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ABSTRACT

As the sole living rhynchocephalian, the tuatara (Sphenodon punctatus) provides important comparative information for fossil thynchocephalians
and lepidosaurs in general regarding expected intraspecific variability, ontogeny, and sexual dimorphism. The axial skeleton of Sphenodon punctatus
is described here in detail, using Computed Tomography (CT)-scans and a comprehensive sample (N =33) of different ontogenetic stages and
sexes. The new description adds to already existing literature, and confirms some consistent morphological characters, such as number of vertebrae,
position of accessory processes, and ossification patterns. We conducted 3D geometric morphometrics analyses to better understand regionalization
of the axial skeleton, ontogenetic changes, and sexual dimorphism in Sphenodon. The morphology of presacral vertebrae is influenced by size and
shows negative allometry, with increasing relative height of the neural spine, but decreasing relative vertebral width and length in larger individuals.
We compare the morphology and ontogenetic implications of Sphenodon with Mesozoic fossil relatives. Some taxa, especially those from the
Jurassic of Europe, show substantial differences in number, proportions, and morphology of vertebrae, including shifts in ossification timing, loss
of vertebral intercentra, and changes in rib morphology. We highlight osteological features, such as ossification timing and morphology, that may
correlate with taxonomy, systematics, and ecomorphology of Mesozoic rhynchocephalians.
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INTRODUCTION osteology (Evans 2008, Russell and Bauer 2008, Jones et al. 2011),
The tuatara, Sphenodon punctatus (Gray, 1842), is the only living and systematics (Herrera-Flores et al. 2017, Gemmell et al. 2020,
member of the clade Rhynchocephalia Giinther, 1867. Important Simées et al. 2020). Aligned to these studies, important contribu-
advancements in our knowledge of this endemic species from New ~ tions on ecomorphology, systematics, and taxonomy of fossil
Zealand have been made in the past decades, including studieson ~ rhynchocephalians have been made recently (e.g. Chambi-Trowell
conservation (Hay et al. 2010, Cree 2014, Lamar et al. 2021), diet et al. 2019, 2021, Sues and Schoch 2021, 2024, Villa et al. 2021,
and feeding mechanics (Jones 2008, 2009, Jones et al. 2009a, DeMar et al. 2022, Herrera-Flores et al. 2022, Simoes et al. 2022,
Jones and Lappin 2009, Herrel et al. 2010, Lamar et al. 2022), Beccari et al. 20253, b).
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Rhynchocephalians were abundant during the Mesozoic (e.g.
Rauhut et al. 2017, Chambi-Trowell et al. 2019, 2021, Simoes et al.
2020, 2022, Brownstein ef al. 2022, DeMar et al. 2022). Although
both the living and fossil taxa have been known for almost two cen-
turies, much of the research on this group revolves around their skull
anatomy, with a special focus on their unique dentition (e.g. Jones
2009, Rauhut et al. 2012, Chambi-Trowell et al. 2020). This includes
ecomorphological works (e.g. Jones 2008, Jones et al. 20092, Jones
and Lappin 2009, Herrel ef al. 2010, Rauhut ef al. 2012, taxonomy,
i.e. most of the diagnostic features of fossil taxa encompassing cranial
characters, even when complete specimens are available (e.g. Cocu-
de-Michel 1963, Fabre 1981), and phylogeny, with most recent phy-
logenetic analyses having over two-thirds of all morphological
characters being cranial, half of which are exclusively jaw and dentition
characters (Bever and Norell 2017, Simées et al. 2020, Chambi-Trow-
ell et al. 2021, DeMar et al. 2022). Thus, the postcranial anatomy of
rhynchocephalians is still underrepresented in the literature, although
some studies have described the post-cranial anatomy of different taxa
in depth (e.g. Howes and Swinnerton 1901, Hoffstetter and Gasc
1969, Evans 1981, Fraser and Walkden 1984, O’Brien et al. 2018, Villa
etal. 2021, DeMar et al. 2022, Beccari et al. 20252, b). Aspects of the
postcranial anatomy, e.g. ossification timings, limb anatomy, body size,
and some anatomical features have been shown to hold important
information for ecomorphology; systematics, and taxonomy (e.g. Lee
et al. 2016, O’Brien et al. 2018, Villa et al. 2021, DeMar et al. 2022,
Gutarra et al. 2023, Beccari et al. 20254, b).

Being the sole extant rhynchocephalian, understanding the
anatomy of Sphenodon is key in resolving many lingering taxo-
nomic and systematic issues that have plagued rhynchocephalian
studies so far (see Villa et al. 2021, Simées et al. 2022, Beccari et
al. 20252, b). The postcranial anatomy of Sphenodon Gray, 1831,
has been described in some detail before (e.g. Giinther 1867,
Howes and Swinnerton 1901, Romer 1956, Hoffstetter and Gasc
1969, Russell and Bauer 2008). However, these previous studies
have used only a small number of individuals (e.g. Giinther 1867,
Firbringer 1900, Schauinsland 1900, Howes and Swinnerton
1901, von Wettstein 1931, Romer 1956, Robb 1977), and almost
no systematic survey of ontogeny (but see Reynoso 2000), sexual
dimorphism, or intraspecific variability attempted. A previous
survey of sesamoid bones among 19 individuals of different ages
is a rare exception (Regnault ef al. 2017).

The goal of the current study is to comprehensively describe
the axial skeleton anatomy of Sphenodon punctatus, in light of
recent studies of fossil thynchocephalians. Specimens of different
ontogenetic stages and sexes were CT-scanned and segmented to
evaluate sexual dimorphism, ontogeny, and intraspecific variation.
The digital specimens were used for 3D geometric morphometric
analysis to understand regionalization in the axial skeleton and
the influence of ontogeny, sex, and size across our sample. We also
compared the morphology of Sphenodon with known fossil rhyn-
chocephalians to highlight important morphological features that
may be used for taxonomy and systematics.

MATERIAL AND METHODS
Specimens used in this study

We used a total of 33 wet-preserved specimens of Sphenodon punc-
tatus (Fig. 1). These specimens have been CT-scanned, segmented,

imaged, and measured for analyses. These specimens are housed
in different collections (see Supporting Information, Data S1). To
facilitate description and ontogenetic analysis, we divided these
specimens into four ontogenetic categories (Table 1): hatchling
(two specimens), juvenile (four specimens), subadult (11 speci-
mens), and adult (16 specimens). However, these categories have
been regarded as ambiguous and it has been previously recom-
mended that ‘skeletally immature’ or ‘skeletally mature’ should be
used instead (i.e. Griffin ef al. 2020).

As shown by sesamoid anatomy, skeletal maturity involves a
number of steps that do not always take place in the same order
(Regnault et al. 2017). Nevertheless, we thus follow schemes sim-
ilar to those that have been used previously for Sphenodon (i.e.
Jones 2008, Jones et al. 2009b, 2011, Simdes et al. 2022, Beccari et
al. 2024, Beccari et al. 2025b), which usually divide the post-hatch-
ling ontogenetic stages into juvenile, subadult, and adult. As no
formal definition to these ontogenetic stages has been given for
Sphenodon (usually regarding any non-adult specimens as those
whose skeletal elements are less ossified or fused), we provide here
a new definition, based on a combination of specimen size and
osteological maturity. To show the sequence of maturity in our
sample, as well as to visualize different ontogenetic stages, we
coded ontogenetically variable characters (such as fusion and ossi-
fication of bones) into an ontogram, following the methodology
of Ezcurra and Butler (2015). The ontogram aids in visualizing
the sequence of changes during skeletal maturity of individuals
through a characters list, similar to those of phylogenetic analyses,
but focussing on incremental steps in ossification and fusion of
elements, using a specimen-based dataset (Brochu 1992, Ezcurra
and Butler 2015). The resulting dataset for the ontogram analysis
includes 69 discrete ontogenetic characters (Supporting Informa-
tion, Data S2): eight cranial characters derived from the observa-
tions of Sphenodon skull development in Jones et al. (2011) and
61 postcranial characters, including axial and appendicular ele-
ments, derived from our observations of the 33 specimens
included in this work. All multistate characters (i.e. characters with
at least three states: 0, 1, and 2), except for character 31 (fusion of
the ribs in the first lumbar vertebra, as this feature does not seem
to be related to ontogeny alone; see ‘Presacral vertebrae 3 to 25’
section below), were ordered, with the hatchling condition set to
0, whereas the latest ossification step was set to the highest char-
acter state. The smallest hatchling (SNSB-ZSM 20/1959, presacral
vertebrae total length = 18.4 mm) was used as the outgroup in our
analysis. A second set of ontogenetic analyses was done, this time
including fossil rhynchocephalians from the Solnhofen Archipel-
ago, as multiple specimens of different ontogenetic stages are
known (Cocude-Michel 1963, Fabre 1981, Beccari et al. 2025b).
The dataset for this set of analyses was simplified, as some charac-
ters (e.g. those related to cartilaginous or poorly ossified elements)
cannot be consistently observed in the fossils. This resulted in a
dataset with 32 discrete characters (Supporting Information, Data
$2). Each taxon or taxonomic group, e.g. pleurosaurids, and the
Kallimodon—Leptosaurus complex (sensu Rauhut and Lépez-Ar-
barello 2016) was scored separately within the Sphenodon sample,
to better visualize their ontogenetic timings. The ontogenetic anal-
yses were done in the software TNT v.1.6 (Goloboff and Morales
2023) using traditional search, 1000 replications, and 20 saved
trees per replication.
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Figure 1. 3D representation of the skeleton of all Sphenodon punctatus specimens used in this study, grouped by ontogenetic stages (hatchling,

juvenile, subadult, and adult).

Most specimens in this study have no precise information of
locality and sex. Thus, although geographic origin (e.g. latitude
and island provenance) might have an impact on the skeletal vari-
ation, we are unable to examine it in our analyses. Nevertheless,
we do consider it as a possibility throughout our discussion.
Although the sex was not indicated for most specimens by labels
or other documentation (cf. Wainwright ef al. 2024), we were able
to identify the sex of some specimens through external morphol-
ogy. Sphenodon is a dimorphic species, with one main external
difference between adult males and females comprising the pres-
ence of enlarged, tightly packed nuchal and dorsal spikes in the
dorsal crest of males (e.g. Jones and Cree 2012, Cree 2014, Lamar
etal. 2021). Therefore, adult and subadult specimens whose dorsal
crest could be visualized in the CT-scans could be classified as
either males or females. Additionally, two specimens in this study
(I-MEH]J S1 and UF.Herp 14110) have eggs inside their body
cavity. In total, our study includes four females and 18 males that
could be confidently sexed.

Osteological description

Each bone is described using a mature (adult) condition and sub-
sequently compared to the different ontogenetic categories. When
possible, we compared the postcranial anatomy of Sphenodon with
formerly described and published fossil rhynchocephalians, but
a complete and detailed comparison to these taxa falls outside the
scope of this manuscript. The description of Sphenodon postcranial
anatomy has been standardized using the proposed nomenclature
and orientation of Hoffstetter and Gasc (1969) for most of the
axial skeleton, and Russell and Bauer (2008) for the sternum. The
CT-scan allowed for a detailed observation of many ridges in the
vertebrae of Sphenodon. We adopt the laminae nomenclature of
Tschopp (2016) to describe these ridges, when possible.

CT-scanning, image segmentation, and 3D mesh
manipulation
The specimens were CT-scanned in different institutions, using
different parameters (see Supporting Information, Data S1). Some
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Table 1. Sphenodon specimens in this study, listing ontogenetic category and sex, as well as completeness of the body within the available

CT-scan volume

Specimen Ontogenetic category Sex Body represented in CT-scan
volume
IDHRN NH 84.19 Adult Male All
I-MEH]J S1 Adult Female*" All
ZMB 10607 Adult Female Alle
ZMB 13837 Adult Male All
ZMB 14023 Adult ? All
NHMUKLS 1935.12.6.1 Adult Male Posterior half
NHMUK LS 1969.2204 Adult ? Posterior half
NHMUK LS 1935.5.14.3 Adult Male® Anterior half
UMZC R2595 Adult Male Complete
UMZC R2604 Adult Female Complete
UMZC R2605 Adult Male Complete
UMZC R2607 Adult Male Posterior half
UMZC R2608 Adult Male Posterior half
UMZC R2609 Adult Male Posterior half
UMZC R2615 Adult Male Posterior half
UMZC R2616 Adult Male Posterior half
IDHRN NH 3-116 Subadult Male Posterior half
ZMB 9804 Subadult ? Posterior half
MZH MS 1853 Subadult ? Complete
UF.Herp 14110 Subadult Female* Complete
UMZC R2598 Subadult ? Posterior half
SNSB-ZSM 1318-2006 Subadult Male® Complete
SAMA Herpetology 70524 Subadult Male Complete
UMMZ.Herp.406 51 Subadult Male Complete
UMZC R2596 Subadult Male Complete
UMZC R2602 Subadult Male Limbs and caudal series
UMZC R2603 Subadult Male Posterior half
NHMUKLS 1855.10.163 Juvenile ? Complete
LDKCLX 11 Juvenile ? Complete
NHMUKLS 1972.2050 Juvenile ? Complete
QMUL QMBC 0614 Juvenile ? Complete
NHMUKLS 19.5.14.6.10.b Hatchling ? Complete
SNSB-ZSM 20/1959 Hatchling ? Complete

*Specimens with preserved eggs.
*Specimens with recorded sex information.

specimens were not scanned completely (Table 1) due to the orig-
inal reason for scanning (i.e. studies focusing on the skull mor-
phology or sesamoid bones; Jones ef al. 2011, Regnault et al. 2016,
2017) and the limited maximum dimensions of scanners. All
CT-scan data is available publicly online, i.e. UF.Herp 14110 is
part of the oVert project (ark:/87602/m4/M11065; Blackburn et
al. 2024), and the other Sphenodon specimens have been made
available through previous studies (i.e. https://osf.io/bds3S; Reg-
nault ef al. 2017), and in MorphoSource (see Supporting Infor-
mation, Data S1 for complete list of specimens and links).

All scans were imported into Avizo v.9.2 (Thermo Fisher Sci-
entific, MA, USA) for image segmentation. For the segmentation,
the skeleton was initially isolated using the Threshold tool and the
bones were selected using the Magic Wand tool when possible, or
segmented slice-by-slice using the brush tool to separate the ele-
ments in different materials. The Generate Surface tool was used
to export the 3D meshes from Avizo into Wavefront (.obj) files.
The surfaces were generated using the ‘Compactify’ option (which
reduces the number of faces on the meshes) and ‘Smoothing’ set
to ‘none’

The 3D meshes were imported into the software Blender v.4.1
(Blender Foundation, Amsterdam, Netherlands) for cleaning up
and measuring. The meshes straight from Avizo contain multiple
islands (floating geometry) inside the objects, as well as faces that
are normally poorly calculated (inside facing geometry). For the
cleaning of the meshes to improve quality during rendering and
decrease the number of faces, a workflow derived from Clark et al.
(2023) was used. The internal islands were removed to reduce the
total face-count and speed the rendering process. The inside facing
geometry creates lighting artefacts when rendering. Therefore, we
fixed this geometry using the ‘Recalculate Normals’ function in
Blender. After cleaning up the meshes, they were smoothed for
rendering using the ‘Smooth modifier’ option with the parameters
‘factor=1’, and ‘repeat=3$ to 10, depending on the quality of the
scans. The renders were saved in Portable Network Graphic (.png)
file format, with 15% compression.

