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Hard tissue anatomy of the cranial joints in Sphenodon
(Rhynchocephalia): sutures, kinesis, and skull mechanics
Marc E.H. Jones, Neil Curtis, Michael J. Fagan,
Paul O’Higgins, and Susan E. Evans
ABSTRACT
The anatomy of the extant lepidosaur Sphenodon (New Zealand tuatara) has
been extensively examined by palaeontologists and comparative anatomists because
of its phylogenetic status as the only living member of the Rhynchocephalia. It is also
of interest because of its sophisticated feeding apparatus and a prooral (anteriorly
directed) mode of shearing used to rip food apart. However, despite several detailed
descriptions of the skull, the three-dimensional relationship between individual bones
of the skull has generally been ignored. Here we provide the first joint by joint description of the hard tissue anatomy for almost every cranial suture in the skull of Sphenodon. This survey shows that most joints involve either abutments (e.g., along the
midline) or extensive overlaps (e.g., more peripheral areas) but there are others that
are heavily interlocked (e.g., postorbital-postfrontal) or involve a notable amount of soft
tissue (e.g., vomer-premaxilla). There is variation in facet surface texture (e.g., smooth,
ridged, pitted) but extensive interdigitation is uncommon and generally restricted to one
plane. The joints do not appear suited to promote the marked intracranial movement
reported in lizards such as geckos. However, it is possible that the base of the premaxillae would have been able to pivot slightly when loaded or impacted by the lower jaw
during shearing. The extensive overlapping joints probably serve to maximise the surface area available for soft tissues that can dissipate and redistribute stress while
maintaining the rigidity of the skull. These joints are larger in adults which bite more
forcefully and may feed on harder prey.
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INTRODUCTION
The tuatara, or Sphenodon Gray, 1831
(Günther 1867), is a reptile of about 300 mm snout
to vent length (SVL) found on islands off the coast
of New Zealand (Daugherty et al. 1990; Cree et al.
1995; Gaze 2001; Parkinson 2002; MacAvoy et al.
2007). For a long time many aspects of its anatomy
were thought to represent the ancestral diapsid or
even amniote condition (e.g., Cope 1896; Byerly
1925; von Wettstein 1931; Romer 1956; Sharell
1966), and it was therefore of great interest to comparative anatomists. This perception of Sphenodon
led to many anatomical studies including those on
the skeleton, muscles, major organs and vascular
system (reviews include von Wettstein 1931, 1932,
1937; Robb 1977; Dawbin 1982). More recent
research has shown that many features previously
considered to be “primitive” or plesiomorphic, such
as the complete lower temporal bar, absence of an
external ear, and reduced copulatory organ, are
more parsimoniously interpreted as derived or secondary (Gans 1983; Whiteside 1986; Thompson
and Daugherty 1992; Evans 2003; Böhme and
Ziegler 2008; Jones et al. 2009). Nevertheless, the
phylogenetic position of Sphenodon as the only living member of Rhynchocephalia (Jones 2008), and
therefore the only living sister taxon to Squamata
(Rest et al. 2003; Evans 2003; Evans and Jones
2010), has meant that interest in Sphenodon anatomy remains high (e.g., Schwenk 1986, 2000;
Rieppel 1992; Schmid et al. 1992; Witmer 1995;
Reynoso 1996, 2003; Herrel et al. 1998, 2007;
Reynoso and Clark 1998; Reiner and Northcutt
2000; Evans et al. 2001, 2002; Alibardi and Maderson 2003; Seligmann et al. 2003, 2008; MeyerRochow et al. 2005; Alibardi and Gill 2007; Holliday
and Witmer 2007, 2008; Jones 2008, 2009; Evans
2008; Jones et al. 2009; Kieser et al. 2009; Johnston 2010). However, despite several descriptions
of the skull (e.g., Günther 1867; Siebenrock 1893,
1894; Romer 1956; Rieppel 1992; Evans 2008;
Jones et al. 2009), the cranial joints have been
largely overlooked.

to refer solely to the soft tissue component of a
joint (e.g., Pritchard 1956; Moss and Young 1960;
Bolt 1974; Mao 2002) or more generally to the joint
as a whole including the edges of bone that are
involved (e.g., Jaslow 1990; Cohen 2000). The
exact histological structure of cranial joints may
vary with age and location (Kokich 1976; Wagemans et al. 1988; Cohen 2000) but, in mammals at
least, they are generally considered to comprise
either three or five different tissue layers (Pritchard
1956; Hinton 1988; Cohen 2000; Rafferty and Herring 1999; Herring and Teng 2000). Each facial
bone is surrounded by a layer of periosteum (an
inner cambial layer and an outer capsular layer),
and between the bones is a central vascular “middle space” spanned by collagen fibres (Figure 1;
for abbreviations in figures see Appendix 1) (Pritchard 1956). For cranial vault bones however the
capsular layer and middle space are essentially
absent. Instead the periosteum and dura converge
into a central “ectomeninx” (Rafferty and Herring
1999). The fibrocellular nature of cranial joints has
prompted comparisons to the periodontal ligament
that surrounds the tooth roots in mammals (e.g.,
Nanda and Hickory 1984; Herring 2000).
Here, ‘facet’ refers to the articulating surfaces
of individual bones (following e.g., Evans 1980),

Cranial Joint Structure
The skull is made up of bones that are united
by fibrocellular joints at sutures (Pritchard 1956;
Kokich 1976; Persson et al. 1978; Cohen 2000;
Herring 2008). The term “suture” itself may be used
2

FIGURE 1. Suture histology. 1. facial suture. 2. cranial
suture. Redrawn from Pritchard (1956) and Cohen
(2000).
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FIGURE 2. Types of planar joints. 1. butt joint. 2. joint
with Type-A interdigitations. 3. stepped joint. 4. joint
with Type-B interdigitations. 5. scarf joint. 6. joint with
Type-C interdigitations. 7. horizonal or transverse slot
joint. 8. lap joint (Weishampel 1984). 9. raised scarf
joint. 10. recessed scarf joint (‘basal shelf’ of Kathe
1995). 11. vertical slot joint. 12. asymmetrical horizontal
slot joint with a tab and pocket. 13. scarfed tongue in
groove. 14. stepped tongue in groove joint. 15. bird’s
mouth joint. 16. bear’s mouth joint. Unbroken line represents external seam whereas dashed line represents
portions of internal interface.

‘seam’ refers to the boundary between the bones in
articulation (following Kathe 1995, 1999), and
‘interface’ is used to refer to the articulation in
cross-section.
Cranial joints can exhibit a variety of different
constructions, and three main categories are recognised: butt joints, scarf joints and interdigitated
joints. Butt joints (Figure 2.1), where bones meet at
a flat wall perpendicular, or near perpendicular, to
the outer surface of the bones (Moss 1957; Bolt
and Wassersug 1975; Weishampel 1984; Busbey
1995) are also sometimes termed vertical wall in
Kathe (1995), flat in Bolt and Wassersug (1975),
end-to-end in Moss (1957) and Wagemans et al.
(1988). Scarf joints (Figure 2.5) involve a partial
overlap between two bones (Weishampel 1984;
Busbey 1995) and may also be referred to as bevelled (Moss 1957; Kathe 1995, 1999), overlapping
(Moss 1957), shelved (Kathe 1995, 1999) or
squamous (Moss 1957; Bolt and Wassersug
1975). Interdigitated joints (Figures 2.2, 2.4 and
2.6) occur where processes from neighbouring
bones interfinger and the externally visible seam
may be complex and meandering (serrate in
Weishampel 1984).
These three categories are relatively easy to
define, but difficult to apply without grouping
together very differently shaped joints (Kathe 1995,
p. 257; Clack 2002). This problem is particularly
true of overlapping and interdigitated joints. Variation in the degree and type of facet texture (e.g.,
gutters and striations or more conspicuous ridges,
grooves and fluting) blur the boundaries between
these three different joint categories. Moreover,
bones do not always overlap in a simple slope-like
fashion (Figure 2.5), the interface may be a
stepped joint (Figure 2.10) or the overlapping bone
may extend a tongue into an evenly recessed
groove on the other bone (Figure 2.13-14). Kathe
(1995) recognised the problem of using only three
categories and expanded their number, for example dividing scarf joints into ‘shelf’, ‘basal shelf’ and
‘steep bevel’ joints. He referred to the sloping facets of scarf joints as ‘shelves’, but the term ‘shelf’ is
here considered more useful for describing rectangular planar projections of bone. Therefore,
‘recessed scarf’ is used here instead (Figure 2.10,
‘butt-lap’ of Daza et al. 2008). A further overlapping
joint type, referred to as a ‘lap joint’ by Weishampel
(1984), occurs where the facets are not inset (Figure 2.8).
Interdigitated joints also show a variety of
forms depending on the number and shape of
interdigitations, their depth from the cranial surface
3
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FIGURE 3. Graph depicting waveforms of different
amplitudes and frequency.

and their orientation. Problematically, the latter
characteristic is not always clearly described. Here
interdigitated joints are divided into three main categories:
• Type-A (Figure 2.2): several horizontal
slots and shelves with facet surfaces generally parallel to the outer surface of the
bone.
• Type-B (Figure 2.4): several vertical slots
and projections with facets generally perpendicular to the outer surface of the bone.
• Type-C (Figure 2.6): spine-like projections
overlapping in three planes, essentially a
combination of Type A and Type B.
Type-A may be thought of as an exaggerated
form of a slot contact (Figure 2.7). Similarly, TypeC interdigitations were described as “hypertrophied
plug contacts” by Clack (2002). Some joints may
contain radially distributed shelves of bone, for
example the interfrontal or interparietal joint of
some turtles (e.g., Kesteven 1910; MEHJ, pers.
obs.), and involve a transition from Type-A to TypeB interdigitation within the same joint. Only Type-B
and Type-C necessarily exhibit interdigitated external seams, and descriptions can be made more
specific by reference to wavelength and amplitude
(e.g., Figure 3; Henderson 1998; Clack 2002; Rayfield 2005a). Herring (1972, p. 224) used four ordinal categories to differentiate between seams of
different complexity.
Previous Work on Cranial Joints
Joint morphology has been examined to
assess the growth and functional morphology of
the skull in a range of tetrapod taxa. To varying
degrees this includes fish (e.g., Markey et al. 2005,
2006; Markey and Marshall 2007a), ‘lizards’ (e.g.,
4

Frazzetta 1968; Impey 1973; Bell et al. 2003;
Evans 2008; Daza et al. 2008; Moazen et al. 2009;
Payne et al. 2011), amphisbaenians (e.g., Gans
1960, 1974), snakes (e.g., Rieppel 1978), turtles
(e.g., Kesteven 1910; Wegner 1959; Gaffney
1979), crocodiles (e.g., Iordansky 1973; Busbey
1995; Cong et al. 1998; Montero and Lessa 2000),
birds (e.g., Bock 1964; Cracraft 1968), cats (e.g.,
Buckland-Wright 1972; Segura and Flores 2009),
pigs and peccaries (e.g., Herring 1972, 1974; Herring and Mucci 1991; Rafferty and Herring 1999;
Herring and Teng 2000; Herring et al. 2001; Raffery
et al. 2003; Sun et al. 2004), goats (e.g., Jaslow
1989, 1990; Jaslow and Biewner 1995; Farke
2008), deer (Nicolay and Vaders 2006; Slater et al.
2009; Sánchez-Villagra 2010), rabbits (e.g., Persson et al. 1978, 1979; Oudhof and Markens 1982;
Nash and Kokich 1985; Bramble 1989; Burrows et
al. 1997; Mao 2002; Mao et al. 2003; Radhakrishnan and Mao 2004; Sarnat 2008), rodents (e.g.,
Moss 1954, 1957, 1961; Miyawaki and Forbes
1987; Gardner and Anderson 2001; McLaughlin et
al. 2000; Byron et al. 2004, 2008; Shibazaki et al.
2007; Wilson and Sánchez-Villagra 2009), nonhuman primates (e.g., Beherents et al. 1978;
Nanda and Hickory 1984; Wang et al. 2006) and
humans (e.g., Kokich 1976; Persson and Thilander
1977; Persson et al. 1978; Anton et al. 1992; White
1996; Margulies and Thibault 2000; Sherick et al.
2000; Morriss-Kay and Wilkie 2005; Mann et al.
2009). Joints have also been considered in a growing number of fossil taxa, particularly Palaeozoic
tetrapods (e.g., Bolt 1974; Bolt and Wassersug
1975; Klembara 1994; Kathe 1995, 1999; Thompson 1995; Clack 2002; Klembara et al. 2002; Markey and Marshall 2007b) but also ornithopod
dinosaurs (e.g., Weishampel 1984; Norman and
Weishampel 1985; Rybczynski et al. 2008), theropod dinosaurs (e.g., Henderson 1998; Currie et al.
2003; Hurum and Sabath 2003; Rayfield 2004,
2005b), mosasaurs (e.g., Baur 1892; Callison
1967), plesiosaurs (e.g., Taylor 1992; Taylor and
Cruickshank 1993), choristoderes (Evans and
Klembara 2005) and non-mammalian synapsids
(e.g., Kemp 1972; Jenkins et al. 2002; Jasinoski et
al. 2010a, 2010b).
Complete surveys of all the cranial joints in
the skull are rare but examples include those carried out on modern pigs (Herring 1972), crocodiles
(Iordansky 1973), ornithopod dinosaurs (Weishampel 1984) and a range of early tetrapods (e.g., Bolt
and Wassersug 1975; Kathe 1999; Klembara
1994; Clack 2002). Otherwise examinations tend to
be more localised focused on one region of the
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skull in one taxon, such as the roofing bones (e.g.,
Sun et al. 2004; Markey and Marshall 2007a),
nasal-frontal (e.g., Rieppel 1978), frontal-zygomatic (jugal) (e.g., Kokich 1976) or zygomatic(jugal)-maxilla (e.g., Nanda and Hickory
1984). For recent reviews of cranial joints see Herring (2000, 2008), Cohen (2000), Alaqeel et al.
(2006) and Depew et al. (2008)

2003) because the small movements they
allow between bones may help to dissipate
stress from the bones themselves. This role
would be analogous to the expansion joints
inserted between the concrete sections of
buildings (McCormack 2006).
3.

As discussed above, cranial joints can vary
dramatically in shape both within a single
taxon and between the skulls of different taxa
with no obvious link to different growth
regimes (e.g., Kathe 1995). The size and
shape of cranial joints determines the amount
of surface area available for soft tissue attachment (e.g., Gans 1960; Herring 1972; Jenkins
et al. 2002). Therefore, more complex joints
should be able to deal with greater stress
(Buckland-Wright 1972). Scarf joints provide
more surface area than butt joints but not as
much as interdigitated joints (Herring 1972;
Jaslow 1990). More complex joints also offer
the potential for greater variation in orientation
of the collagen fibres (Gans 1960; Herring
1972; Kemp 1972; Jaslow 1990). Hence,
interdigitated joints allow fibres to be arranged
obliquely so as to resist compression (Herring
1972).

4.

Highly complex sutures are often found in
locations where high stress might be
expected, for example, in the rostra of squamates and mammals that use their head as a
digging tool (e.g., Gans 1960, 1974; Herring
1972; Montero and Gans, 1999; Kearney et
al. 2005; Daza et al. 2008), and around the
horn cones of mammals that clash their heads
during the rut (e.g., Jaslow 1989, 1990;
Jaslow and Biewener 1995; Nicolay and Vaders 2006). Similarly, locations of high stress
found in Finite Element Models of dinosaur
skulls correspond to the position of complex
or sliding joints (Rayfield 2004, 2005a).

5.

Experiments on rats have shown that one
month after surgery, neonates with both temporal muscles removed possess sagittal joints
of relatively low complexity compared to control rats of similar age (Moss 1961). Also,
myostatin-deficient mice that have hypertrophied temporal muscles and enhanced bite
force compared to wild type mice also possess a sagittal joint seam of greater complexity and/or demonstrate greater squamosalparietal overlap (Byron et al. 2004, 2008).

6.

In vivo work on miniature pigs (Herring and
Mucci 1991; Rafferty and Herring 1999; Her-

Cranial Joint Function
Cranial joints are sites of bone growth (e.g.,
Oudhof 1982; Koskinen et al. 1975; Persson 1995;
Cohen 2000; Opperman 2000; Morriss-Kay 2001;
Mao 2002; Sun et al. 2004; Sarnat 2008). They are
particularly important in humans that demonstrate
a dramatic postnatal increase in brain volume, and
premature closure of cranial joints can lead to
abnormal growth and conditions such as craniosynostosis (e.g., Cohen and Kreiborg 1998; Morriss-Kay and Wilkie 2005; Adamo and Pollack
2009; David et al. 2009). Nevertheless, growth of
skull bones also occurs through internal and external surface remodelling (Brash 1934; Enlow 1990)
and surgical removal of cranial sutures in rabbits
does not universally lead to an absence or even
reduction of skull growth (Persson et al. 1979; Sarnat 2008).
As well as being fundamental to growth,
increasing evidence suggests that cranial joints
also play an important role in skull mechanics (e.g.,
Gans 1960; Buckland-Wright 1972; Herring 1972;
Jaslow 1990; Herring and Mucci 1991; Rafferty et
al. 2003; Byron et al. 2004, 2008; Markey et al.
2006; Moazen et al. 2009), a hypothesis supported
by several observations:
1.

In many taxa a number of cranial joints remain
open after adult size is attained (e.g., Moss
1961; Herring 1972).

2.

The fibrocellular nature of cranial joints means
that they have very different material properties to those of the surrounding bone (e.g.,
Buckland-Wright 1972; Jaslow 1990; Herring
2000; Margulies and Thibault 2000; Radhakrishnan and Mao 2004; Kupczik et al.
2007; Moazen et al. 2009; Jasinoski et al.
2010b). Correspondingly, they can respond
very differently to stress, experiencing much
higher levels of strain (e.g., Beherents et al.
1978; Jaslow and Biewener 1995; Rafferty
and Herring 1999; Herring and Teng 2000;
Thomason et al. 2001; Markey et al. 2006).
This observation has led to sutures being
described as “shock absorbers” (BucklandWright 1972) and “strain sinks” (Rafferty et al.,
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ring and Teng 2000; Rafferty et al. 2003) and
fish (Markey and Marshall 2007ab) suggests
that interdigitation is found at joints subject to
compression, whereas simpler abutting scarf
joints are associated with locations of tensile
or torsonal forces. Note that this differs somewhat from suggestions by other researchers
(e.g., Gans 1960; Bolt and Wasserug 1975;
Thomson 1995; Busbey 1995: 190) who considered butt contacts to be for compressive
forces, overlapping joints for torsion and shear
and interdigitated joints for tensile forces. Perhaps correspondingly, Massler and Schour
(1951) found that interdigitation may be the
result of growth under tension. Alternatively,
Taylor (1992) suggested that butt joints, scarf
joints and interdigitated joints represented a
continuum of increased ability to withstand
torsional forces. It is logical that an interdigitated joint can resist forces in a greater number of directions because of an increase in
potential fibre orientations.
7.

Histological examination shows that soft-tissue arrangements do appear to correspond
with both overall cranial joint shape and local
mechanical
conditions
(Buckland-Wright
1972; Rafferty and Herring 1999; Herring and
Teng, 2000; Sun et al. 2004). Therefore, buttlike joints incorporate connective tissues
aligned to resist tension and interdigitated
joints include soft tissues oriented obliquely to
resist compression. Thus, the soft tissue component of cranial joints does not compensate
for gross differences in skeletal anatomy.

8.

The composition and stiffness of the soft tissue component is also subject to variation
(e.g., Radhakrisham and Mao 2004) and, at
least in some cases, this appears related to
mechanical environment. Studies on rodents
demonstrated that a decrease in mechanical
loading led to a reduced secondary cartilage
content of sutures (Hinton 1988). Connective
tissue was also found to be more compliant in
interparietal sutures experiencing higher tensile stress (Byron et al. 2004) and in vitro
studies of rabbit cranial joints held in tension
demonstrated increased synthesis of Type III
collagen compared to control tissues (Meikle
et al. 1984).

9.

6

Finite element analysis of 3-D computer skull
models with a representation of cranial joints
suggests that these joints do alter local stress
regimes and dissipate stress in the skull
(Moazen et al. 2009).

