately 50 to 60% mean tooth width but in the more anterior teeth both
values are nearly equal. In the posterior half of the lower jaw tooth base area ranges
between 10 and 15mm2and in the anterior half of the lower jaw between 5 and 3mm2 (Figs
2.43, 2.44). As in Sphenodon, tooth shape varies along the tooth row differently in different

eilenodontine specimens. For example, in LACM120462 there is increase in tooth size from
the rear (length/width) until the fourth of fifth tooth. By contrast in DMNH10685 the
largest teeth are those that are most posterior (Fig. 3.43).
Clevosaurus, Sphenodon and eilenodontines possess the longest teeth (Fig. 2.45),
with most being between 1.5 and 2.5mm long. By contrast Diphydontosaurus,
Planocephalosaurus and Tingitana possess teeth that are almost always less than 1mm
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long. The only exception to this is the posteriormost tooth in Planocephalosaurus which as
mentioned above is more than 2.5mm long. The teeth of Opisthias are intermediate in
length ranging between 0.8 and 1.6mm long. The posteriormost tooth in Clevosaurus can
be longer than any of the teeth found in Sphenodon. Tooth length generally decreases along
the tooth row (posterior to anterior) in all of the taxa compared. In eilenodontines and
Sphenodon this may be preceded by an initial increase but, as noted, above this varies
between individuals (Figs 2.41, 2.43).
The posterior teeth (numbers 1-8) of eilenodontines are substantially wider than
those of other taxa (>3mm) (Fig. 2.44) whereas the teeth of Tingitana and
Diphydontosaurus are notably narrower (<0.65mm). Intermediate widths (generally 1mm2mm) can be found in Opisthias and Sphenodon, which generally show a similar trend
along the tooth row. In Clevosaurus and Planocephalosaurus tooth width is initially
intermediate (between eilenodontines and Diphydontosaurus) but both show a similar
decrease along the tooth row and the mean width per tooth is always greater in the former
taxon. In fact, the posterior tooth in Clevosaurus has a mean width greater than the mean
width of any teeth in Sphenodon, despite Sphenodon having the larger skull: ~60mm vs
~40mm long. There is a similar general decrease in tooth width along the tooth row
(posterior to anterior) in all taxa examined (Figs 2.46), and this decrease is particularly
dramatic in eilenodontines. Consequently, the anterior teeth in eilenodontines (numbers 14
to 20) may be a similar in width to the posterior teeth of Opisthias and Sphenodon
(numbers 2 to 9).
There is a general trend for tooth aspect ratio to increase along the tooth row (Fig. 2.47).
The aspect ratio is highest anteriorly in Tingitana and Clevosaurus where length is more
than twice the width. The lowest aspect ratios are found in the posterior teeth of
eilenodontines and Opisthias where width may be double the length. Remaining taxa tend
to possess ovoid teeth: slightly longer than wide. Overall tooth base area decreases
(posterior to anterior) along the tooth row (Fig. 2.48). Eilenodontines exhibit the most
notable decrease in tooth base area reflecting the decrease in tooth width, but Sphenodon is
an exception with the fourth, fifth and six teeth larger than the first three. The largest mean
tooth base areas are found posteriorly in eilenodontines (10-15mnT) and the teeth with the
smallest mean tooth base areas are found anteriorly in Diphydontosaurus (<0.1 mnT). The
mean base surface area for the posterior tooth of Clevosaurus (9.77mm ) is greater than for
any tooth found along the row in Sphenodon (5th tooth = 7.95mm2).
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Fig. 2.36 - Dentary tooth shape along the tooth row in different Diphydontosaurus
specimens.
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Fig. 2.37 - How dentary tooth shape varies along the tooth row in Diphydontosaurus.
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Fig. 2.38 - Dentary tooth shape along the tooth row in Planocephalosaurus.
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Fig. 2.41 - Dentary tooth shape along the tooth row in Sphenodon specimens.
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Fig. 2.47 - Tooth aspect ratio along the tooth row in selected rhynchocephalian taxa and
groups. A: Without error bars. B: With error bars (standard deviation).
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taxa and groups. A: Without error bars. B: With error bars (standard deviation).