3D geometric morphometrics

Presacral and sacral vertebrae shapes were analysed using a land-
mark-based 3D Geometric Morphometrics (GMM) approach

920z |Mdy 2z uo Jasn Anoey me Bogsi ap BAON apepisianiun Aq /+10/S8/SE LIBIZ/y/90Z/e[onie/ueauuljooz/woo dno olwapeae//:sdiy Woll papeojumoc]


https://osf.io/bds35
https://academic.oup.com/zoolinnean//article-lookup/doi/10.1093/zoolinnean/zlaf135#supplementary-data
https://academic.oup.com/zoolinnean//article-lookup/doi/10.1093/zoolinnean/zlaf135#supplementary-data

(Adams et al. 2004, Lawing and Polly 2010). On each presacral
vertebra used (i.e. PSV4, 6,8-11, 13,16, 18,20, 22,and 24), and
sacral vertebrae 1 and 2, we digitized 16 landmarks (Fig. 2) using
the free software 3D Slicer (Kikinis ef al. 2014) and the ‘Slicer-
Morph’ module (Rolfe et al. 2021). Following the methodology
established by Rohlf and Slice (1990), a generalized Procrustes
analysis (GPA) was used to translate, rotate, and scale the config-
urations of landmarks, standardizing them to a unit centroid size
(CS), which is calculated as the square root of the total of the
squared distances from the centroid (Bookstein 1991). A principal
components analysis (PCA) was conducted on the covariance
matrix of Procrustes scores to enhance the visualization and the
study of orthogonal axes which represent the morphological vari-
ation. Both GPA and PCA were performed in 3D Slicer. All the
data were then imported into the RStudio environment (v.4.2.1©
RStudio; R Core Team 2020) to further test the results of the 3D
GMM analysis. To better visualize the changes within the PC, we
warped one specimen (PSV11 of I-MEH]J S1) to the values of
shape related to PC1+, PC1-, PC2+, and PC2- of adult presacral
vertebrae analysis, using the Thin Plate Splines (TPS) principles.
The warping process was carried out using the package ‘Rvcg’ and
the function tps3d included in the package ‘Morpho’ (Schlager
2017). Packages ‘devtools) ‘vegan, and ‘pairwiseAdonis” were
employed to conduct permutational analyses of variance (PER-
MANOVA) and test whether the ontogenetic stages and the dif-
ferent sexes analysed in this study affected the results of the shape
variation (Oksanen et al. 2013, Harrell and Harrell 2019, Martinez
Arbizu 2020, Wickham et al. 2022). A P-value below 0.0S suggests
that the factor under investigation (sex or ontogeny) significantly
influences all scores derived from the Principal Component Anal-
ysis (PCA). The R2 value quantify how much the analysed factor
accounts for the shape variation (e.g. R2=0.5, 50% of the shape
variation).

The CS of all the scaled specimens was used to also evaluate the
possible allometric trends in our sample and the contribution of
the size on all the PCA scores. PERMANOVA analyses with 9999
permutations using all the PCA scores and different factors such
as CS-sex (SV All, adults PSV4, adults PSV11, adults PSV24) and
CS-ontogenetic stages (All PSV4, AllPSV11, All PSV24, All PSV
All) were run to test the possible influence of CS, sex, and com-
bined CS-sex on the PCA results. A significant P-value (p < 0.05)
means that the analysed factor (sex, ontogeny, or both factors)
affects the PCA scores. The R2 value quantify how much the ana-
lysed factor influences the shape variation. The previous analysis
was performed on the Euclidean distance between the PCA scores
implementing a Holm correction using the package

Axial skeleton of the tuatara « §

‘pairwiseAdonis’ (Martinez Arbizu 2020). The Pearson correla-
tion test implemented in the package ‘Hmisc’ was used to test the
influence of size on the PC1 scores. The reported results include
the t-value (magnitude and direction of the correlation), d.f.
(degrees of freedom), F-value (ratio of mean squares for between
and within groups), P-value (statistical significance), and cor (cor-
relation coefficient) (see Supporting Information, Data S3) (Har-
rell and Harrell 2019). A negative cor indicates a negative
correlation between PC1 and CS, whereas a positive cor indicates
a positive correlation between PC1 and CS. A higher absolute
t-value suggests a stronger correlation between PC1 and CS. The
P-value indicates whether the correlation is statistically significant
(p<0.05). A statistically significant P-value, along with a positive
correlation and a high positive absolute t-value, suggests the pres-
ence of positive allometry in the first principal component (PC1).
However, if these values are negative, a negative allometry affects
the PC1 values. The r2CS value indicates how much of the varia-
tion in one variable (PC1) is explained by the other variable (CS).
Alow value suggests that CS does not explain the PC1 variation,
whereas a higher value indicates a strong correlation. A plot cor-
relating the CS and the PCI1 values is also reported in the Sup-
porting Information, Data S3. For ontogenetic size-shape
covariation between the different specimens in our sample (All
PSV4, AllPSV11, All PSV24), we performed linear regressions of
shape coordinates onto the natural logarithm of the centroid size
using the procD.Im function implemented in ‘geomorph’ (Adams
and Otérola-Castillo 2013). A statistically significant P-value of
the Ordinary Least Squares (OLS) analysis indicates that the
regression score is affected by the CS. The plot resulting from the
linear regression was investigated to understand how the regres-
sion score of the ontogenetically different specimens varies with
size increase, providing insights into the allometry of the studied
species (see Supporting Information, Data S3). The results of all
the aforementioned analyses were plotted using the package
‘ggplot2’ for a better visualization (Wickham et al. 2016).

Photographs and figures

Photographs of fossil rhynchocephalian specimens used in this
study were taken with a mirrorless camera OM-System OM1
(OM Digital Solutions Corporation, Shinjuku, Tokyo, Japan),
equipped with the M.Zuiko Digital ED 60mm Macro lens.
UV-light photography was carried out using the Alonefire SV003
10W UV-lamp - 365nm (Shenzhen Shiwang Technology Co.,
Guangdong, China) and no filters. All figures were made in the
software Affinity Designer 2 (Serif Ltd, West Bridgford, United
Kingdom).

Figure 2. 3D representation of presacral vertebra 4 (PSV 4) of Sphenodon (I-MEH] S1), with 16 landmarks used on the 3D geometric
morphometric analysis. 3D renders of PSV 4 in: (A) lateral view; (B) anterior view; (C) posterior view; (D) dorsal view; (E) ventral view.
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Phylogenetic analysis

To test the influence of morphological characters of the axial skel-
eton (following the new axial characters of Beccari ef al. 2025a2),
two phylogenetic analyses were conducted: (A1) a maximum
parsimony analysis using the dataset of Beccari ef al. (2025a),
including 34 characters of the axial skeleton; (A2) a maximum
parsimony analysis using the updated dataset of Simoes et al.
[(2022); updated by Beccari et al. (2025a)], with 18 characters
of the axial skeleton. Both analyses were run in the software TN'T
v.1.6 (Goloboffand Morales 2023) using New Technology Search
(50 hits).

Institutional abbreviations

NHMUK LS, Natural History Museum UK, Collection Speci-
men, London, England, UK; IDHRN NH, Horniman Museum
and Gardens, Natural History Collection, London, England, UK;
I-MEH]J, University College London, UK, Laboratory of Susan E.
Evans, London, England; LDKCL, The Museum of Life Sciences,
King’s College London, London, England, UK; MB.R., Museum
fir Naturkunde, Reptiles and Amphibians, Berlin, Germany;
MZH MS, Luomus Finnish Museum of Natural History, Zoology
Collections, University of Helsinki, Helsinki, Finland; QMUL
QMBC, Queen Mary University of London, Queen Mary Biology
Collection, London, England, UK; SAMA, South Australian
Museum Australia provider for OZCAM (Online Zoological Col-
lections of Australian Museums), Adelaide, Australia; SMF, Senck-
enberg Museum, Frankfurt a. M. Germany; SNSB-BSPG,
Bayerische Staatssammlung fiir Paldontologie und Geologie,
Munich, Germany; SNSB-ZSM, Zoologische Staatssammlung
Miinchen, Munich, Germany; TM, Tylers Museum, Haarlem,
Netherlands; UF.Herp, University of Florida, Herpetology Col-
lection, Gainesville, FL, USA; UMMZ.Herp, University of Mich-
igan Museum of Zoology, Herpetology Collection, Ann Arbor,
MI, USA; UMZC R, University of Cambridge, Zoological Spec-
imens, Cambridge, England, UK; ZMB, Museum fiir Naturkunde,
Zoological Collection, Berlin, Germany.

RESULTS
Ontogenetic analysis

In this study, we arranged Sphenodon specimens into four ontoge-
netic categories (hatchling, juvenile, subadult, and adult), based
on ontogenetically variable morphological traits, such as bone
ossification and fusion. To test for clear patterns of skeletal matu-
rity, these traits were scored to be used in an ontogram. This
resulted in three most parsimonious trees (best score=165),
where the steps show stages of bone development. The strict con-
sensus tree (Fig. 3) shows a sequence of steps from the smallest
and least skeletally mature juvenile in our sample (NHMUK LS
1855.10.163) to the subadult and adult specimens. Aside from
character 31 (lumbar vertebra 1, rib; see ‘Presacral vertebrae 3 to
25’ section below), all characters showed a clear pattern in ossifi-
cation timing, with the lowest character score (0) marking the
hatchling condition.

The hatchling skeleton was poorly ossified and most elements
that fuse during ontogeny (e.g. neural arches, girdles, and limb
bone epiphyses) were yet unfused. Therefore, 38 out of 69

characters (see Supporting Information, Data S4 for the complete
list of character changes) marked the transition from hatchlings
to the earliest juvenile specimen (NHMUK LS 1855.10.163).
These characters regard the initial steps in bone ossification, with
four characters (i.e. characters 2, 3, 4, and 9) showing the final
stage of development already in post-hatchling specimens. Juve-
nile specimens are here defined as the earliest post-hatchlings with
the lowest degree of skeletal maturity. These specimens were sub-
stantially smaller than adult and subadult specimens (Fig. 3F-G).
The largest juvenile specimen in our sample had a presacral ver-
tebrae length (PSVL)=89.02mm (NHMUK LS 1972.2050).
During this stage, ossification of bones progressed gradually. In
the axial skeleton, this stage marked the fusion of neural arch ped-
icels, and the closure of the notochordal canal. Ribs, cartilaginous
ribs, and gastralia developed at this stage, and in one juvenile
(NHMUK LS 1972.2050) reached the latest stage of ossification
in these elements. The appendicular skeleton was poorly ossified
and especially the epiphyses in limb bones were unfused and
incipient.

Subadult specimens and adult specimens were similar in size
(presacral vertebrae total length > 100 mm), adults being, on aver-
age, slightly larger (Fig. 3F-G). Subadults, however, were not fully
skeletally mature, and showed a gradual increase of ossification
and fusion of bones. Most elements in the axial skeleton were fully
ossified at this stage, except for the fusion of the sacral intercen-
trum between sacral vertebrae 1 and 2 (see ‘Sacral vertebrae’ sec-
tion below). Subadults showed a higher degree of fusion in the
appendicular skeleton, compared to juveniles. In all subadults, the
scapulocoracoid was a fused, well-ossified element. Some subadult
specimens had fused proximal epiphyses of the radius, tibia, and
fibula, and distal epiphyses of the humerus, and manual and pedal
phalanges. The proximal epiphyses of the humerus, ulna, femur,
and manual and pedal phalanges, as well as the distal epiphyses of
the radius and femur were only fully fused in adult specimens. The
radiale, pisiform, and ulnare were poorly ossified in subadult spec-
imens. The astragalocalcaneum was already fused in subadults, but
the lateral process (sensu Russell and Bauer 2008 ) was unfused at
this ontogenetic stage. The pelvic girdle elements were only fused
in adult specimens.

Osteological description
In the following sections, the four ontogenetic stages will be
described in detail to what regards their axial anatomy. Each sec-
tion is divided into (i) the general adult morphology of Spheno-
don; (ii) ontogenetic and individual variation in Sphenodon; and
(iii) remarks on fossil taxa.

Number and regionalization of vertebrae
General adult morphology

The presacral vertebra (PSV), i.e., the atlas, axis, cervical vertebrae
(CV), anterior dorsal vertebrae (ADV), posterior dorsal vertebrae
(PDV), and lumbar vertebrae (LV), count was usually 25 (Fig. 4),
but some specimens in this study (i.e. ZMB 55044 and UF.Herp
14110) showed only 24 presacral vertebrae, and one specimen
(QMUL QMBC 0615) showed 26. The sacrum typically con-
sisted of two sacral vertebrae (SV). Some specimens, however,
showed up to three sacral vertebrae (i.e. UMZC R2616 and ZMB

920z |Mdy 2z uo Jasn Anoey me Bogsi ap BAON apepisianiun Aq /+10/S8/SE LIBIZ/y/90Z/e[onie/ueauuljooz/woo dno olwapeae//:sdiy Woll papeojumoc]


https://academic.oup.com/zoolinnean//article-lookup/doi/10.1093/zoolinnean/zlaf135#supplementary-data

Axial skeleton of the tuatara « 7

Figure 3. Ontogram showing the ossification sequence in Sphenodon specimens of different ontogenetic stages. A, strict consensus tree rooted
in the smallest hatchling specimen in our sample (SNSB-ZSM 20/1959). B, 3D render of specimen NHMUK LS 19.5.14.6.10.b (hatchling). C,
3D render of specimen LDKCL X 11 (juvenile). D, 3D render of specimen SAMA Herpetology 70524 (subadult). E, 3D render of specimen
ZMB 14023 (adult). F, histogram of the distribution of skull length of Sphenodon specimens in this study. G, histogram of the distribution of
presacral vertebrae total length (body size) of Sphenodon specimens in this study.
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Figure 4. 3D representation of the skeleton of Sphenodon (I-MEH]J S1). A-D, 3D renders of specimen IMEH] S1 in (A) lateral view; (B) axial
skeleton only in lateral view; (C) dorsal view; (D) ventral view; (E) schematic representation of the axial series; (F) graph with absolute length
of the vertebral centra of -'MEH] S1; (G) schematic representation of the scaled axial series. The colours represent the different elements of the
axial skeleton. Abbreviations: 0, proatlas; 1, atlas; 2, axis; ADV, anterior dorsal vertebrae; AQV, anterior caudal vertebrae; CV, postaxial cervical
vertebrae; GA, gastralia; inc, intercostal ribs; LV, lumbar vertebrae; PDV, posterior dorsal vertebrae; PQV, posterior caudal vertebrae; ST,
sternumy; stc, sternocostal ribs; SV, sacral vertebrae; up, uncinate processes.

9804 in this study, and the ‘Dublin Museum specimen’ reported
by Howes and Swinnerton (1901: fig. 6). The caudal vertebrae
(QV) count can vary drastically across specimens, mostly because
of tail autotomy: an autotomic septum is present in Sphenodon,
and many specimens in this study show at least a partially regrown
tail (see Supporting Information, Data S1 for the complete list of
preserved and scanned bones). The maximum number of caudal
vertebrae in our sample was 40 in a hatchling individual (NHMUK
LS 19.5.14.6.10.b). The autotomic septum was usually present
starting from QVS8, but in five specimens (i.e. NHMUK LS
1935.12.6.1, NHMUK LS 1969.2204, UMZC R260S, UMZC
R2608, and UMZC R2615), QV7 showed a complete autotomic

plane, and in one specimen (UMZC R2609), the first autotomic
plane was present in QV9.