Regardless of whether cranial joints play a
mechanical role in skull function there is considerable evidence that the morphological appearance
of cranial joints reflects their mechanical environment. For example, when sections of two different
cranial joints (from mammals, e.g., rodents, rabbits) are swapped surgically (reciprocal translocation) in live animals each alters in time to resemble
the original local joint morphology (e.g., Massler
and Schour 1951; Moss 1954, 1957; Watanabe et
al. 1957; Markens and Oudhof 1980; Oudhof 1982;
Oudhof and Markens 1982; Nash and Kokich
1985). Similarly, sutures have been shown to alter
or fuse in experimental animals and in explanted
tissue specimens when stress is artificially
increased or decreased (e.g., Moss 1961; Meikle
et al. 1979; Nanda and Hickory, 1984; Miyawaki
and Forbes 1987; Mao 2002, Mao et al. 2003; Heller et al. 2007). This adaptability of cranial joints
parallels the plastic response to mechanical stimuli
widely observed in bone itself (e.g., Moore 1965;
Hinrichsen and Storey 1968; Schumacher 1973;
Jones et al. 1977; Lanyon 1980; Corruccini and
Beecher 1982; Biewener and Bertram 1994; Judex
et al. 1997; Lieberman 1997; Hunt 1998; Burr et al.
2002; Boyde 2003; Frost 2003).
Cranial joints probably also contain mechanoreceptors that provide feedback important for modulating muscle activity (Paphangkorakit and
Osborn 1989), reducing the risk of damage to the
feeding apparatus that may occur when excessive
biting force is applied to hard food items. This
potential function may be particularly important in
Sphenodon which, unlike most mammals, does not
have teeth held within sockets by periodontal ligament (Kieser et al. 2009; Curtis et al. 2010a).
Cranial Joints and Kinesis in Sphenodon
In a seminal work of feeding in lepidosaurs
Schwenk (2000, p. 199) referred to cranial kinesis
as “any intracranial mobility of the skull.” However,
as relative movements will occur between all cranial bones, albeit sometimes being very small (e.g.,
Behrents et al. 1978; Buckland-Wright 1978;
Jaslow 1990; Raffery and Herring 1999; Herring
and Teng 2000), a qualitative distinction between
the presence or absence of cranial kinesis under
this definition is arbitrary. Rayfield (2005a) used
the terms “active” and “passive” kinesis to distinguish between movements that occur during jaw
loading and those generally larger movements
associated with jaw opening and muscle contraction (such as those found in geckos, Herrel [1999]).
Over the past hundred years different forms of
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TABLE 1. Types of kinesis defined in lepidosaurs. Based mainly on Schwenk (2000), Metzger (2002) and Evans
(2008).
Type of kinesis

Relevant joints potentially involved
or modified

Action

Metakinesis

Movement of the viscerocranium and
dermatocranium relative to the braincase.

pterygoid-basisphenoid,
parietal-supraoccipital,
squamosal-opisthotic,
epipterygoid-prootic,
epipterygoid-parietal

Streptostyly

Anteroposterior movements of the quadrate
relative to the rest of the skull.

quadrate-squamosal,
quadrate-pterygoid,
quadrate-supratemporal,
quadrate(quadratojugal)-jugal
quadrate-quadratojugal

Pleurokinesis

Mediolateral movements of the quadrate relative quadrate-squamosal,
to the rest of the skull.
quadrate-pterygoid,
quadrate-supratemporal,
quadrate(quadratojugal)-jugal
quadrate-quadratojugal

Mesokinesis

Dorsoventral flexion of the skull roof (probably not frontal-parietal,
possible without hypokinesis).
frontal-postfrontal,
postfrontal-postorbital,
frontal-postorbital,
and also other joints of the dermatocranium
such as the
ectopterygoid-pterygoid

Hypokinesis

Dorsoventral flexion of the palate (probably not
possibly without mesokinesis).

palatine-pterygoid suture,
ectopterygoid suture,

Amphikinesis

Mesokinesis and metakinesis.

As listed above for mesokinesis and
metakinesis

“active” kinesis present in lepidosaurs (or at least
squamates) have become defined (Table 1; Evans
2008). The role of these various movements
remains unclear but a number of possible advantages have been discussed including more effective prey acquistition, prey handling, prey transport,
muscle leverage, tongue protrusion, tooth alignment, shearing, skull flattening, tooth disengagement and shock absorption (e.g., Frazzeta 1962;
Impey 1967; Arnold 1998; Herrel 1999; Schwenk
2000; Metzger 2002; Evans 2003, 2008; Moazen
et al. 2009).
The skull of Sphenodon is generally considered incapable of “active kinesis” (e.g., Günther
1867; Versluys 1912; Haas 1973; Bellairs and
Kamal 1981; Gorniak et al. 1982; Schwenk 2000;
Metzger 2002; Evans 2008). This inference is
largely based on the appearance of external suture
seams or manipulation of articulated material (e.g.,
Ostrom 1962; Arnold 1998). Gorniak et al. (1982)
did not observe any obvious skull kinesis during
cineradiography of live animals feeding but admitted that the resolution was limited and none of the
footage has been published. It has been suggested

that limited metakinesis may be present in hatchling or juvenile Sphenodon (e.g., Howes and Swinnerton 1901; Edgeworth 1935; Ostrom 1962;
Arnold 1998). This hypothesis is based largely on
the presence of constrictor dorsalis muscles, which
run between the braincase and palate and are
associated with metakinesis in squamates (e.g.,
Ostrom 1962; Johnston 2010). Similarly, the presence of the protractor pterygoidei (part of the constrictor dorsalis) prompted Lakjer (1926) and
Anderson (1936) to suggest that flexion between
the front and back of the skull (akin to mesokinesis)
might be possible. An alternative explanation for
the presence of the constrictor dorsalis muscles is
that they fullfil a proprioceptive role (to provide sensory feedback) and/or to support the skull during
torsional strain (Evans 2008; Johnston 2010). Gardiner (1983, p. 50) referred to Sphenodon as possessing a “kinetic palate” but provided no
clarification as to whether he considered this kinesis equivalent to hypokinesis or metakinesis.
Despite the widespread interest in lepidosaur
cranial kinesis descriptions of internal joint structure in Sphenodon are few in number, are generally
7
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FIGURE 4. Disarticulated hatchling Sphenodon skull at stage S. 1. bones of the cranium (left side) in dorsal or lateral
view. 2. palatal bones (left side) shown in dorsal view. 3. left lower jaw bones shown mainly in lingual view although
the surangular may be shown in ventral view. Redrawn from Howes and Swinnerton (1901), surangular re-labelled as
the angular and articular re-labelled as the prearticular. Scale bar equals 5 mm.

brief and often concentrate on the basipterygoid
articulation (e.g., Howes and Swinnerton 1901;
Bolt 1974; Arnold 1998; Holliday and Witmer 2008;
Johnston 2010). Images are also limited, mainly
comprising isolated figures of facets or joint overlaps that are not discussed in the text, for example,
a disarticulated parietal and vomer in Siebenrock
(1894), a squamosal in Schauinsland (1903), a
dotted line representing the overlap between the
pterygoid and epipterygoid in Lakjer (1926), dentaries in Robb (1977, p. 14) and a photo of the
exposed ventral surfaces of the palatines in Sharrel (1966, p. 29). Information regarding the overlaps in hatchling Sphenodon are provided by the
“exploded” skull (Figure 4) and cross-sections figured by Howes and Swinnerton (1901, plate 6.1,
6.3) as well as the cleared-and-stained specimen
described by Rieppel (1992). Only recently have
Holliday and Witmer (2008) and Johnston (2010)
re-examined the basipterygoid articulation in any
detail using computed tomography (CT).
Objectives
Here we present the first systematic survey of
the cranial joints in Sphenodon with regard to the
osteological component (Jones 2006, 2007). It will
be used to assess the potential for skull kinesis
8

and, in conjunction with observations of general
skull structure, to generate hypotheses relating to
skull mechanics (e.g., Herring 1972; BucklandWright 1978; Taylor 1992). This study will facilitate
comparisons with fossil relatives of Sphenodon
that are often known only from isolated skeletal
material (e.g., Evans 1980; Fraser 1982; Whiteside
1986; Säilä 2005; Jones 2006) as well as providing
the basis for future computer modelling work (e.g.,
Moazen et al. 2009; Curtis et al. 2010 a, 2010b,
2010c).
MATERIAL AND METHOD
Skeletal material of Sphenodon from a number of collections was examined:
Angela Milner Personal Collection, NHM, UK
(AMPC); Auckland Museum, New Zealand (AIM);
University of Auckland, New Zealand (AUP); Booth
Museum of Natural History, Brighton, UK (BMB);
Grant Museum of Zoology, UCL, London, UK
(LDUCZ); Kings College London, Life Sciences,
London, UK (KCL); The Manchester Museum, University of Manchester, Manchester, UK (MANCH);
Natural History Museum, London, UK (BMNH);
Oxford Museum of Natural History, Oxford, UK
(OUMNH); David Gower Personal Collection,
NHM, UK (DGPC); University Museum of Zoology,
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TABLE 2. Sphenodon material primarily used.
Reference
number

Skull
Length
(mm)

Notes

AIM LH617

?

Disarticulated skull bones, Lady Alice Island, collected 1983.

AIM LH833

?

Disarticulated skull bones, Middle Island, Mercury Group, collected 1983.

BNMH.K

?

Partially disarticulated skull. Frontals, parietal and left postfrontal remain articulated.
Premaxillae, vomers, right maxilla and right nasal bones also remain articulated. Some
teeth removed from maxilla.

CM 30660

11.9

CT scan slices of a wet specimen head. With permission from L.K. Murray and C.J. Bell.

DGPC1

~62

Left half of a parasagitally sectioned skull now disarticulated. Partial midline bones
(premaxilla, nasal, frontal, vomer, palatine and parietal). On loan from Dr David Gower
(personal collection) given to him by Alick Walker with DGP2, Gower pers. comm. 2002.
Was photographed by Pamela L Robinson at some point.

DGPC2

~63

Skull with posterior parts of both postorbitals and parietals have been sectioned away.
Posterior end of left jugal also absent. Right and left squamosals absent. Previously
figured in Gower and Weber, 1998. Also on loan from Dr David Gower.

LDUCZ x036

67.7

Whole skull. Slight damage to left epipterygoid and pterygoid. Partial atlas and 1st
intercentrum attached to the basiocciptal.

LDUCZ x146

58.1

Skull with premaxillae held to vomers by wire. Dorsomedial part of both the left and right
squamosal and anterior process of right squamosal damged. Coronal break in left
pterygoid and left epipterygoid fractured.

LDUCZ x723

57.7

Whole skull but left upper temporal bar broken.

LDUCZ x343

55.8

Whole skull. Right squamosal damaged anteriorly and medially, ectopterygoids absent.
Left squamosal and quadrate loose. Dorsal tips of premaxillae displaced anteriorly and
posterior of maxillae displaced ventrally.

LDUCZ x1176

43.8

Whole skull, partially disarticulated. Previously referred to as “LDUCZ x804” in Evans et
al. 2001; Evans 2008; Jones 2008 and “UCL X.809” in Evans et al. 2002.

YPM 11420

~55

Photos and some limited first hand examination (was ‘YPM 939’).

YPM 11419

~60

Photos and some limited first hand examination (was ‘YPM 5436’).

YPM 9194

48.75

CT scan slices of a wet specimen head. With permission from L.K. Murray and C.J. Bell.

Cambridge, UK (UMZC); The Field Museum, Chicago, USA (FMNH); Museum of New Zealand Te
Papa Tongarewa, Wellington, New Zealand
(NMNZ); Yale Peabody Museum of Natural History,
New Haven, USA (YPM). The main specimens
used are listed in Table 2. Unfortunately, much of
this material lacks locality or sex data. Most specimens probably represent Sphenodon punctatus
Gray, 1831, rather than the rarer second species S.
guntheri Buller, 1877, but this is not always certain.
Moreover, the status of S. guntheri as a valid species has once again been recently questioned by
Hay et al. (2010).
A Sphenodon skull, DGPC1, was kindly provided by David Gower (NHM) from his personal
collection, with permission for it to be disarticulated. Prior to disarticulation this skull was drawn in
several views to illustrate the external appearance
of the cranial joints (e.g., Figures 5, 6). The skull

was cleaned in a solution of 5% tergazyme heated
to 50 ˚C, and individual joints were additionally
cleaned using acetone. Disarticulation was
achieved using 48 h submersion in pectinase (pig
gut enzyme) with the assistance of Wendy Birch
(UCL). The individual bones were rinsed thoroughly in running water for a week and left to dry in
air. The DGPC1 skull had already been sagittally
sectioned and therefore information on the midline
articulations was obtained from other specimens.
All drawings were made using a Wild stereomicroscope with camera lucida. Sand was used to
control and maintain orientation. In general, lighting
was directed on to the specimens from the top left
hand corner, although for some facets low angled
lighting was used to examine and draw particularly
subtle texture. As stated in some figure captions,
drawings were occasionally made in a view per-
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FIGURE 5. Sphenodon skull DGPC1 prior to disarticulation. 1. lateral, 2. dorsal, 3 ventral views. Skull length approximately 61 mm.

pendicular to the surface of a facet rather than of
the bone as a whole.
The sutures of adult Sphenodon were also
manually segmented in two specimens using data
from microCT. The first specimen, YPM 9194, was
10

segmented using VG Studio MAX (Volume Graphics GmbH, Heidelberg, Germany) under the supervision of Dr Jessie Maisano at the High-Resolution
X-ray Computed Tomography Facility, University of
Texas, Austin, USA. The second specimen,

PALAEO-ELECTRONICA.ORG

FIGURE 6. Sphenodon skull DGPC1 prior to disarticulation in anterior view. Skull length approximately 61 mm.

LDUCZ x036, was segmented at UCL using
AMIRA (Visualization Sciences Group, Burlington
MA, USA) after micro-CT scanning at the University of Hull, UK.
The descriptions are organised joint by joint
rather than bone by bone (following Herring [1972]
and Weishampel [1984]). Each joint is also categorised depending on its general location within
the skull (roughly following Weishampel [1984]).
Descriptions of each joint generally progress from
anterior to posterior and include location; basic
joint type e.g., butt, overlap, interdigitated; length
and shape of the seam; exact shape and orientation of facets; type and degree of overlap at the
joint; texture of the facets; tightness of fit (may
relate to the extent of soft tissue); and movements
that are prevented or permitted (without soft tissue).
Digital imaging software, ‘Adobe Photoshop
2.0’ (Adobe Systems, San Jose, California), was
used to combine drawings of bones with the

“ghosts” of overlying or underlying bones. Once all
the sutures had been assessed in detail, summary
diagrams were produced. These include outlines of
the skulls in lateral, ventral, dorsal, and occipital
view with the inferred areas of underlying bone
superimposed (e.g., Bolt and Wassersug 1975;
Busbey 1995; Clack 2002; Jenkins et al. 2002). In
addition, diagrammatic cross-sections were produced. A consistent colour code is used throughout
for each bone (Table 3).
A small problem requiring consideration is the
slight distortion of bone shape caused by dehydration (Tyler 1976, p. 6), particularly in long and thin
bones or processes. Together with loss of soft tissue this is probably why bones in articulated dry
skulls may separate slightly (e.g., maxillae in
LDUCZ x343). This distortion can make rearticulation difficult. The anterior superior process of the
squamosal in DGPC1, for example, has split, probably due to the loss of the organic component and
subsequent dehydration. Another factor inhibiting
11
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TABLE 3. Key to bone overlap and underlap diagrams
and also schematic cross-sections.

most individual bones are restricted to one unit but
those of the pterygoid and prefrontal are distributed
between three.
Rostral Joints
The rostral (or facial) joints include those
joints surrounding the anterior part of the skull. The
rostral unit is connected to the roofing unit by the
nasals and prefrontals and to the palatal unit by the
maxillae, prefrontals and vomers.
Interpremaxillary

accurate rearticulation is that in life soft tissue may
push individual bones against each other or pull
bones away from each other. In addition, small thin
processes are delicate and liable to breakage, e.g.,
the triangular tips of the anterodorsal processes of
the squamosal in DGPC1. Cleaning and disarticulation of the skull may also produce artificial surface texture. The full history of DGPC1 is unknown,
including how the bulk of the soft tissue was
removed and whether solvents were used to clean
the surface.
RESULTS
In Sphenodon there are as many as 113 cranial joints. Of these, 106 are paired and 7 are midline (interpremaxillary, internasal, interfrontal,
interparietal, intervomer, interpalatine and interpterygoid) (Figure 7, Table 4). This number does not
include the symphysial joint between the lower
jaws, joints between the braincase bones, and
paired jaw joints between the quadrate and articular. The joints of the skull are divided between
seven categories or units, depending on their location within the skull (Figure 7): rostral joints (20 in
all), palatal joints (21 to 25), roofing joints (16 plus),
temporal joints (14 plus, 2 mainly fused), metakinetic joints (14), intraoccipital joints and mandibular
joints (14 plus 4 fused). The latter two categories
will not be discussed in detail here. The joints of
12

In Sphenodon the premaxillae contact one
another along their longest axis. In external view
the dorsal portion of the joint has a seam that is
sagittally orientated and generally straight,
although a slight sigmoid kink is often visible (e.g.,
LDUCZ x036, LDUCZ x343, LDUCZ x723). This
sigmoid kink is particularly large in the juvenile
specimen LDUCZ x1176. In the ventral portion of
the joint the external seam widens to form an ovoid
gap between the anterior edges of the two premaxillae (e.g., DGPC2). In life this is filled by a plug of
soft tissue (e.g., LDUCZ x036) (Figure 8). The premaxilla does not have a palatal shelf and therefore
the seam is short in ventral view, limited to the
alveolar rim. The joint is generally a butt joint (e.g.,
YPM 11419) but some texture is apparent, consisting of dorsoventrally directed striations. In AIM
LH0617 there is a more obvious groove running
the length of the facet surface (Figure 9), and CT
scans of LDUCZ x036 demonstrate that the kink in
the external seam corresponds to an overlap
between the two bones. Examination of this joint is
not possible in DGPC1.
Premaxilla-maxilla
In Sphenodon the anterior end of the maxilla
loosely overlaps the lateral process of the premaxilla below the naris, with a ‘recessed scarf’ joint
(Figure 2.10). In dorsal view, the seam runs posteromedially from near the anterolateral corner of the
external naris. In lateral view the seam is generally
straight, running dorsoventrally from the ventral
margin of the naris to the ventral edge of the tooth
row (e.g., LDUCZ x036). However, the anterior process of the maxilla is often curved anteroventrally
(e.g., DGPC1, LDUCZ x343, LDUCZ x723, YPM
11419), widening the seam between the two
bones. Disarticulated specimens demonstrate that
there is an initial butting contact anteriorly (a vertical wall at about 90˚ to the outer cranial surface
and about 25% of the mediolateral thickness of the
premaxilla). Posterior to this, there is a scarf joint
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FIGURE 7. Joint relationships within Sphenodon. 1. rostral, 2. palatal, 3. roofing, 4. temporal, 5. metakinetic joints. 6.
joints of the lower jaw. Braincase joints not shown. Dotted line = occasional contact, thin line = minor contact, medium
line = intermediate contact, thick line = major contact, grey line = fusion, triple line = synovial joint.

where the angle of overlap approaches 45˚. The
facet on the premaxilla is generally flat although
there is vertical fluting in specimen BMNH.K without corresponding fluting on the maxilla. The posterior process of the premaxilla is relatively long but
tapers symmetrically reducing the area of contact
with the maxilla (Figure 10). The joint does not
seem to be closely apposed, and in life probably
involves a substantial amount of soft tissue, particular at its ventral portion. Examination of the joint in
CT section of YPM 9194 and LDUCZ x036 confirms this observation.