2.2.3 Discussion
As for the results the discussion is divided into a three parts: main plot,
estimated precision, and variation along the tooth row.
2.2.3a Main plot
Teeth are complex three dimensional structures, but simple length and width
measurements are able to separate the dentary teeth of rhynchocephalians into three broad
morphogroups: 1, small ovoid teeth, 2, large wide teeth, and 3, large elongate teeth (Jones,
2006a). Most taxa within the first group possess columnar or acuminate teeth suitable for
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piercing and gripping small food items such as invertebrates (Evans, 1980; Fraser and
Walkden, 1983; Evans and Sanson, 1998). Most Planocephalosaums teeth also plot in the
First group but they are stouter and better able to withstand bending and shear forces
experienced from crushing impacts on hard brittle material such the exoskeletons of large
insects (Lucas and Luke, 1984; Massare, 1987).
In the sample used, teeth longer than 2mm generally belong to derived taxa, and are
either wide (morphogroup 2) or elongate (morphogroup 3). The overall increase in tooth
size correlates with a general increase in skull and body size through time (Apesteguia and
Novas, 2003). The increase in tooth dimensions enlarges the surface area of the tooth base
and coincides with a relative reduction in tooth height. As a result these teeth are more
Firmly attached to the jaw, permitting access to harder or tougher food items.
Teeth in the second morphogroup are transversely expanded with cusps that are
extensively worn by prooral jaw movement (Throckmorton et al., 1981). Transverse
expansion of the teeth increases the area available per tooth for contact with food without
reducing the number of teeth. Because enamel is harder than dentine, extensive tooth wear
produces flat occlusal surfaces for grinding, interspaced by sharp, coronally-aligned enamel
ridges (Throckmorton et al., 1981). These ridges could shred tough but pliable food items
via point cutting analogous to mammalian herbivores (Every et al., 1998) as previously
described (Throckmorton et al., 1981).
The third morphogroup includes elongate dentary teeth used for tearing, slicing and
possibly cropping. In sphenodontines the teeth are usually pyramidal with an anteriorly
positioned apex, shouldered by labial and lingual crests. They are optimally shaped for
piercing and gripping during jaw closure and then tearing during the prooral jaw
movement. By contrast, the teeth of clevosaurs, Tingitana and the posterior tooth of
Planocephalosaums are laterally compressed cones with a posteriorly placed tooth tip from
which flanges extend both anteriorly and usually posteriorly.
The three teeth from the partial dentary referred to C. latidens (Fraser, 1993) do not
plot with other specimens referred to Clevosaums. Instead they plot closer to the
eilenodontines with teeth that are wider than long. Fraser (1993) described the teeth as
transversely broadened but referred the dentary to Clevosaums because of its association
with a Clevosaums-Yikc premaxilla and other skeletal elements resembling those of
Clevosaums in the same locality (Cromhall site 5A, UK, Late Triassic). He also reasoned
that all the specimens were of “compatible size” and demonstrated the “same robust
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morphology”. The maxilla used as a holotype does possess long flanges as associated with
Clevosaurus (Fraser, 1988) but these are directed transversely rather than longitudinally so
that the teeth of the maxilla are also transversely expanded.
Fraser (1993) dismissed a resemblance between Toxolophosaurus and the dentary of
C. latidens. However, he describes the medial portion of the teeth as resembling a “round
bulbous swelling” and says that the anterior and posterior edges of the tooth bases are
concave. These two features are found in the teeth of eilenodontines (Rasmussen and
Callison, 1981; Throckmorton et al., 1981). Furthermore, Fraser (1993) also noted that C.
latidens probably used a prooral jaw movement in contrast to Clevosaurus, resembling
eilenodontines. Therefore, based on morphology alone the dentary currently attributed to C.
latidens more closely resembles those of eilenodontines. If this conclusion is correct the
group would requires a ghost lineage stretching from the Late Jurassic to the Late Triassic,
over 50 million years. Moreover as eilenodontines are currently considered to be the most
derived group, other groups would also require ghost lineages of significant length
(Reynoso, 1986; Apesteguia and Novas, 2003). The specimen is therefore problematic.
Either it represents an ancient eilenodontine and demonstrates that much of the
rhynchocephalian fossil record remains poorly known, or it represents a poorly known
acrodont animal with a convergent morphology that may not be rhynchocephalian at all.
The teeth of Opisthias and to some extent Pelecymala plot at the base of the second
morphogroup but their teeth lack the extensive dorsal wear. Reilly et al. (2001) argued that
in order for wide teeth to be effective they had to be used in combination with prooral,
palinal or transverse movements of the tooth rows.
The divergence into wide or elongate teeth corresponds with the two extremes of
food fracture proposed by Lucas and Luke (1984). In Eilenodon with its transversely
expanded teeth an increased number of teeth will increase the amount of food being worked
upon. The multiple raised enamel edges provides lots of cutting surfaces and so a high ‘S’
and ‘B’ (sensu Lucas and Luke 1984), the number of particles reduced to a small size. In
Clevosaurus ‘S’ and ‘B’ are less and ‘S’ would also decline rapidly per jaw closure.
However, the smaller cutting surface may serve to concentrate bite forces into a small
surface area. This would provide a high initial force for crack initiation. The implication is
that the jaws of Eilenodon are suited to breaking down large quantities of tough but
possibly also thin or sheet-like food items (e.g. plant matter) whereas Clevosaurus is suited
to opening up a singular hard (perhaps brittle) food item (e.g. bone, shell).
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2.2.3b Variation along the tooth row

The teeth of reptiles are often referred to as “basic” or “simple” and are considered
to vary little along the length of the jaw (e.g. Lucas, 2004). Direct examination of
crocodiles, non avian dinosaurs and squamates has lead to very different conclusions (e.g.
Estes and Williams, 1984; Hungerbuhler, 2000; Erickson et al., 2003; Smith, 2005).
Heterodonty is also demonstrated in all rhynchocephalian taxa examined. Individuals of the
same taxon demonstrate broadly similar patterns of heterodonty (Figs 2.35, 2.39, 2.41,
2.43), but the pattern may vary between different taxa (Figs 2.46, 2.47). For example, in

Sphenodon the greatest variation along the tooth row involves differences in tooth length
whereas in eilenodontines the largest variation involves differences in tooth width (Figs
2.42A, 2.43B).

Heterodonty is important because in general it means the feeding apparatus is
capable of dealing with a wider variety of materials. Thus, it allows a wider variety of food
items to be accessed and food items with a more heterogenous structure can be also be
processed with greater ease.
In basal taxa (Gephyrosaurus, Diphydontosaurus and Planocephalosaums) the
bases of posterior teeth are generally more elongate than those of the anterior teeth which
are often circular. By contrast, in most derived taxa for which the complete jaw is available,
the anterior teeth are usually narrower than the posterior teeth (e.g. Clevosaurus,
Cynosphenodon, Opisthias, Pelecymala, Sigmala, Sphenodon, Toxolophosaurus). This is
partly because the anterior teeth are younger and smaller (e.g. Fraser, 1982). However, in
certain derived taxa (e.g. clevosaurs, eilenodontines, sphenodontines) the relative length of
the anterior teeth is also exaggerated by lateral wear (Throckmorton et al., 1981; Fraser,
1988: Jones, 2006a). In extreme cases, lateral wear can produce a narrow single cutting
edge (Fraser and Walkden 1983). The dramatic decrease in tooth width mean along the
tooth row (and correspondingly changes in aspect ratio and area) in eilenodontines is also to
some extent an artifact of sampling (Fig. 2.47). The mean for the posterior section of the
dentary is produced from measurements of six different specimens but the mean for the
anterior section is produced from measurements of Toxolophosaurus (which has the
narrowest posterior teeth) and two small pieces of jaw from DMNH10685 (referred to
Eilenodon sp., Foster, 2003) for which tooth position has been largely estimated.
Nevertheless, in those specimens where anterior teeth are available, substantial lateral wear
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from the maxillary dentition is visible. From about the 8th tooth forward enamel is
completely absent from the lateral surface of the tooth (Throckmorton et al., 1981).
The largest teeth are usually located at the back of the jaw (e.g. Diphydontosaums,
Planocephalosaums, Clevosaums). This is probably symptomatic of the larger bite forces
experienced since the posterior teeth are closer to the fulcrum (jaw joint). These teeth were
probably used with great force to penetrate hard brittle surface covering, like carapaces of
chitin. The anterior teeth could subsequently be used to propagate cracks from the main
breach. In Sphenodon and eilenodontines the size of the posterior tooth is highly variable.
For example, in specimen DGPC2 (right side) {Sphenodon) the posteriormost tooth is of
fairly similar size to the preceding teeth, being approximately 80% the length and width of
the fourth tooth. By contrast the posterior tooth in UCLGMZx343 (left Sphenodon) is much
smaller than the fourth tooth, being only 63% the width and less than 30% the length. This
probably reflects differences in time since eruption between the teeth (Throckmorton et al.,
1981; Rasmussen and Callison, 1981).