Both the presacral and caudal series can be subdivided into
subregions through anatomy and morphometry. The cervical ver-
tebrae (CV) are here regarded as the anterior presacral vertebrae
that do not contact the sternum through the articulating ribs (fol-
lowing Romer 1956, Hoffstetter and Gasc 1969), and include the
atlas and axis. There are usually eight cervical vertebrae in Sphe-
nodon, with a single exception in this study having seven cervical
vertebrae (UMZC R2605). In all but this specimen, the dorsal
vertebrae count started on PSV9. Subsequent presacral vertebrae
were further subdivided into anterior dorsals (ADV), posterior
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dorsals (PDV), and lumbar vertebrae (LV). The anterior dorsals
are those that contact the sternum through assessorial cartilagi-
nous ribs, i.e. intercostal and sternocostal ribs. These are usually
the three anteriormost dorsal vertebrae (PSV9-11). Specimens
with four anterior dorsals have also been reported (Howes and
Swinnerton 1901, Hoffstetter and Gasc 1969). Among the spec-
imens in this study, only UMZC R2605 showed this condition,
having a ‘dorsalized’ last cervical vertebra. The posterior dorsals
are those associated with both intercostal and sternocostal ribs,
but do not contact the sternum (i.e. PSV12-23). A pair of gastralia
are secondarily attached to each sternocostal rib pair through con-
nective tissue (Hoffstetter and Gasc 1969). The lumbar vertebrae
are the last two presacral vertebrae (PSV24-25), which are not
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associated with cartilaginous ribs and the gastralia. In all adult
specimens, the last pair of ribs was ankylosed to the centrum of
the last PSV. These ribs are here considered as pleurapophyses
(sensu Hoffstetter and Gasc 1969) of the associated vertebra. In
seven specimens (i.e. juveniles LDKCL X 11 and NHMUK LS
1972.2050; subadults UMZC R2603 and ZMB 9804; adults
[-MEH] S1, UMZC R2604, and 2605), the ribs of the second to
last PSV were also ankylosed, but this was less consistent across
our sample.

The regionalization of presacral vertebrae was also evident in
the PCA (Fig. 5). A total of 48 variation axes were recovered, the
two main axes (PC1 and PC2) explaining 63.3% of the variation,
and 95% of the variation being explained by the combination of

Figure S. Combination of the main axes of the Principal Component Analysis (PCA) of the presacral vertebrae (PSV) of adult specimens of
Sphenodon. A, combination of the main axes of variation (PC1 and PC2), and theoretical given in their respective axes (PC1 and PC2). B,
combination of the main axes of variation (PC1 and PC2), highlighting the sequence of vertebrae in two specimens, -MEH] S1 (female, in
blue), and UMMZ R2595 (male, in red). Abbreviations: ADV, anterior dorsal vertebrae (PSV 9-11); CV, cervical vertebrae (PSV 4, 6, and 8);
LV, lumbar vertebrae (PSV 24); PDV, posterior dorsal vertebrae (PSV 13, 16, 18, 20, and 22).
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Figure 6. 3D representation of the proatlas, atlas, and axis of Sphenodon (I-MEH]J S1). A-E, 3D renders of the articulated proatlas, atlas, and
axis. F-J, 3D renders of the atlas. K-O, 3D renders of the axis. A, F, K, left lateral view. B, G, L, anterior view. C, H, M, posterior view. D, I, N,
dorsal view. E, ], O, ventral view. P, Q, 3D renders of the skull and anterior vertebrae of Sphenodon (NHMUK LS 1935.5.14.3); (P) posterolat-
eral view of the skull and anterior vertebrae; (Q) posterolateral view of the braincase and anterior vertebrae, with arrow pointing to the articular
facet for the proatlas in the exoccipital. Abbreviations: acp, accessory process; adp, anterodorsal process; at, atlas; atf, articular facet for the atlas;
ax, axis; fur, furrow; exo.bum, exoccipital bump (articular facet for the proatlas); gro, groove; ic, intercentrum; Ip, lateral protuberance; not,
notochordal canal; ns, neural spine; ocaf, articular facet for the occipital condyle; odo, odontoid process; pdp, posterodorsal process; pe,
pedicel; pos, postzygapophysis; POSL, postspinal lamina; pre, prezygapophysis; pro, proatlas; proaf, proatlas articular facet; tub, tubercle; zga,
zygantrum.
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the first 17 axes. The post-axial cervical vertebrae were slightly
stouter, i.e. wider, shorter, and lower, than the dorsal vertebrae,
especially the posterior dorsals (i.e. PSV12-23). The anterior dor-
sals showed intermediate proportions among the presacral verte-
brae and gradually changed from the more robust cervical
morphology to the more gracile posterior dorsal morphology.
These latter vertebrae show relatively longer centra and taller neu-
ral spines than the other presacral vertebrae. The lumbar vertebrae
(usually PSV24-25, albeit three specimens show different number
of presacral vertebrae, as mentioned above) were slightly more
robust than the rest of the posterior dorsals, but not to the same
degree as the cervical and anterior dorsal vertebrae. These subdi-
visions were significantly different (PERMANOVA: CV x ADV:
F-value=13.6,p=0.001; CVxPDV: F-value =58.0, p=0.001; CV
x LV: F-value=19.6, p=0.001; ADP x PDV: F-value=22.7,
p=0.001; ADP x LV: F-value=14.1, p=0.001; PDV x LV:
F-value=6.5, p=0.002).

The caudal series is here divided into anterior and posterior
caudals (AQV and PQYV, respectively). The anterior caudals are
those anterior to, but including, the first autotomic vertebra (i.e.
QV1-8, in the most common configuration). These vertebrae
were usually shorter than the posterior caudals (QV9 and poste-
rior; Fig. 4F-G). QV1 to 8 showed fused ribs (pleurapophyses),
whereas QV9 and posterior showed laterally expanded diapoph-
yses (transverse processes). The length to height ratio of these
caudals increased posteriorly, meaning that they got progressively
longer, and their neural spines shorter. The space between left and
right zygapophyses decreased throughout the posterior caudal
series, resulting in single median pre- and postzygapophyseal sur-
faces in the posteriormost caudals.

Remarks on fossil taxa

The number of presacral vertebrae in fossil rhynchocephalians
was usually close to that of Sphenodon, being 23 in Vadasaurus
herzogi Bever & Norell, 2017, 24 in many taxa, e.g. Homoeosaurus
maximilianivon Meyer, 1847, Homoeosaurus parvipes Cocude-Mi-
chel, 1963, Kallimodon cerinensis Cocude-Michel, 1963, and Kalli-
modon pulchellus (Zittel 1887-1890), and 25 presacral vertebrae
in Sphenofontis velserae Villa et al,, 2021 (Cocude-Michel 1963,
Fabre 1981, Bever and Norell 2017, Villa et al. 2021). In pleuro-
saurids (i.e. Acrosaurus frischmanni von Meyer, 1854, Palaeopleu-
rosaurus posidonae Carroll, 1985, Pleurosaurus ginsburgi Fabre,
1974, and Pleurosaurus goldfussi von Meyer, 1831), the number
of presacral vertebrae was greatly increased, ranging from 37 in
Palaeopleurosaurus Carroll, 1985 to 57 in Pleurosaurus ginsburgi
(Fabre 1974, Carroll 1985, Dupret 2004, Beccari et al. 2025b). In
fossil thynchocephalians, the number of cervicals may be closer
to that of Sphenodon, with many taxa described with seven cervi-
cal vertebrae (e.g. Homoeosaurus von Meyer, 1847, Kallimodon
Cocude-Michel, 1963, and Sapheosaurus von Meyer, 1850). How-
ever, clearly assessing the number of cervical vertebrae in these
taxa is not straightforward, as even in specimens where soft tissue
is preserved, the sternum and sternocostal ribs may be disarticu-
lated and poorly preserved or obscured by other skeletal
elements.

There were no fossil rhynchocephalians with more than two
sacral vertebrae described so far. The number of caudal vertebrae
can vary significantly across taxa, reaching a maximum of over 100
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caudals in pleurosaurids (e.g. 118 QVs in Pleurosaurus ginsburgi
SNSB-BSPG 1977 X 40; Beccari et al. 2025b).

Although regionalization in the axial skeleton of fossil rhyncho-
cephalians may follow the same patterns of Sphenodon, until now
no attempt at subdividing the dorsals and caudals has been made.
Proper subdivision in fossil taxa is hampered by various factors,
such as preservation of specimens, with many fossils being incom-
plete or taphonomically deformed (this is often the case with e.g.
the Solnhofen Archipelago taxa; Munnecke et al. 2008, Rauhut
and Réper 2013, Rauhut and Lépez-Arbarello 2016, Rauhut ef al.
2017, Villaet al. 2021) and lacking the important indicators men-
tioned above for Sphenodon. Missing information might include
the number of vertebrae connected to the sternum (one of the
main indicators for the anterior dorsals), or the position of the
first autotomic septum (which cannot be observed in many spec-
imens and is absent in pleurosaurids and Kallimodon pulchellus;
Cocude-Michel 1963, Dupret 2004, Beccari et al. 2025a, b). The
incompleteness and taphonomy of fossils also complicate geomet-
ric morphometric studies. Therefore, subdividing the axial skele-
ton of fossil rhynchocephalians should be done case by case and
falls outside the scope of this current study. However, the main
morphological aspects of fossil taxa will be noted throughout the
description below.

Proatlas
General adult morphology

A proatlas (Fig. 6) was present in Sphenodon, loosely associated to
the atlas (Osborn 1900, Howes and Swinnerton 1901, Jones et al.
2009a, Ceriansky and Stanley 2019). The proatlas consisted of
paired arches anterior to the atlantal neural arch. In lateral view, the
proatlas was triangular, with the apex pointing posteriorly. It was
longer than tall, and both the anterior and dorsal margins were con-
cave in lateral view, whereas the ventral margin was straight. The
proatlas articulated with the atlas at the lateral surface of the atlantal
neural arch, ventral to the anterodorsal process of the atlas. The pos-
terior surface of the exoccipital was marked by alow bulbous artic-
ular facet for the proatlas (Fig. 6P-Q), possibly marking the occipital
proatlas ligament (oc.proat.ligin Jones ef al. 2009a: fig. 42).

Ontogenetic and individual variation

The proatlas was not visible in the CT-scan of hatchling specimens
and was possibly unossified at this stage. It was visible and ossified
in juveniles but was shorter than the subadult and adult proatlas
(Fig. 7E-T). The proatlas was identical among subadult and adult
specimens.

Remarks on fossil taxa

The proatlas has not been described yet for fossil taxa. Its size and
location between skull bones (i.e. exoccipital, parietal, squamosal,
and supraoccipital) and the atlas, likely makes recognizing the
proatlas challenging. It has not been identified in specimens where
the neighbouring elements (i.e. braincase and atlas) are well pre-
served and have been CT-scanned (O’Brien ef al. 2018). Similarly,
it remains unreported from complete and well-preserved speci-
mens from the Solnhofen Archipelago. The proatlas has been pro-
posed as a plesiomorphic structure in tetrapods (Baur 1886,
Hoffstetter and Gasc 1969, Pardo and Anderson 2016) and may
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Figure 7. 3D representation of the proatlas, atlas, and axis of Sphenodon specimens of different ontogenetic stages. A-E, 3D renders of the
articulated atlas, and axis of the hatchling SNSB-ZSM 20/1959. F-J, 3D renders of the articulated proatlas, atlas, and axis of the juvenile QMUL
QMBC 0614. K-0, 3D renders of the articulated proatlas, atlas, and axis of the juvenile NHMUK LS 1972.2050. P-T, 3D renders of the
articulated proatlas, atlas, and axis of the adult -MEH]J S1. A, F, K, P, left lateral view. B, G, L, Q, anterior view. C, H, M, R, posterior view. D, I,
N, S, dorsal view. E, J, O, T, ventral view. U-X, size comparison between the atlas-axis complex of (U) SNSB-ZSM 20,/1959; (V) QMUL
QMBC 0614; (W) NHMUK LS 1972.2050; and (X) I-MEH] S1. Abbreviations: fo, foramen; gro, groove; ic, intercentrum; not, notochordal
canal; odo, odontoid process; POSL, postspinal lamina; sl, suture line.
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have been present in fossil rhynchocephalians. Nevertheless, it is
possible that the proatlas has been lost in some clades of thyncho-
cephalians, given that it has been lost in squamates (Hoffstetter
and Gasc 1969).

Atlas
General adult morphology

The atlas (Fig. 6A-]) was formed by the atlantal intercentrum and
two neural arch pedicels. The atlantal centrum was fused to the
axis, forming the odontoid process in the latter. The atlas was
locked to the axis by the atlantal intercentrum and the axial odon-
toid process, but these vertebrae were never fused together (Fig.
6A-E). The atlas did not articulate with ribs.

Intercentrum

The atlantal intercentrum (Fig. 6F-]) was wedge shaped in lateral
view, wider than long, and ventrally convex in anterior view. It was
much wider than the other intercentra in the axial series. The artic-
ular facets for the occipital condyle anteriorly and axis posteriorly
were deep and involved the full width of the element. The atlantal
intercentrum was locked between the odontoid process and the
axial intercentrum. A median ridge may be present on the ventral
surface of the atlantal intercentrum, but was less marked than that
of post-axial cervical intercentra. Each lateral surface of the atlantal
intercentrum was marked by a rounded tubercle, also visible in
anterior view (Fig. 6F-G), which has been inferred as the articular
facet for an atlantal rib in fossil taxa (Evans 1981), albeit no fossil
rhynchocephalian has been described with preserved atlantal ribs
so far.

Neural arch

The paired atlantal neural arch pedicels were independent ele-
ments, unfused to the intercentrum and to each other (Fig. 6F-J).
They met at the midline above the neural canal, but did not form
aneural spine. Both pedicels were curved medially, and the neural
canal opening was large and circular. The articular facet with the
occipital condyle was marked on the anteroventromedial margin
of the pedicels. The dorsal margin of this articulation formed a
medially oriented tubercle in the atlantal pedicels (Fig. 6F-G).
Posteromedial to the occipital articulation, the pedicels articulated
with the odontoid process of the axis. The shallow articular facet
for the proatlas was laid on the lateral surface of the pedicel, dorsal
to the occipital articulation. The medial margin of the pedicel was
pierced by a single nutrient foramen.

The dorsal half of the neural arch expanded anteroposteriorly,
and formed the anterodorsal and posterodorsal processes (Fig.
6F). The dorsolateral surface between these processes was marked
by a longitudinal shallow groove. The anterodorsal process
expanded medially, forming a horizontal shelf. In some specimens,
the pedicels contacted through this medial expansion of the
anterodorsal process, but they always remain unfused. The pos-
terodorsal process was shorter than the anterodorsal process and
laid dorsolateral to the anterior end of the axis neural arch. The
articular facet to the axis laid on the medial margin of this process
and was flattened. This medial articulation differed from the ven-
trolateral postzygapophyseal articulation of other vertebrae. The
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articulation between atlas and axis has not been considered as
zygapophyseal in some studies (e.g. Hoffstetter and Gasc 1969),
but has been proposed as such in more recent works (e.g. Evans
1981, Jones et al. 20092). We here regard this articulation as a true
zygapophyseal articulation and the posterodorsal process of the
atlas as an incipient postzygapophysis.

Ontogenetic and individual variation
Intercentrum

The atlantal intercentrum was not formed or poorly ossified in hatch-
lings and could not be clearly observed in the CT-scans. It was visible
in juveniles but was poorly ossified at this stage, being fully ossified
in subadult and adult specimens only (Fig. 7P-T). The lateral tuber-
cles were only prominent in subadult and adult specimens.

Neural arch

The dorsal and ventral ends of the atlantal neural arch pedicels
were poorly ossified in hatchlings, and the occipital articulation
was incipient at this stage. In juveniles, the pedicels were already
tully ossified, and the occipital articulation was developed. The
dorsolateral groove between the anterodorsal and posterodorsal
processes was less marked in juveniles (Fig. 7G, L, Q).

The medial nutrient foramen of the atlantal pedicels may be
present in both left and right elements, or only in one (e.g. it is
only present in the left pedicel of NHMUK LS 1935.5.14.3, adult).
This foramen was larger (occupies relatively more of the medial
surface of the pedicel) in juvenile specimens.