Without considering soft tissue, this joint
shape appears to restrict the posterior part of the
premaxilla from rotating laterally, and the anterior
end of the maxilla from rotating medially. In the
articulated skull, the paired premaxillae are held
between the maxillae, but not firmly. This joint
(without soft tissue) would not restrict anterior
movement of the premaxilla or posterior movement
of the maxilla and neither would it prevent vertical
or downward movement of either bone. Because
movement of the maxilla is restricted by several
other bones (nasal, prefrontal, palatine, jugal,
ectopterygoid) freedom at this joint has greater
13
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TABLE 4. Summary of the relationship between skull bones in Sphenodon.
Bone

Number of
joints

Most
substantial
joint

Bones

premaxilla

4

nasal

premaxilla, nasal, maxilla, vomers

maxilla

6

jugal

premaxilla, nasal, prefrontal, palatine, ectopterygoid, jugal

septomaxilla

3

maxilla

premaxilla, maxilla, vomer

nasal

4

frontal

premaxilla, nasal, prefrontal, frontal

prefrontal

4

frontal

nasal, prefrontal, maxilla, palatine

frontal

5

postfrontal

frontal, nasal. prefrontal, postfrontal, parietal

palatine

6

maxilla or
prefrontal

maxilla, prefrontal, vomers, pterygoid, ectopterygoid (very weak),
jugal

vomers

4

palatines

premaxilla, vomer, palatines, pterygoid

pterygoid

7

ectopterygoid

vomers, palatines, quadrate, ectopterygoid, pterygoid, squamosal,
braincase (basisphenoidl)

ectopterygoid

3

pterygoid

pterygoid, maxilla, jugal

epipterygoid

3

pterygoid

pterygoid, quadrate, braincase (prootic)

jugal

7

maxilla

maxilla, ectopterygoid, postorbital, quadratojugal, squamosal,
palatine

postorbital

3

jugal

jugal, postfrontal, squamosal

postfrontal

3

frontal

parietal, frontal, postorbital

parietal

5

postfrontal

frontal, postorbital, squamosal, parietal, braincase (supraoccipital)

squamosal

7

quadrate

jugal, quadratojugal, postorbital, parietal, quadrate, pterygoid,
braincase (opisthotic)

quadratojugal

3

quadrate

quadrate, jugal, squamosal

quadrate

3

pterygoid

pterygoid, quadratojugal, squamosal

braincase

3

parietal

parietal, pterygoid, squamosal

implications for the premaxilla although the maxilla
is sometimes found to be displaced in dried specimens (e.g., LDUCZ x343).
Premaxilla-nasal
The premaxilla overlaps the anterior process
of the nasal in a ‘recessed scarf’ joint (Figure 2.10)
in which the anterior end of the nasal process slots
into a ‘pocket’ in the back of the premaxilla (at least
in DGPC1). In dorsal view, the nasal processes of
the paired premaxillae appear to be pinched
between the nasals with seams that run posteromedially from the dorsal margin of the naris toward
the midline. The internal structure of the joint is
complex (e.g., LDUCZ x343, YPM 11419, DGPC1,
AUP 11883). First, the anterior process of the
nasal, which extends beneath the premaxilla, is triangular and directed anterolaterally, so the hidden
anterior processes of the nasals do not meet along
the midline but diverge (Figures 11, 12, 13). Sec14

ond, the facet on the nasal is sunk or recessed as
in a ‘recessed scarf’ joint. It is deep medially but
shallows laterally (Figures 11.2, 12.1). As a result
the paired premaxillae are wedged against each
other. Third, the anterior tip of the pointed nasal
process fits into a pocket in the posteroventral surface of the premaxilla (Figures 10.4, 12.4, 12.5).
Hence, the nasal has both dorsal and ventral facets for the premaxilla (Figure 12.2, 12.7). The posterior wall of the pocket is fairly low, and the interior
contains five pits that are probably related to nutrient supply (Figure 12.4).
Due to bisection of the skull only the lateral
half the premaxilla-nasal joint is known for DGPC1.
However, the available portion shows the presence
of three gutters on the anterior process of the nasal
that run parallel to the long axis of the process itself
(anterolaterally). The posterior ends of the lateral
and medial gutters are visible on the dorsal surface
but excavate the surface laterally and medially,
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FIGURE 9. Isolated right premaxilla (AIM LH0617). 1.
medial, 2. anterior views. Scale bar equals 5 mm.

FIGURE 8. An anterior view of the skull. 1. LDUCZ
x036. 2. DGPC2. Scale bar equals 5 mm.

respectively. The central gutter is more visible ventrally and terminates at the tip of the anterior nasal
process. On the ventral surface of the process the
three gutters are separated by a shallow groove
and a concavity. The largest and most lateral of the
gutters (Figure 12.1, 12.2) corresponds to a tubercle on the ventral surface of the premaxilla above
the pocket (Figures 10.2, 10.4, 12.5, 12.6). The
two smaller gutters on the nasal also interlock with
ridges inside the pocket of the premaxilla. The
medial parts of the facets, as seen in BMNH.K,
bear longitudinal grooves and ridges (Figure 13). In
the juvenile Sphenodon, LDUCZ x1176, the nasals
appear to abut the edge of the premaxillary pocket
but do not enter it.
This joint would prevent the posterior end of
the premaxilla from rotating posteroventrally but

some anterior rotation would be possible without
soft tissue (again as seen in LDUCZ x343). The
butting wall of the ‘recessed scarf’ and edge of the
premaxillary pocket would obstruct posterodorsal
movement of the premaxilla but would not restrict
anteroventral movement. The small grooves and
gutters on the facets, and the shape of the premaxillary pocket would inhibit mediolateral movement
and increase surface area for soft tissue. The
change in depth of the scarf joint would also discourage sideways movements between the nasal
and premaxilla. Moreover, in an articulated skull,
medial movement of one premaxilla would be prevented by the other premaxilla.
Internasal
The nasals meet along the midline between
the premaxillae and frontals. The external seam is
usually straight (LDUCZ x343, LDUCZ x723,
NMNZ RE0385) but it can also be curved (LDUCZ
x1176), irregular (LDUCZ x146) or slightly sigmoid
(LDUCZ x343; BMB 100225). The length of the
seam also varies in comparison with the posterior
extent of the premaxillae or interorbital width; it
may be relatively long (LDUCZ x721, BMB 101668,
LDUCZ x343) or short (LDUCZ x723, KCL x12,
BMNH 1972.1499) (Figure 14; Jones and Lappin
2009, figure 4D). The medial edge of the anterior
15
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FIGURE 10. Isolated left premaxillae. 1. BMNH.K in lateral view. 2. DGPC1 in lateral view. 3. lateral process of
DGPC1 ignoring soft tissue. 4. DGPC1 in posterior view. Scale bar equals 5 mm.

process for the premaxilla, seen only in disarticulated specimens, provides further contact area
between the nasals (Figure 13.1). Nevertheless,
contact with the premaxillae and frontals occurs
across a far greater surface area. In general the
internasal is a butt joint although very small
shelves of bone may ‘invade’ the adjoining nasal
ventrally. In one specimen (BMNH 1985.1212) the
centre of the left nasal exhibits a large pathological
hole from which seams extend anteriorly and posteriorly. Possibly as a response, the midline internasal seam has partially fused (Figure 15).
Alternatively the right nasal may have grown to
compensate for the left and a suture subsequently
developed within it. In hatchling skulls there is a
fontanelle between the nasals and frontals (Howes
and Swinnerton 1901; Rieppel 1992; Jones and
Lappin 2009, figure 4). As previously reported
remains of it can be found in a number of adult
skulls, and it may be over 1 mm in diameter (e.g.,
MANCH C120649, AMPC1, UCMZ 2614, KCL x12)
(Jones et al. 2009).
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Nasal-prefrontal
In dorsal view the external seam of this joint is
sub-parallel to the premaxillary-nasal joint, being
anterolaterally directed and generally straight
before it disappears under the maxilla (Figures 5.2,
6, 14, 15). In lateral view (with the maxilla
removed) the seam continues between the ventrolateral process of the nasal and lateral process of
the prefrontal, travelling at first anterolaterally and
then ventrally. This ventral part of the seam (hidden
in articulated skulls by the facial process of the
maxilla) exhibits some intraspecific variation; it may
be sigmoid as in DGPC1 (Figures 16, 17.1) or
almost straight as in YPM 11419. The form of the
nasal-prefrontal joint changes substantially along
its distance, and it seems logical to divide it into
two parts; a posterior portion (best seen in dorsal
view) and an anterior portion (best seen in lateral
view with the maxilla removed).
The posterior portion of the joint consists of a
weak slot joint (Figure 16). In DGPC1, the posterior
edge of nasal overlaps a short shelf or lappet of
bone from the prefrontal. This shelf in turn meets
the large anterior process of the underlying frontal.
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FIGURE 11. Isolated left nasal bone in anterodorsal
view (DGPC1). 1. labelled photograph. 2. drawing.
Scale bar equals 5 mm.

the contact more closely resembles a lap joint (Figure 16). At this same point in DGPC1, two small
projections (tabs) from the nasal facet increase the
overlap distance. Ventral to this, the edge of the
prefrontal bears a medially directed fold on to
which an expanded foot-like part of the nasal process sits, effectively overlapping the prefrontal and
producing a small anteroposteriorly directed butt
joint. The ventral tips of the nasal and prefrontal lateral facets barely touch.
The naso-prefrontal joint, although complicated, does not appear strong even when the overlap is substantial. The bone is fairly thin and
unbuttressed, and some of the detail may be subject to intraspecific variation. Nevertheless the joint
would obstruct downward movement of the nasal
relative to the prefrontal and lateral rotation of the
posterior end of the nasal. Consequently, the joint
would also obstruct upward movements of the prefrontal and medial rotation of its posterior end.
Anterolateral and posteromedial movements along
the joint would also be inhibited (at least in
DGPC1). It would not prevent upward or medial
movement of the nasal and correspondingly neither would it prevent downward or lateral movement of the prefrontal.
Maxilla-septomaxilla

A smaller longitudinal nasal shelf also projects
under the prefrontal shelf for a small distance, creating a small narrow slot joint posteriorly. Midway
along the posterior portion of the joint in DGPC1
the seam is wide, and contact between the two
bones is lost. These facts are not evident in
LDUCZ x036, LDUCZ x343 or DGPC2 where
externally the prefrontal may appear to encroach
upon the nasal. In BMNH.K, nasal-prefrontal contact is also retained, and there appears to be a
much longer shelf from the nasal underlapping the
prefrontal. Medial to the facial process of the maxilla the nasal overlaps a triangular shelf on the prefrontal. This shelf is continuous with the lateral
process of the prefrontal that continues ventrally.
Overall the posterior section of the joint is not very
strong, but would resist some dorsoventral movement between the bones.
The anterior portion of the nasal-prefrontal
joint is associated with the maxilla-nasal joint. In a
lateral view (with the maxilla removed), the lateral
wing of the prefrontal can be seen to overlap about
a third of the lateral wing of the nasal (Figures 16,
17, 18). The dorsal portion of this overlap is a
‘recessed scarf’ joint (Figure 16) but more ventrally
the abutting wall on the nasal diminishes so that

In Sphenodon the septomaxilla is a small
curved bone. Its posterolateral surface rests
against the dorsomedial edge of the maxilla at the
base of the nares (e.g., DGPC1, LDUCZ x036).
Premaxilla-septomaxilla
A small anterior portion of the septomaxilla
rests against the dorsal surface of the premaxillary
lateral process. No obvious facet can be found on
either bone.
Vomer-septomaxilla
The anterior portion of the vomer has a dorsally expanded lateral edge. The anterior border of
this raised edge bears a C-shaped embayment,
making a hook-like process that accepts the anteromedial end of the septomaxilla or at least soft tissue associated with it (Figure 19).
Maxilla-nasal
The external seam of this joint occurs
between the lateral part of the nasal and the
anterodorsal edge of the facial process of the maxilla. In lateral view the posterior part may initially be
directed anteriorly but after a short distance it turns
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FIGURE 12. Premaxilla-nasal joint in specimen DGPC1. 1. anterior tip of the left nasal in anteromedial view. 2. dorsal,
3. ventral, 4. posterodorsal, 5. posterior view, 6. the left premaxilla and nasal in articulation in posteroventral view from
DGPC1, 7. The anterior tip of the left nasal in posteroventral view without the premaxilla (DGPC1). Scale bar equals 5
mm.

FIGURE 13. Isolated nasal bone (specimen BMNH.K). 1. lateral, 2. anterior views. Scale bar equals 5 mm.
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FIGURE 14. Variation of internasal seam length 1.
LDUCZ x723. 2. LDUCZ X721. Both in anterodorsal
view with seams outlined in black. Scale bar equals 5
mm.

ventrally as the facial process curves toward the
base of the naris (e.g., Figure 5).
As described above, the long ventrolateral
process of the nasal is partly overlain by the prefrontal but the remaining part of the faceted process is overlain by the facial process of the maxilla
(Figures 17, 18). Hence, the variation in the degree
and shape of the maxilla-nasal contact is related to
that found in the prefrontal-nasal overlap, for
example in DGPC1 the maxilla-nasal contact is
greatest ventrally whereas in YPM 11419 it is more
evenly distributed. Anterodorsally there is also a
slot arrangement peripheral to the main overlap
(Figure 17.3). Here a short but wide, posteriorlydirected projection from the nasal slots into a dorsoventrally directed groove on the anterior edge of
the maxilla facial process. This arrangement
results in a triple overlap, from the medial to lateral
surface: nasal-maxilla, maxilla-nasal, nasal-maxilla. In a lateral view of DGPC1, with the maxilla
removed, the lateral surface of the nasal is slightly
recessed compared to that of the prefrontal (Figure
17.3), creating a dorsoventrally orientated trough.
Correspondingly the anterior portion of the facial
process has a medial bulge. The maxillary facet of
the nasal bears parallel striations directed posteroventrally but similar striations are not obvious on
the medial facet of the maxilla. This joint restricts
anterior movement of the maxilla and to some
extent would restrict lateral or medial rotation of the
tooth row. Posteroventral movement of the maxilla
is not prevented by this joint alone.

FIGURE 15. Skull (BMNH 1985.1212) with a pathology
on the left nasal. 1. anterodorsal view. 2. close up of the
snout. Skull length approximately 59 mm.
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FIGURE 16. Left nasal (DGPC1). 1. dorsolateral, 2. lateral view. 3. schematic representations of the facet profile as
seen in section between the points A, B, C, D, E and F. Scale bar equals 5 mm.

Maxilla-prefrontal
There are two points of contact between the
maxilla and prefrontal, one on either side of the
large foramen with a sloping ledge that accommodates the lacrimal canal. The most anterior seam
begins at the anterior margin of the lacrimal foramen and follows the curved, but occasionally crenulated, outline of the facial process of the maxilla
until it reaches the nasal. The second more posterior seam is essentially straight and runs between
the posterior margin of the lacrimal duct and the
junction with the palatine.
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The anterior contact involves a large lateral
facet on the prefrontal, which is overlapped by the
majority of the facial process of the maxilla (Figures 17, 20). As mentioned above the prefrontal
itself overlaps a portion of the nasal lateral facet
and hence contributes to a triple bone overlap at
this junction, although the skull is not exceptionally
thick here. The prefrontal’s lateral facet has
anteroventrally directed striations, and one of these
ends in a foramen. Similarly orientated, but less
obvious, striations are visible on the facet of the
maxilla (Figure 20). These internal striations parallel the anteroventrally directed grooves that can
sometimes be seen on the external surface of the
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FIGURE 17. Prefrontal-nasal joint (DGPC1). 1. left nasal and prefrontal in articulation showing the combined maxillary facet. 2. lateral process of the prefrontal in lateral view. 3. schematic cross-sections across the nasal-prefrontalmaxillary facial process complex. Numbers correspond to the position of the cross-sections. Blue = nasal, orange =
prefrontal, gold = maxilla. Scale bar equals 5 mm.

facial process of the maxilla. The ventral margin of
the lateral facet (prefrontal) is dentate (Figures
17.1, 21.1), bearing planar triangular projections
which fit into corresponding depressions and
recesses on the medial surface of the maxilla (Figures 20, 21.1). The posterodorsal margin of the
prefrontal facet is a deep wall which abuts and may
occasionally overlap the dorsal margin of the maxilla very slightly. The external seam may also
appear “slightly interdigitated” (sensu Herring
1972, figure 1). In cross-section the joint most
closely resembles a ‘stepped joint’ (Figure 2.3) but
the seam’s morphology and facet texture in some
individuals also indicates some subtle Type-B interdigitation. This joint would prevent the facial process of the maxilla from rotating medially and
would also restrict any posterodorsal movement.

The posterior maxilla-prefrontal joint involves
the posteroventral process of the prefrontal, which
is associated with the maxilla-palatine and prefrontal-palatine joints (Figure 21). The ventrolateral
edge of this process sits in a short groove on the
dorsal surface of the maxilla just behind the facial
process. The surface of the groove is not smooth in
DGPC1 but bears two tubercles and two foramina
(Figure 21.2). The groove is bounded medially by a
small ridge (Figure 22). The fit is not tight and so
may involve substantial soft tissue.
Premaxilla-vomer
The right and left premaxilla-vomer joints can
effectively be treated as a single horizontal joint
between the paired premaxillae and paired vomers. The posterior surface of the conjoined premax21
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FIGURE 18. Left nasal in ventrolateral view (DGPC1). Scale bar equals 10 mm.

illae, cleaned of soft tissue, bears little evidence of
its relationship with the vomers (e.g., DGPC1,
DGPC2), and no facet is visible. The anterior end
of each vomer bifurcates into two prongs but can
be separated from the premaxilla by a notable distance (occasionally equal to the width of the vomerine anterior process e.g., NMNZ RE0385)
(Figure 23.1). However, as seen in uncleaned
skulls (e.g., LDUCZ x343, LDUCZ x1176) and CT
data (YPM 9192), the posterior surfaces of the premaxillae and anterior tips of the vomers are connected by a thick sheet of soft tissue (Figure 23.2).
This observation demonstrates the problems associated with inferring soft tissue from fossils. Each
vomer also has a more posteriorly placed lateral
prong that articulated with the small septomaxilla.

Palatal Joints
This palatal unit is the largest in the skull and
is linked to the rostral unit by the paired maxillae,
prefrontals and vomers, to the roofing unit by the
prefrontals and to the temporal unit by the jugals
and pterygoids.
Vomer-palatine
The anterior tongue-like edge of the palatine
overlaps the posterodorsal surface of the vomer
(Figure 24). The facet on the vomer is scarfed with
the slope directed anteromedially (Figures 25, 26).
The amount of overlap depends on the vomer’s
posterior extent (which can be seen in ventral
view). In some specimens the overlap is small with
a vomerine-palatine ventral seam that runs anteromedially from the edge of the choana before turning posteromedially (LDUCZ x343 left; LDUCZ
x036, left). In other specimens the overlap is larger
where the ventral seam travels medially before
turning sharply posteriorly to be parallel with the
midline (e.g., LDUCZ x1176); larger again when
the entire course is roughly posteromedial (LDUCZ
x343; LDUCZ x146; LDUCZ x036, right; LDUCZ
x343 right); and most extensive when the seam
runs posteromedially before turning posteriorly to
reach the junction with the pterygoids (DGPC2,
NMNZ RE0385 Jones et al. 2009, figure 3.1). The
facet on the vomer also includes a slot or pocket
that accommodates the lateral edge of the anterior
palatine process. The vomer laps the palatine early
in ontogeny when the skull is no more than 6 mm in
length (Howes and Swinnerton 1901, skull length =
about 5.6 mm; Werner 1962, about 6 mm, 5.4 mm
according to Bellairs and Kamal 1981, p. 118).
Vomer-pterygoid

FIGURE 19. Vomers in ventral view (UMZC 2612).
Scale bar equals 5 mm.
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In Sphenodon the anterior tips of the paired
pterygoids overlap the posterior ends of the paired
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FIGURE 20. Left maxilla (DGPC 2). 1. medial view. 2 medial view overlain with the ghosts of other bones. Pink = premaxilla, blue = nasal, orange = prefrontal, green = palatine, red= jugal, purple = ectopterygoid. Scale bar equals 10
mm.

vomers medially (Figure 25; Jones et al. 2009, figure 3.2). This joint is separated from the vomer-palatine joint by a small ridge of bone (e.g., AIM
LH0617; AUP 11883) but the posterior part underlies the palatine-pterygoid joint. In ventral view the
vomer and pterygoid are separated by a short
seam, which may be parallel to the coronal plane
(LDUCZ x143), oblique to the sagittal plane
(DGPC2) or ‘V’ shaped (LDUCZ x036).
Intervomerine
The ventral and dorsal seams for this midline
joint are generally straight suggesting a simple butt

joint (e.g., Jones et al. 2009). However, disarticulated material shows that, at least in some cases, it
can be more complex. In specimen AIM LH0617, a
small anteromedial shelf from the left vomer slots
into a groove in the right vomer, centrally the
medial edge of the left is overlapped slightly by the
medial edge of the right, and posteriorly the medial
edge of the right is overlapped by the left (Figure
25). In the central portion of the joint the medial
margins of the vomers are dorsoventrally
expanded, increasing the contact area between
them.
23
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FIGURE 22. Close up of the maxilla (DGPC1) in medial
view showing the site for articulation with the posterior
end of the prefrontal and for the upper part of the lateral
palatine process. Scale bar equals 5 mm.