2.3 SUMMARY
The diversity in tooth morphology suggests that extinct rhynchocephalians pursued
a wide range of feeding strategies (Throckmorton et al., 1981; Fraser and Walkden, 1983).
Several taxa possess flanges and worn edges that act as blades allowing food items to be
cut. Ornament and escape structures remove processed food from the cutting edges.
Basic tooth dimensions (tooth width versus length) are able to define three broad
morphotypes among rhynchocephalian dentary teeth: small columnar teeth with ovoid
bases (suited to piercing and crushing), large wide teeth (suited to shredding and grinding),
and large elongate teeth (suited to tearing and slicing). However, the teeth of Clevosaums
and Sphenodon which both belong to the third category differ in details of tooth structure
such as blade length and orientation. This is perhaps not expected considering the different
jaw movements utilized by each taxon, orthal in Clevosaums, and prooral in Sphenodon.
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3 RHYNCHOCEPHALIAN SKULL EVOLUTION
3.1 INTRODUCTION
The skull is an important part o f the vertebrate body. It houses the main sense
organs, the brain, and the primary feeding apparatus.

3.1.1 Variation within Rhynchocephalia
Fossil discoveries over the past three decades have demonstrated that
Rhynchocephalia demonstrate an unappreciated diversity in skull structure (e.g. Evans,
1980; Carroll, 1985; Carroll and Wild, 1994; Fraser, 1988; Sues etal., 1994; Apesteguia
and Novas, 2003).

3.1.1a Presence or absence of bones
The overall compliment o f bones does not alter greatly within known
Rhynchocephalia. An exception are the supratemporal bones. These are seemingly
absent from phylogenetically basal rhynchocephalians (Evans, 2003 a), but they have
been reported for several species of Clevosaurus (Robinson, 1973; Fraser, 1988; Wu,
1994; Sues et a l., 1994; Ferigolo, 1999; Bonaparte and Sues, 2006; but see Jones,
2006b), Priosphenodon (Apesteguia and Novas, 2003), Zapatadon (Reynoso and Clark,
1998) and possibly Pamizinsaurus (Reynoso, 1997, pers. comm., 2006). Rieppel (1992)
reported evidence for a small supratemporal bone in a hatchling Sphenodon skull,
although in phylogenetic analyses it is generally coded as being absent (e.g. Reynoso,
1997: character 45; Apesteguia and Novas, 2003: character 31; Dupret, 2004: character
14). It is unknown whether Brachyrhinodon possessed a supratemporal but this seems
possible from the position and shape o f the temporal fenestrae relative to the posterior
extent of the skull (Fraser and Benton, 1989). As phylogenetic analyses currently
suggests that absence o f supratemporal bones is plesiomorphic for Rhynchocephalia, the
question remains as to why have supratemporal bones were regained in some taxa. They
may be associated with metakinesis (Evans, pers. comm., 2004), skull size and/or
muscle arrangement.
There is a general trend for the lacrimal bone to become less important in
Lepidosauromorpha. It is quite large in Kuehneosaurus, smaller in Marmoretta, and
very reduced in squamates (e.g. Evans, 1988, 1991; Gauthier, etal., 1988). A small
lacrimal is present in Gephyrosaurus but it is apparently absent in all other known
rhynchocephalians (Evans, 1980; Reynoso, 1996).
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3.1.1b Skull proportions

Within Rhynchocephalia aspects of skull proportion have previously been
discussed but not always in any great detail (e.g. Robinson, 1973; Whiteside, 1986; Wu,
1994; Sues et al., 1994; Wu, 2003). Robinson (1973) and Whiteside (1986) both
reported a general trend of increased postorbital segment length although their
conclusions were based on a small number of taxa, two and four respectively. Wu
(2003) discussed postorbital length in a wider range of taxa, but did not make any
attempt to survey the degree of variation within a sample of Sphenodon. Also the taxa
Pleurosaurus and Priosphenodon were not included (Cocude-Michel, 1963; Apesteguia
and Novas, 2003). Nevertheless his results were generally consistent with previous
findings; ‘basal taxa’ possess short postorbital lengths compared to clevosaurs and
Sphenodon. A relatively longer postorbital length (allowing for differences in height)
should be able to accommodate a greater proportional volume of adductor musculature.
This is consistent with Robinson’s (1973) original proposal that rhynchocephalians
evolved stronger bites in order to access larger food items.
Both Wu (1994) and Sues (1994) noted the abbreviated snout of derived taxa
(particularly clevosaurs) compared to basal members but did not relate this to skull
function. Instead this was used to a create phylogenetic character for cladistic analyses
(Wu, 1994; Sues et al., 1994; Reynoso, 1996).
3.1.1c Median parietal crest