Remarks on fossil taxa

The atlas is known and has been described in detail in many fossil
rhynchocephalians, e.g. Clevosaurus hudsoni Swinton, 1939
(O’Brien et al. 2018), Gephyrosaurus bridensis Evans, 1980
(described in Evans 1981), Planocephalosaurus robinsonae Fraser
& Walkden, 1984, and Sphenofontis velserae Villa et al., 2021. Even
in the taxa at the end of early-branching lineages, such as Gephy-
rosaurus Evans, 1980 and Planocephalosaurus Fraser & Walkden,
1984, the general atlantal morphology is similar to that of Sphe-
nodon (Evans 1981, Fraser and Walkden 1984). In these fossil taxa,
the atlas is composed of a wedge-shaped atlantal intercentrum,
and two unfused neural arch pedicels. In Clevosaurus hudsoni
NHMUK PV R36832 (O’Brien et al. 2018), the atlantal intercen-
trum was described as a paired element, differing from the single
one of Sphenodon. In the posterior dorsals and lumbar vertebrae
of Sphenodon, the intercentrum was paired in juveniles and only
fused into a wedge-like bone in subadults. It is unclear if the atlan-
tal intercentrum of NHMUK PV R36832 is either broken, would
fuse in later ontogenetic stages in Clevosaurus hudsoni, albeit this
specimen pertaining to a subadult to adult (O’Brien ef al. 2018),
or a unique morphological feature of this taxon.

The occipital tubercle in the atlantal neural arch of Sphenodon
was more pronounced anteromedially than in fossil taxa. In Pleu-
rosaurus goldfussi (SNSB-BSPG 19251 18), the atlantal intercen-
trum was spherical rather than wedge shaped (Fig. 8A, B). The
ventral surface of this intercentrum was marked by a longitudinal
median ridge and two foramina lateral to this ridge. Only the feet
of the neural arch pedicels were exposed in this specimen. A small
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tubercle, possibly the diapophysis, laid at the posterolateral surface
of the foot. However, no ribs were associated with this atlas.

Axis
General adult morphology
The axis (Fig. 6K-O) was the largest vertebra, being taller, wider,
and slightly longer than all other presacral vertebrae. No ribs were
associated with the axis.

Centrum and intercentrum

The axial centrum was robust due to its fused elements (Fig.
6K-0). Without the odontoid process, the axial centrum was
about as long as wide. The odontoid process (fused atlantal pleu-
rocentrum) extended anteriorly and held the atlantal intercentrum
in place. This process was semi-circular in lateral view, with a
straight dorsal margin, and a convex ventral margin (Fig. 6K). It
was separated from the fused axial intercentrum by a deep trans-
verse groove. The axial intercentrum was massive, expanding fur-
ther laterally and ventrally than the axial centrum. The
intercentrum was slightly tilted posteriorly, so that it was oriented
obliquely to the axial centrum, with the anterior margin pointing
slightly ventrally (Fig. 6K-L).

The axial centrum was marked by a deep median groove on its
ventral surface, posterior to the axial intercentrum (Fig. 60). This
groove was formed by the closing of a large mesial subcentral fora-
men present in early ontogenetic stages (hatchling and juveniles;
Fig. 7E, ]). The lateral surface of the axial centrum showed a lateral
protuberance, which could be best observed in anteroposterior
and dorsal views (Fig. 6L-N; sensu Hoffstetter and Gasc 1969),
which was an incipient diapophysis or transverse process (sensu
Jones et al. 2009a). The closed notochord canal was marked at the
centre of the posterior surface of the axial centrum (Fig. 6M).

Zygapophyses

The axial prezygapophyses were incipient and not laterally
expanded as in the typical morphology in post-axial vertebrae.
The prezygapophyseal articular facet was flattened and laid on the
dorsolateral surface of the neural arch (Fig. 6K). The axial post-
zygapophyses were narrow in dorsal view (Fig. 6N) compared to
those in PSV3-25 and sacral vertebrae. These zygapophyses were
triangular in dorsal view and slightly twisted laterally, so that the
articular facet for the prezygapophysis of PSV3 was visible in lat-
eral view (Fig. 6K). Medially, a zygantrum was present for articu-
lation with the zygosphene of PSV3 (Fig. 6M).

Neural arch and spine

The axial neural arch was tall and anteroposteriorly constricted at
its base. In lateral view, the anterior margin was concave and the
posterior margin convex (Fig. 6K). As in the atlas, the medial sur-
face of the lateral walls of the neural arch may be pierced by a
nutrient foramen.

The neural spine was massive compared to that of the post-axial
vertebrae. The morphology of the neural spine varied among spec-
imens regarding its height and length, but it was overall antero-
posteriorly expanded, longer than tall, and blade like (Fig. 6K).
The anterior margin of the neural spine was convex, and the dorsal
and posterior margins were straight in lateral view. The spine

widened posteriorly, being almost triangular in dorsal view. In
posterior view, a marked dorsoventral ridge, the postspinal lamina
(POSL), crossed the midline of the neural spine (Fig. 6M). On
each side of this lamina, the posterior surface of the axial neural
spine was excavated by a vertical furrow. Ventral to the POSL and
the lateral furrows, the neural spine expanded slightly forming the
accessory process (Fig. 6M; sensu Fraser 1988).

Ontogenetic and individual variation

The axis was already the largest presacral vertebra in hatchlings,
but poorly ossified (Fig. 7A-E).

Centrum and intercentrum

The axial intercentrum was absent in hatchlings (Fig. 7A-E). It
formed in juveniles and had started its fusion to the axial centrum
at this stage already (Fig. 7F, O). The axial intercentrum was fully
fused, with no visible suture lines, to the axial centrum in all but
one subadult specimen (partially fused in UMMZ.Herp 406.51),
and all adult specimens. In two adult specimens (i.e. IDHRN NH
84.19 and NHUMK LS 1935.5.14.3), the posterior margin of the
axial intercentrum projected posteroventrally at the mesial mar-
gin, forming a ‘spur’ or process that covered the ventral midline
groove of the axial pleurocentrum (Fig. 9).

The odontoid process was unfused to the pleurocentrum in
hatchlings and pierced by the notochordal canal (Fig. 7B—C). The
fusion of the odontoid process had begun in early juvenile speci-
mens, but a suture line was still clearly visible at this stage (Fig.
7F, K). In some juvenile individuals (LDKCL X 11 and NHMUK
LS 1972.2050), the axial intercentrum fused before the odontoid
process. Only subadults and adults showed a completely fused
odontoid process.

The axial centrum was anteroposteriorly narrow in hatchlings
(Fig. 7A). The notochordal canal was fully open at this stage, and
the centrum was pierced by two dorsal foramina, and a single sub-
central foramen (Fig. 7E). This subcentral foramen had started to
close in juveniles to form the ventral groove of the axis, being fully
closed in subadults. The lateral protuberances (incipient diapoph-
ysis) of the axis were only prominent in subadult and adult spec-
imens, being highly incipient in juveniles.

Zygapophyses

Half of the specimens had the prezygapophyseal articulation flush
with the anterior margin of the neural arch, whereas the other half
had an anteriorly expanding prezygapophysis (anteriorly expand-
ing in Fig. 9A, and flush in Fig. 9C). There seemed to be no cor-
relation with ontogeny or sexual dimorphism for the different
morphologies of these zygapophyses (see Supporting Informa-
tion, Data S1). The axial postzygapophyses were already fully
formed in hatchlings. The lateral torsion of these zygapophyses
occurred in juveniles (Fig. 7H, M). At this stage, the postzyga-
pophyses were relatively wider compared to the adult condition
(Fig. 7, N, S).

Neural arch and spine

The axial neural arch was paired in hatchlings, and the pedicels
were poorly ossified, being similar in morphology to the atlantal
pedicels at this stage (Fig. 7A-E). The fusion of these pedicels had
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Figure 8. Presacral ribs and gastralia of Pleurosaurus goldfussi (SNSB-BSPG 1925 1 18) and Pleurosaurus ginsburgi (SNSB-BSPG 1977 X 40). A,
photograph in standard light of the anterior part of the skeleton of SNSB-BSPG 1925 I 18, with highlighted areas of interest. B, photograph
under UV-light of the cervical vertebrae of SNSB-BSPG 1925118 in ventral view. C, photograph in standard light of the dorsal vertebrae and
gastralia of SNSB-BSPG 1925 I 18 in ventral view. D, photograph in standard light of SNSB-BSPG 1977 X 40, with highlighted area of interest.
E, photograph of the dorsal vertebrae of SNSB-BSPG 1977 X 40 in left lateral view. Abbreviations: acp?, possible accessory process of the neural
spine; at, atlas; ax, axis; che, chevron; fo, foramen; ic, intercentrum; lg, lateral gastralium; mg, medial gastralium; ns, neural spine; pe, pedicel;
pop, paroccipital process; POSL, postspinal lamina; PSV; presacral vertebra; ri, ridge; rib, rib; syn, synapophysis; tu, tubercle.

started in juveniles, firstly fusing to each other through the neural
spine, and then to the axial centrum. The POSL formed by fusion
of the neural arch pedicels sometime during the juvenile stage, but
it was still incipient at this point. Only subadult and adults showed

awell-developed POSL. In four specimens (i.e. subadults UMMZ
Herp 406.51, and SAMA Herpetology 70524; and adults
NHMUK LS 1935.5.14.3, and ZMB 14023), the accessory pro-
cess of the neural spine was bifid (Fig. 9D).
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Figure 9. 3D representation of the axis of Sphenodon, highlighting interspecific variability. A-B, 3D renders of the axis of -MEH] S1. C-D, 3D
renders of the axis of NHMUKLS 1935.5.14.3. A, C, in lateral view. B, D, in ventral view. Abbreviations: acp, accessory process; gro, groove; ns,

neural spine; pre, prezygapophysis; spu, spur.

Remarks on fossil taxa

The axis morphology is variable among fossil rhynchocephalians.
In early branching taxa (i.e. Gephyrosaurus and Planocephalosau-
rus), the axial intercentrum is not as wide and anteriorly pro-
nounced as in Sphenodon (Evans 1981, Fraser and Walkden 1984).
In Clevosaurus hudsoni, the odontoid fuses to the axial intercen-
trum, and those are not fused to the axial centrum even in a pos-
sibly adult specimen (NHMUK PV36832; O’Brien et al. 2018).
This difters from Gephyrosaurus, Opisthiamimus gregori DeMar et
al.,, 2022, and Sphenodon, where the odontoid and axial intercen-
trum fuse independently to the axial centrum (Hoffstetter and
Gasc 1969, Evans 1981, DeMar et al. 2022). The neural spine of
Planocephalosaurus is triangular in lateral view (Fraser and Walk-
den 1984), rather than blade shape, and in Opisthiamimus DeMar
et al., 2022, the neural spine is shorter anteroposteriorly than in
Sphenodon (DeMar et al. 2022). The POSL and accessory process
of the neural spine are present at least in Clevosaurus hudsoni and
Opisthiamimus (Fraser 1988, DeMar et al. 2022), and they seem
to be present in Pleurosaurus ginsburgi SNSB-BSPG 1977 X 40 as
well, but the preservation (axis taphonomically compressed in
lateral view) of this specimen hampers the proper observation of
these features (V.B., personal observations).

The fusion and ossification timings in fossil taxa may differ
from that of Sphenodon. The axial intercentrum and neural arch
can be unfused in some subadult and adult specimens, i.e. in spec-
imens of Kallimodon pulchellus (unfused axial intercentrum in
specimen SNSB-BSPG 1922115, a possible subadult; V.B., per-
sonal observations), Pleurosaurus ginsburgi (unfused neural arch
in SNSB-BSPG 1978 I 7, regarded as a subadult; Beccari et al.
2025b), Pleurosaurus goldfussi (Fig. 8A, B; unfused axial intercen-
trum in SNSB-BSPG 1925 I 18, regarded as an adult; Beccari et
al. 2025b), and Sphenofontis (unfused axial intercentrum in spec-
imen SNSB-BSPG 1993 XVIII 4, regarded as a subadult; Villa et
al. 2021).

Presacral vertebrae 3 to 25
General adult morphology
Centrum

The presacral vertebrae centra were amphicoelous, longer than
tall, and about as long as wide in the cervicals, anterior dorsals,

and lumbars, and longer than wide in the posterior dorsals (Figs
10-12). The notochordal canal was closed but still marked as a
deep depression at the anterior and posterior cotyles of the verte-
brae (Fig. 10D-E, I-], N-O). The ventral surface of the anterior-
most presacral vertebrae (i.e. PSV3-6) showed a deep ventral
median groove (present in at least some vertebrae of 14 speci-
mens), similar to that of the axis (Fig. 10G, L). However, five
specimens (one juvenile, three subadult, and one adult) showed
amedian ridge instead (Fig. 10Q), whereas three specimens (one
juvenile, one subadults, and one adult) have a smoothed ventral
surface. The median ridge can also be present in PSV7-11 (Fig.
11F), as was the case of six specimens (one subadult and five
adults), but posterior dorsal vertebrae always showed a smooth
ventral surface (Fig. 11K, P).

The first post-axial cervical (PSV3) showed posterolaterally
oriented lateral protuberances (Fig. 10C-G), which were more
developed than those of the axis. This lateral protuberance repre-
sented the diapophysis, but no ribs were associated with this ver-
tebra. The parapophysis was absent in PSV3.

Presacral vertebrae 4 to 25 showed well-developed and oblique
(posterodorsal to anteroventrally oriented) synapophyses
(merged dia- and parapophyses). Especially in the cervical verte-
brae PSV5-8 (Fig. 10M-Q) and the anterior dorsal vertebra
PSV9 (Fig. 11B-F), the synapophyses were massive and expanded
further laterally and ventrally than in any other presacral vertebra.
In the cervical vertebrae, the ventral half of the diapophysis and
the complete parapophysis laid on the centrum (Fig. 10H, M),
whereas the dorsal half of the diapophysis was located on the neu-
ral arch. In the dorsals (Fig. 11B, G, L) and lumbars (Fig. 12A, F),
the articulation was shifted more dorsally, with only the ventral
portion of the parapophysis lying on the centrum. The articular
facet for the ribs was always lateral, but slightly inclined ventrally
in PSV4-9 (Fig. 10H,L,M, Q). A ridge was present posterior to
the dorsal margin of the synapophysis, inclined posteroventrally
(Fig. 10C, H, M). This ridge can be interpreted as the posterior
centrosynapophyseal lamina (PCYL in Tschopp 2016). A deep
and marked groove laid ventral to this lamina and posterior to the
synapophysis. This post-synapophyseal groove was more pro-
nounced in the cervical and anterior dorsal vertebrae but was still
visible even in the posteriormost lumbar vertebrae (Fig. 12A, F).
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Figure 10. 3D representation of the post-axial cervical vertebrae of Sphenodon (I-MEH] S1). A-B, 3D renders of the articulated post-axial
cervical vertebrae in (A) lateral view; (B) dorsal view. C—G, 3D renders of cervical vertebra 3 (PSV 3). H-L, 3D renders of cervical vertebra 4
(PSV 4). M-Q, 3D renders of cervical vertebra 8 (PSV 8). C, H, M, left lateral view. D, I, N, anterior view. E, J, O, posterior view. F, K, P, dorsal
view. G, L, Q, ventral view. Abbreviations: 3-8, cervical vertebrae 3-8; fo, foramen; fur, furrow; gro, groove; hyp, rudimentary hypapophysis; ic,
intercentrum; in, intercostal cartilage; Ip, lateral protuberance; not, notochordal canal; ns, neural spine; ntc, notch; PCYL, posterior centrosyn-
apophyseal lamina; pos, postzygapophysis; POSL, postspinal lamina; pre, prezygapophysis; PRSL, prespinal lamina; ri, ridge; syn, synapophy-
sis; zga, zygantrum; zgo, zygosphene.