FIGURE 21. Left maxilla-prefrontal joint (DGPC1). 1. in
articulation viewed in medial view. 2. facet for the prefrontal on the dorsal surface of the maxilla. 3. maxilla
and prefrontal articulated in dorsal view. Scale bar
equals 55 mm.

Prefrontal-palatine
As previously reported the ventral process of
the prefrontal meets the palatine with a wide joint
(Bolt 1974). Viewed in posterodorsal aspect
(through the orbit) this seam travels from its junction with the maxilla in a primarily dorsomedial
direction. It is often interdigitated (e.g., LDUCZ
x036) although not always (e.g., DGPC 2). Isolated
bones demonstrate that this joint is extremely complex (Figures 27, 28). The anterolateral end of the
palatine bears a facet facing posterodorsally at an
24

FIGURE 23. Premaxilla-vomer joint. 1. NMNZ RE0382
cleaned of vom-pmx soft tissue. 2. UMZC 2582 with
soft tissue present. Scale bar equals 10 mm.

angle of approximately 45° from the horizontal
plane (level with the long axes of the maxillary
tooth rows) (Figure 28). The posterior edge of the
facet is recessed with a stepped (Figure 2.3) and
jagged (zig-zagged) border (Type-B interdigitation,
Figure 2.4). The posterior process of the prefrontal
sits in this sloping depression with a broadly corresponding posterior edge (Figure 27.1, 27.2). The
anterior part of the facet on the palatine is also jagged, and this sits against a step on the underside
of the prefrontal (Figure 27.6, 27.7). Visible in
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FIGURE 24. Vomer-palatine joint. 1. skull (OMNH 908)
without vomers in place. 2. skull (NMNZ RE0382) with
vomers present and vomerine-palatine seam outlined in
black. Scale bar equals 10 mm.

anteroventral view, a process from the prefrontal
sits in a notch on the palatine medial to three projections from the latter (Figure 27.6, 27.7). The
ventrolateral part of the ventral process of the prefrontal (that articulates with the maxilla) wraps
around the palatine to form a longitudinal slot (Figure 27.6, 27.8). The facet on the prefrontal is
somewhat striated laterally (Figure 27.8).
The prefrontal would be restrained from moving anteroventrally or medially and the palatine
from moving posterodorsally or laterally. This joint
would also stop the lower end of the prefrontal
rotating anteriorly and the medial edge of the palatine from rotating laterally. The interlocking processes are not tight and would therefore allow
some movement but the arrangement would provide a large surface area for soft tissue in many

FIGURE 26. Partially articulated rostrum (BMNH.K) in
dorsal view that demonstrates the facet on the vomer
for the palatine. Schematic cross-sections (A and B)
through the palatine-vomerine joint are also shown.
Scale bar equals 10 mm.

potential orientations. Overall this joint could be
decribed as a stepped overlap with some Type-B
interdigitation but some of the interlocking parallel

FIGURE 25. Intervomerine joint (AIM LH0617). 1. articulated vomers in dorsal view. 2. left vomer in dorsal view. 3. left
vomer in medial view. 4. right vomer in medial view. 5. right vomer in dorsal view. Scale bar equals 5 mm.
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FIGURE 27. Left prefrontal-palatine joint (DGPC1). 1. in articulation and in posterodorsal view. 2. left palatine facet for
the prefrontal in posterodorsal view. 3. ventral process of the left prefrontal in medial view. 4. left prefrontal and palatine in articulation and in medial view. 5. left prefrontal and palatine in articulation and in anteroventral view. 6. ventral
process of the left prefrontal in anteroventral view. 7. facet on the left palatine in anteroventral view. 8. ventral process
of the prefrontal in anteroventral view. Scale bar equals 5 mm.

to the bone surface also resembles a slot joint or
Type-A interdigitation.
Maxilla-palatine
In Sphenodon the palatine has two lateral processes separated by a foramen for the maxillary
division of the trigeminal nerve (cranial nerve 5)
26

and associated blood vessels. This foramen is
marked “mf” in Jones et al. (2009, figure 3.2). Both
of these processes are involved in the joint with the
maxilla (Figures 20, 28, 29).
The upper maxilla-palatine joint is a loose butt
contact with some very weak vertical Type-B interdigitation. In lateral view (disarticulated) the upper
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FIGURE 28. Left palatine (DGPC1) in lateral view. Gold = maxilla, orange = prefrontal and red = jugal. Scale bar
equals 5 mm.
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of the palatine tooth row (Figure 29). It expands
anterolaterally and posteriorly to form a large process with an anterolaterally facing ovoid facet. This
broad facet sits loosely against a depression in the
maxilla almost dorsal to the maxillary tooth row so
that the majority of the facet is orientated in
between the long axis of the maxilla and long axis
of the maxillary tooth row (Figures 5, 30). Ventral to
the facet on the maxilla is a trough with a slight rim
which is particularly distinct anteriorly (Figure 30).
In life the space between the trough and lower palatine process is filled with soft tissue and the joint
appears to be very well supported (e.g., LDUCZ
x723). There is a distinct lack of sculpture on either
the maxilla or palatine for the lower maxilla-palatine
joint but anterodorsally the lower facet on the palatine bears a shallow tubercle and depression that
corresponds to a depression and ridge on the maxilla (Figures 20, 28). The posterodorsal corners of
both palatine processes contact the jugal and are
discussed below.
Maxilla-jugal

FIGURE 29. Anterolateral corner of the palatine
(DGPC1) in ventral view. Scale bar equals 5 mm.

process of the palatine is rectangular and fluted, in
DGPC1 this comprises five or six ridges which are
directed posteroventrally in the anterior part and
anteroventrally in the posterior part (Figure 28).
Two grooves in this fluting probably relate to the
presence of foramina. The corresponding facet on
the maxilla for the upper lateral process of the palatine bears subtle anteroventrally directed striations (Figure 22). These striations are not
obviously reflected on the palatine’s maxillary
facet.
The lower maxilla-palatine joint is primarily a
loose butt joint. The lower lateral process of the
palatine stems from a point above the anterior half
28

In dorsal view the seam arcs posterolaterally
from the junction with the palatine to the margin of
the orbit. In lateral view, the seam is sigmoid: running posteriorly from the edge of the orbit, turning
first posteroventrally and then posteriorly again
along the base of the lower temporal bar. In ventral
view the seam is ‘V’-shaped, running posteromedially and then anteromedially before meeting the
ectopterygoid.
The jugal slots into a long concavity in the
maxilla that broadens posteriorly and is bounded
laterally by the sub-orbital margin (Figure 30). The
long axis of the cavity is directed anteromedially
but it is asymmetrical with a greater lateral component. At the posterior end of the concavity the lateral wall flexes medially and then laterally thus
producing a longitudinal ridge (Figure 20) that slots
into a wide groove along the lateral surface of the
jugal (Figure 31). The ridge and groove are less
pronounced in LDUCZ x1176 than in DGPC1 (Figure 32). Posteriorly this ridge has a rugose surface
with convoluted striae and gutters directed anterodorsally, anteriorly and anteroventrally. Anteriorly
the ridge is more sharply defined (at least in
DGPC1) and shelf-like. Above it, anteriorly, there
are three distinct slits (elongate foramina) (Figure
20). In dorsal view the base of the maxillary concavity can be seen to possess small gutters that
are generally orientated anteromedially, particularly
on the lateral side (Figure 30). Correspondingly the
maxillary facet of the jugal is roughened, particu-
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FIGURE 30. Left maxilla (DGPC1). 1. dorsal view. 2. dorsal view overlain with the ghosts of other bones. Pink = premaxilla, blue = nasal, orange = prefrontal, green = palatine, red= jugal, purple = ectopterygoid. Scale bar equals 10
mm.
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FIGURE 31. Left jugal. 1. Drawing of DGPC1 in lateral view. 2. DGPC1 in lateral view labelled. 3. DGPC1 in ventral
view. 4. anterodorsal process of the jugal in LDUCZ x1176 without the postorbital in place. Scale bar equals 5 mm
(1), 10 mm (2-4).
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FIGURE 32. Maxilla-jugal joint. 1. skull without the jugal in place (LDUCZ x1176). 2. maxilla and jugal in articulation
(DGPC1). Scale bar equals 5 mm.
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FIGURE 33. Ectopterygoid. 1. posterodorsal view of DGPC1. 2. anterolateral view of LDUCZ x1176 (pterygoid
flange also visible). 3. anterolateral view of DGPC1. 4. Anterolateral view of BMNH.K. 5. anterolateral view of AIM
LH0671 (reversed for comparison). Scale bar equals 5 mm.

larly in lateral view (Figure 31). The facet also displays several neuro-vascular foramina, some of
which are at the anterior end of gutters. Two of
these foramina, situated at the anterior end of the
concavity, are very large (Figure 30). This joint
would prevent anterior, lateral and ventral movement of the jugal and posterior, medial and dorsal
movement of the maxilla. In a hatchling (e.g.,
FMNH 65905) the maxilla overlaps the jugal less
extensively (Rieppel 1992).
Jugal-ectopterygoid
The ectopterygoid is a ‘T’- shaped bone composed of a long ventral process, a slightly shorter
32

lateral process and an even shorter medial process
(Figure 33). The proximal portion of the lateral process was termed the ‘neck’ for the fossil rhynchocephalian Gephyrosaurus by Evans (1980).
The lateral process expands to become two-thirds
the width of the neck and ends in a triangular face
but there is variation in its exact dimensions as well
as the surface texture. The face tends to being
shallower in smaller individuals (Figure 33) and the
dorsal edge may be ribbed and complex.
This lateral process of the ectopterygoid plugs
into a shallow depression on the medial surface of
the jugal above the edge of the maxilla-jugal seam
(Figure 34). The apex of the facet on the jugal coin-
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FIGURE 34. Left jugal. 1. DGPC1 in ventromedial view.
2. DGPC1 in medial view. 3. LDUCZ x1176 in medial
view. Scale bar equals 10 mm.

cides with the medial ridge of the postorbital bar
(Figure 34). In DGPC1, the apex of this facet bears
a small process that coincides with a groove on the
ectopterygoid. As inferred from seam morphology
this feature is also found in DGPC2, LDUCZ x146
(left) but not in LDUCZ x343, LDUCZ x036, or
LDUCZ x146 (right). In a dorsal view of the articulated skull, the slightly crenulated seam extends
posterolaterally from the anterior junction with the
maxilla, and its posterior tip may turn ventromedially (DGPC1; DGPC2; LDUCZ x146, left). In posterior view, the seam passes ventrolaterally before
turning ventromedially and meeting the maxilla.
The section of seam visible in posterior view may
also be interdigitated (e.g., LDUCZ x146, right).
This joint would resist medial and dorsoventral
movement of the jugal and conversely lateral and
dorsoventral movement of the ectopterygoid. The
contact appears strong with a large contact surface
relative to the size of the ectopterygoid, anteriorly
there is some slight interdigitation.

FIGURE 35. Left palatine (DGPC1) in ventral view. Scale
bar equals 5 mm.

Palatine-jugal
This joint primarily involves the anteromedial
edge of the jugal abutting against the posterodorsal edge of the lower lateral palatine process (Figures 28, 32). In addition the tip of the jugal extends
anteriorly beyond the maxillary foramen contacting
the upper lateral palatine process (e.g., DGPC1,
LDUCZ x723, LDUCZ x343 and possibly LDUCZ
x1176) for a relatively short distance. Viewed dorsally, the majority of the seam runs posterolaterally
but the posterior extremity of this seam turns medially.
The joint is essentially a perpendicular butt
contact resisting medial movement of the jugal and
lateral movement of the palatine. However, in
DGPC1 (Figures 32.2, 34) the facet on the jugal is
slightly concave and, as reflected in the seam, the
posterior end of the joint is notched so that the
jugal hooks behind the palatine (Figure 32). This
33
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FIGURE 36. Left pterygoid (DGPC1) in anterior view. Scale bar equals 10 mm.

arrangement of the bones would restrict posterior
movement of the palatine and anterior movements
of the jugal as well as some mediolateral movements. Apart from the upper facet of the palatine,
which bears two vertical ridges, the facets involved
lack obvious sculpture (Figure 28).
Palatine-pterygoid
This joint is associated with the intervomerine,
vomer-palatine, and vomer-pterygoid joints. In ventral view the seam generally runs posterolaterally
from the junction with the vomer, although its anterior and posterior ends maybe more sagittally
directed (Jones et al. 2009). In dorsal view the
anterior end of the seam can be slightly convoluted
and in posterior view the small posterior section of
the joint has an ‘S’ shaped seam.
This joint can be divided into three parts. The
anterior part involves the palatine overlapping the
anterior processes of the pterygoid with a shallow
scarf joint (Figures 2.5, 35) so that both palatines
meet in the midline on the dorsal surface of the palate (e.g., DGPC2; Sharrell 1966). However, the
tips of the pterygoids remain exposed anteriorly
(Jones et al. 2009, figure 3.2). The central part of
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this joint involves the mediolateral edge of the palatine overlapping the lateral edge of the pterygoid
but contact is generally minimal (Figure 35) and
may even be lost entirely leaving an elongate fontanelle (e.g., LDUCZ x036 left side). In the posterior part of the joint the lateral pterygoid margin
expands dorsoventrally and bears two slot-like
recesses running oblique to the midline (Figure
36). Two posterior processes from the palatine
insert against these recesses (Figure 37). The contact lies just in front of the pterygoid-ectopterygoid
joint and is related to the minor (or even occasional) palatine-ectopterygoid joint. The joint
between the more medial process and slot is
almost a simple butt contact (Figure 37.4). The
joint between the more lateral process and slot is
more complicated, in that the posterior tip of the
process ends in a cup that wraps around the ventral edge of the slot (Figure 37.4).
In hatchlings the palatines do not appear to
overlap the pterygoid extensively (Werner 1962)
but the two posterior palatine processes are present in hatchling or near hatchling specimens
(Howes and Swinnerton 1901; Werner 1962).
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FIGURE 37. Palatine-pterygoid joint. 1. left palatine (DGPC1) in anterodorsal view. 2. right palatine (YPM11419) in
dorsal view. 3. close up of the two posterior processes which articulate with the pterygoid and sometimes the ectopterygoid. 4. cross-section through the two posteromedial processes of the palatine in articulation with the pterygoid
and ectopterygoid. Green = palatine, purple = ectopterygoid, blue = pterygoid. Scale bar equals 5 mm.

Interpterygoid
In Sphenodon the paired pterygoids are connected anteriorly along a midline seam which is
less than half the total length of the bones (Figure
24.1). In ventral view the seam tends to exhibit low
amplitude and long wavelength meandering (e.g.,
LDUCZ x036). The dorsal view is similar but the
waveform may have greater amplitude. The internal structure can be clearly seen in BMNH.K and
YPM11419. A medial view of a disarticulated pterygoid reveals long slots and flanges that are anterodorsally inclined from the long axis (Figure 38).
These slots and flanges interlock as in Type-A
interdigitation (Figure 2.2) but because the bones
are relatively thin, contact seems small relative to
the overall size of the bones. Therefore, despite
being very distinct the joint is not necessarily
strong. The meandering of the external seams corresponds to some Type-B interdigitation (Figure
2.4) but it is very subtle by comparison to the obvious Type-A interdigitation.
Interpalatine
The thin dorsomedial edges of the paired palatines meet along the midline above the vomerpterygoid junction (Sharrel 1966, p. 29; Jones et al.
2009, figure 3). This arrangement can be appreciated with a dorsal view of the palate, provided the

specimen is cleaned of soft tissue (e.g., in DGPC2;
Jones et al. 2009). In ventral view the joint is hidden by the underlying vomers and pterygoids.
Pterygoid-ectopterygoid
The contact surface is relatively large
(described as “extensive” by Günther [1867]), and
involves both the ventral and medial processes of
the ectopterygoid. The posterior surface of the
ectopterygoid ventral process sits in a cavity in the
descending process of the pterygoid to form the
pterygoid flange (Figure 39). The ectopterygoid
medial process is smaller than the lateral process
but is expanded anteriorly and sits in a triangular
recess on the dorsal surface of the pterygoid (Figure 40). The dorsal part of the joint is related to
both the palatine-pterygoid joint and the negligible
palatine-ectopterygoid joint.
Separating the medial process and the longer
ventral process of the ectopterygoid is a small
notch that accepts a small sill from the pterygoid.
The ventral facet on the pterygoid is curved and
bears both pitting and transverse ridging, particularly on its laterally facing surface. The ventral process of the ectopterygoid is curved and exhibits a
subtle groove running along its length (Figure 33).
Nevertheless the joint between the ectopterygoid
and pterygoid is tightly apposed. It would resist
anteroventral movements of the pterygoid and pos35
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FIGURE 38. Pterygoid (BMNH.K). 1. anterior tip of the left pterygoid in medial view. 2. right pterygoid in medial view.
3. right pterygoid in dorsal view. Scale bar equals 10 mm.

terodorsal movements of the ectopterygoid. This
arrangement would prevent the lateral ectopterygoid process from rotating posteriorly and the
medial ectopterygoid process from rotating anteriorly but it would not prevent the opposite from
occurring (i.e., anterior rotation of the lateral process and posterior rotation of the medial process).
Palatine-ectopterygoid
In DGPC2, the anterior tip of the ectopterygoid’s medial process rests against the dorsolateral surface of the lateral-most palatine projection.
Consequently, small slivers of the ectopterygoid
(laterally) and pterygoid (medially) are held
between the two posterior projections of the palatine (Figures 35, 37). Only the tips of the posterior
palatine projections are involved leaving a space
between the bases (Figure 24.2; Jones et al. 2009,
figure 3). In specimen DGPC1 contact between the
ectopterygoid and palatine is less certain but may
36

have occurred indirectly through soft tissue related
to the pterygoid-palatine joint.
Maxilla-ectopterygoid
The expanded lateral process of the ectopterygoid sits on the dorsal surface of the maxilla
above the posterior end of the tooth row (Figures
20, 30). In dorsal view the seam travels posteromedially from the edge of the jugal. In disarticulated
specimens the edges of the facet on the maxilla
are not clearly delimited but within the location of
the facet the surface bears pitting and ridges suggesting ligamentous tissue. However, this sculpture is not reflected on the ventral facet of the
ectopterygoid which is smooth and may have
occurred during preparation (Figure 30). This joint
prevents the ectopterygoid from moving ventrally
and the posterior end of the maxilla from any dorsal movement.
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FIGURE 39. Pterygoid-ectopterygoid joint (DGPC1). 1.
left ectopterygoid in posterodorsal view. 2. left pterygoid
in dorsal view. Scale bar equals 5 mm (1), 10 mm (2).

Roofing Joints
The roofing joints are situated dorsally on the
skull and mainly include those of the frontal, postfrontal and parietal. The roofing unit is linked to the
rostral unit by the nasal and prefrontal, the palatal
unit by the prefrontal, the temporal unit by the postorbital and squamosal, and the metakinetic unit by
the parietal.
Nasal-frontal
The naso-frontal seam generally runs posterolaterally from the midline to the junction with the
prefrontal (e.g., Jones and Lappin 2009, figure 4;
Jones et al. 2009, figure 2). There is some varia-

FIGURE 40. Left pterygoid (DGPC1) overlain by ghosts
of neighbouring bones. Purple = ectopterygoid, green =
palatine. Scale bar equals 10 mm.

tion in the exact shape of this seam as it may be
nearly straight (e.g., BMNH 1844.102911; PCDG2
left side, LDUCZ x723 left side) or more sigmoid
(e.g., LDUCZ x036, BMNH.K) travelling from the
midline anterolaterally, posterolaterally, laterally
and anterolaterally again. Correspondingly, in dorsal or ventral view, the posterior edge of isolated
nasals may be either “V” shaped (e.g., PCDG2) or
lobate (BMNH.K).
The posterolateral ends of the nasals overlap
the anterolateral processes of the frontals with a
scarfed tongue-in-groove joint (Figures 2.13, 41,
37
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FIGURE 41. Left nasals in ventral view. 1. BMNH.K. 2.
DGPC1. Scale bar equals 5mm.