In ‘basal taxa’ and Clevosaurus the parietal is generally plateau-shaped in
coronal section with a flat dorsal surface of varying relative width (e.g. Evans, 1980;
Fraser, 1988). By contrast, in taxa such as Palaeopleurosaurus, Kallimodon,
Priosphenodon, Sapheosaurus and Sphenodon, the parietals bear a median crest (Fraser
and Benton 1989; Reynoso, 1996; Apesteguia and Novas, 2003). A low crest is also
apparent in a Late Triassic (undesignated sphenodontian) skull from Connecticut,
U.S.A. (Sues and Baird, 1993). In Sphenodon the crest is very distinct and acts as an
attachment point for the muscularis adductor mandibulae extemus medialis (MAMEM)
and the muscularis pseudotemporalis superficialis (MPSTS) (Gomiak et al., 1982). Both
of these muscles are part of the jaw closing-compressor group (Gomiak et al., 1982). In
hatchling Sphenodon the parietals are only very thinly ossified and are described as
‘broad and vaulted’, the parietal ridge develops postembryonically (Rieppel, 1992).
Within Rhynchocephalia raising the parietals into a crest does not correlate with fusion
of the skull roofing bones (Rieppel, 1992).
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3.1.Id Skull size
The skulls o f Rhynchocephalia demonstrate a wide range of sizes. Most ‘basal
taxa’ possess small skulls. In Diphydontosaurus for example the skull is considered to
reach little more than 15mm long (Whiteside, 1986). By contrast eilenodontines possess
large skulls with the largest Priosphenodon individuals reported to possess skulls
150mm long (Apesteguia and Novas, 2003). When comparing cranial characters, skull
size must be considered due to effects o f allometry (Huxley, 1932; Schmidt-Nielsen,
1984; Emerson and Bramble, 1993; Rieppel, 1984; McGowan, 1999). A larger skull,
generally brings with it, a larger bite force (Fenton, 1988; Verwaijen et al., 2002; Herrel
et al., 2001acd, 2002; Herrel and O ’Reilly, 2006). Moreover bite force appears to
increase exponentially with skull size (Anguirre et a l , 2002; Erickson, et al., 2003,
2004). As a consequence bite force increases ontogenetically (Herrel and O ’Reilly,
2006). The size o f the skull also influences the size of the gape so that large skulls
permit larger gapes (e.g. Taylor, 1992; Barlow et al., 1997).
In animals with small heads, the brain and sense organs may occupy a similar
absolute volume o f the skull but a much higher relative volume, reducing the remaining
space available for muscles (Rieppel, 1984). It should be noted that juveniles often have
larger heads relative to the rest o f their bodies. Hence, for their body size their gape and
muscle volumes are relatively large but fibre lengths remain short.
3.1.1e The lower temporal bar
The bar is generally incomplete in basal rhynchocephalians. In Gephyrosaurus this is
clearly so (Evans, 1980), as it is in the majority o f Diphydontosaurus specimens.
However, Whiteside (1986: 393) reported one particularly large jugal with a posterior
process that is forked at its tip and suggested that contact may have occurred in very old
animals. In Planocephalosaums the bar is usually incomplete (Fraser, 1982) but a
single jugal specimen (of 51) suggests that occasionally the lower temporal bar was
complete (Fraser, 1982: 718). Robinson (1973) considered the bar to be incomplete in
C. hudsoni but more recently Fraser (1988) demonstrated that the posterior process of
the jugal overlapped the quadratojugal but was not sutured to it. In Palaeopleurosaums
the jugal bears a posterior process but, as in Gephyrosaums this does not reach the
quadratojugal. In Pleurosaums and Priosphenodon the posterior process of the jugal is
absent, and thus the bar is also absent, but perhaps to compensate the upper temporal
bar is expanded (Carroll, 1985; Fraser, 1988; Carroll and Wild, 1994; Apesteguia and
Novas, 2003). The nature o f the bar in sapheosaurs is unclear. Previously it was drawn
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Fig. 3.1 - Rhynchocephalian skulls in lateral view scaled to actual size. A: Kuehneosaurus
(Outgroup). B: Gephyrosaurus. C: Diphydontosaurus. D: Planocephalosaums. E:

Brachyrhinodon. F: Clevosaurus hudsoni. G: Clevosaurus bairdi. H: Palaeopleurosaurus. I:
Pleurosaurus. J: Sphenodon K: Priosphenodon. Adapted from Robinson, 1962; Evans,
1980; Fraser, 1982, 1988; C arroll, 1985; Whiteside, 1986; Fraser and Benton, 1989; Sues et

aL, 1994; Apesteguia and Novas, 2003. Small scale b ar = 10mm, Large scale b ar = 10cm.