Foramina pattern (e.g. in adult ZMB 10607, which showed subcentral foram-

In some presacral vertebrae, but not all, subcentral foramina may ina in PSV8-10 and 18-20).
be present, either on a single side or paired on both sides of the

ventral surface of the centra (Fig. 10G). These foramina may be Intercentrum
present throughout the presacral series (e.g. in adult UMZC  Intercentrawere present throughout the complete presacral series
R2608, present from the anteriormost scanned vertebrae, i.e. (Figs 10-12). These were usually wedge shaped, wider than long

PSV12, to PSV21), or in different vertebra, with no apparent bones in front of the centra. The intercentra of the cervical
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Figure 11. 3D representation of the anterior and posterior dorsal vertebrae, and lumbar vertebrae of Sphenodon (I-MEH] S1). A, a 3D render of
the articulated dorsal and lumbar vertebrae, sternum, and gastralia in lateral view. B-F, 3D renders of anterior dorsal vertebra 9. G-K, 3D
renders of posterior dorsal vertebra 13. L-P, 3D renders of posterior dorsal vertebra 18. B, G, L, left lateral view. C, H, M, anterior view. D, I, N,
posterior view. E, J, O, dorsal view. F, K, P, ventral view. Abbreviations: 9-25, dorsal vertebrae 9-25; epi, epiphysis; ga, gastralia; hyp, rudimen-
tary hypapophysis; ic, intercentrum; inc, intercostal cartilage; not, notochordal canal; ns, neural spine; PCYL, posterior centrosynapophyseal
lamina; pos, postzygapophysis; POSL, postspinal lamina; pre, prezygapophysis; PRSL, prespinal lamina; st, sternumy; stc, sternocostal ribs; syn,

synapophysis; up, uncinate process; zga, zygantrum; zgo, zygosphene.

vertebrae (Fig. 10C-Q) were more robust than those of the dorsal
(Fig. 11B-P) and lumbar vertebrae (Fig. 12) and had an antero-
posterior median keel (Fig. 10D, I, N). This keel was well-devel-
oped in the cervical vertebrae and the anteriormost anterior
dorsal (PSV9) and has been interpreted as a rudimentary hypa-
pophysis at least in fossil taxa (e.g. Clevosaurus hudsoni; O’Brien
etal 2018).

Neural arch and canal

The presacral vertebral neural arches were stout, being almost as
long as tall. The neural canal was smaller in diameter than the
centrum. The ventral margin of the neural canal was horizontal in

anterior view. The medial surface of each lateral wall of the neural
arch may be pierced by a nutrient foramen.

Zygapophyses

All post-axial presacral vertebrae had robust pre- and postzyga-
pophyses. These extended away from the centrum and laterally,
giving an ‘X-like shape to the vertebrae in dorsal view (Figs
10-12). The anterolateral and dorsoventral position of the prezy-
gapophysis relative to the postzygapophysis changed throughout
the presacral series. In dorsal view, the prezygapophyses of PSV3
were slightly narrower than the postzygapophyses (Fig. 10F).
Throughout the presacral series, the prezygapophyses gradually
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Figure 12. 3D representation of the lumbar vertebrae of Sphenodon (I-MEH] S1). A-E, 3D renders of lumbar vertebra 1 (PSV 24). F-J, 3D
renders of lumbar vertebra 2 (PSV 25). A, F, left lateral view. B, G, anterior view. C, H, posterior view. D, I, dorsal view. E, J, ventral view.
Abbreviations: fo, subcentral foramen; ic, intercentrum; not, notochordal canal; ns, neural spine; ple, pleurapophysis; pos, postzygapophysis;
POSL, postspinal lamina; pre, prezygapophysis; PRSL, prespinal lamina; sl, suture line; zga, zygantrum; zgo, zygosphene.

became wider than the postzygapophyses. This shift usually
occurred by PSV7 or 8 (Fig. 10P). In lateral view, the cervical
prezygapophyses expanded slightly more dorsally than the post-
zygapophyses (Fig. 10C, H, M), whereas the prezygapophyses of
the posterior dorsal vertebrae laid slightly more ventral compared
to the postzygapophyses (Fig. 11G, L). The prezygapophyses were
tilted about 30 to 45° dorsally, with their articular facet facing dor-
somedially. The postzygapophysis was slightly laterally twisted,
articulating ventrolaterally with the prezygapophysis of the sub-
sequent vertebra.

The medial margin of the prezygapophyses formed an incipient,
dorsolaterally facing zygosphene (Figs 10D, I, N, 11C, H, M, 12B,
G). The zygosphenal facets laid shallower than the articular facets
of the prezygapophyses. A deep and wide notch was visible in
dorsal view, between the zygosphenal facets (Fig. 10K, P). The
neural spine started just posterior to this notch, generally being in
contact with it. The zygantrum laid on the posterior margin of the
neural arch, medial to the postzygapophyses. The zygantral facets
were arranged in an oblique angle in posterior view. The zygo-
sphene-zygantrum articular surfaces were straight and incipient,
not forming a deep articular lock as in some lizards and snakes
(Hoffstetter and Gasc 1969, Szyndlar and Georgalis 2023).

Neural spine

The neural spine morphology varied throughout the presacral
series. The spines were usually tall midline crests that widened
posteriorly. In most cases, the presacral neural spines fused with
the paired vertebral epiphyses, having slight lateral protuberances
at their apexes, which formed a longitudinal midline depression
in the dorsal surface of the spine, in anterior and posterior views
(Fig. 11C, H, M). The neural spines were mostly trapezoidal in
lateral view (Figs 10-12), deflected slightly posterodorsally, and
narrowing towards the dorsal end. In some individuals (i.e.

SNSB-ZSM 1318/2006, UMZC R2608, and ZMB 14023), these
spines were subrectangular but still slightly posterodorsally ori-
ented. The anterior margin of the neural spine was always oblique
in lateral view, and the posterior margin was subvertical, but
slightly inclined anterodorsally in the same view (Figs 10M, 11B,
G, L, 12A, F). The anterior margin of the presacral neural spine
formed a sharp edge, the prespinal lamina (PRSL), and POSL
were present throughout the presacral series. Only in the cervical
vertebrae was the POSL flanked by a pair of vertical furrows, as in
the axis (Fig. 10E, J, O). The accessory process of the neural spine,
when present, was restricted to the cervical vertebrae.

Sexual dimorphism, ontogeny, and individual variation

The PCA including cervical, anterior dorsal, posterior dorsal, and
lumbar vertebrae (Fig. 5) showed significant differences between
male and female vertebrae (pairwise Adonis between male and
females: d.f.=1, F-value =3.5, p=0.015). All adult female speci-
mens in our analyses showed slightly wider, longer, and lower
vertebrae than adult male specimens (Fig. 13). However, for indi-
vidual vertebrae (PSV4, 11, and 24) the significance between
sexes varied. The cervical vertebra PSV4 (Fig. 13A) was not sig-
nificantly different between males and females (d.f.=1,
F-value=2.2, p=0.057), whereas the anterior dorsal PSV11
(df =1, F-value=3.4, p=0.015) and lumbar vertebra PSV24
(df.=1, F-value =5.8, p=0.024; Fig. 13F) were significantly dif-
ferent between sexes. Size played an important role in the mor-
phology of the vertebrae. In PSV4 and 24, size significantly
explained the morphology of the vertebrae (24.1%, p=0.01, and
33.3%, p=0.006, respectively), whereas sex did not significantly
explain morphology in these vertebrae (24.8%, p=0.16, and
24.1%, p=0.11, respectively).

Ontogeny also influenced vertebral morphology (Fig. 14). The
PCA comparing the cervical PSV4 in juvenile, subadult, and adult
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specimens recovered 20 variation axes, the combination of PC1
and PC2 explaining 49.2% of the variation (Fig. 14A). The PCA
oflumbar vertebra PSV24 between ontogenetic categories recov-
ered 26 variation axes, the combination of PC 1 and PC2 explained
56% of the variation (Fig. 14G). Sphenodon showed negative
allometry for the presacrals, as shown by the reversed relation
between the centroid size (CS) and regression scores (Fig. 14B,
H). This indicated that the shape of structures in the vertebrae
(e.g. centrum, neural spine, or zygapophyses) changed relatively
less as size increased. Although the neural spines of large adult
specimens (e.g. male specimens) were proportionally taller than
juveniles, the width and length of the vertebrae decreased consid-
erably in regard to overall size. Therefore, juvenile specimens
tended to have proportionally longer and wider centra, and lower
neural spines than subadult and adult specimens (Fig. 14). This
juvenile vertebral morphology was similar to that of subadult/
adult female individuals. This similarly could also be observed by
changing the groupings in the PCAs from ontogenetic stages to
sexes for the older specimens (Fig. 15). In both PSV4 (Fig. 15A)
and PSV24 (Fig. 15B), as well as the combination of all presacral
vertebrae (Fig. 15C), the vertebrae of juvenile specimens were
not significantly different from those of females (p=0.06 in all
analyses) but were significantly different from the much larger
male vertebrae (p=0.001). The subadult and adult vertebrae were

not significantly different in these analyses, and PSV4 and 24 of
these two ontogenetic stages occupied the same morphospace
(Fig. 14).

Centrum

The ossification of the centrum followed the same pattern as in
the axis, with the added development of the synapophysis (Fig.
16). The merging of the dia- and parapophysis began in the juve-
nile stage (Fig. 16F), being completely unfused in the earliest
post-hatchling specimens (NHMUK LS 1855.10.163 and QMUL
QMBC 0614) but fully developed in the anteriormost (cervical)
vertebrae of LDKCL X 11 and NHMUK LS 1972.2050. Only in
subadults were the synapophyses completely formed throughout
the presacral series (Fig. 16P). The neurocentral suture split the
diapophyses in the cervical vertebrae, and the parapophyses in the
dorsal and lumbar vertebrae (Fig. 16F).

As mentioned above, the ventral surface of the centrum was
highly variable, with some specimens having exclusively median
ridges in the anterior presacral vertebrae (e.g. the juvenile NHMUK
LS 1972.2050, the subadult SAMA Herpetology 70524, and the
adult NHMUK LS 1935.5.14.3), and others having exclusively
median grooves (e.g. the juvenile LDKCL X 11, the subadult MZH
MS 1853, and the adult IDHRN NH 84.19), whereas the rest
showed a combination of groove on the anteriormost presacral

Figure 13. Combination of the main axes of the Principal Component Analysis (PCA) of the presacral vertebrae (PSV) of adult Sphenodon. A,
combination of the two main axes of variation (PC1 and PC2) of PSV 4 of adult males and females. B-E, 3D renders of PSV 4 of the adult
specimens I-MEH]J S1 (in blue) and NHMUK LS 1935.5.14.3 (in red) in (B-C) left lateral view; (D-E) anterior view. F, combination of the
two main axes of variation (PC1 and PC2) of PSV 24 of adult males and females. G-J, 3D renders of PSV 24 of the adult specimens I-MEH] S1
(in blue) and NHMUK LS 1935.5.14.3 (in red) in (G-H) left lateral view; (I-]) anterior view.
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Figure 14. Combination of the main axes of the Principal Component Analysis (PCA) and allometry of the presacral vertebrae (PSV) of
Sphenodon specimens of different ontogenetic stages. A, combination of the two main axes of variation (PC1 and PC2) of PSV 4 of juvenile,
subadult, and adult specimens. B, regression curve of PSV 4. C-F, 3D renders of PSV 4 of the juvenile specimen NHMUK LS 1972.2050 (in
pink) and the adult specimen NHMUK LS 1935.5.14.3 (in red) in (C-D) left lateral view; (E-F) anterior view. G, combination of the two
main axes of variation (PC1 and PC2) of PSV 24 of juvenile, subadult, and adult specimens. H, regression curve of PSV 24. I-L, 3D renders of
PSV 24 of the juvenile specimen NHMUK LS 1972.2050 (in pink) and the adult specimen NHMUK LS 1935.5.14.3 (in red) in (I-]) left

lateral view; (K-L) anterior view.

vertebrae (PSV3-6), ridge on the mid presacral vertebrae (PSV7-
13), and smooth posterior presacrals (e.g. the juvenile NHMUK
LS 1855.10.163, and the adult ZMB 14023). This variability does
not seem to be correlated to ontogeny or sex.

Foramina

The hatchling specimens and some juvenile specimens showed
paired dorsal, lateral, and subcentral foramina in the centrum (Fig.
16 A, E), but except for the latter, these were always absent in
subadult and adult specimens.

The presence of subcentral foramina was highly variable in the
presacral series, even in adults. This varied between specimens,
but also throughout the presacral series, e.g. NHMUK LS
1935.5.14.3, with some vertebrae showing paired foramina (PSV3,
7,8, and 10 in this specimen), some a single foramen (PSVS and
11 on the left side, and PSV6 on the right), and some lacking sub-
central foramina completely (PSV4,9, and 12).

Intercentrum

Most of the presacral intercentra were already present in juveniles,
but they can be paired in the posterior dorsals in these specimens.
Only in subadults and adults were all the intercentra completely
formed. All specimens in this study showed the rudimentary hypa-
pophysis in the cervical vertebrae, and simple wedge-shaped dor-
sal and lumbar intercentra. In some specimens (i.e. LDKCL X 11
and UMMZ.Herp 406.51), the eighth presacral lacked the

rudimentary hypapophysis, and a single specimen (ZMB 14023)
had a hypapophysis in PSV9.

Neural arch and canal

Asin the axis, the neural arch was paired, and pedicels were poorly
ossified in hatchlings (Fig. 16A-E). The fusion of pedicels started
in the anterior vertebrae of the earliest juveniles. The pedicels
fused firstly to each other, and then to the centrum, with the neural
spines ossifying later. The neural arch was completely formed
already in the juvenile stage. The neural canal was relatively much
wider in hatchlings and juveniles than in adult specimens (Fig.
16B, G, L, Q). In the early ontogenetic stages, the neural canal was
almost as wide as the centrum (excluding the parapophysis).

Zygapophyses

The development of the zygapophyses in the presacral vertebrae
was similar to that of the axis. Lateral torsion of the postzygapoph-
yses occurred in juveniles (Fig. 16F, H, K, M). The zygosphene-zy-
gantrum articulation appeared in subadult and adult specimens
(Fig. 16Q-R) but was absent or highly incipient in juveniles (Fig.
16G-H, L-M).

Neural spine

Similar to the neural arch, the neural spine started forming in the
earliest juveniles (Fig. 16G~H). However, in all juveniles the neu-
ral spines were significantly lower than those of adults and
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Figure 15. Combination of the main axes of the Principal Component Analysis (PCA) and allometry of the presacral vertebrae (PSV) of
Sphenodon specimens of different ontogenetic stages. A, combination of the two main axes of variation (PC1 and PC2) of PSV 4 of juvenile
specimens (not sexed), and sexed female and male subadult, and adult specimens. B, combination of the two main axes of variation (PC1 and
PC2) of PSV 24 of juvenile specimens (not sexed), and sexed female and male subadult, and adult specimens. C, combination of the main axes
of variation (PC1 and PC2) of presacral vertebrae of juvenile, adult male, and adult female specimens, highlighting the sequence of vertebrae in
three specimens, LDKCL X 11 (juvenile, in pink), -lMEH] S1 (female, in blue), and UMMZ R2595 (male, in red).

subadults (Fig. 16V-X), even though the spines were already com-
pletely developed in some juveniles (Fig. 16K-M).

Remarks on fossil taxa

The presacral centrum in most fossil rhynchocephalians was rel-
atively similar to that of Sphenodon, i.e. it was amphicoelous and
usually hourglass shaped, with laterally constricted margins. Some
presacral vertebrae of Gephyrosaurus showed subcentral foramina
(Evans 1981). Foramina seem to be absent in other fossil rhyn-
chocephalians, e.g. Homoeosaurus, Kallimodon, Pleurosaurus von
Meyer, 1831, and Sphenofontis (V.B., personal observations). Most
taxa showed oblique synapophyses, similar to those of Sphenodon.
However, pleurosaurids (i.e. Palacopleurosaurus and Pleurosaurus)
showed vertical synapophyses in the presacral vertebrae (Fig. 8E).
These were elliptical and not as massive as in other rhyncho-
cephalians. The articular facet for the ribs was usually on the lateral
surface of the vertebrae in fossil thynchocephalians, but in Kalli-
modon, the synapophysis was slightly bent posteriorly, and the ribs
articulated posterolaterally in specimens assigned to this taxon

(Fig. 17). An anteroventrally-oriented synapophyseal ridge (Fig.
17B) was present at the ventral margin of the parapophysis in
Kallimodon, Sapheosaurus, and Vadasaurus Bever & Norell, 2017,
but not in Clevosaurus hudsoni, Gephyrosaurus, Homoeosaurus max-
imiliani, Planocephalosaurus, Pleurosaurus, or Sphenofontis (V.B.,,
personal observations). The PCYL was sharply marked in Kalli-
modon pulchellus (SNSB-BSPG 1887 VI 1 and SNSB-BSPG 1922
115), but it seemed absent in Pleurosaurus ginsburgi (SNSB-BSPG
1977 X 40).