42, 43, 44). In the disarticulated DGPC1 the medial
portions of the bones are not available for study but
the structure has been observed in other specimens (e.g., BMNH.K). The contact is particularly
extensive along the junction with the prefrontal but
diminishes medially (Figures 42, 44). Of 42 skulls
examined, a notable midline fontanelle was present between the nasals and frontals in nine (21.4%:
specimens AMPC 1, BMNH 1844.102911, KCL
x12, LDUCZ x146, MANCH C.1206.49, NMNZ
RE0382; OMNH 4911; UMZC 2613, UMZC 2614;
Jones and Lappin 2009; Jones et al. 2009). In
specimen MANCH C.1206.49 (skull length = 54.8
mm) this fontanelle is 2.8 mm long and 1.5 mm
wide.
The anterolateral nasal facet on the frontal is
generally scarfed, but it is also concave across its
width so that the joint resembles a tongue-ingroove joint (Figures 42, 43, 44). Correspondingly
the posterior process of the nasal is scarfed and
convex across its width (Figure 13.1, 41). In
DGPC1 the facet on the frontal possesses several
long gutters and ridges that reflect similar texture
on the facet of the nasal (Figure 41.1). These are
generally orientated sagittally although they have
some lateral inclination. Among the gutters there
are also two large foramina. Other disarticulated
nasals (e.g., BMNH.K, YPM 11419) possess a
much smoother facet surface (Figure 41.2).
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FIGURE 42. Partial skull roof (BMNH.K) in dorsal view.
Both frontals, both parietals and left postfrontal present.
Nasals, prefrontals and right postfrontals are absent.
Scale bar equals 5 mm.

This joint would resist dorsal or anterior movements of the frontal and ventral or posterior movements of the nasal. The mediolateral movements of
both bones would also be inhibited by the concave
shape of the frontal facet and also the sagittally orientated gutters. According to Rieppel (1992), the
nasals overlap the frontals extensively even in the
hatchling.
Frontal-prefrontal
In dorsal view the seam travels posteriorly
from the nasal to the orbital margin along a roughly
parasagittal line with a slight lateral inclination. In
lateral view the seam travels posteroventrally
before folding back anteroventrally in a “V’ shape.
The frontal-prefrontal joint has two components, an
anterior part and a posterior part (Figures 42, 44,
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FIGURE 43. Left frontal (DGPC1, except 7, which is YPM 11419). 1. dorsal, 2. lateral, 3. ventral, and 4. posterior
views. 5. posterior view with less detail showing the oblique slot in a darker shade of grey. 6. anterior view. 7. medial
view of a right frontal. Medial edge of DGPC1 is broken. Scale bar equals 5 mm.
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frontal and nasal-frontal joints (Figure 46). Both
components of the joint combine to form an alternating slot joint. This joint would resist anterior
movement of the frontal and posterior movement of
the prefrontal but would also prevent differential
dorsoventral movements between the bones.
Interfrontal
In Sphenodon the frontals generally contact
each other sagittally with a long butt joint. Ventrally
the seam is generally straight except where it
exhibits low amplitude interdigitation centrally
between the orbital margins (e.g., LDUCZ x1176,
BMNH K, UCMZ2614; AUP 11883) (Figures 48,
49). Correspondingly, in medial view the mid ventral portion of the facet bears ridges oblique to the
long axis of the bone (Figure 43.7) representing
some
degree
of
Type-B
interdigitation
(YPM11419). The interfrontal suture fully closes in
hatchlings between stages S and T when the skull
is 9 –14 mm long (Howes and Swinnerton 1901;
Schauinsland 1903; Werner 1962; Rieppel 1992;
Jones and Lappin 2009).
Frontal-postfrontal

FIGURE 44. Left frontal (DGPC1) in dorsal view overlain by ghosts of the neighbouring bones. Blue= nasal,
orange = prefrontal, green = postfrontal. Scale bar
equals 5 mm.

45, 46, 47). In the anterior part, the anterolateral
process of the frontal fits inside a deep ‘V’-shaped
slot in the medial surface of the prefrontal posterior
process (Figures 42, 44, 45, 46.3-4). In the posterior part, the posterior process of the prefrontal
inserts into a deep cavity in the anterolateral surface of the frontal bone (Figures 45, 46.1-2, 47,
48). Longitudinal ridges can be found dorsally in
both parts of this joint (Figures 43.1, 43.3, 45.1).
Anteriorly the joint is associated with the nasal-pre40

In dorsal view the seam for this joint can vary
dramatically between specimens (Figure 50). From
the anterior border of the orbit, the seam travels
posteromedially toward the junction with the parietal but may do so in a straight line (e.g., LDUCZ
x036), a broad ‘V’-shaped line (e.g., UMZC 2583,
LDUCZ 1176), a gentle curve (e.g., UMZC 2614) a
broad curve (e.g., BMB 101806, BMNH 19851212,
LDUCZ x146, DGPC1, BMNH.K), a sigmoid curve
(e.g., UMZC 2613, BMB 100225, NMNZ0382) or a
very sigmoid curve (e.g., UMZC 2593, DGPC2). In
a lateral view of the whole skull, the anterior segment of the seam travels anterodorsally from the
orbital margin before turning posterodorsally at mid
length.
This joint primarily involves the medial surface
of the postfrontal slotting into the lateral surface of
the frontal (Figures 47, 48, 49, 50, 51, 52, 53, 54)
but it can be divided into three sections. In the
anterior section, the anterior process of the postfrontal (Figures 51, 52.2) inserts into a deep slot in
the frontal (Figures 43, 47, 48, 49, 54). This slot
exhibits gutters and ridges running along its axis
(Figures 43, 48). In the central and largest section
the frontal sits in a deep concavity on the postfrontal (Figure 52.2), and some specimens possess a
small shelf on the frontal that enters the postfrontal
(BMNH K) (Figure 42). The posterior section is
related to the anterior joints of the parietal. In
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FIGURE 45. Left prefrontal (DGPC1). 1. dorsal, 2. and 3. medial views. Letters correspond to cross-sections in Figure 46.
Scale bar equals 5 mm.
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Frontal-parietal

FIGURE 46. Schematic coronal cross-sections
throught the left prefrontal-nasal-frontal joint. 1. section
between A and B in Figure 45.3. 2. section between C
and D in Figure 45.3. 3. section between E and F in
Figure 45.3. 4. section between G and H in Figure 45.3.

LDUCZ x1176 this involves a thin flat process from
the frontal slotting into the postfrontal (Figure 55).
Alternatively, as in DGPC1, the postfrontal may
overlap a small posterolateral sliver of the frontal
(Figures 43.1, 44, 51.1) and posteriorly the posterior tip of the frontal overlaps a small triangular
shelf extending medially from the postfrontal (Figures 43.3, 54).

Elsewhere this cranial joint suture is sometimes referred to as the coronal suture, reflecting
human terminology (e.g., Moss 1954, 1957;
Markens and Oudhof 1980; Opperman 2000).The
joint is complex and is associated with the medial
joints of the postfrontal. Primarily this joint involves
an alternating overlap; laterally the frontal overlaps
the parietal but medially the parietal overlaps the
frontal (Figures 42, 43, 44, 48, 49, 50, 53, 54, 55,
56, 57, 58, 59).
In dorsal view the external seam is short (Figure 50; Günther 1867; Arnold 1998; Evans 2008;
Jones and Lappin 2009; Jones et al. 2009). From
the midline it may travel posterolaterally around the
anterior margin of the parietal foramen before
meeting the junction with the postfrontal (Figure
50.6; e.g., LDUCZ x036, UMZC 2613, UMZC
2611). Alternatively it may be more sigmoid, at first
travelling laterally or anterolaterally before turning
posteriorly and finally curving posterolaterally (Figure 50.2; e.g., LDUCZ x1176, UMZC 2582, UMZC
2610, NMNZ RE0382). The frontal has two posterior processes (Figures 43), a lateral process that
overlaps the parietal (Figures 43.3, 54) and a
medial process that is overlapped by the parietal
(Figures 43.1, 44, 53, 55, 58, 59). The two processes are separated by an oblique slot (Figure
43.5) that may be smaller in juvenile frontals (e.g.,
LDUCZ x1176). Occasionally the posteriormost
medial edge of the frontal is exposed dorsally (e.g.,
NMNZ RE0382) but otherwise the overlapping facets of both bones are scarfed, and therefore this
resembles the ‘birds-mouth’ joint found in wood
joinery (Figure 2.15; Graubner 1992). On its own,

FIGURE 47. Left frontal bone (DGPC1) in lateral view overlain by ghosts of the neighbouring bones. Blue = nasal,
orange = prefrontal, green = postfrontal. Scale bar equals 5 mm.
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FIGURE 48. Partial skull roof (BMNH.K) in roughly ventral view as the prefrontal facet on the left is not visible.
Both frontals, both parietals and left postfrontal present.
Nasals, prefrontals and right postfrontal are absent.
Scale bar equals 10 mm.

without soft tissue, this joint would resist all movements except perhaps anterior movement of the
frontal and posterior movement of the parietal.
In hatchlings the adjoining medial portions of
the frontals and parietals have not fully ossified,
resulting in a fronto-parietal fontanelle (Howes and
Swinnerton 1901; Rieppel 1992). It is closed in
specimens with skull lengths approaching 15 mm
(Howes and Swinnerton 1901; Jones and Lappin
2009).
Postfrontal-parietal
This is the largest joint of the parietal and
overall involves the posterior end of the postfrontal
overlapping the anterolateral part of the parietal
(Figures 42, 44, 47, 48, 49, 50, 51, 52, 53, 56, 57,
58, 59). In dorsal view the seam runs posteromedially from the junction with the frontal for a short distance, occasionally reaching the anterior edge of
the parietal crest at a point level with the posterior
end of the parietal foramen (Figure 50). Here, it

FIGURE 49. Partial skull roof (UMZC 2614) in ventral
view. Left prefrontal and postfrontal are absent. Scale
bar equals 5 mm.

curves around, and the seam continues anterolaterally. It may continue this course (e.g., LDUCZ
x1176, LDUCZ x723 right side) or it may fold back
posteriorly (e.g., LDUCZ x036; LDUCZ x343 left
side, DGPC1). Variation in the posterior extent of
the postfrontals can occur even within the same
individual (Figure 50; e.g., DGPC2, LDUCZ x036).
Disarticulation of the skull bones demonstrates that the postfrontal overlaps the broad anterolateral expansion of the parietal (Figures 56, 57).
The expansion is concave, and aligned along the
contours are several gutters (Figure 57), ridges
and tubercles that slot into complementary features
on the postfrontal. Therefore the structure corresponds to a scarf joint (Figure 2.5) with some TypeA interdigitation (Figure 2.2). Often a splint or tab of
bone from the posterolateral corner of the postfrontal (Figures 51, 52.1) underlaps the anterolateral
edge of the parietal (e.g., DGPC1, LDUCZ x036)
(Figure 58). This joint would resist any significant
dorsal movement of the parietal and ventral movement of the postfrontal. It would also inhibit anterolateral
movements
of
the
parietal
and
posteromedial movements of the postfrontal.
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FIGURE 50. Variation in postfrontal, frontal and parietal seams. 1. UMZC 2582. 2. UMZC 2610. 3. UMZC 2593. 4.
UMZC 2583. 5. UMZC 2583. 6. UMZC 2611. Scale bar equals 10 mm.
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FIGURE 51. Postfrontal (DGPC1). 1. and 2. ventral views. 3. medial view. Scale bar equals 5 mm.

Postorbital-postfrontal
The postorbital and postfrontal of Sphenodon
are both fairly robust and together form the upper
part of the postorbital bar (Günther 1867; Evans
2008; Jones et al. 2009). The bar has a dorsal surface, an anteroventral surface and a posteroventral
surface, with the latter two separated by the ventral
ridge (Figure 53). The articulation is a complex,
and tightly fitting, slot joint between the medial process of the postorbital and the lateral process of
the postfrontal (Figures 42, 51, 52, 53, 60).
The seam demonstrates intraspecific variation
but overall it travels around the central part of the
upper postorbital bar in a zig-zag fashion. On the
dorsal surface the seam arcs medially from the

edges of the upper postorbital bar. The shape of
this arc is subject to variation (Figure 50); it may be
broadly ‘U’-shaped (Figure 50.1, 50.2, 50.3; Jones
et al. 2009, figure 2.2; e.g., LDUCZ x146, LDUCZ
x721, LDUCZ x723, LDUCZ x1176, NMNZ
RE0382; NMNZ RE2509) or more ‘V’-shaped (Figure 50.4, 50.5, 50.6; e.g., DGPC 1, LDUCZ x036,
LDUCZ x343, BMNH1985.1212, YPM9194), demonstrating varying degrees of symmetry. On the
posteroventral surface the seam travels ventrolaterally before folding back ventromedially in a ‘V’
shape (e.g., LDUCZ x1176), or more irregularly
(e.g., DGPC1). The seam continues ventromedially
until a point just before the ventral ridge where it
turns ventrolaterally. On the anteroventral surface
the seam continues ventrolaterally before redirect45
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FIGURE 52. Postfrontal (DGPC1). 1. lateral view. 2. and 3. dorsal views. Scale bar equals 5 mm.

ing dorsomedially. This redirection can occur
almost immediately (LDUCZ x036, LDUCZ x146,
DGPC2, YPM9194), in a simple ‘V’ shape (e.g.,
LDUCZ x1176), or in a lobed curve (DGPC1,
LDUCZ x723).
The internal part of the joint can be divided
into a dorsal part and a ventral part. The dorsal part
consists of a tongue-in-groove joint where the
tongue-shaped medial process of the postorbital
(Figures 60, 61) sits in a concavity on the postfron46

tal (Figures 2.13, 42, 52, 62). The ventral part of
this joint consists of a triple vertical slot joint, with
two slots in the postorbital (Figures 2.11, 60, 61)
and one in the postfrontal (Figures 51, 52, 53). The
latter slot is here referred to as the postfrontal cleft.
Its exact position can vary, and it may be absent
altogether (e.g., Figure 42, BMNH.K, AIM LH 833)
but it is usually found at the base of the postfrontal
concavity with a long axis parallel to that of the
upper postorbital bar. This cleft accepts a narrow
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FIGURE 53. Partial skull roof (DGPC1 prior to disarticulation) in ventromedial view. Scale bar equals 5 mm.

keel of bone that projects ventrally from the postorbital (Figures 60, 61). When present the postorbital
cleft divides the lateral end of the postfrontal into
anterolateral and posterolateral processes as suggested by the postorbital-postfrontal seam (Figure
52). It is these two processes that insert into the
two slots on the postorbital. The postfrontal anterolateral process is slightly larger than the dorsolateral process and slots into an anterior cavity
against the postorbital keel. The ceiling of the cavity bears a long ridge (Figure 61) complimentary to
a groove on the anterolateral process of the postfrontal (Figure 52.2). Smaller tubercles and ridges
are also present. In lateral view a fairly large foramen can be seen at the proximal end of one of the
gutters (Figure 52.1). The tip of the postfrontal posterolateral process also bifurcates (Figure 51.1)
around a small process inside the posteromedial
slot of the postorbital (Figure 60.1).

FIGURE 54. Frontal in ventral view, overlain by ghosts
of the neighbouring bones. Orange = prefrontal, green
= postfrontal, red = parietal. Scale bar equals 5 mm.

Even without soft tissue, the only movements
permitted by this joint are medial movement of the
postfrontal and lateral movement of the postorbital.
The dorsal tongue-in-groove and ventral vertical
slot joint would resist lateral movement of the postfrontal, medial movement of the postorbital and
anteroposterior movements of either bone. Dorsoventral movements are restricted by the shape of
the slots in the postorbital. In addition, the tonguein-groove would obstruct dorsal movements of the
postfrontal and ventral movements of the postor47
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FIGURE 56. Parietal. 1. medial view of YPM 11419. 2.
dorsal view of YPM 11419. 3. dorsal view of LDUCZ
x1176. Scale bar equals 5 mm.

FIGURE 55. Frontal-postfrontal joint (LDUCZ1176). 1.
frontals in dorsal view. 2. left postfrontal facet in lateral
view. 3. frontals in posterior view. Scale bar equals 5
mm.

bital. The keel, ridges and slots would all increase
the potential surface area for soft tissue attachment.
In a large hatchling Sphenodon (skull length =
12.3 mm) the postorbital overlaps the postfrontal to
a similar extent to that found in adults (Rieppel
1992) but in smaller skulls the overlap is less
extensive (Howes and Swinnerton 1901, skull
length = 9 mm).
Interparietal
This cranial joint is sometimes referred to as
the sagittal suture of human terminology (e.g.,
Moss 1954, 1957; Opperman 2000, Byron et al.
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2004). In Sphenodon, the parietals contact each
other along the midline with a straight seam either
side of the parietal foramen, and form a raised
crest (Figure 14). They are not necessarily fused
(contra Evans 1980, p. 240) although they can
often be very firmly apposed (Figure 14.1; e.g.,
DGPC2, LDUCZ x036, LDUCZ x723). In other individuals, however, the two halves of the crest are
separated dorsally or bifurcated (e.g., LDUCZ
x146, LDUCZ x721; LDUCZ x343). As this bifurcation can be found in small skulls (e.g., LDUCZ
x1176) it is unlikely that it relates to presence or
absence of the large scaly “nuchal crest” found in
adult males (e.g., Gillingham et al. 1995; Parkinson
2002). In posterior view the external seam can
appear sigmoid (LDUCZ x036).
Examination of isolated specimens demonstrates that this joint is essentially a large butt joint.
However, the medial surface of each parietal is
dorsoventrally expanded so that the contact surface is two or three times deeper than that of the
interfrontal or internasal (Figure 56.1). Also, the
facet surfaces are not entirely smooth. For example, the left parietal of YPM 11419 has a large anterior bony tubercle anteriorly (Figure 56.1) that
inserts into a corresponding depression on the
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FIGURE 57. Anterior portion of the parietal (DGPC1) 1. dorsal view lit from top left corner with low angle lighting. 2.
dorsal view lit from top left corner. 3. dorsal view lit from bottom right corner. 4. posterior, 5. anterior, 6. lateral, 7. ventral views. Scale bar equals 5 mm.

right parietal. Posteroventrally directed striations
are also visible above the tubercle and posterior to
the parietal foramen. These may serve to resist
some anteroposterior movements. The sigmoid
shape of the seam, often visible posteriorly, also
shows that a small process from one parietal
inserts into a small depression in the posterior
edge of the other.
In hatchlings the parietals make contact along
the midline after stage S and before stage T when
the skull is about 10 mm long and most of it is ossi-

fied (Howes and Swinnerton 1901; Rieppel 1992).
Before their contact, the parietals are separated by
a large central space (Howes and Swinnerton
1901; Schauinsland 1903; Werner 1962).
Parietal-squamosal
The medial process of the squamosal sits in
the bifurcating end of the parietal bone (Figures 56,
59). The latter is asymmetrically ‘U’ shaped in
cross-section, with the posterior process being
taller than the anterior process by about half. This
49
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FIGURE 58. Anterior portion of the parietal (DGPC1) in
ventral view overlain by the ghosts of the neighbouring
bones. Light blue = frontal, green = postfrontal. Scale
bar equals 5 mm.

joint resists anteroposterior movements of both
bones, medial and ventral movements of the squamosal, lateral and dorsal movements of the parietal. Some very minor mediolateral movement may
have been permitted to relieve local tension
caused by contraction of the adductor musculature.
Parietal-supratemporal
The supratemporal is unknown in adult Sphenodon although a tiny sliver representing it was
tentatively identified in a hatchling specimen (Rieppel 1992).
Temporal Joints
The temporal joints surround the lower temporal fenestra. The temporal unit is linked to the palatal unit by the jugal and pterygoid, the roofing unit
by the postorbital and squamosal, and the metakinetic unit by the pterygoid and quadrate.
Jugal-postorbital
The postorbital sits on top of and against the
dorsal process of the jugal. In lateral view the seam
50

FIGURE 59. Parietal (LDUCZ x1176) in ventral view.
Right side demonstrates breakage. Scale bar equals 5
mm.

is diagonal, sloping backwards with a slight sigmoid shape (Figures 62.1; Günther 1867; Evans
2008; Jones 2008; Jones et al. 2009). The joint is
composed of a single but twisted articulating surface that can be separated into upper and lower
parts. In the lower parts the facet on the jugal faces
anteromedially (Figures 31.4, 32.2, 34.3, 62) and
provides a shallow depression that accommodates
the postorbital. In the upper portion of the joint the
jugal expands dorsally alongside the medial surface of the postorbital (Figures 62, 63). In the juvenile LDUCZ x1176, the tip of the jugal dorsal
process tapers rather than being “squared-off” as
in the adult Sphenodon examined (Figures 32.2,
34). In DGPC1, the articulation surface bears subtle striations aligned with its long axis (Figure 31).
However, the only substantial texture is located on
the postorbital in the mid-part of the joint. It consists of a tubercle surrounded by gutters and ridges
(Figure 60.3). Overall, the joint has an extensive
surface area for soft tissue with overlap occurring
along the full height of the postorbital bar. Primarily,
it would restrict dorsoanteromedial movement of
the jugal and ventroposterolateral movement of the
postorbital. The medial seam of the joint crosses
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FIGURE 60. Left postorbital (DGPC1). 1. and 2. medial view following disarticulation. 3. Anterior view following disarticulation. Scale bar equals 10 mm.

the medial ridge of the postorbital and jugal which
itself is a continuation of the ventral ridge found on
the postfrontal.
Available images of hatchling skulls suggest
there is overlap at this joint but it is not as extensive as in adult skulls (Figure 4; Rieppel 1992;
Werner 1962).