as complete for European specimens (Cocude-Michel, 1963), but in the more recently
discovered Ankylosphenodon it is incomplete (Reynoso, 2000; Reynoso pers. comm.,
2006). The bar is, of course, complete in the living Sphenodon, a condition originally
interpreted as primitive (retained with respect to lizards) but now considered derived
(Whiteside, 1986 contra Romer, 1956; Sues and Baird, 1993; Herrel etal., 2001b).
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Muller (2003) considers the re-acquisition o f a lower temporal bar to be a widespread
phenomenon. Similarly, Evans (2003a) considers the basal lepidosaur to have possessed
a posterior jugal process but an incomplete lower temporal bar.
One suggestion for the loss of the lower temporal bar is the development of a
posteroventral portion o f the superficialis layer (lb ) of the external adductor (Rieppel
and Gronowski, 1981), consistent with the loss from back to front. However, this may
have been more a consequence than a selective factor. Reacquisition o f the lower
temporal bar is thought to support the quarate and strengthen the skull allowing a
stronger bite (Whiteside 1986; Fraser, 1988). It is absent in the taxa using a puncturing
form o f food capture, with weak but rapid snapping bite. Within the parameters of bone
growth, it is tempting to think that the lower temporal bar becomes complete when
compressive forces are experienced here (Witzel and Preuschoft, 2005).
Correspondingly, the bar may be lost when tensile stresses are increased and better
accomodated by a ligament.
3.1.I f Skull Fenestration
Skull fenestration relates to “windows” in the skull (homologous to large
fontanelles) occurring between three or four bones that meet at a junction in other taxa
(Frazzetta, 1968). Traditionally skull fenestration was considered a very important
phylogenetic signal (e.g. Romer, 1956). However, fenestration of the skull should have
important functional consequences (Frazzetta, 1968). Within Rhynchocephalia skull
fenestration does vary and this is related to the thickness of the postorbital bar, width of
the parietal table, size and shape o f the upper temporal bar, and the presence/absence of
the lower temporal bar. These differences may be related to muscle arrangement
(Frazzetta, 1968; Rieppel and Gronowski, 1981) but also to cranial strength. For
example, Henderson (2002) demonstrated that orbit size was inversely correlated to
bending strength o f the skull. This should apply to other holes within the skull. In
general bone accumulates under compression and is resorbed under tension (Witzel and
Preuschoft, 2005). Therefore, fenestration may occur in areas of tension.
3.1.1g Fusion of the skull roofing bones
Basal members o f the Rhynchocephalia tend to fuse their skull roofing elements.
Gephyrosaurus and Planocephalosaums possesses both fused frontals and parietals
(Evans, 1980; Fraser, 1982), while Diphydontosaums has fused frontals and perhaps
fused parietals in adults (Whiteside, 1986; Fraser, 1988). If the basal rhynchocephalians
do form an early clade of their own, unfused roofing bones may in fact be the condition
in the rhynchocephalian common ancestor. It is certainly the condition seen in more
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basal lepidosauromorphs (Evans, 1980, 1988) but not Marmoretta (UK: Evans, 1991;
Waldman and Evans, 1994; Evans and Waldman, 1996). Nevertheless, skull roof fusion
is considered to be derived (Fraser, 1988; Rieppel, 1994), as an adaptation towards
strengthening the skull o f small animals in order to tackle tougher prey (Evans, 1980;
Fraser, 1982, 1985, 1988).
Palaeopleurosaurus seems to possess fused parietals (Carroll, 1985; Carroll and
Wild, 1994) and they are also found in the "dwarf sphenodontian" Zapatadon (Reynoso
and Clark, 1998). This specimen probably a juvenile, but fused parietals were not
observed during ontogenetic development of Sphenodon (Reynoso and Clark, 1998).
Moreover the centre o f the parietals is weakly ossified in juveniles (Rieppel, 1992).
Fusion o f skull bones occurs in a number of taxa including frogs,
diadectamorphs, turtles, monotremes and mink. However, in some cases this may be
related to an extension o f growth and development rather than function (Herring, 2000).
In iguanians, all the midline bones except for the nasals are fused (including the
premaxillae). In most non-iguanine squamates the frontals remain separate but
exceptions include gekkos, teiids and gymnopthalmids and cordylids. Fusion of
parietals is found in most squamates except for most gekkonids, xantusiids and
pygopodids (Gauthier, et al., 1988). In varanids the nasals usually fuse (Gauthier, et al.,
1988; Schwenk, 2000; Evans, 2003a).
3.1.Ih The pterygoid process
The posterolateral process o f the pterygoid acts as a trochlea for the
pterygoideus atypicus (MPTA) muscles in turtles and crocodiles (Schumacher, 1973 a).
It has therefore been reasoned that the size o f the pterygoid flange could be used to infer
the size and strength o f the muscle (Wu, 2003). Measurements drawn from fossil
reconstructions (width o f the pterygoid flange in relation to the length/width of the
subtemporal fenestra) suggest this muscle was relatively larger in basal
rhynchocephalians and outgroup taxa (Wu, 2003). Wu (2003) argued that taxa such as
Youngina possessed a large pterygoideus atypicus to supplement the relatively small
adductor muscles “confined” by lower temporal bars that are complete and unbowed.
Additional measurements confirm that Planocephalosaums and derived
rhynchocephalians possess relatively smaller pterygoid flanges than Diphydontosaums,
Gephyrosaums and Youngina (Table 3.1). However, this is not surprising, after all the
size o f the flange is measured relative to dimensions o f the adductor chamber, a feature
already suggested to enlarge as rhynchocephalians evolved (Robinson, 1973; Whiteside,
1986; Fraser and Benton, 1989). Moreover, there is no evidence that hard tissue
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structures “confine” soft tissue structures, if anything they mediate around the soft
tissue structures (e.g. Schumacher, 1973b; Hunt, 1998). Wu (2003) also argued that loss
o f the bar is correlated with loss of the pterygoid teeth but there are several exceptions
to this including Diphydontosaurus (Whiteside, 1986), Gephyrosaurus (Evans, 1980),
and Kuehneosaurus (Robinson, 1962).
TABLE 3.1 - Width of pterygoid flange divided by dimensions of the subtemporal
fenestra. Taken from Wu (2003) with additional measurements taken by MEH Jones *.
T ax o n o r s p e c im e n s
Youngina
Gephyrosaurus
Diphydontosaurus
Planocephalosaums
Palaeopleurosaurus
Pleurosaurus *
Brachyrhinodon
Clevosaurus hudsoni
IV PP V .8271 ‘C. wangi
IV PP V .8272 ‘C. mcgillf
IV PP V .4 0 0 7 ‘C. petilus' *
Homoeosaurus
Kallimodon*
Priosphenodon *
Sphenodon
Sphenodon D isplay 7 0 0 *
Sphenodon D G P C 2 *
Sphenodon OMNH 1 3 3 3 9 R
Sphenodon BMB 1 0 1 6 0 8 *
Sphenodon OMNH 9 0 8 *
Sphenodon OMNH 7 0 0 *
Sphenodon KCL x12 *
Sphenodon UCLGM Z x 1 4 6
Sphenodon UCLGM Z x 0 3 6
Sphenodon UCLGM Z x 8 0 4
Sphenodon BMB 1 0 0 2 2 5 *
Sphenodon UCLGM Z x721
Sphenodon OMNH 4911 *
Sphenodon a v e r a g e

V a lu e
0 .5 6 7
0 .5 0 6
0.501
0 .4 1 4
0 .4 1 7
0 .4 2 5
0 .4 5 7
0 .4 5 9
0 .4 0 4
0 .4 3 0
0 .3 5 6
0 .3 9 7
0.341
0 .4 1 6
0 .3 7 7
0.341
0.351
0 .3 6 0
0.361
0 .3 6 2
0.3 6 7
0.381
0.3 8 2
0 .3 8 5
0 .4 0 0
0.411
0 .4 5 3
0 .4 8 5
0 .3 8 7 ± 0.04