The intercentra of fossil rhynchocephalians were usually wedge
shaped, and in many taxa, e.g. Clevosaurus hudsoni, Gephyrosaurus,
and Kallimodon, the anteriormost (cervical) intercentra showed
arudimentary hypapophysis (Cocude-Michel 1963, Evans 1981,
O’Brien et al. 2018). Intercentra were present only in the cervical
vertebrae of Homoeosaurus maximiliani, Kallimodon pulchellus, and
Sphenodraco scandentis Beccari et al.,, 2025a but were present
throughout the presacral series in Palaeopleurosaurus, Pleurosaurus,
and Sphenofontis (Cocude-Michel 1963, Fabre 1981, Carroll 1985,
Villa et al. 2021, Beccari et al. 2025a).
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Figure 16. 3D representation of the anterior dorsal vertebra PSV 11 of Sphenodon specimens of different ontogenetic stages. A-E, 3D renders of
PSV 11 of the hatchling SNSB-ZSM 20/1959. F-J, 3D renders of PSV 11 of the juvenile QMUL QMBC 0614. K-O, 3D renders of PSV 11 of
the juvenile NHMUK LS 1972.2050. P-T, 3D renders of PSV 11 of the adult -MEH]J S1. A, F, K, P, left lateral view. B, G, L, Q, anterior view. C,
H, M, R, posterior view. D, I, N, S, dorsal view. E, ], O, T, ventral view. U-X, size comparison between the atlas—axis complex of (U) SNSB-ZSM
20/1959; (V) QMUL QMBC 0614; (W) NHMUK LS 1972.2050; and (X) I-'MEH] S1. Abbreviations: dia, diapophysis; epi, epiphysis; fo,
foramen; ic, intercentrum; not, notochordal canal; para, parapophysis; POSL, postspinal lamina; PRSL, prespinal lamina; sl, suture line; syn,

synapophysis.

In some fossil rhynchocephalians, the prezygapophysis was
located more ventral in the cervical vertebrae than the postzyga-
pophysis (e.g. Clevosaurus cambrica Keeble et al., 2018, Clevosaurus
hudsoni, Gephyrosaurus, and Planocephalosaurus; Evans 1981, Fra-
ser and Walkden 1984, Fraser 1988, Keeble et al. 2018, O’Brien et
al.2018). The zygosphene-zygantrum complex was present in the
early branching rhynchocephalian Gephyrosaurus (Evans 1981),

but it seems to be lost in many rhynchocephalians, including
another early branching genus, Planocephalosaurus (Fraser and
Walkden 1984).

In Gephyrosaurus and Planocephalosaurus, as well as in clevo-
saurids (e.g. Clevosaurus cambrica and Clevosaurus hudsoni), the
neural spines were low and trapezoidal in lateral view (Evans 1981,
Fraser and Walkden 1984, O’Brien et al. 2018). In Solnhofen
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Figure 17. Presacral vertebrae, ribs, and gastralia of Kallimodon pulchellus (SNSB-BSPG 1887 VI 1) and Homoeosaurus parvipes (MB.R.1007).
A, photograph in standard light of the SNSB-BSPG 1887 VI 1, with highlighted area of interest. B, photograph under UV-light of the dorsal
vertebrae, ribs, and gastralia of SNSB-BSPG 1887 VI 1, in ventral view. C, photograph in standard light of the MB.R.1007, with highlighted area
of interest. D, photograph under UV-light of the dorsal vertebrae, ribs, and gastralia of MB.R.1007, in dorsal view. Abbreviations: inc, intercostal
rib; Ig, lateral gastralium; mg, medial gastralium; st, sternum; stc, sternocostal rib; syn.ri, anteroventral synapophyseal ridge; up, uncinate

process.

Archipelago rhynchocephalians, the spine was usually squared,
i.e. about as long as tall, in lateral view, especially in Pleurosaurus
ginsburgi (Fig. 8E), whereas in Navajosphenodon sani Simées et al.,
2022, Opisthiamimus, and Priosphenodon avelasi Apesteguia &
Novas, 2003, the neural spines were subrectangular in lateral view,
similar to that of Sphenodon (Apesteguia 2008, DeMar et al. 2022,
Simdes et al. 2022). The POSL and a putative accessory process
were present throughout the presacral series of Pleurosaurus gins-
burgi SNSB-BSPG 1977 X 40 (Fig. 8E).

As was the case for the axis, the ossification timing may also
vary in some fossil taxa, especially the fusion of the neural arch to

the pleurocentrum. In Pleurosaurus and possibly Kallimodon, sub-
adult specimens still showed a marked neurocentral suture in the
presacral vertebrae (Beccari et al. 2025b). The neural spines in
subadult specimens were already ossified, as observed in Spheno-
don, which means that the fusion of the neural arch to the pleuro-
centrum was much delayed in these extinct taxa.

Presacral ribs
General adult morphology

Paired ribs were present on presacral vertebrae 4 to 25 (Figs
10-11,18), albeit being always fused to the centrum and therefore
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being regarded as pleurapophyses (sensu Hoffstetter and Gasc
1969) in PSV25 (Fig. 12F-]).

The presacral ribs were sub-bicipital (sensu Hoffstetter and Gasc
1969), meaning that they have merged the tuberculum and capit-
ulum but with some distinction between both (Fig. 181). In six
adult specimens (IDHRN NH 84.19, NHMUK LS 1935.5.14.3,
UMZC R2595, UMZC R2605, ZMB 10607, and ZMB 13837),
the first two pair of ribs were truly bicipital, i.e. the capitulum and
tuberculum were unmerged and fully separated as distinct artic-
ular processes. The tuberculum was wider than the capitulum
throughout the presacral series. The anterior margin of the tuber-
culum was marked by a longitudinal ridge (Fig. 18), which was
pronounced in the anteriormost (cervical and anterior dorsal
vertebrae), and less pronounced in the posterior dorsals and lum-
bars (Fig. 181-]). The ribs contacted the synapophyses perpen-
dicular to the centrum.

Axial skeleton of the tuatara « 2§

The ribs associated with PSV4 to 7 were short and posteroven-
trally oriented (Fig. 18A, D, H-K). These cervical ribs were
anteroposteriorly flattened throughout their length, with the ante-
rior surface marked by a deep longitudinal ridge between the
enlarged tuberculum and the capitulum (Fig. 181-K). In proximal
view, the head of the cervical ribs was slightly elongated, with an
anteroposterior constricted margin between the tuberculum and
capitulum. These ribs were associated with short cartilaginous
intercostal ribs. The pair of ribs of PSV8 shows an intermediate
morphology between the cervical and dorsal ribs, with a flatter
profile than the dorsals, but being almost as long as the rib of PSV9
(Fig. 18B, E, H-K). Ribs associated with PSV9 to 21 (Fig. 18C,
F, H-K) were elongated, slender, and tubular. These ribs were
twisted anteriorly at their distal half, with their dorsal margin tak-
ing a more anterior position (Fig. 18C). The rib head was bean
shaped in the anterior dorsal ribs, and elliptical in the posterior

Figure 18. 3D representation of the presacral ribs of Sphenodon (I-MEH] S1). A-F, 3D renders of articulated ribs and associated cartilaginous
elements of (A, D) left cervical rib 4 (PSV 4); (B, E) left anterior dorsal rib 9 (PSV 9); (C, F) left posterior dorsal rib 18 (PSV 18) in (A-C)
lateral view; (D-F) anterior view. G, 3D renders of posterior dorsal rib 16 (PSV 16) in posterolateral view. H, 3D renders of ribs 4,9, and 18 in
anterior view showing the location and orientation of cross-section cuts. I, proximal end of ribs 4, 9, and 18 in medial view. ], proximal
cross-section of ribs 4, 9, and 18. K, distal cross-section of ribs 4, 9, and 18. Abbreviations: ap, anterior process; ca, capitulum; dcs, distal
cross-section cut; in, intercostal rib; pcs, proximal cross-section cut; pp, posterior process; ri, ridge; stc, sternocostal rib; tu, tuberculum; up,

uncinate process; up.af, articular facets for the uncinate processes.
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dorsal ribs (Fig. 18]-K). The proximal half of both anterior and
posterior dorsal ribs was anteroposteriorly flattened, having an
upside-down, shape in cross-section in the anterior dorsals, and
amore elliptical cross-section in the posterior dorsals (Fig. 18]).
Their distal ends were subcircular in cross-section. These ribs were
associated with posterodorsally oriented, cartilaginous uncinate
processes, and cartilaginous intercostal and sternocostal ribs. The
posteriormost pairs of ribs (PSV22-25) were short and subcircu-
lar in cross-section (Fig. 12A, F). The pair of ribs of PSV22 and
PSV23 were associated with intercostal ribs, but only the former
was associated with sternocostal ribs. The ribs of PSV24 and 25
were free ribs, with no cartilaginous elements associated with
them.

Ontogenetic and individual variation

In hatchlings, only the shaft of the ribs was ossified, with open
ends and a cartilaginous, incipient tuberculum and capitulum.
With growth, ossification continued towards the distal and prox-
imal ends. In the juvenile stage, the ends of the ribs were already
ossified, and the ribs were similar in morphology to those of sub-
adults and adults.

The last pair of presacral ribs (associated to PSV25) was only
fully ankylosed in adult specimens, and two subadults (SNSB-
ZSM 1318-2006 and UMZC R2598). The penultimate pair of ribs
(associated to PSV24) was ankylosed in some specimens (fully
ankylosed in ZMB 9804 and UMZC R2604, and partially in
I-MEH]J S1 and UMZC R2605).

Remarks on fossil taxa

The position of the first rib varied among fossil rhynchocephalians,
with some taxa, e.g. Homoeosaurus and Kallimodon showing the
first rib on PSV6 or 7. The axis lacked associated ribs in most
rthynchocephalians. However, Pleurosaurus ginsburgi (SNSB-
BSPG 1977 X 40) and Pleurosaurus goldfussi (SNSB-BSPG 1925
I 18) bore a pair of short axial ribs (Fig. 8B). A putative axial rib
was also figured for one specimen of Clevosaurus hudsoni,
NHMUK PV36832 (O’Brien et al. 2018: fig. 14). In these taxa,
the axial ribs were much shorter than the post-axial ribs. In Pleu-
rosaurus goldfussi (SNSB-BSPG 1925 I 18), the axial rib was bic-
ipital (Fig. 8B).

The first rib pair in some fossil taxa, i.e. Derasmosaurus
pietraroiae Barbera & Macuglia, 1988, Gephyrosaurus, Kallimodon
pulchellus, Pleurosaurus goldfussi, and Vadasaurus, was bicipital
(Evans 1981, Barbera and Macuglia 1988, Bever and Norell 2017;
V.B,, personal observations). At least in Gephyrosaurus and Kalli-
modon pulchellus, the capitulum was longer and extended further
anteriorly than the tuberculum, compared to Sphenodon speci-
mens that showed bicipital anteriormost ribs (Romer 1956, Hoff-
stetter and Gasc 1969, Evans 1981). The presacral ribs of
Gephyrosaurus, Homoeosaurus, and Kallimodon lacked the anterior
longitudinal ridge (Cocude-Michel 1963, Evans 1981), whereas
this ridge was marked in the presacral ribs of Pleurosaurus ginsburgi
(Fig. 8E). Even in adult specimens, the last pair of presacral ribs
was unfused with the centrum in Pleurosaurus, but it was fused
with the centrum in Homoeosaurus maximiliani, Kallimodon, and
Sapheosaurus (Cocude-Michel 1963).

Compared to Sphenodon, the presacral ribs of Palaeopleurosau-
rus showed a slight increase in density [osteosclerosis sensu Hous-
saye 2009 (Klein and Scheyer 2017)], whereas those of
Ankylosphenodon pachyostosus Reynoso, 2000 showed a substantial
increase in both density and diameter [ pachyostosis sensu Hous-
saye 2009 (Reynoso 2000)]. Pleurosaurus showed an intermediate
rib robustness compared to Ankylosphenodon and Palaeopleuro-
saurus, and is, therefore, at least partially pachyostotic (Carroll and
Wild 1994, Beccari et al. 2025b).

Cartilaginous ribs and gastralia

General adult morphology

Cartilaginous uncinate processes were present on ribs associated
with PSV9 to 21. The processes were flattened cartilaginous strips
that connected the ribs of subsequent vertebrae. At their base,
they were slightly expanded to articulate with the rib. The articular
facets for the uncinate processes on the rib laid on the posterolat-
eral surface of the rib, the one articulating with the proximal end
of the uncinate process forming a raised, oval lip, positioned at
about the midlength of the rib, and the second, which marked the
contact of the uncinate process of the anterior rib, being shallow
and positioned at about the proximal third of the rib length
(Fig. 18G).

The cervical intercostal ribs were short, mediolaterally flat-
tened, and tapered distally to a point (Figs 10A, 18A, D). The
dorsal vertebrae intercostal ribs were tubular (Fig. 18B, E) and
grew in length posteriorly in the presacral series, until reaching
the maximum length by PSV23 (Fig. 11A). The anterior sterno-
costal ribs (those associated with PSV9-11) were tubular and
concur in bridging their corresponding vertebrae to the sternum,
i.e., being the ribs associated with the sternum (Fig. 18B, E). The
posterior sternocostal ribs (associated with PSV12-23) were ali-
form (sensu Hoffstetter and Gasc 1969), having an anterior pro-
cess (or expansion in Klein and Scheyer 2017) at the proximal
third of the length, and a posterior process at the distal third (Fig.
18C, F). This generated an asymmetrical X shape. These sterno-
costal ribs were always associated with the gastralia through con-
nective tissue (Hoffstetter and Gasc 1969).

A total of 24 gastralia was present, located in the body portion
going from the level of PSV12 to 23. Each PSV was associated with
two gastralia. The gastralia were formed by a median gastralium and
two unfused paired lateral gastralia (Fig. 19). The median gastra-
lium was V-shaped, forming a chevron (sensu O’Brien ef al. 2018),
with a pointed and anteriorly directed median projection. The angle
between the arms of the medial gastralium ranged from 90° to 120°.
This angle was the lowest at the anterior- and posteriormost gastra-
lia. The lateral elements were rod like and slightly bowed posteriorly
at their distal ends. The contact between each lateral gastralia and
each posterolateral arm of the medial gastralium covered about two-
thirds of their length, extending from around the distal third of the
former to the proximal third of the latter (Fig. 19).

Ontogenetic and individual variation

All cartilaginous elements (uncinate processes, and intercostal and
sternocostal ribs) were present already in the smallest juvenile spec-
imen (NHMUK LS 1855.10.163). The uncinate processes were
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Figure 19. 3D representation of the gastralia of Sphenodon. A-D, UMZC R260S, adult. E, NHMUK LS 19.5.14.6.10.b, hatchling. F, NHMUK
LS 1972.2050, juvenile. A, E, F, 3D renders of the articulated gastralia in ventral view. B-D, 3D renders of the isolated gastralium (B) anterior
gastralium; (C) mid gastralium; (D) posterior gastralium. Abbreviations: che, chevron; Ig, lateral gastralium; mg, medial gastralium. The angles

of divergence between the gastralium rami are noted.

rod like at this stage and developed a strip morphology in subadults.
Similarly, the sternocostal ribs were more slender and relatively
longer in juveniles than in subadult and adult specimens.