Jugal-quadratojugal
In Sphenodon the posterior process of the
jugal generally overlaps the anterior process of the
quadratojugal but the exact nature of this overlap
varies intraspecifically (Figure 64). In lateral view,
the seam travels posterodorsally to the junction
51
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FIGURE 61. Postorbital (DGPC1) in anteroventral
view. Scale bar equals 5 mm.

with the squamosal (Jones et al. 2009). In ventral
view the seam is generally posterolaterally transverse. However, it is variable, and may differ in
individuals between left and right sides. It may be
straight (e.g., LDUCZ x723 right side, LDUCZ
x1176, LDUCZ x036, LDUCZ x146), sigmoid (e.g.,
DGPC1, DGPC2) or ‘V’ shaped (e.g., LDUCZ x723

left side). In DGPC1 most of the quadratojugal lateral facet is ‘L’ shaped in coronal section, and the
posterior process of the jugal sits on the sill of the
‘L’. As a result the posterior end of the jugal overlaps the quadratojugal for a length two or three
times the height of the lower temporal bar. In ventral view the quadratojugal generally overlaps the
jugal but occasionally along the medial edge of the
lower temporal bar, the jugal may overlap a portion
of the quadratojugal (DGPC1). The joint has additional features in some larger individuals and so
may change with ontogeny. The features include
interlocking pegs anteroventrally (e.g., DGPC1) so
that the joint as a whole can resemble an asymmetrical ‘birds mouth joint’ (Figure 2.15; Graubner
1998). Furthermore in DGPC1, at least, the facet
on the quadratojugal bears a slight ridge that fits
into a groove on the jugal. It should be noted that
the shape of the jugal posterior process (and thus
also the lower temporal bar) is variable; both in
terms of its relative dorsoventral dimension (Jones
2008) but also its mediolateral dimension. In coronal section, the process can be twice as tall as
wide (Figure 64.3; e.g., LDUCZ x146) or it may be
nearly circular with equal width and height (Figure
64.4; e.g., DGPC1). Where the lower temporal bar
is very circular in cross-section the posterior process of the jugal is acuminate, and the corresponding joints with the quadratojugal and squamosal

FIGURE 62. Postorbital joints (DGPC1 prior to disarticulation) in articulation in 1. dorsolateral, (2) dorsolateral views
with underlaps coloured. Dark blue = postorbital, green = postfrontal, red = jugal, orange = squamosal. Scale bar
equals 5 mm.
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FIGURE 63. Left temporal region (DGPC1 prior to disarticulation) in medial view. Scale bar equals 10 mm.

are more slot-like. When the lower temporal bar is
tall in cross-section (YPM 11419), the suture is
more likely to be a simple scarfed overlap (Figure
2.5).
This joint would have resisted lateral and dorsal movement of the quadrate and medial and ventral movements of the jugal. The ventral pegs
would also resist anterior movement of the quadratojugal and posterior movement of the jugal.
As known for over a hundred years, the lower
temporal bar is incomplete early in ontogeny (e.g.,
Howes and Swinnerton 1901; Schauinsland 1903;
De Beer 1937; Evans 1980; Bellairs and Kamal
1981; Whiteside 1986; Rieppel 1994; Müller 2003).
In a relatively large hatchling (e.g., FMNH 65905,
skull length = 12.3 mm) the jugal extends posteriorly and overlaps the quadratojugal but the contact
is loose (Rieppel 1992). In smaller hatchlings (Werner 1962 skull length ~ 6 mm) and more clearly in
the embryos, the jugal posterior process is only
partly developed and does not reach the quadratojugal (Howes and Swinnerton 1901; Schauinsland
1903, skull lengths < 6 mm).
Jugal-squamosal
In the lower temporal bar of adult Sphenodon,
the posterior process of the jugal overlaps the ventral process of the squamosal above the larger
jugal-quadratojugal joint. In a lateral view the seam

generally runs anterodorsally from the junction with
the quadratojugal; in medial view the seam runs
anteroventrally from the dorsal crest of the lower
temporal bar to the junction with the quadratojugal.
As with the jugal-quadratojugal seam there is some
individual variation. In lateral view the seam may
be sigmoid (e.g., LDUCZ x146) or it may run posterodorsally before redirecting anterodorsally
because the posterior tip of the jugal lies against
the squamosal rather than at the junction with the
quadratojugal. For example on the right side of
LDUCZ x036 and left side in OMNH 908 (as shown
in Jones [2008] but modified in Jones et al. [2009]).
In addition, the shape of the ventral process of the
squamosal and thus of the seam, can be affected
by the cross-section of the lower temporal bar. The
joint essentially involves the posterior process of
the squamosal expanding medially around the dorsal edge of the jugal but not necessarily to the
extent that it maintains contact with the quadratojugal at its anteriormost point (Figure 64.1). This
arrangement resists dorsal and medial movements
of the jugal. In DGPC1 the medial surface of the
facet bears anteroventrally directed grooves while
the dorsal surface is rugose. In small hatchling
skulls (< 9 mm long), the jugal does not meet the
squamosal (Howes and Swinnerton 1901; Werner
1962).
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FIGURE 64. Squamosal-jugal-quadratojugal joints. 1. lateral view of the left posterior skull of a juvenile (LDUCZ
x1176), with the jugal and postorbital both removed. An anterior view of the squamosal anterior process is also
shown. 2. adult left quadrate and quadratojugal (DGPC1) in lateral view. 3. anterior view of the quadratojugal and
squamosal facet in YPM 11419. 4. anterior view of the quadratojugal and squamosal facet in YPM 11420 (D). 5. Lateral view of the quadratojugal and squamosal facets for the posterior process of the jugal in YPM 11420. Scale bar
equals 5 mm.

Postorbital-squamosal
In general, the posterior process of the postorbital overlaps the wide anterior process of the
squamosal in a joint that spans almost the full
length of upper temporal bar (Figures 60, 63, 64.1,
65, 66). In medial view the anterior process of the
squamosal can be seen to reach the postorbital
bar. The tip of the thin squamosal anterior process
ends in two to four triangular points (two in LDUCZ
x723, YPM 11419, LDUCZ x343; three in DGPC1,
LDUCZ x036; four in LDUCZ x1176) which lie in a
depression on the postorbital (Figure 63). Posteriorly, the tip of the postorbital sits against a recess
in the squamosal bone (Figure 2.13). The extent of
the recess varies; being very shallow in some
specimens, e.g., LDUCZ x1176 (Figure 64.1); or
deep with edges that envelop the posteriorly tapering postorbital, e.g., DGPC1 (Figure 65). Primarily
this joint would substantially restrict lateral move54

ment of the squamosal and medial movement of
the postorbital. However, when the facet of the
squamosal is deeper it would also restrict anterior
or dorsoventral movement of the squamosal and
posterior or dorsoventral movement of the postorbital.
Squamosal-quadrate/quadratojugal
In posterolateral view, this slightly convoluted
seam extends posterodorsally from the junction
with the jugal, with only the posterior portion curving over the dorsal tip of the quadrate. In posterior
view the seam can be seen to continue anteromedially before disappearing at the junction with the
pterygoid. In medial view, the seam travels posteriorly from the junction with the jugal, curves over
the quadratojugal foramen and continues dorsally
before turning anteromedially to the junction with
the pterygoid.
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FIGURE 65. Squamosal in lateral view. Scale bar
equals 10 mm.

The squamosal articulates with the head of
the quadrate in a seemingly firm slotted joint (Figures 64, 67, 68, 69, and 70) that can be divided
into three parts: a lateral part, a small posterior part
(above the quadratojugal foramen) and large posteromedial part. In the lateral portion the ventral
process of the squamosal sits on the dorsal edge
of the quadratojugal but the lateral part of the interface alters along its length. Anteriorly, where this
joint is associated with the jugal, the quadratojugal
is ‘L’ shaped in cross-section with a dorsally
expanded medial edge (‘A’ in Figure 68.3). This
medial edge is enveloped by the squamosal which
bears a number of anteroventrally directed ridges
(‘B’ in Figure 68.3). The opposing facet on the
quadratojugal is rough but matching grooves are
not obvious (Figure 64). More posteriorly, near the
posterior part of the quadratojugal-jugal joint, the
lateral edge of the quadratojugal expands dorsally
(Figure 64.2). At this point the dorsal surface of the
quadratojugal is concave (Figure 67). Correspondingly, the squamosal surface exhibits a wide convex ridge and two grooves to accept the surface
(Figure 67, ‘C’ in Figure 68.3). In the posterior part
of the squamosal-quadratojugal joint both bones
widen, and the facets are rugose but the interface
between the two bones is more planar and abutting
(‘D’ and ‘E’ in Figure 68.3).
The posteromedial part of the joint is associated with the pterygoid-squamosal joint, and consists of two slot joints (‘F’ in Figure 68.3). The
posteriormost and largest of these slot joints
involves the dorsal tip of the quadrate which is an
expanded bun-like process with an anteromedially

directed long axis (Figures 64, 68, 69). This ‘bun’ is
held in a large concavity in the squamosal (Figures
68) between two ventral extensions (Howes and
Swinnerton 1901): a robust posteromedial process
(or lappet) which extends ventrally from the dorsal
process and a longer thinner process which
extends anteromedially from the squamosal ventral
process and is associated with the squamosapterygoid joint (Figure 69.2). The second slot joint
involves the thinner process and extends anteriorly
into a slightly sigmoid groove on the crest of the
quadrate wing (Figure 68.2). The groove itself is
contiguous with the rough posterior portion of the
quadrate-squamosal joint. Posteriorly, the medial
border is strongest (consisting of the quadrate dorsal process) but anteriorly the lateral border is
strongest. Anteriorly the base of this groove is perforated by foramina. In both the lateral and posterior parts a short curtain of bone, extending
ventrally from the medial edge of the squamosal
ventral process, overlaps the dorsomedial edge of
the quadrate/quadratojugal. This arrangement
increases the contact between the bones. The ventral extension is continuous with the anteromedial
squamosal process that slots into the quadrate
posteromedially. The joint would prevent significant
movement between the two bones in all directions
except either dorsal movement of the squamosal
or ventral movement of the quadrate.
The expanded bun-like process of the quadrate is spongy and “unfinished” surface suggesting
a cartilage component to the joint or small synovial
cavity (‘F’ in Figure 68.3) (Jones 2006). Holliday
and Witmer (2008) considered a synovial joint to
be present here in Sphenodon but did not fully
explain the basis for this inference.
The ventral process of the squamosal in
hatchling Sphenodon is comparable to that of
adults, bearing medial and lateral extensions to
hold the quadratojugal. There also seems to be a
pocket for the head of the quadrate (Rieppel 1992,
figure 2). However, there is no apparent posteromedial lappet as found in juvenile specimens
(LDUCZ x1176).
Pterygoid-squamosal
This joint is related to the squamosal-quadrate/quadratojugal joint and the posterior part of
the pterygoid-quadrate joint. The posterodorsal
processes of the pterygoid wing (Figure 70.3) slot
into a pocket formed by the anterior ends of the
squamosal posteromedial and anteromedial processes (Figures 67, 68, 69). The tip of the posterodorsal process of the pterygoid wing is roughly
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FIGURE 66. Left postorbital (DGPC1) in medial view after disarticulation ,overlain by the ghosts of the surrounding
bones. Blue = postorbital, orange = squamosal, red = jugal, green = postfrontal. Scale bar equals 10 mm.

rectangular in cross-section but bears longitudinal
grooves and ridges along its surface. The facet on
the squamosal also bears some texture. The
pocket would resist mediolateral movements
between the two bones.
Pterygoid-quadrate
As previously observed (e.g., Robinson
1973), the quadrate of Sphenodon is firmly joined
to the pterygoid. Primarily, the joint involves the lateral surface of the pterygoid posterolateral process
and the medial surface of the quadrate anteromedial process (Figures 69, 70, 71, 72). However,
there are two features of note. Firstly, the ventral
edge of the pterygoid wing slots into a gutter that
runs laterally along the base of the quadrate wing
(Figure 69, 72); secondly, the posterodorsal tip of
the pterygoid wing abuts the main body of the
quadrate and is related to the squamosal-pterygoid
joint (Figures 67, ‘G’ in Figure 68.3). In posterior
view the seam has a long sigmoid shape (Jones et
al. 2009). From the base of the quadrate-pterygoid
wing it passes posterodorsally, turns anterodorsally
and finally turns posterodorsally again before terminating at a junction with the squamosal. In anteromedial view the short seam runs anteriorly,
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dorsally and then anteriorly again, before reaching
the base of the epipterygoid.
Quadrate-quadratojugal
In Sphenodon this connection is fused ventrally but a faint seam may be visible dorsolaterally
above the quadratojugal foramen (e.g., DGPC1,
LDUCZ x036) (Figure 72). In hatchlings the bones
are not fused (Howes and Swinnerton 1901; Rieppel, 1992).
Metakinetic joints
The metakinetic joints include those located
between the back of the skull and the braincase.
The metakinetic unit is linked to the roofing unit by
the parietal and squamosal, and to the palatal, rostral and temporal units by the pterygoid. The usage
of metakinetic to describe this unit should not be
taken to imply that metakinetic movements occur in
this taxon.
Epipterygoid-quadrate
Robinson (1973) incorrectly thought the epipterygoid of Sphenodon overlapped the quadrate. In
actuality, the posterior end of the epipterygoid base
sits against the pterygoid abutting the anterior
edge of the quadrate (Figures 70, 71, 72, 73;
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FIGURE 67. Squamosal-quadrate-quadratojugal joint (DGPC1). 1. and 2. isolated squamosal in ventromedial view. 3.
quadrate-quadratojugal in dorsolateral view. Scale bar equals 10 mm.

Appendix 2). From the junction with the pterygoid
base of the quadrate-pterygoid wing, in anterolateral view, the seam travels anterodorsally, posteriorly, dorsally and finally anterodorsally again. The
two anterior processes from the quadrate (dorsal
and ventral) are thin but rigid, and the edge of the
quadrate between them is expanded and lacks a
finished anterior surface. The corresponding posterior end of the epipterygoid also lacks a surface.
The dorsally orientated part of the seam (between
the unfinished ends of the epipterygoid and quad-

rate) is sometimes very wide and contains substantial space for soft tissue (e.g., DGPC 2, LDUCZ
x1176). In AIM LH833 and the left side of LDUCZ
x036 the seam is not easily discernable which suggests that the bones may have begun to fuse. This
occurrence is perhaps not unexpected as both are
endochondral bones and are derived from the
same palatoquadrate cartilage (Howes and Swinnerton 1901; Schauinsland 1903; Werner 1962;
Rieppel 1992; Evans 2008).
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FIGURE 68. Squamosal-quadrate-quadratojugal joint (DGPC1). 1. quadrate-quadratojugal in dorsal view. 2. close up
of the gutter on the crest of the quadrate wing. 3. inferred cross-sections in anterior view along the quadrate-quadratojugal-squamosal joint. Numbers indicate position of the cross-sections. Blue = pterygoid, orange = squamosal, Pink
= quadrate/quadratojugal. Scale bar equals 5 mm.
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are enclosed ventrally, anteriorly and medially but
not posteriorly or dorsally (Figures 38.3, 39.2,
70.4). In LDUCZ x1176 the pockets are comparably enclosed. However, in hatchlings the medial
boundary is almost absent (CM 30660, Maisano
2001).
Pterygoid-epipterygoid
In Sphenodon the epipterygoid sits against
the lateral surface of the pterygoid wing (Figures
70, 71). Dorsal expansion of the pterygoid
increases the surface area between the two bones
and, at least in DGPC1, the dorsal edge bears
three triangular processes (Figure 70.1). The facet
on the epipterygoid is inset (Figure 73) and within it
there is a depression that corresponds to a mound
on the pterygoid (Figure 70.1). The anterior edge of
the pterygoid bears a subtle lappet which folds
around the anterior edge of the epipterygoid (Figure 70.1). Both facets possess additional texture
on their surface. The joint would have physically
prevented medial movements of epipterygoid and
resisted ventral, anterior and posterior movements.
Parietal-supraoccipital

FIGURE 69. Quadrate-quadratojugal (DGCP1) in posteromedial view. Scale bar equals 5 mm.

Pterygoid-basisphenoid [sphenoid]
This joint may be referred to as the basipterygoid articulation (e.g., Evans 2003; Johnston 2010)
or basal joint (Holliday and Witmer 2008). In squamates this joint is synovial, permitting mobility
associated with metakinesis (Evans 1980, 2003).
Günther (1867, p. 599) referred to this joint in
Sphenodon as “immoveable” whereas Romer
(1956, p. 114) refers to it as “moveable”. Neither
author illustrated the articulation or described it further. More recently, Arnold (1998, p. 325) considered this joint to be mobile in juveniles. Evidence
for a synovial joint and interarticular cartilage has
also been reported for Sphenodon based on examination of hatchling (Howes and Swinnerton 1901)
and adult material (Holiday and Witmer 2008;
Johnston 2010).
Several dry specimens and CT data sets of
YPM 9194 and LDUCZ x036 demonstrate that the
ventral tips of the basisphenoid rest in pockets on
the medial surface of the pterygoids. The pockets

In mammals, this joint is sometimes referred
to as the lamboid suture (e.g., Opperman 2000). In
Sphenodon (e.g., DGPC 2, LDUCZ x036) the lateral edges of the parietal extend ventrolaterally
(Figure 59) overlapping the dorsal surface of the
supraoccipital, but there is otherwise no distinct
facet. The joint would have prevented the supraoccipital from moving dorsally and the parietal from
moving ventrally. It would also reduce mediolateral
movement between the paired bones.
Squamosal-opisthotic
At its tip, the anterolateral surface of the
paroccipital process (opisthotic) rests against the
posterior corner of the squamosal (e.g., DGPC2,
LDUCZ x036). The joint appears to be fibrous.
Epipterygoid-prootic
The posteromedial surface of the dorsal process of the epipterygoid overlaps the anterior edge
of the prootic. The joint appears to involve fibrous
tissue (e.g., LDUCZ x036).
SUMMARY OF RESULTS
General Observations
The above description illustrates that a wide
variety of joint types can be found in the skull of
Sphenodon. For the most part, they can be
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FIGURE 70. Pterygoid (DGCP1). 1. close up of the epipterygoid facet in anterolateral view. 2. anterolateral view
(anterior process broken). 3. posterodorsal view of the posterodorsal process of the pterygoid. 4. posteromedial
view (anterior process broken). Scale bar equals 5 mm (1), 10 mm (2-4).
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FIGURE 71. Left pterygoid (DGCP1) in anterolateral view overlain with the ghosts of surrounding bones. Purple =
ectopterygoid, grass green = palatine, pea green = epipterygoid, pink = quadrate. Scale bar equals 10 mm.

grouped into the three main categories of abutments, overlaps and interdigitations, but the number and distribution of these joint types across the
skull show distinct characteristics. The medial
edges of midline bones tend to be dorsoventrally
expanded, which increases the surface area of

FIGURE 72. Quadrate-quadratojugal in anteromedial
view (DGCP1). Scale bar equals 5 mm.

contact (e.g., vomers, parietals). These midline
joints are mainly abutments (e.g., interparietal),
although some show limited interdigitation (e.g.,
vomers, pterygoids). In contrast, joints along the
sides of the skull involve extensive overlaps (e.g.,
maxilla-jugal, postorbital-squamosal) (Appendix 2;
Figures 74, 75, 76, 77). Some of these overlap
joints are relatively simple contacts (e.g., internasal) whereas others have more complex interlocking arrangements (e.g., frontal-parietal, palatineprefrontal); joints where a tongue-shaped process
sits in a basin-like depression are common (e.g.,
jugal-maxilla, postfrontal-postorbital, nasal-frontal,
postorbital-squamosal). Less frequent in Sphenodon, in contrast to most early tetrapods (e.g., Kathe
1995), are joints in which bones meet along the
same plane. Nevertheless, some planar joints are
found in the skull roof (e.g., nasal-frontal, frontalparietal), palate (palatine-pterygoid, palatinevomer) or lateral surfaces (e.g., palatine-maxilla,
ectopterygoid-jugal). Interdigitated joints are rare in
Sphenodon and essentially limited to the interpterygoid and the prefrontal-palatine joints. Extensive Type-C interdigitations like those found in
mammals, chelonians and crocodiles (e.g., Iordansky 1973; Gaffney 1979; Jaslow 1990) are absent.
Two different joints may occur between the
same pair of bones (e.g., palatine and maxilla, prefrontal and maxilla) and, as in other tetrapods (e.g.,
Clack 2002), joint morphology can change along
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FIGURE 73. Epipterygoid. 1. lateral view. 2. lateral view labelled. 3. medial view. Scale bar equals 5 mm.