*

*
*
*
*

3.1.2 Factors influencing skull morphology
There is a substantial amount of variation in the number and shape of individual
bones that make up the vertebrate skull within the tetrapod clade. T his variation is
frequently assessed for compiling phylogenetic hypotheses and forming taxonomic
diagnoses. However one of the primary reasons for different cranial morphologies is
functional adaptation with respect to:
Feeding (De Vree and Gans, 1989): acquisition, immobilization, reduction
(processing), transport, swallowing.
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Hence, the skull is highly integrated (Dullemeijer, 1956, 1959, 1961; Moss and
Young, 1960; Gans, 1973) (Fig. 3.3). Nevertheless it is clear that of the factors
influencing the evolution o f skull shape, feeding strategy is an extremely important one.
This influences variations in teeth, jaws, gross skull architecture for accommodating
muscles, and dealing with the stresses of feeding. It could be argued that feeding is the
main cause o f gross variation in the skull and that all other factors mediate around it,
varying to a lesser degree. The brain and sense organs and their capsules are also
important. However, features vary between taxa and at different taxonomic levels, for
example at the generic level where feeding strategies can often be very similar, a larger
portion o f variation can be attributed to reproduction (e.g. crests in hadrosaurs, horns
and antlers in artiodactyls). If we had a complete, and reliable, phylogeny o f vertebrates
we could assess how different characters map out on the tree depending on their
purported function.

v

Fig. 3.3 - Integration of the skull in the rattlesnake Crotalus atrox. Boxes with shadows
contain functions, rectangles contain morphological elements, and arrows indicate
relationships pointing in the direction of the influential element. Lower case = characters
that are influenced, upper case = type of influence, f = functional, m = mechanical, p =
position(al), pr= presence, r = relation between form and function, s = structure(al). Taken
from Dullemeijer (1961).

Hylander and Johnson (2002) assert that the functional case has been argued too
strongly and that many osteological aspects of the skull, at least in primates, may be
unrelated to functional morphology. Instead features such as brow ridges may be due to
development or may be secondary sexual characters.
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Although rhynchocephalian phylogeny remains largely unresolved, some trends
in skull evolution are apparent: presence or absence of the lower temporal bar; the
number of tooth rows on the palate; the degree of fusion of the skull roofing bones;
differences in jaw movement; the presence or absence o f bones; tooth complexity. All
o f these require consideration from an adaptive point of view depending on the
particular feeding strategy and life history. Again integration of all the factors involved
in feeding will produce conflicts and necessitate compromises and trade offs.