The medial gastralium was absent in hatchlings, whereas the
lateral gastralium was present, but was incipient, already at this
stage (Fig. 19E). In juveniles the medial gastralium had started to
ossify, but the anterior median projection was short and poorly
differentiated at this stage (Fig. 19F). The projection was pro-
nounced in subadult and adults.

In one adult (i.e. UMZC R2605, Fig. 19A), the number of gas-
tralia associated with each vertebra was higher than two. This

condition seems to be pathological, as the medial gastralia display
bifid arms in these specimens, forming additional lateral
extensions.

Remarks on fossil taxa

Cartilaginous elements, such as the uncinate processes and inter-
costal and sternocostal ribs, were better preserved in specimens
from Fossil-Lagerstitten, and sometimes only visible under
UV-light (Tischlinger and Arratia 2013). Some rhynchocephalians
from the Solnhofen Archipelago, i.e. Homoeosaurus, Kallimodon,
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Sphenodraco Beccari et al., 2025a and Sphenofontis, preserve car-
tilaginous elements (Cocude-Michel 1963, Fabre 1981, Villa et al.
2021, Beccari et al. 2025a). Homoeosaurus maximiliani, Homoeo-
saurus parvipes, Kallimodon pulchellus, and Sphenofontis have unci-
nate processes, similar in morphology to those of Sphenodon.
These specimens also showed both intercostal and sternocostal
ribs. Pleurosaurus goldfussi (SNSB-BSPG 1925118) only preserves
some intercostal ribs. The intercostal ribs of Pleurosaurus goldfussi
and Kallimodon pulchellus were tubular and segmented (Figs 8C
and 17B, respectively). The sternocostal ribs were poorly pre-
served in most specimens. In the holotypes of Kallimodon pulchel-
lus (SNSB-BSPG 1887 VI 1) and Homoeosaurus parvipes
(MB.R.1007), they showed an asymmetrical X shape, similar to
that of Sphenodon, but were substantially slenderer and more elon-
gated (Fig. 17). This could be an ontogeny related feature, given
that juvenile Sphenodon specimens showed elongated sternocostal
ribs. However, at least the holotype of Kallimodon pulchellus
(SNSB-BSPG 1887 VI 1) pertains to a possibly adult specimen
(Cocude-Michel 1963).

Gastralia were present in fossil thynchocephalians, and the over-
all morphology was similar to that of Sphenodon (i.e. being com-
posed of lateral and medial gastralia, the latter of which shows an
anterior median projection). The contact between the lateral gas-
tralia and the arms of the medial elements varied intragenerically,
with Pleurosaurus showing lateral gastralia that extended almost
to the level of the median projection (Fig. 8C), whereas the lateral
gastralium extended only halfway through the medial gastralium
in Homoeosaurus and Kallimodon (Fig. 17C, D). The anterior gas-
tralia of Palaeopleurosaurus and Pleurosaurus showed an acute pos-
terior angle between the arms of the medial element (ranging from
50° to 70°% Fig. 8C), which increased in the posterior gastralia to
an obtuse angle (ranging from 120° to 135°). Clevosaurus hudsoni
(NHMUK PV R36832) showed acute angles in both anterior- and
posteriormost gastralia, and obtuse angles only in gastralia from
the middle portion of the series (O'Brien et al. 2018). Most other
rhynchocephalians consistently showed obtuse angles throughout
the gastralia series, similar to Sphenodon. In some taxa, e.g. Homoeo-
saurus, Kallimodon, and Sapheosaurus, the angle between the arms
of the medial gastralium were almost straight (the gastralia of Kalli-
modon pulchellus showed angles of up to 170°; Fig. 17A-B).

Sternum

General adult morphology

The sternum was a large, roughly pentagonal, calcified cartilagi-
nous plate (Fig. 20). This plate was the presternum, and the
mesosternum and xiphisternum were absent (Russell and Bauer
2008). The anterolateral margins of the sternum were dorsoven-
trally thickened (Fig. 20C), forming the articular facet for the
coracoid (coracosternal groove sensu Russell and Bauer 2008).
Medial to these grooves, two anteromedian processes flanked the
median shaft of the interclavicle and covered the coracoid dorsally
(Fig. 20A-B). Posterior to the coracosternal articulation, some
specimens had transverse fontanelles. A longitudinal median fon-
tanelle may also be present, but it was usually hidden ventrally by
the median shaft of the interclavicle (Russell and Bauer 2008); in
the specimens we studied, the presence of this fontanelle was a
variable feature (e.g. present in four adult specimens, and absent

in five, including I-MEH] S1; Fig. 20B). The lateral margins of the
sternum showed three short costal processes that articulated with
the sternocostal ribs of PSV9 to 11 (Fig. 20B). These processes
were separated by intercostal notches. The posterolateral corners
of the sternum expanded further posteriorly than the posterome-
dial margin, forming two lateral trabeculae.

Ontogenetic and individual variation

The sternum was poorly calcified or unformed in hatchling spec-
imens. The calcification developed in the juvenile stage. As men-
tioned above, the presence of fontanelles in the sternum was not
consistent throughout our sample. However, this does not seem
to be due to ontogeny or sexual dimorphism, as, for instance, the
median fontanelle was present in some juveniles, subadults, and
adults, and male and female specimens, but not all. The lateral
trabeculae were less developed in some specimens.

Remarks on fossil taxa

As was the case for the cartilaginous rib elements, the preservation
of the sternum in fossil rhynchocephalians was rare and understud-
ied. No sternum has been recognized so far for early branching rhyn-
chocephalians, or clevosaurids. Some specimens from the Solnhofen
Archipelago, e.g. the holotypes of Kallimodon pulchellus (SNSB-
BSPG 1887 VI 1; Fig. 17B) and Sphenofontis velserae (SNSB-BSPG
1993 XVII1 4) preserved remnants of the sternal plate (Cocude-Mi-
chel 1963, Fabre 1981, Villa et al. 2021). However, these can mainly
be observed using UV-light and were usually poorly preserved. In
Kallimodon pulchellus SNSB-BSPG 1887 V1 1, the preserved sternum
was roughly diamond shaped, with laterally expanded anterolateral
margins (Fig. 17B). No fontanelles were observed in this specimen.

Sacral vertebrae
General adult morphology
Centrum

The centrum was amphicoelous and slightly longer than wide (Fig.
21).In anterior and posterior views, the cotyles appeared circular
with a similar height and width. In the centre of each cotyle, the
notochordal canal was visible, but closed, as in the presacral ver-
tebrae. It had a radius which was about half that of the centrum,
and it was circular in outline.

The posterior centrosynapophyseal lamina (PCYL) was less
pronounced in the sacral vertebrae than in the presacral vertebrae,
and the post-synapophyseal groove, albeit present, was shallow
and poorly marked in the lateral surface of these vertebrae. The
ventral surface of the sacral vertebrae was smooth (Fig. 21E), with
no ridges and grooves such as those present in the anteriormost
presacral vertebrae.

Foramina

In most specimens (15 out of 16 adults), the ventral surface of
sacral centra shows subcentral foramina (Fig. 21E), which can be
either paired or single, limited to one side.

Intercentrum

The first sacral intercentrum was wedge shaped and lacked the
rudimentary hypapophysis, being similar to that of the posterior
presacral vertebrae. The second sacral intercentrum was fused to
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Figure 20. 3D representation of the pectoral girdle and sternum of Sphenodon (I-MEH] S1). A, 3D renders of the articulated pectoral girdle and
sternum in ventral view. B-D, 3D renders of the sternum: (B) ventral view; (C) anterior view; (D) left lateral view. Abbreviations: amp,
anteromesial process; cla, clavicle; cogro, coracosternal groove; cp, costal process; fon, fontanelle; ic, interclavicle; icn, intercostal notch; lat,

lateral trabecula; sco, scapulocoracoid; st, sternum.

the sacral vertebrae, connecting the posterior end of SV1 to the
anterior end of SV2 (Fig. 21E).

Neural arch and canal

The neural arches in the sacral vertebrae were similar to that of the
presacral. The arches were relatively robust and well ossified, such
that, in anterior view, the neural canal was smaller in diameter than
the centrum (Fig. 21B-C). The dorsal and lateral margins of the
canal were part of a single curve, whereas the ventral margin was
relatively horizontal to slightly convex (Fig. 21B-C). The syn-
apophyses were well developed. This creates a distinct bulge on
the lateral walls of the arch, to which the sacral ribs (pleurapoph-
yses) articulate and fuse.

Zygapophyses

There were paired prezygapophyses and postzygapophyses. In
dorsal view, these extended slightly laterally from the neural arch
(Fig. 21D). In anterior or posterior view, the zygapophyses were
located more laterally than the lateral margins of the respective

cotyle and to a level more dorsal than the roof of the neural canal.
The prezygapophyseal articulation was raised dorsolaterally at
about 30 to 45°, having a slightly concave articular facet. The post-
zygapophyses created a distinct bulge on the lateral wall of the
neural arch. They were narrower (measured from the lateral tip of
the left to right postzygapophyses) in SV1 compared to the last
PSV and SV2. In most presacral vertebrae, the postzygapophyses
were wider than the prezygapophyses, but this was inverted in SV1.

Neural spine

The neural spine was represented by a tall midline crest. In lateral
view, the anterior margin of the spine was posterodorsally inclined,
whereas the posterior margin was vertical (Fig. 21A). The dorsal
margin of the spine developed as a short crest. When articulated,
the dorsal tips of SV1 and SV2 were separated by a distance similar
to the length of each crest. Both a POSL and PRSL were present
on the sacral neural spines (Fig. 21B-C). The PRSL was usually
straight in SV1 and showed a low anterior ‘bump’ in SV2 (Fig.
21A).
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Figure 21. 3D representation of the sacral vertebrae of Sphenodon. A-E, 3D renders of sacral vertebrae of Sphenodon I-'MEH] S1: (A) left lateral
view; (B) anterior view; (C) posterior view; (D) dorsal view; (E) ventral view. F—G, a 3D render of the sacral vertebrae of Sphenodon ZMB
13837 (adult), in posterolateral view, highlighting the posterior bump. H, a 3D render of the sacral region of Sphenodon ZMB 9804 (subadult)
in dorsal view, focusing on the sacral vertebrae. I-K, 3D renders of Sphenodon UMZC R2616 (adult) in (I) dorsal view; (J) lateral view; (K)
ventral view of the sacral vertebrae. Abbreviations: af, articular facet to the ilium; bum, bump; che, chevron; con, constriction; fo, subcentral
foramen; ic, intercentrum; ilb.ex, iliac blade expansion; not, notochordal canal; ns, neural spine; pelv, pelvic girdle; ple, pleurapophysis; POSL,
postspinal lamina; pre, prezygapophysis; PRSL, prespinal lamina; PSV, presacral vertebra; QV, caudal vertebra; SV, sacral vertebra; zga,
zygantrum; zgo, zygosphene.

Sacral ribs (pleurapophyses) expanded processes of the vertebral centra (sensu Hoffstetter and
The sacral ribs were fused to the massive synapophyses. These ~ Gasc 1969). The sacral pleurapophyses were robust and short
have been regarded as transverse processes (e.g. Villa et al. 2021, ~ when compared to the presacral ribs. The first pair of pleurapoph-
DeMar ef al. 2022, Simaes et al. 2022), but they were here regarded ~ yses were slightly longer than the second pair (Fig. 21D-E). The
as pleurapophyses, because these were fused ribs, rather than ~ dorsal surface of the ribs lies mainly on the horizontal plane. The
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ventral surface, on the other hand, was oblique, because of the
distal dorsoventral broadening of the ribs (Fig. 21A). The articular
surface with the ilium was triangular in cross section (Fig. 21A,
G).

The second pair of sacral pleurapophyses were constricted at
midlength, expanding both dorsoventrally and anteroposteriorly
at their distal end (Fig. 21A-E). In cross section, the distal end
was ovoid (Fig. 21A). These pleurapophyses were usually antero-
ventrally oriented, expanding in the direction of the first pair of
sacral pleurapophyses.

Sexual dimorphism, ontogeny, and individual variation

The PCA of sacral vertebrae in Sphenodon showed a similar trend
to that of presacral vertebrae, with a separation between males and
females, but also between SV1 and SV2 (Fig. 22A). The combi-
nation of the first two variation axes explained 61.7% of the vari-
ability, with 95% of the variability being explained by the
combination of the initial 12 out of 26 axes. Both sacral vertebrae
were significantly different from each other (p=0.0001). Signifi-
cant difference was also found between sacral vertebrae of males
and females (p=0.0001), albeit when comparing each vertebra
and sex separately, female SV1 and SV2 were not significantly dif-
ferent from each other (p=0.10).

Shape variation between sacral vertebrae of females and males
was similar to that of presacral vertebrae, with females having
slightly longer and wider centra and significantly lower neural
spines than males.

Number

It was possible that only one sacral vertebra was in direct contact
with the ilium in hatchlings (Howes and Swinnerton 1901), but
this was hard to confirm due to the poor of ossification at the distal
ends of the sacral ribs at this ontogenetic stage. The sacral verte-
brae were even harder to distinguish from presacral vertebrae at
this stage. Albeit rare, some individuals had sacralized lumbar or
caudal vertebrae (see below).

Axial skeleton of the tuatara o 31

Centrum

In juveniles, and particularly in hatchlings, the centra appeared
more concave in anterior and posterior view. At the same ontoge-
netic stages, the two sacral centra were completely separated, but
the intervertebral space was minimum. Contact between the cen-
tra appeared in subadults, but without fusion. Only adult speci-
mens had fused sacral central (Fig. 21E).

Foramina

The sacral centrum displayed nutritive foramina on the dorsal,
ventral (subcentral foramen), and lateral (lateral foramen) surfaces
in hatchlings. The lateral foramina disappeared in early juveniles,
and the dorsal foramina were fully closed in subadults and adults.
Only the subcentral foramina lasted throughout the entire ontog-
eny. Three adult specimens had completely closed subcentral
foramina (subcentral foramina were closed in SV1 of UMZC
R2595, and in SV2 of IDHRN NH 84.19 and ZMB 10607).

Intercentrum

The sacral intercentra were paired in juvenile specimens, and sin-
gle units (i.e. merged into wedge-shaped elements) in all subadult
and adult specimens. The first sacral intercentrum remained
unfused to the sacral pleurocentrum throughout life, whereas the
second one fused to the posteroventral margin of SV1 and the
anteroventral margin of SV2, in adults only. Therefore, both sacral
vertebrae pleurocentra were continuous in ventral view at this
ontogenetic stage, with no suture visible between them in ventral
view (Fig. 21E).

Neural arch and canal

The neural arch was represented as separate left and right pedicels
in hatchlings and some juveniles, so that the canal was dorsally open
at the midline. In anterior view, the neural canal was much larger
than the centrum at these ontogenetic stages. The pedicels were
medially concave and angled, so that the neural canal was effectively
hexagonal. In other juveniles, the canal was pentagonal.

Figure 22. Combination of the main axes of the Principal Component Analysis (PCA) of the sacral vertebrae SV) of adult Sphenodon. A,
combination of the two main axes of variation (PC1 and PC2) of SV1 and SV2 of adult males and females. B-E, 3D renders of sacral vertebrae
of the adult specimens -MEH]J S1 (in blue) and UMZC R2605 (in red) in (B—C) left lateral view; (D-E) anterior view.
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Zygapophyses

The postzygapophyses were fully formed already at the hatchling
ontogenetic stage, but the lateral torsion of the prezygapophyses
fully develops during the juvenile stage.

Neural spine

The neural spine was absent in hatchlings, short in juveniles, but
fully ossified by the subadult stage. The neural arch fused with the
centrum during the juvenile stage, but suture lines were still visible
until the subadult stage. The paired epiphyses developed in late
juveniles and fused to the neural spines in subadults.