the suture (e.g., the palatine-pterygoid suture). At
one point in a joint ‘bone X’ may overlap ‘bone Y’
but at another part of the suture the opposite
occurs (e.g., nasal-prefrontal, prefrontal-frontal,
intervomerine, postfrontal-frontal, frontal-parietal).
As in other taxa (e.g., Moss 1957; Clack, 2002;
Sun et al. 2004), some joints bear a complex external seam but internally the contacting surfaces are
relatively smooth (e.g., ectopterygoid-jugal joint).
Many joints, particularly along the dorsal and
ventral margins of the skull, involve three or, occasionally, four bones (Figure 77, e.g., jugal-maxillaectopterygoid, frontal-postfrontal-parietal, jugalsquamosal-quadratojugal). This arrangement can
result in strong triple overlaps (e.g., the maxillaprefrontal-nasal,
vomer-palatine-pterygoid),
although similar complex overlaps can occur
between two bones where one possesses a pocket
or tab into which the other slots (Figure 78) (e.g.,
premaxilla-nasal, palatine-vomer, nasal-maxilla,
parietal-postfrontal, and to some extent, the palatine-prefrontal and squamosal-postorbital).
Following disarticulation of the skull, relatively
few bones can be rearticulated so that they remain
locked together in most orientations (e.g., the postfrontal and postorbital or the frontals and parietals).
Most cranial joints require soft tissue and/or the
presence of other bones to maintain the articulation (e.g., palatine-maxilla or premaxilla-palatine).
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Indeed, the surfaces of a few bones bear no trace
of facets and are maintained entirely by soft tissue
(e.g., the premaxilla-vomerine joint). This characteristic reflects the amount of soft tissue in many of
the cranial joints of this genus and explains the rarity of articulated Holocene specimens of Sphenodon (Gill, personal commun., 2006).
Facet surfaces, where present, are generally
smooth but can be ridged (e.g., nasal-frontal), pitted (e.g., pterygoid-ectopterygoid) or striated (e.g.,
maxilla-jugal) to maximise the attachment area for
collagen fibres. Within a single joint there may be
variation in the location of texture (e.g., jugal-postorbital, maxilla-jugal). Usually the texture is
reflected on opposing facet surfaces but not
always (e.g., prefrontal-maxilla).
Variation within Sphenodon
In Sphenodon, sutures in larger skulls usually
show a greater degree of overlap and facet texture
than those in small skulls. Individual joints generally have the same gross morphology between
skulls of similar size but there is variation in the
edges of processes, position of seams, facet texture and other minor details. Given the limited sample of juvenile Sphenodon skulls, it is still difficult to
disentangle ontogenetic variation from individual
variation, but some differences are obvious.
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FIGURE 74. Sphenodon skull YPM9194 CT model in dorsolateral view. 1.-4. lateral view. 5.-8. dorsolateral view. 1.
and 5. surface topology. 2. and 6. surface topology with sutures segmented in pink. 3. and 7. surface topology with
sutures segmented in pink and bone reduced to 40% opacity. 4. and 8. sutures segmented in pink and bone invisible.
All images shown in reverse for comparison. Skull length is approximately 48.75 mm.
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FIGURE 75. Sphenodon skull YPM9194 CT model in anterodorsal view. 1. surface topology. 2. surface topology
with sutures segmented in pink. 3. surface topology with sutures segmented in pink and bone reduced to 40% opacity. 4. sutures segmented in pink and bone removed.

Adult (e.g., DGPC1, BMNH.K) and juvenile
skulls (e.g., UCLGMX 1176) differ from large hatchling skulls (e.g., Howes and Swinnerton 1901;
Rieppel 1992) in the following ways: the frontoparietal and interparietal fontanelles have closed; the
posterior process of the jugal is more extensively
sutured to the quadrate and squamosal and the
overlap between the squamosal and postorbital is
more extensive. Adult skulls (e.g., BMNH.K,
DGPC1) differ from juvenile skulls (e.g., UCLGMX
1176) in the following ways: the interpremaxillary
64

seam is less sigmoid; the ectopterygoid-jugal joint
tends to be more interdigitated; the prefrontal-palatine seam tends to be more interdigitated; the jugal
dorsal process has a squared off dorsal tip and the
parietal crest is dorsally expanded. Between adult
skulls (e.g., BMNH.K and DGPC1) the following
variations occur: the presence or absence of the
postfrontal cleft; the degree to which the vomer
underlaps the palatine, the palatine overlaps the
pterygoid centrally, the prefrontal overlaps the
nasal and the frontal underlaps the nasal; the pres-
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FIGURE 76. Sphenodon skull YPM9194 CT model in occipital view. 1. surface topology. 2. surface topology with
sutures segmented in pink and bone reduced to 40% opacity.

ence or absence of a nasofrontal fontanelle; the
shape of the nasofrontal, postfrontal-frontal and
frontal-parietal seams; the level of texture present
on the facets of the nasal-frontal joint; the exact
arrangement of the jugal-squamosal-quadratojugal joint; and the degree to which the squamosal
envelopes the postorbital.
There are several possible reasons for individual differences in joint morphology between adults
of Sphenodon. One is variation in the pattern of
mechanical forces transmitted around the skull,
which is known to influence joint morphology (e.g.,
Moss 1954, 1961; Oudhof and Markens 1982;
Nanda and Hickory 1984; Nash and Kokich 1985;
Mao 2002; Mao et al. 2003). Variation in the stress
regime may be the result of differences in diet
(e.g., Ostrom 1962; Dalrymple 1977) so that animals with more abrasive diets experience more
stress and therefore possess more complex
sutures (Byron et al. 2004). It may also be related
to where an individual prefers to bite along its tooth
row. Variations in muscle arrangement (e.g., Haas
1973; Gorniak et al. 1981; Wu 2003; Jones et al.
2009), potentially linked to differences in genotype
or behaviour, may also alter the location and orientation of stresses, as may variations in skull size
and proportions linked to ontogeny (Jones 2008).
SKULL MECHANICS IN SPHENODON
Almost all of the cranial joints examined in
Sphenodon remain patent through life, which suggests following the majority of skull growth they
remain important to skull function. Using inferences
similar to those employed by Herring (1972), Buckland-Wright (1978) and Taylor (1992), we combine
our observations on cranial joints, with current
understanding of the jaw muscles (e.g., Jones et

al. 2009) and observed skull architecture to
develop a series of hypotheses about skull biomechanics in Sphenodon.
Forces Acting on the Skull
Forces acting on the skull in the living animal
include gravity and occasional blows during fighting (Seligman et al. 2008; Jones and Lappin 2009)
and prey acquisition, but most mechanical stress
will be experienced during feeding: the temporal
region and skull roof will be pulled downward as
the jaw adductor muscles contract; the back of the
cranium will be pushed up and to some extent
anteriorly as the lower jaws are pulled against the
quadrate condyles by the jaw adductor muscles;
and the maxillae and other facial bones will be
pushed dorsally as the jaws are brought against
resistant food items. Therefore, in a very general
way, we may expect the skull to act like a beam
subject to three-point bending with compression
along the dorsal surface and tension along the
ventral margin (Taylor 1992; Russell and Thomason 1993; Weishampel 1993; Preuschoft and Witzel 2002; Henderson 2002; Rafferty et al. 2003).
However, this simple model is complicated by several other considerations:
• As in many other amniotes the pterygoid
flanges will be pushed medially by the
lower jaws as they are pulled upward and
medially by the jaw muscles (Taylor 1992).
• Following jaw closure there is an anteriorly
directed (prooral) shearing motion in Sphenodon (Farlow 1975; Gorniak et al. 1982;
Curtis et al. 2010b).
• Sphenodon possesses a row of teeth on
the lateral edge of the palatine bone parallel with the tooth row on the maxilla so that
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FIGURE 77. Locations and degrees of bone overlap in the skull. 1. lateral view (OMNH 908). 2. dorsal view (NMNZ
RE0385). 3. ventral view (NMNZ RE0385). 4. occipital view (YPM 9194).
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FIGURE 78. Schematic diagrams of a frequently
encountered joint arrangement (an asymmetrical transverse slot and groove) shown in section and demonstrating the suture interface. Primarily the joint is an
overlap but at one end there is a small pocket and tab
so the joint also has the properties of a slot joint. 1. the
overlap is scarfed (e.g., premaxilla-nasal). 2. the overlap is stepped (e.g., prefrontal-palatine). 3. a tab underlaps the neighbouring bone and is not hidden (e.g.,
parietal-postfrontal). 4. the pocket is located near the
ectocranial surface rather than the endocranial surface
(e.g., maxilla-nasal).

when the jaws close the lower (dentary)
tooth row bites between the upper tooth
rows (Gray 1831; Günther 1867; Gorniak
et al. 1982; Jones et al. 2009). This type of
occlusion means that during biting the palatine bones will receive a substantial component of the loading forces directly
(Gorniak et al. 1982). In addition, as the
jaws close, food will be forced between the
upper tooth rows pushing them apart, and
creating lateral forces on the posterior
ends of the maxillae and medial forces on
the posterior end of the palatines (Figure
79). The posteroventral surfaces of the
premaxillary chisel-like teeth are also probably pushed forward at the end of the
shearing action as evidenced by the wear
facets found on the tips of the lower jaws
(Reynoso 1996; Jones et al. 2009).

FIGURE 79. Schematic cross-sections through the skull
of Sphenodon. A Cross-section through the posterior
skull roof of Sphenodon; B Diagrammatic section
through the central skull roof of Sphenodon; C Diagrammatic section through the anterior skull roof of Sphenodon. Light blue = frontal, purple = ectopterygoid, red =
jugal or parietal, gold = maxilla, green = palatine or postfrontal, dark blue = postorbital.

•

•

•

The prominent premaxillary teeth in adult
Sphenodon are likely to contact a food
item well before those on the maxilla and
palatine. Hence, during a bite the premaxillae will experience loading well before the
rest of the skull, causing shear or bending
within the rostrum.
Sphenodon is known to bite both unilaterally and bilaterally (Gorniak et al. 1982).
Unilateral biting will generate complex torsional forces in the skull rather than simple
long axis bending (e.g., Herring and Teng
2000; Thomason et al. 2001).
The forces imposed on the skull by muscles are both important and complicated
(Herring and Teng 2000; Herring et al.
2001; Thomason et al. 2001). When the
lower jaw meets resistance (a food item)
and the muscles contract, the sites of ori67
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FIGURE 80. External ridges and thickenings in the skull of adult Sphenodon. 1. lateral view. 2. dorsal view. 3. ventral
view with. 4. occipital views (YPM 9194). Based mainly on DGPC 1, DGPC 2, LDUCZ x036 and OMNH 908.
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FIGURE 81. Internal ridges found on facet surfaces. 1. lateral, 2. dorsal, 3. palatal, 4. occipital views. Based mainly
on specimens DGPC 1 and BMNH K.
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FIGURE 82. Hypothesis of compressive stress trajectories (HCST) expected in a Sphenodon skull during bilateral biting based on bony thickenings and facet ornament. 1. lateral, 2. dorsal, 3. palatal, 4. occipital views.
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FIGURE 83. Trans-sutural web diagram for Sphenodon constructed using the guidelines of Thompson (1995, p. 195).
1. lateral, 2. dorsal, 3. palatal, 4. occipital views.
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FIGURE 84. A stereopair of a Sphenodon skull (DGPC2) in ventral view demonstrating the vaulted nature of the palate. Scale bar equals 10 mm.

•

•
•
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gin and attachment will experience tensile
forces. The action of some muscles may
cancel out the forces from others (Buckland-Wright 1978). However, the system
will be dynamic because muscle vectors
and forces will alter with gape and with
bilateral or unilateral biting (Gorniak et al.
1982; Curtis et al. 2010b). As in vivo work
on other taxa has demonstrated, some
parts of the skull are likely to experience
both tensile and compressive forces at different parts of a bite cycle during unilateral
biting (e.g., Herring and Teng 2000; Herring et al. 2001; Thomason et al. 2001).
The neck muscles may generate some
posterior forces on the braincase and posttemporal arch during head movements
related to feeding (e.g., Rayfield et al.
2001; Preuschoft and Witzel 2002; Jones
et al. 2009).
There may be some lateral force on the
quadrates during food transport and swallowing.
Together, the very low position of the jaw
joint and the shape of the lower jaw in
Sphenodon permit the tooth rows to meet
almost evenly. As the mouth closes and
the posterior teeth of the lower jaw and
maxilla pass each other, so do the anterior
teeth (e.g., DGPC 2). This arrangement
means that when the jaws are nearly
closed and the food item is relatively flat,
the bite force will be evenly distributed
along the tooth row. The situation will be

more complicated if the jaws encounter
resistance when wide open.
• The marginal tooth rows of Sphenodon are
relatively closer to the midline than those
of many squamates (e.g., see Evans 2008)
and early rhynchocephalians (e.g., Evans
1980; Whiteside 1986). The distance
between the posterior ends of the tooth
rows in the horizontal plane is about 60%
that of the distance between the jaw joints
(62%, n = 20, standard deviation = 0.33),
which provides greater jaw stability during
unilateral biting and makes bilateral biting
more likely when dealing with large prey.
Correspondingly, the skull is more likely to
undergo bending rather than torsion in
such instances.
• The skull of Sphenodon includes a number
of bony bars and therefore, in contrast to
many mammals, is an excellent example
of a skull built by struts (sensu Preuschoft
and Witzel 2002). Under torsional loading
the junctions between these stuts may be
vulnerable to high concentrations of stress.
• Under loading, sutures will respond differently from the bones they unite.
These additional considerations highlight the
unique feeding apparatus of Sphenodon and make
it unlikely that the skull will behave exactly as a
beam. Others (e.g., Thomason et al. 2001) have
suggested that a tube might be a better model, at
least for mammal skulls, but they also acknowledged that forces in the skull can be highly localised, as shown by Herring and Teng (2000). Thus
although bite force was recently obtained for adult
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FIGURE 85. Diagrams illustrating the position of cross-sections in Figure 86. Sphenodon skull in (1) dorsal and (2) in
ventral view.

Sphenodon (Jones and Lappin 2009; Herrel et al.
2010), the nature and magnitude of the stress generated during biting will vary depending on the
exact location of the bite, gape and the amount of
force used.
Ridges and Thickenings
Although the dermatocranial bones of vertebrates essentially develop as thin flat sheets, the
adult elements are more complex in their morphology and typically show variation in bone thickness
resulting from remodelling during ontogeny. This
remodelling is thought to be a response to varying
levels of mechanical loading within the skull, leading to the concept of ‘Benninghoff trajectories’
(Benninghoff 1934; Lehman 1973a, 1973b)
whereby the areas of thickening form a network of
reinforcing bony ridges (Benninghoff 1934; Fox
1964; Herring 1972; Lehman 1973a, 1973b; Buckland-Wright 1978; Lanyon 1980; Reisz 1981; Taylor 1992; Lieberman 1997; Thomason et al. 2001).
In experiments that simulated biting action in dried
skulls, Buckland-Wright (1978) found that these
thickenings (“continua”) were associated with the
alignment of surface strains.
The skull of Sphenodon exhibits a consistent
pattern of bony ridges and thickenings that is most
conspicuous in larger skulls (Figures 5, 50, 80),
which include ridges and thickenings in the mar-

gins of the orbits; the dorsal edges of the upper
temporal bars; the anterior and posterior edges of
the postfrontals; the anterior, posterior and ventral
edges of the postorbitals; the dorsal and ventral
margins of the pterygoid-quadrate wing; the ventral
margins of the jugals; the boundaries of the jugalpostorbital and quadrate-squamosal joints and the
secondary bone band along the alveolar margin of
each maxilla. These ridges of bone increase the
cross-sectional area and thus, by inference, the
strength of the skull in particular regions liable to
bending or twisting forces (e.g., the secondary
bone band along the maxilla will provide a greater
resistance to long-axis bending forces, Jones and
Lappin 2009; Jones et al. 2009). Ridges of bone
are not directed toward fontanelle locations (Figure
80), for example the nasofrontal junction, the central part of the nasal-prefrontal joint, and the central
area between the pterygoid and frontal, or toward
parts of the skull where the bone may be thin or
absent, such as the central part of the quadrate
wing (e.g., DGPS1, DGPS2, LDUCZ x036). Correspondingly bone is thought to be prone to removal
where stress or (more specifically) compression is
relatively low (e.g., Case 1924; Olson 1961;
Frazzetta 1968; Oxnard et al. 1995; Preuschoft
and Witzel 2002; Farke 2008).
Ridges and thickenings can also be found
within facets (Figure 81). Herring (1972) and Buck73
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FIGURE 86. Schematic cross-sections of the palate in
Sphenodon (A-F). Position of the sections as indicated
in Figure 85.

land-Wright (personal commun., 2007) suggested
that these structures were oriented parallel to the
likely direction of force transmission and slippage.
However, it may be more complicated than this, as
work on sheep skulls (Thomason et al. 2001) found
that cranial architecture corresponded to working
side compression but not overall strain magnitudes. Nevertheless, the arrangement of bony
ridges and internal facet ornament allows the construction of a “hypothesis of compressive stress
trajectories” (HCST, Figure 82) that can be tested
by comparison to cranial joint structure and Finite
Element Analysis. The lines of hypothesised stress
are often located along the (thickened) edges of
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bones rather than running through the exact centre. As a result, the HCST is not equivalent to a
“trans-suture web” (sensu Thompson 1995) of
Sphenodon where lines are drawn between the
midpoint of external suture seams (Figure 83). The
lines also do not necessarily take the shortest route
and occasionally cross each other rather than
merging. This arrangement is not dissimilar to that
found by Buckland-Wright (1978) in the cat skull.
Overall the HCST predicts that compressive
stress in Sphenodon is being resisted around the
orbits, postfrontals, and quadratojugal foramina,
and along the lower temporal bars, the upper margin of the upper temporal fenestrae, the margins
and midline of the palate, and the margins of the
quadrate-pterygoid wings. This situation matches
the suggestions of previous authors with respect to
the orbits (e.g., Fox 1964; Frazzetta 1968; Buckland-Wright 1978; Preuschoft and Witzel 2002) and
also to the lower temporal bar which is posited to
act as a brace between the postorbital bar and
mandibular joint (e.g., Rieppel and Gronowski
1981; Whiteside 1986). The prime locations where
stress might arise during loading (the marginal
dentition, the jaw joints and temporal fenestrae)
are linked in a manner similar to that described
Buckland-Wright (1978) as a “structural continuum.” This system potentially allows opposing
stresses from different regions to be transmitted
toward each other as they are reduced and
absorbed by the intervening hard and soft tissues
(Buckland-Wright 1978). The prefrontal in Sphenodon should, for example, be important in re-directing dorsally directed forces from the palate and
maxilla to the skull roof (Figure 82). Similarly, the
ectopterygoid is positioned to transmit forces
between the marginal tooth rows and the centre of
the pterygoid (Figure 82.3). Forces from the jaw
joint radiate along five different pathways from a
point on the quadrate-quadratojugal (Figure 82.1
and 82.4).
Preuschoft and Witzel (2002, text figures 4b,
5b, 5g, 12b) proposed a hypothesis of stress distribution during biting in Sphenodon, using lateral,
dorsal, ventral and occipital views of the skull and
depicting zones of expected tension and compression. It posits that the dorsal and occipital surfaces
of the skull are held mainly in compression
whereas the ventral part of the skull (including the
lower temporal bar) is primarily in tension, with the
postorbital bar and quadrate-pterygoid wings as
“distance elements” within a neutral axis. In this
scheme the skull is acting like a beam held posteriorly and loaded anteriorly. The fact that the skull
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roof of Sphenodon is composed of thicker bone
than the palate lends some support to this interpretation but, as discussed in the previous section, a
simple beam model may not be appropriate. The
details of the skeletal architecture described here
suggest that the lower temporal bars, postorbital
bars, central part of the palate and edges of the
palate at some point undergo compressive forces.
Tensile forces are likely to be resisted by the fibrocellular sutures, tendons, fascia, skin and other
soft tissues (Preuschoft and Witzel 2002).
The Cranial Joints
Given the hypothesis of loading represented
by the HCST, we would predict that key cranial
joints would be those: between the premaxilla,
maxilla and neighbouring bones in the rostrum;
along the longitudinal axis of the skull roof; resisting the pull and torsional effects of the jaw adductor
muscles; supporting the jaw joint around the suspensorium; and reinforcing the palate against
bending.
Rostrum
The primary forces experienced by the rostrum will be those generated by loading on the
anterior premaxillary chisel teeth and/or on the
anterior maxillary teeth. The former may occur
when the premaxillary teeth are used to impale relatively large prey (Gorniak et al. 1982, p. 337). This
behaviour will generate dorsally directed forces
within the premaxilla relative to the rest of the skull,
resulting in dorsal shear in the premaxilla-nasal
joints and ventral tension in the premaxilla-vomerine and premaxilla-maxilla joints (Taylor 1992;
Preuschoft and Witzel 2002; Rafferty et al. 2003).
The premaxilla-nasal joint will resist excessive posterodorsal slippage of the premaxilla (Figures 12,
13) whereas the extensive soft tissue between the
base of the premaxilla and its neighbouring bones
(vomer, maxilla) may permit some limited separation. This location of flexibility may also be important during prooral jaw movement when the
premaxillary chisel tooth is contacted by the lower
jaw.
The anterior maxilla will be loaded when
Sphenodon uses its caniniform teeth (Figure 5.1),
with compressive forces being directed up the
anterior edge of the facial process (Figure 82.1)
into the nasal and prefrontal. The rather box-like or
tubular cross-section of the rostrum at this level is
shaped to resist both bending and torsional stress
(Preuschoft and Witzel 2002; Rafferty et al. 2003),