3.1.3

Methods for assessing skull function

There are several different approaches available for interpreting the functional
morphology o f the skull. Comparative anatomy, measurements, and computer
modelling are the main methods available to palaeontologists. The skulls of living taxa
can be assessed in a similar fashion but live individuals allow in vivo measurements to
be obtained (strain gauges, observation, cineradiography).
3.1.3a Comparative anatomy
Skulls are often compared in lateral view (Robinson, 1973; Evans, 1980;
Benton, 1985; Gauthier, et a l, 1988; Wu, 1994, 2003; Henderson 1998, 2002). This
shows which bones are present, their arrangement and the relative skull proportions.
3.1.3b Cinematography
High speed image capture has been used to examine feeding in salamanders
(Schwenk and Wake, 1993), chelonians (Bels et al., 1997), crocodiles (Cleuren and De
Vree, 1992, 1994), Sphenodon (Gomiak et a l , 1982), agamid lizards (Herrel and De
Vree, 1999; Herrel e ta l., 1995, 1996, 1997, 1999a) and also to examine kinesis in
gekkonid lizards (Delheusy and Bels, 1999; Herrel et a l , 1999a, 2000). So far observed
kinetic movements have been small although most studies have been carried out on
larger taxa and adults. It is extremely difficult to correlate cranial kinesis with any
particular feeding strategy (Gomiak et a l, 1982; Schwenk, 2000; Metzger, 2002).
3.1.3c Strain eauees
Strain gauges can be used to measure the strain experienced by hard tissues in
vivo (Swartz, 1991). The results can be used to assess the performance of the tissues
themselves and test prediction made regarding how stress is distributed within the hard
tissue. The gauges have been used to measure forces acting on the skull of Varanus
(Smith and Hylander, 1985) and extensively in mammals: cats (Buckland-Wright,
1978), miniature pigs (Rafferty and Herring 1999; Herring and Teng, 2000), sheep
(Thomason et a l, 2001), opossums (Crompton, 1995), galagos, macaques and owl
monkeys (Ross and Hylander 1996, 2000).
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The work on mammals has demonstrated that the situation is highly
complicated. Some expectations of beam theory are observed (Taylor, 1992; Russell
and Thomason, 1993; Rayfield, 2004, 2005a; Metzger et a l , 2005), such as the whole
skull being universally affected as a unit by biting forces. However, local effects from
muscles can be considerable, suggesting skull sutures do separate the skull into
independent units (e.g. Thomason et al., 2001; Rayfield, 2005b; Metzger et al., 2005).
Stresses and strains experienced during the feeding cycle vary significantly depending
on the side of the jaw being used primarily (Rafferty and Herring, 1999; Herring and
Teng, 2000; Thomason et a l , 2001). It might be assumed that the latter is less relevant
to small rhynchocephalians, but biting asymmetry does occur in lizards (Schwenk 2000:
224 contra Stayton, 2006) and also Sphenodon (Gomiak et al., 1982).
The disadvantage of strain gauge analysis is that the behaviour of animals may
be effected by the stress of surgical procedures (see Sinsch 1992, Oldham and Swan
1993, Madison, 1997). Also only a limited number of strain gauges can be used,
attachment is restricted to the outer surface of the bone, and attachment is limited to
relatively flat surfaces. The result are a valuable but limited picture of stress and strain
distributions.
3.1.3d Computed Tomography
Computed tomography provides a important tool for studying anatomical
specimens. It involves rotating an x-ray source and an array of detectors in many
directions around the anatomical specimen that measure attenuation with a fan beam
(Spoor etal., 2000: 63, fig 2). Data is recovered as a series of greyscale digital crosssectional images. Areas of white represent the highest density while black represents
low density. The orientation of the specimen determines the plane in which the data,
serial slices, are recovered (Spoor et a l , 2000; Ketcham and Carlson, 2001).
The technique has become widely used for assessing anatomy in extant animals
but also fossil specimens (e.g. Spoor et a l , 2000; Evans, 2003b; Clifford and Witmer,
2004; Keamery et al., 2005). It allows detailed internal features to be observed non
destructive^ in a detailed 3-dimensional way. Further advantages for palaeontology
include reconstructing damaged but symmetrical features by ‘complementing’, and the
production o f ‘composites’ from different specimens. Laganbach et a l (2002) used
osteological data from CT scans combined with soft tissue data from Magnetic
Resonance (MR) to construct a three dimensional model of pig mastication.
Comparisons with in vivo data suggest that such a model is worthwhile. Similarly,
reconstructions based on CT scans can be imported into software to create Finite
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Element models (see below).
As computers continue to improve and the costs of software and CT scanners
reduces, this approach will increase in popularity. Nevertheless the Digimorph website
(http://www.digimorph.org/) compiled by Timothy Rowe and colleagues in Austin,
Texas, already provides a considerable archive o f scanned vertebrate skulls.
3.1.3e Morphometric analyses
This essentially involves quantifying differences between samples by taking
measurements. The results are interpreted in relation to beam theory and lever
mechanics (e.g. Herrel et al., 2001a; Metzger and Herrel, 2005). Geometric
morphometries is increasingly being used (Stayton, 2003, 2005, 2006; Claude et al.,
2004), and allows quantification of shape change independent of size (O'Higgins, 1989,
2000; Dryden and Mardia, 1997; Zeildich et al., 2004) by plotting a series of
consistently defined landmarks. Computer programmes are used to break down the total
shape variation into its Principle Components. Relative differences between samples
can be illustrated using thin plate spline warp diagrams (O'Higgins, 1989, 2000) and the
results can reveal macroevolutionary processes in relation to morphospace and
evolutionary divergence. It can also suggest aspects of anatomy that may be linked,
either developmentally or functionally.
3.1.3f Finite Element Analysis 1FEA1
Forces acting on the skull during feeding mainly derive from the tooth row and
muscle attachment sites although substantial forces can also be induced, for example,
from horn cores in deer and sheep during competition for mates and territory. These
forces will be distributed differently depending on the shape o f the skull. However,
because the shape o f a skull is often complex, interpretation using the principles of
beam theory is problematic. Finite Element Analysis provides a method o f predicting
how stresses and strains become distributed within complex shapes.
Finite Element Analysis requires a computer model o f the study object to be
created. This may be generated by building “abstract geometrical representations”
(Jenkins et al., 2002) or digitized from a computed tomography data (e.g. Rayfield et
al., 2001; Rayfield, 2005ab; Richmond et al., 2005). The computer model itself, which
can be 2D (e.g. Rayfield, 2004, 2005a) or 3D (Rayfield et al., 2001, 2005b; Richmond
et al., 2005; Metzger et al., 2005), is subsequently divided into a finite number of
simpler shapes (e.g. triangles, cubes, tetrahedrons) termed elements, that are usually o f a
similar size to one another. This process may be referred to as meshing (Richmond et
al., 2005). Material properties are then chosen for the elements and this will determine
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how the model as a whole will behave in response to applied stress. Elastic modulus
(Young’s modulus, E) determines how stiff the material is and Poisson’s ratio (v)
determines the degree to which the material will expand laterally if compressed
vertically. When models represent skulls, the material properties are usually estimated
from values obtained from fresh bone. Although bone is known to be heterogenous (e.g.
McGowan, 1999), and each element can be given its own material properties, usually all
elements are given the same general values. This reduces the complexity o f the
assumptions underlying the model and allows the eventual analysis to be interpreted
more readily. Once a model is finished it is anchored in the computer space with
“boundary conditions” and loadings are applied. The resulting distributions of tension,
compression and stress are illustrated and can be measured quantitatively element by
element. This can be used to interpret the relative ability o f modelled structures and
parts o f such structures to resist the loading applied.
Finite Element Analysis has been criticised for the assumptions made in the
choice o f material properties used to reflect the mechanical properties o f biological
tissues (Hylander and Johnson, 2002). Nevertheless, the number of studies is increasing
and the techniques are becoming more sophisticated (e.g. Rayfield et al., 2001; Jenkins
et al., 2002; Rayfield, 2004, 2005ab; Metzger et al., 2005; Richmond et al., 2005;
Sadleir and Chapman, 2005).
3.1.3g Surface morphology of bone
The surface of bone can be examined in detail using Scanning Electron
Microscopy to provide valuable information regarding local bone metabolism,
resorption and deposition (Bromage, 1987; Boyde and Jones, 1996; Marks et al., 1996).
However it is difficult to draw conclusions from observations of the outer surface of
bone without knowing what is occurring on the inner surface. Remodelling has not yet
been directly recorded in diapsids but it is expected to occur nonetheless.
3.1.3h Relative orbit size
Forces are thought to concentrate around the orbits (e.g. Thompson, 1995;
Busbey, 1995; but see Hylander and Johnson, 2002). This has been examined in
Palaeozoic tetrapods (Bolt, 1974: 443) and in theropod dinosaurs (Henderson, 2002).
Smaller orbits are thought to result from increased bone deposition in skulls
experiencing increased mechanical force. However, it must be remembered that orbit
size is related to both ontogeny and allometry (Carr, 1999: 516). Nevertheless metric
measurements o f the orbits and their location in the skull may produce interesting and
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useful results. Stayton (2006) claimed that enlarged orbits were associated with
increased bite force.
3.1.3i Joints and sutures
Joint morphology has been examined to assess the growth and functional
morphology o f the skull in a range o f other taxa, including fish (Markey et a l, 2005),
amphisbaenians (Gans, 1960, 1973), crocodiles (Iordansky, 1973;Busbey, 1995;
Monteiro and Lessa, 2000), pigs and peccaries (Herring, 1972, 1974; Herring and
Mucci, 1991; Rafferty and Herring, 1999; Herring et a l, 2001; Raffery et a l, 2003; Sun
et a l, 2004), goats (Jaslow, 1989, 1990; Jaslow and Biewner, 1995), rabbits (Nanda and
Kokich, 1985; Mao, 2002, 2003), rodents (Moss 1954, 1957, 1961; Byron et a l, 2004),
non-human primates (Beherents et a l, 1978; Nanda and Hickory, 1984) and humans
(Anton et a l, 1992; White, 1996). Joints have also been considered in a growing
number o f fossil taxa: in particular Palaeozoic tetrapods (Bolt, 1974; Bolt and
Wassersug, 1975; Klembara, 1994; Kathe, 1995, 1999; Thompson 1995; Clack, 2002;
Klembara et a l, 2002) but also omithopod dinosaurs (Weishampel, 1984), theropod
dinosaurs (Henderson, 1998; Currie et a l 2003; Hurum and Sabath, 2003; Rayfield,
2004, 2005b), plesiosaurs (Taylor, 1992) and non-mammalian synapsids (Kemp, 1972;
Jenkins et a l , 2002).
The fenestrated nature o f the rhynchocephalian skull suggests that sutures
between different bones may be highly varied in their morphology. The variation in
skull shape exhibited between different rhynchocephalians implies that the morphology
o f specific sutures also varies greatly. The joints of some fossil rhynchocephalians have
been described to an extent (Evans, 1980; Fraser, 1982, 1988; Whiteside, 1986) but
have not been systematically compared. Furthermore no detailed survey has previously
been made o f the cranial joints in Sphenodon.
Assessment o f suture morphology may provide an ethical alternative to invasive
techniques such as strain gauge use (e.g. Smith and Hylander, 1985; Hylander and
Johnson, 2002).

3.2 ILLUSTRATION OF SKULL PROPORTIONS
USING A TERNARY PLOT
The skull can be divided into three segments by length: the preorbital segment,
the orbital segment and the postorbital segment (e.g. Gould, 1967; Busbey, 1995;
Marugan-Lobon and Buscalioni, 2003). The orbital segment (roughly equivalent to orbit
length) is usually considered to be related to skull size, but it may also provide a very
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general indication of how important the visual senses are (e.g. Evans, 1980; Hall, 2004,
2005) or how robust the skull is (Henderson, 2002). The two remaining segments
provide some indication o f feeding strategy. Animals with a larger preorbital segment
possess a large outlever suitable for rapid jaw closure and effective prey capture
whereas taxa with a short preorbital segment have a short outlever permitting a strong
bite (Taylor, 1987; 1992; King, 1996; Henderson, 1998; Stayton, 2005; Metzger and
Herrel, 2005). Length o f the preorbital segment also relates to gape so that animals with
longer preorbital segments have larger gapes (Taylor, 1987; 1992). The length of the
postorbital segment (temporal region) can be used as a crude proxy for adductor muscle
mass and thus bite force (Herrel et al., 200led; Metzger and Herrel, 2005).
As discussed in the introduction, aspects of skull proportion in Rhynchocephalia
have already been discussed to some extent (e.g. Robinson, 1973; Whiteside, 1986; Wu,
1994; Sues, et al., 1994). Robinson (1973) and Whiteside (1986) both identified a
general trend o f increased postorbital segment length. Wu (2003) compared a greater
number o f taxa but was more interested in the plesiomorphic condition of relatively
large pterygoid muscles. Wu (1994) and Sues et al., (1994) both noted the abbreviated
snout o f derived taxa (particularly clevosaurs) compared to basal members. Differences
in skull proportions have also been used as phylogenetic characters within cladistic
analyses (Wu, 1994; Sues et al., 1994; Reynoso, 1996).
As Reynoso and Clark (1998: 336) point out, ontogenetic changes in the cranial
morphology o f Sphenodon are inadequately known. Descriptions of hatchlings and
adults do suggest a relative increase in length of the preorbital and postorbital segments
at the expense o f the orbital segment (Howes and Swinnerton, 1901; Rieppel, 1992;
Reynoso and Clark, 1998). Morphological variation that related to size (and
presumably age) has been observed in the cranial bones of Gephyrosaurus,
Diphydontosaurus, Planocephalosaurus, and Clevosaurus (Evans, 1980; Fraser, 1982,
1988; Whiteside, 1986). However, skull reconstructions have not been attempted.
Here skull proportions in a sample o f Rhynchocephalia are examined along
with selected outgroups.

3.2.1 Material and method
Ternary diagrams have previously been used to compare both limb proportions
(Gatesy and Middleton, 1997; Joyce and Gauthier, 2003; Wang et al., in press) and
skull proportions (Marugan-Lobon and Buscalioni, 2003). They provide a means of
simultaneously comparing the contribution and interrelationships of three segments to a
whole. The triangular plot is also effective in illustrating both the occupied and potential
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morphospace. Because knowledge o f only the boundaries o f each segment is required
(effectively 4 landmarks), the method can be applied easily across a broad range of
groups. Also, in contrast to segmented histograms (e.g. Savage, 1977), a large number
o f data points enhances comparison rather than hinders it (Gatesy and Middleton, 1997).
This allows identification and assessment of large scale patterns and trends.
Photos and reconstructions of skulls in lateral view were aligned using a
baseline drawn along the long axis o f the maxilla parallel to the tooth row, as in
Henderson (2002: 768). Each skull was divided into three segments using four
boundaries drawn perpendicular to this baseline (Fig. 3.4). The three segments are
defined thus:
1. Preorbital segment - Anterior tip of the rostrum to the anterior border o f the
orbit.
2. Orbit segment - Anterior border o f the orbit to the posterior border o f the orbit.
3. Postorbital segment - Posterior border of the orbit to the posterior edge o f the
jaw joint.
The segments were measured, divided by skull length (equivalent to the total of all three
segments), and multiplied by 100. This provides three percentage values for each skull.
These three percentages were used in combination to plot a point along three axes that
are each separated by 120° so that each skull is represented by a single data point
(Gatesy and Middleton, 1997; Joyce and Gauthier, 2003; Marugan-Lobon and
Buscalioni, 2003; Wang et al., in press).
With the segments defined as above in rhynchocephalian taxa, the preorbital
section includes the premaxillae, nasals, vomers, and septomaxillae along with anterior
portions o f the palatines, prefrontals, pterygoids, maxillae, frontal(s) and, if present, the
lacrimals. The orbital section is bounded dorsally by parts of the prefrontals,
postfrontals, frontal(s) and parietal(s) and ventrally by parts of the maxillae, pterygoids,
palatines, prefrontals, jugals, postorbitals and ectopterygoids. The postorbital section
includes the squamosals, quadrates, quadratojugals, epipterygoids, and if present the
supratemporal in addition to the posterior parts of the jugals, postorbitals,
ectopterygoids and parietal(s).
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