aided by soft tissue in the large overlaps between
the prefrontal, nasal and maxilla. The maxilla-nasal
slot joint (Figure 17) may serve to support the maxilla as the lower jaw pushes gripped food forward
against the maxillary teeth during prooral shearing.
The Skull Roof
The skull roof may be subject to long axis
bending because of upward force from the teeth
and downward force from the adductor muscles
(Taylor 1992; Russell and Thomason 1993; Rayfield 2004, 2005a, 2005b), aggravated by upward
forces from the jaw joints and a posterior pull from
the neck muscles. There will also be torsion across
the orbital region, especially during unilateral biting, and mediolateral tension due to the pull of the
adductor muscles.
Longitudinal bending in the antorbital skull is
resisted by the long overlapping nasal-frontal joint
that resists significant separation while allowing
small anteroposterior adjustive movements (as
postulated for Allosaurus, Rayfield 2005b). The
longitudinal ridges on the frontal and nasal facets
(Figures 41, 43) may help translate any small
mediolateral movements (caused by torsion) into
anteroposterior movement. Longitudinal bending of
the parietal will be resisted by its dorsoventral
expansion. The HCST suggests that compressive
forces in the skull roof will converge between the
orbits and in front of the upper temporal fenestrae
(Figure 82). Significantly, this is where some of the
most heavily interlocked joints are located (Figure
77, e.g., frontal-prefrontal, frontal-postfrontal, postorbital-postfrontal). The frontal-parietal joint is relatively narrow in Sphenodon but the interlocking
structure maintains a rigid connection, resisting
both dorsoventral bending forces and mediolateral
torsional forces. It is reinforced laterally by the
large spanning postfrontals (Figure 77.2). The
interfrontal joint may act as a ‘keystone’ (Figure 79)
to the arches of the orbits with forces travelling
posteriorly up the postorbital bars (Figure 82) and
being directed transversely against each other in
another arch meeting around the postfrontal-parietal-frontal suture (Figure 82).
As previously suggested (e.g., Arnold 1998),
the complex joints between the parietal, frontal and
postfrontals would prevent fronto-parietal hingeing
(‘mesokinesis’). Even in the hatchling Sphenodon
where there is a large midline fontanelle, overlaps
lateral to this make bending at this joint unlikely
(Rieppel 1992).
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The Temporal Region and Adductor Muscles
The jaw adductor muscles originate from the
sides of the parietal, from the proximal parts of the
postorbital and post-temporal bars, and from fascia
over the lower temporal fenestra (Gorniak et al.
1982; Jones et al. 2009). Contraction of these muscles during biting imposes powerful anteroventral,
anterolateral and ventrolateral forces on the posterior skull roof and temporal region (e.g., Beherents
et al. 1978; Herring and Teng 2000; Sun et al.
2004; Byron et al. 2004). At the same time, the
region will be subject to a posterodorsal force from
the maxilla anteriorly, and a strong upward force
from the jaw joint posteriorly. Hence, there may be
shear between the component parts, as well as torsion in the upper and lower temporal bars during
unilateral biting.
Tension across the interparietal joint is
resisted by soft tissue spanning the deep contact
surface. Anteriorly, as in other amniotes, the convex “arch” formed by the postorbital bars would
resist the downward pull of the adductor muscles
(Frazzetta 1968), aided by the tight fit of the postorbital-postfrontal joint and, further ventrally, by the
tall medial process of the jugal which is positioned
to brace the postorbital (Figure 79). The long overlapping postorbital-squamosal joints in the upper
temporal bars (Figure 62) should allow the small
adjustive movements necessary to reduce torsion
and shearing in this part of the skull. Similarly, as
the plane of the jugal-postorbital joint is almost parallel to the orbital margin, the intrasutural collagen
fibres should be orientated perpendicular to resist
posterodorsally directed forces from the upper jaw
(Figure 82). The parietal-squamosal joint alternatively resists the anteroventral pull of the m. adductor mandibulae externus and posterior pull of the
m. depressor mandibulae and neck muscles (Gorniak et al. 1982; Al-Hassawi, 2007; Curtis et al.
2009; Jones et al. 2009). The slotted joint allows
fibres to be arranged to resist both these movements.
The Jaw Joint and Suspensorium
The forces generated at the jaw joint may be
greater than those from the upper tooth row as the
jaw joint is closer to most of the muscles (Crompton and Parker 1978; Jones et al. 2009). The exact
direction of these forces will also vary as gape and
muscle activity changes over the course of a bite
and swallowing cycle. Fusion of the quadrate and
quadratojugal may reflect the need to further
strengthen this part of the skull (Herring 2000). The
jugal-squamosal and jugal-quadratojugal joints
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appear well-structured to prevent the posterior process of the jugal from rotating medially and/or the
posteroventral corner of the skull from twisting laterally. The near vertical facet surfaces permit intersutural soft tissue to be orientated so as to prevent
excessive shear or torsion between the lower temporal bar and squamosal-quadratojugal. The joint
between the squamosal and quadrate-quadratojugal is roughly parallel to the jaw joint (Figure 77)
and is probably important for transmitting forces
from the jaw joint to neighbouring parts of the skull
(Figure 82). The lateral part of the interlocking
quadrate-squamosal joint appears already well
established in hatchlings (Rieppel 1992) but the
medial lappet that supports the quadrate in adults
does not. The presence of a synovial cavity within
the quadrate-squamosal joint (Rayfield 2005a;
Jones 2006; Holliday and Witmer 2008) needs to
be confirmed by direct observation or histological
sections, but it could be important for dissipating
compressive forces from both the jaw joint and jaw
muscles.
Medially, the quadrate-pterygoid joint may be
strained as the pterygoid muscles pull the two
bones down but the quadrate is pushed upward by
the lower jaw. However, excessive movements of
the quadrate on the pterygoid would be resisted by
the strong overlap (Figure 77), present even in
hatchlings, whereas the deep pterygoid-quadrate
wings will resist dorsoventral bending while probably allowing for some lateral deflection during swallowing.
The Palate
During biting the palatal bones and joints in
Sphenodon are subject to forces from the marginal
and palatal tooth rows; from the lower jaws pushing
against the pterygoid flanges (Taylor 1992); from
the dentary teeth wedging between the maxillary
and palatine tooth rows during prooral shear; and
from the actions of the deeper adductor muscles
pulling the braincase (e.g., m. adductor mandibular
profundus) and jaws (e.g., m. pterygoideus)
against the pterygoids (Haas 1973; Gorniak et al.
1982; Wu 2003; Curtis et al. 2009; Jones et al.
2009).
Overall, the palate is relatively thin but vaulted
(Figures 84, 85, 86), the peak of the vault occuring
where the vomer, palatine, and pterygoid meet just
anterior to the palatal tooth rows. Palatal vaulting
has also been described in an extinct crocodylomorph (Pristichampsus vorax, Busbey 1995) and
non-mammalian synapsids (Jenkins et al. 2002). A
disadvantage is that the palate is moved closer to
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the neutral axis reducing the skull’s overall resistance to torsion and dorsoventral bending (Busbey
1995, p. 190). However, vaulting may help to dissipate dorsally directed forces from the teeth in a
manner analogous to the effects of a 'flying buttress' (Busbey 1995). Perhaps correspondingly the
palatal bone thickenings in Sphenodon (and by
inference compressive stresses) converge toward
the midline of the palate (Figure 82.3). The vomer,
for example, although apparently thin, is reinforced
by medial and lateral thickenings. The large overlapping palatal joints in Sphenodon (Figure 77.3)
potentially allow slight adjustive movements (to dissipate or redistribute torsional stress) while resisting excessive displacement. Similarly, torsional
stress during unilateral biting might be reduced by
long axis slippage along the midline joints, but posteriorly the interdigitated interpterygoid joint would
resist medial forces from the pterygoid flanges and
palatal tooth rows (via the palatine) (Rafferty and
Herring 1999; Herring and Teng 2000; Markey and
Marshall 2007a).
During biting and prooral shear, the complex
interlocking prefrontal-palatine joint is positioned to
buffer dorsally directed forces from the palatine
tooth rows (Jaslow 1990; Jaslow and Biewener
1995), posterior forces generated by pterygoideus
atypicus and, potentially, anterodorsal and dorsolateral (lower jaw wedging) forces during prooral
shearing. Prooral shearing also imposes lateral
forces on the maxilla, particularly at the posterior
end where the jaws first occlude. These will strain
both the maxilla-palatine joint and the extensive
maxilla-jugal joint.
Together, the maxilla and jugal form much of
the lateral wall of the skull as well as the margins of
the palate. The maxilla-jugal joint is thus crucial to
the overall stability of the skull, linking its anterior
and posterior halves. The posterior end of the maxilla is dorsally and medially expanded, giving it an
‘L’ shape in cross-section (Figure 86). This shape
strengthens the long axis of the bone against both
dorsoventral bending and torsion, and braces the
jugal medially. Medial movement of the jugal
(caused by m. adductor mandibulae externus
superficialis sensu stricto pulling on the lower temporal fascia and postorbital, Jones et al. [2009])
would also be resisted by the palatine and ectopterygoid.
The ectopterygoid is a relatively small bone
positioned to transfer compressive loading
between the jugal and pterygoid that might occur
during biting. Within the ectopterygoid-jugal joint,
the dorsally located interdigitation suggests this is

an area of compression, whereas the smoother
ventral part may be indicative of tension (Herring
and Mucci 1991; Rafferty and Herring 1999). This
pattern of stress may occur during biting as the
maxillary tooth row is pushed laterally (Figure 79),
and the upper temporal bars are pulled down by
the muscles. The large pterygoid-ectopterygoid
joint will resist compression from the overlying
pterygoid muscle, medial forces from the lower jaw,
maxilla and jugal (Taylor 1992) and lateral forces
from contraction of the m. pterygoideus.
The Metakinetic Axis
Metakinesis is a movement of the whole
braincase against the rest of the skull. It occurs in
at least some lizards (e.g., Herrel et al. 1999,
Evans 2008) but distribution within other amniotes
remains uncertain. In Sphenodon, the joints
between the braincase and the dermal skull do not
appear to allow metakinetic movements comparable to those found in some lizards (contra Gardiner
1983, p. 50). Thus, the constrictor dorsalis muscles
(Johnston 2010), important in lizard metakinesis
(e.g., Evans 2008), are more likely to be important
for proprioception and support in Sphenodon
(Evans 2008; Johnston 2010). Nevertheless, the
small movements that doubtless exist between the
skull and braincase, particularly at the synovial
basipterygoid joint, would help to transmit or dissipate stress between the braincase and the rest of
the skull (Evans 2008; Johnston 2010).
CONCLUSIONS
The cranial joints of Sphenodon demonstrate
a variety of forms, many of which are complex.
These joints include abutments (mostly midline),
overlaps (laterally) and interdigitation. However, as
in other lepidosaurs (e.g., Daza et al. 2008) extensive interdigitations are rare. This observation is
surprising, given that recent in vivo research suggests such joints are suited to reducing compressive stress (Rafferty and Herring 1999; Herring and
Teng, 2000; Rafferty et al. 2003; Markey and Marshall 2007a), something that must occur within the
lepidosaur skull during feeding. Overlaps are the
most common joint type in the skull of Sphenodon.
Koskinen (1975) suggested that large overlapping
joints might reflect more rapid growth because a
larger growth surface is provided relative to the
external seam width. However, Sphenodon is not a
rapidly growing animal (e.g., Castanet et al. 1988):
females, for example, take at least 13 years to
reach sexual maturity (Gaze 2001). Moreover, as
in other lepidosaurs (Bell et al. 2002), the degree of
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overlap between bones is larger in mature animals
than in juveniles.
The greater degree of joint overlap in adult
animals may instead relate to differences in stress.
Adult animals possess larger adductor muscles
and are capable of applying larger bite forces
(Jones 2008; Jones and Lappin 2009; Herrel et al.
2010). Studies of diet suggest that post-hatchling
Sphenodon eat smaller prey than adults (Ussher
1999) and, compared to females and juveniles, the
larger adult males have a greater tendency to feed
on vertebrates such as sea birds (Cartland-Shaw
et al. 1998; Cree et al. 1999; Cree personal commun., 2004). Consumption of the latter provides
fatty acids that may be seasonally important for
reproduction (Cartland-Shaw et al. 1998). Therefore, the large overlapping joints are better interpreted as a way of maximising the surface area
available for soft tissues that can dissipate and/or
redistribute stress while maintaining the rigidity of
the skull. Such joints associated with the temporal
bars maybe be particularly important during longaxis bending and torsion of the skull.
The potential for assessing the capacity for
“skull kinesis” (active or passive) using skeletal
material alone is admittedly limited (Schwenk
2000; Metzger 2002). Nevertheless, there is nothing in the morphology of the cranial joints of Sphenodon to suggest they could accommodate or
promote any of the forms of “active” cranial kinesis
frequently discussed in the literature (e.g., mesokinesis, amphikinesis). A small degree of metakinesis remains possible in hatchlings. As others have
said (e.g., Ostrom 1962; Iordansky 1990; Rieppel
1992; Holliday and Witmer 2008), observations of
live juveniles are necessary to understand kinesis
in Sphenodon. However, because hatchling bones
are less mineralised than those of adults (e.g.,
Erickson et al. 2003), imaging resolution needs to
be sufficiently fine to distinguish between bending
within bone and between individual bones. The
most likely location of potential flexibility is that
between the base of the premaxillae and rest of the
skull. Slight expansion at these joints may be necessary to accommodate anterior loading of the premaxillae or the impact on the premaxilla by the
lower jaw during prooral shearing.
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APPENDIX 1 TABLE OF ABBREVIATIONS
Abbreviations in alphabetical order according
to the abbreviation. Combinations of abbreviations
are separated by a full stop (e.g., low.pr), in such
AN

ANGULAR

ant

anterior

ant.par.fct

anterior facet for the parietal

ant.pr

anterior process

ant.sl

anterior slot

apmx

anterior process of the maxilla

ART

ARTICULAR

bifur

bifurcation

bone

bone

combinations abbreviations for bones are not capitalized (e.g., mx.fct).

bpr

basipterygoid process

bpr.fct

facet for the ventrolateral process of the basisphenoid

bra

braincase

brk

breakage

BS

BASISPHENOID

bun

bun-like process

cam.lay

cambrial layer

can

caniniform

cap.layer

capsular layer

ccav

concavity

cd

condyle

chi

chisel-like tooth

cle

cleft

CO

CORONOID BONE

colfib

collagen fibre

cvex

convexity

DEN

DENTARY

dep

depression

dors

dorsal

dors.pr

dorsal process

dura

dura mater

ECPT

ECTOPTERYGOID

ecpt.fct

facet for the ectopterygoid

ecpt.vent.pr

ventral process of the ectopterygoid

ectomenix

ectomenix

EPT

EPIPTERYGOID

ept.fct

facet for the epiptrygoid

fct

facet

fl

flange

foot

foot-like process

for

foramen

fpmx

facial process of the maxilla

FR

FRONTAL

fr.fct

facet for the frontal

gl

glue

gr

groove

gu

gutter
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JUG

JUGAL

jug.fct

facet for the jugal

keel

keel

lap

lappet

lat

lateral

lat.pr

lateral process

lc

lacrimal canal

ledge

ledge

lft

left

low.mx.fct

lower facet for the maxilla

ltb

lower temporal bar

ltf

lower temporal fenestra

m.att

muscle attachment site

med.fct

medial facet

med.pr

medial process

mf

maxillary foramen

mid.space

middle space

mound

mound

musatt

muscle attachment surface

MX

MAXILLA

mx.fct

facet for the maxilla

n

external nares

NA

NASAL

na.fct

facet for the nasal

neck

neck-like feature

ntch

notch

OP

OPISTHOTIC

orb

orbit

PAL

PALATINE

pal.can.t

palatine caniniform tooth

pal.fct

facet for the palatine

PAR

PARIETAL

par.fct

facet for the parietal

par.for

parietal foramen

pericran

pericranium

pit

pit

pkt

pocket

plat

posterolateral

plat.pr.pal

posterolateral process of the palatine

pmed

posteromedial

pmed.pr.pal

posteromedial process of the palatine

PMX

PREMAXILLA

pmx.fct

facet for the premaxilla

pmx.t

premaxillary tooth

pmxlp

premaxillary lateral process

PO

PROOTIC

po.fct

facet for the postorbital

POFR

POSTFRONTAL

pofr.fct

facet for the postfrontal

PORB

POSTORBITAL

porb.fct

facet for the postorbital
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post

Posterior

post.par.fct

posterior facet for the parietal

post.pr

posterior process

post.sl

posterior slot

pr

process

PRE

PREARTICULAR

PRFR

PREFRONTAL

prfr.fct

facet for the prefrontal

PT

PTERYGOID

pter.fct

pterygoid facet

ptfl

pterygoid flange

ptne

pterygoid neck

QJ

QUADRATOJUGAL

qj.fct

quadratojugal facet

qj.for

quadratojugal foramen

QU

QUADRATE

qu.cd

quadrate condyle

qu.fct

facet for the quadrate

rgt

right

ri

ridge

rim

rim

sbb

secondary bone band

se

seam

sf

Sharpey’s fibres

sft

soft tissue

sh

shelf

skin

skin

slt

slot

SMX

SEPTOMAXILLA

smx.fct

location of contact with the septomaxilla

SO

SUPRAOCCIPITAL

sorb

suborbital fenestra

sosm

suborbital section of the maxilla

sot

spheno-occipital tubercle

split

Split

SQ

SQUAMOSAL

sq.fct

facet for the squamosal

ST

STAPES

stp

Step

str

striations (check throughfigures)

succ

successional teeth

SUR

SURANGULAR

sym

symphysis

t

tooth

tab

tab

tng

tongue of bone

tro

trough

tub

tubercle

upp.mx.fct

upper facet for the maxilla

utb

upper temporal bar

vent

ventral
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vent.pr

ventral process

vent.pr

ventral process

VO

VOMER

vo.fct

facet for the vomer

wal

wall

wf

wear facet

wi

wing

zz

zig zag processes
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APPENDIX 2 VIDEO OF SKULL CT-MODEL WITH SUTURES
A three dimensional computer model of a
Sphenodon skull which shows that the soft tissue
component of cranial joints (pink) occupies a complex ribbon-like volume. MicroCT slices of specimen YPM9194 (skull length = 48.75 mm) were
viewed in the software programme VG studio max
(Volume Graphics GmbH, Heidelberg, Germany).
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Bone was selected using the thresholding tool
whereas sutures were manually segmented slice
by slice in the x, y, and z planes. This work was
carried out under the supervision of Dr. Jessie Maisano, at the High-Resolution X-ray Computed
Tomography Facility, University of Texas, Austin,
USA.