Sacral ribs (pleurapophyses)

The sacral ribs fused to the synapophysis in subadults (but our
sample included a subadult with still unfused ribs: UMMZ.Herp
406.51). At this ontogenetic stage, the pleurapophyses started
expanding at their distal end. In all but five subadult and adult spec-
imens (i.e. subadult IDHNR NH 3-116, and adult I-MEH]J S1,
UMZC R2604, UMZC R2608, and ZMB 10607), this expansion
was so developed that the distal ends of the sacral pleurapophyses
came into contact (Fig. 21F-G, I). However, the pleurapophyses
were never fused to each other.

The morphology of the sacral pleurapophyses varied strongly
across specimens. The pleurapophyses of SV1 were generally
straight and perpendicular to the centrum, but in seven specimens
(two juveniles, one subadult, and four adults), the distal end
curved posteriorly. A small posterior bump was visible on the
pleurapophyses of SV2 in two specimens (i.e. specimen I-MEH]
S1, adult; Fig. 21D-E, and specimen ZMB 13837; Fig. 21F-G).
This bump might be homologous with the posterior process
observed in extinct rhynchocephalians: it is, of course, not as
developed as the process in the fossils, but it was located in the
same area. In any case, a real posterior process of SV2 was absent
in Sphenodon.

Other (third sacral vertebra)

Two specimens in this study showed three sacral vertebrae:
these were ZMB 9804 (a subadult; Fig. 21H) and UMZC R2616
(an adult; Fig. 211). The presence of three sacral vertebrae in
Sphenodon was previously reported by Howes and Swinnerton
(1901: page 30, fig. 6) for a specimen referred to as the ‘Dublin
Museum specimen’ (another adult). In this latter specimen, the
distal half of the left pleurapophysis of QV1 bent anteriorly,
reaching the ilium and forming a trisegmental sacrum, whereas
the right pleurapophysis showed the expected morphology to
that of QV1.

Specimen UMZC R2616 showed an unusual morphology of
the vertebral sequence, i.e. lumbar, sacral, and anterior caudal ver-
tebrae. The last two presacral vertebrae anterior to the sacrum
showed the typical lumbar morphology, bearing short ribs and no
associated intercostal and sternocostal cartilage. However, the
morphology of the caudal vertebra immediately posterior to the
sacral was that of the expected QV2 (Fig. 23A). An incipient chev-
ron was present in the third caudal in this series (Fig. 21]), differ-
ent from most other specimens, where the first chevron was
associated with QV4 (only three other specimens in this study

showed the same condition as UMZC R2616). Additionally, the
first autotomic septum was present in the sixth caudal vertebra
posterior to the last sacral. Usually, the autotomic septum was
present in QV8, with some specimens having the autotomic sep-
tum in QV7. No specimen in this study showed an autotomic
septum in QV6, which was consistent with previous studies (e.g.
Seligmann et al. 2008). Therefore, one interpretation would be
that the third sacral vertebra pertained to the sacralized QV1, sim-
ilar to the ‘Dublin Museum specimen’ (Howes and Swinnerton
1901). However, some arguments could be made for a sacralized
dorsal instead. The morphology of the right pleurapophysis of SV1
was similar to that of the typical PSV2§, i.e. short, slightly poste-
riorly bent, and tapering at the distal end (Fig. 211). The left iliac
blade of UMZC R2616 showed an abnormal anterior expansion
(Fig. 21J), which contacted the left pleurapophysis of SV1 (Fig.
211). The morphology of the ventral surface of the centra (Fig.
21K) also showed that the second sacral in this series had a con-
dition typical to the SV1 (Fig. 21E), whereas the first sacral in
UMZC R2616 showed a slightly constricted centrum, typical of
the last lumbar vertebra (PSV 25; Fig. 12]). This mosaic of con-
trasting features in the lumbar, sacral, and caudal vertebrae of
UMZC R2616 hampered the identification of the third sacral
vertebra as either a sacralized dorsal or caudal.

In ZMB 9804 (Fig. 21H), by contrast, the sacralized vertebra
was the last presacral (PSV25). Its morphology was that expected
for SV1, with wider prezygapophyses than postzygapophyses and
expanded synapophyses. The distal end of the ribs, now modified
into pleurapophyses, contacted the distal end of the correspond-
ing structures in SV2 (primordial SV1). The pleurapophyses of
this SV2 were distally expanded both anteriorly and posteriorly,
contacting both SV1 and SV3 (primordial SV2). The pleu-
rapophyses of SV3 extended anterolaterally to reach those of
SV2. However, only the right pleurapophysis of SV3 was dorso-
ventrally expanded. An argument could be made for the sacral-
ization of QV1 concurrent with the loss of PSV2S in this
specimen, given that a number of 24 presacral vertebrae was
known in two other specimens in this study (i.e. UR.Herp 14110
and ZMB 55044). However, in the case of ZMB 9804, morphol-
ogy of the fist caudal vertebrae was as expected (see ‘Caudal
vertebrae’ section below): pleurapophyses were perpendicular
to the centrum in QV1 and QV2 and bowed anteriorly from QV3
onwards, and QV8 was the first autotomic caudal vertebra. The
presacral vertebral count and the overall morphology of the cau-
dal vertebrae support the claim that SV1 was indeed a modified
PSV2S in this specimen.

Remarks on fossil taxa

Many of the remarks made for the presacral vertebrae can be made
for the sacral vertebrae of fossil rhynchocephalians as well. Across
observed taxa, only Gephyrosaurus shows subcentral foramina in
the sacral vertebra (Evans 1981). At least in Gephyrosaurus, Kalli-
modon, Planocephalosaurus, and Vadasaurus, the centra of SV1 and
SV2 were unfused (Cocude-Michel 1963, Evans 1981, Fraser and
Walkden 1984, Bever and Norell 2017). However, this could be
related to the ontogenetic stage of the fossils attributed to these
taxa, as only adult Sphenodon specimens showed fused sacral
vertebrae.

920z |Mdy 2z uo Jasn Anoey me Bogsi ap BAON apepisianiun Aq /+10/S8/SE LIBIZ/y/90Z/e[onie/ueauuljooz/woo dno olwapeae//:sdiy Woll papeojumoc]



Axial skeleton of the tuatara « 33

Figure 23. 3D representation of the anterior caudal vertebrae of Sphenodon (I-MEH] S1). A, a 3D render of the articulated anterior caudal
vertebrae (QV1-8) in dorsal view. B-F, 3D renders of caudal vertebra 1 (QV1). G-K, 3D renders of caudal vertebra 4 (QV4). B, G, left lateral
view. C, H, anterior view. D, I, posterior view. E, ], dorsal view. F, K, ventral view. Abbreviations: bas, chevron base; che, chevron; fo, subcentral
foramen; ic, intercentrum; not, notochordal canal; ns, neural spine; ple, pleurapophysis; pos, postzygapophysis; POSL, postspinal lamina; pre,
prezygapophysis; PRSL, prespinal lamina; QV, caudal vertebra; vs, ventral spine of the chevron; zga, zygantrum; zgo, zygosphene.

The neural spines were much lower than those of Sphenodon in
early branching rhynchocephalians (Evans 1981, Fraser and Walk-
den 1984), and they were squared in the Solnhofen Archipelago
taxa (Cocude-Michel 1963, Fabre 1981, Dupret 2004).

Most fossil rhynchocephalians showed a well-developed, pos-
terolaterally oriented posterior process of the second sacral pleu-
rapophysis. This process can extend laterally up to the level of the
distal margin of the second sacral pleurapophysis (e.g. Kallimodon
pulchellus and Sapheosaurus; Cocude-Michel 1963, Fabre 1981)
or be shorter (e.g. Homoeosaurus, Kallimodon cerinensis, Planoceph-
alosaurus, Pleurosaurus, Sphenodraco, Sphenofontis, and Vadasau-
rus; Cocude-Michel 1963, Fabre 1974, 1981, Fraser and Walkden
1984, Barbera and Macuglia 1988, Cau et al. 2014, Bever and
Norell 2017, O’Brien et al. 2018, Villa et al. 2021, Beccari et al.
2025a). In most taxa, the lateral margin of this posterior process

was concave, but it formed a sharp lateral angle in Palaeopleuro-
saurus, Sapheosaurus, and Vadasaurus.

Caudal vertebrae
General adult morphology
Centrum

The centrum was amphicoelous and hourglass shaped in the cau-
dals, as was the case for the other vertebrae (Figs 23-25). The
absolute length of the centrum increased progressively in the pos-
terior caudals (Fig. 4F), reaching a maximum around QV18 and
then gradually decreasing again. Autotomic septa were present
from QV8 on posteriorly. These transverse fracture planes were
located at the end of the anterior third of the vertebrae (Fig. 24B,
G). Two anteroposteriorly aligned ventral protuberances marked
the ventral margin of the septum in lateral view (Fig. 24B, G).
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These protuberances were less pronounced in the first autotomic
septum. A longitudinal median sulcus was present on the ventral
surface of the posterior caudals (Fig. 24F, K).

Foramina

Subcentral foramina may be present in the anterior caudals (Fig.
23F, K) but seemed to be absent in all posterior caudals.

Intercentra

The intercentra of the three anterior caudal vertebrae were wedge
like, similar in morphology to those of the dorsal vertebrae (Fig.
23B). They lacked the rudimentary hypapophysis present in the
cervical intercentra. Starting from the fourth caudal intercentrum,
these bones were modified into chevrons. These were oriented
obliquely to the caudal pleurocentrum, from anterodorsal to pos-
teroventral in lateral view (Fig. 23G). The anterior chevrons

(from QV4 up to 25) were Y shaped (Figs 23H, 24C), with the
fused haemapophyses forming long ventral spines, whereas the
posterior chevrons (from QV26 posteriorwards) had unfused
haemapophyses (sensu Hoffstetter and Gasc 1969), being V
shaped in anterior view. The haemal canal was triangular in ante-
rior view.

In the anteriormost chevrons (QV4 to 9 in all but one speci-
men, up to QV10 in a single adult specimen, NHMUK LS
1969.2204), the haemal canal was closed dorsally at the chevron
base (Figs 23H, 24C). The chevron articulated both anterodor-
sally with the previous vertebra, and posterodorsally with its cor-
responding vertebra. However, in many specimens, the chevrons
were closely associated only with the anterior vertebrae (e.g. chev-
ron of QVS was in association with QV4 only). In all specimens,
amarked, oblique articular facet was visible on the posteroventral
margin of the caudal pleurocentra, whereas the anteroventral

Figure 24. 3D representation of the posterior caudal vertebrae of Sphenodon (I-MEH] S1). A, a 3D render of the articulated posterior caudal
vertebrae (QV 9-31) in dorsal view. B-F, 3D renders of caudal vertebra 9 (QV 9). G-K, 3D renders of caudal vertebra 21 (QV 21). B, G, left
lateral view. C, H, anterior view. D, I, posterior view. E, ], dorsal view. F, K, ventral view. Abbreviations: aut, autotomy septum; bas, chevron
base; che, chevron; fos, fossa; not, notochordal canal; ns, neural spine; pos, postzygapophysis; POSL, postspinal lamina; pre, prezygapophysis;
QV, caudal vertebra; sul, sulcus; tp, transverse process; vs, ventral spine of the chevron.
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margin of the subsequent pleurocentra showed only a light depres-
sion for the articulation with the chevron.

Neural arch and canal

The neural arch of the caudals was lower than that of the presacral
and sacral vertebrae and increased in length with the caudal centra
(Fig. 23C-D, H-I). Both anterior and posterior margins of the arch
were concave in lateral view. The autotomic septum was only
marked in the lateral margins of the neural arch anterior to the trans-
verse processes, so that in dorsal view, it was represented only as a
faint ridge (Fig. 24E). In the anterior caudals, the neural arch was
as wide as the centrum, but it became progressively lower and nar-
rower in the posterior caudals, to the point of being reduced to
almost a median ridge in the posteriormost vertebrae (Fig. 24H-J).
The neural canal was circular and decreased in diameter in the pos-
terior caudals, until almost closing in the posteriormost vertebrae.

Zygapophyses

The morphology of the zygapophyses in the anterior caudal ver-
tebrae was similar to that of the posterior dorsal vertebrae, with
the prezygapophysis extending slightly more laterally than the
postzygapophysis in dorsal view (Fig. 23C-E, H-J). The zygo-
sphene-zygantrum articulation was present only in the anterior
caudals (Fig. 23C-D, H-I). In the posterior caudals, the zyga-
pophyses gradually move towards the neural spine. In the poste-
rior portion of the tail, the zygapophyses tended to merge medially
(Fig. 247), with the postzygapophyses doing so at a more anterior
level (around QV18) than the prezygapophyses. At this point, the
zygapophyses were not in articulation anymore. In some posterior
caudals (between QV9 and 15), the zygantrum was replaced by
a deep posterior fossa ventral to the neural spine (Fig. 24D), sim-
ilar to the spinopostzygapophyseal fossa of sauropod dinosaurs
(Wilson et al. 2011).

Neural spine

The neural spines of the caudal vertebrae were posterodorsally
inclined (Figs 23B, G, 24B, G). These gradually decreased in
anteroposterior length and became slender posteriorly, until
around QV18, where the neural spines became progressively
lower and more posteriorly inclined (Fig. 24G). Then, they almost
disappeared in the posteriormost caudals. The anterior caudals
showed both pre- and postspinal laminae, but the PRSL was
absent in the posterior caudals.

Caudal ribs (pleurapophyses) and transverse processes

The anterior caudals (QV1-8) bore fused ribs, i.e. pleurapophyses
(Fig. 25A, C). These pleurapophyses were shorter, i.e., not expand-
ing lateraly as much as the sacral ones. Their morphology changed
across the caudal series: the first pair was more robust and slightly
expanded at the distal end, whereas the pairs of QV2-8 tapered
to a point distally. In all studied specimens, the AQV pleurapoph-
yses showed a consistent orientation pattern: they were laterally
oriented in QV1 and 2, slightly anteriorly oriented in QV3, and
strongly anteriorly bowed in QV4-8, forming a concave anterior
margin in the latter (Fig. 23A). The last pair of caudal pleurapoph-
yses (QV8) was much shorter than the preceding ones (QV1-
QV7) and was crossed ventrally by the autotomic septum.
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In the PQVs, the transverse processes were short lateral expan-
sions of the neural arch. These were true vertebral processes, rather
than fused ribs (Fig. 25B, D). Seen in anterior or posterior views,
these processes were located at the same level as the floor of the
neural canal. The ventral surface of the transverse processes was
clearly marked by the autotomic septum, but the dorsal surface
showed only a fine ridge indicating the fracture plane of the
vertebrae.

Regrown tail

About half of the specimens in this study (N =16) bore regrown
tails. The regenerated portion was a straw-like calcified structure
without vertebrae that formed from the autotomized vertebra. No
specimen in this study showed intervertebral autotomy, but this
condition has been previously reported in Sphenodon (Seligmann
et al. 2008). In the specimens in this study, regrown tails were
present from QV8 (LDKCL X 11, juvenile) to QV25 (UMZC
R2596, subadult), with the most common being QV16 (N=4).
This was consistent with previous observations (from QVS to
QV27; Seligmann et al. 2008).

Ontogenetic and individual variation

In the specimens preserving the most caudal vertebrae (i.e.
UMMZ.Herp.406.51, subadult, 37 QVs; and NHMUK LS
19.5.14.6.10.b, hatchling, 40 QVs), the caudal to presacral verte-
brae length proportion (QVL/PSVL) ranged from 1.81 (NHMUK
LS 19.5.14.6.10.b) to 1.85 (UMMZ.Herp.406.51). Nine speci-
mens in this study preserved atleast 24 QVs, and their QVL/PSVL
(accounting only for the first 24 QVs) ranges from 1.25 to 1.38,
showing no correlation between ontogeny and proportional cau-
dal length (Supporting Information, Data S1).

The ossification timing of the caudal vertebrae was similar to
that of the presacral and sacral vertebrae, fusing both pedicels to
form the neural spine before fusing the neural arch to the centrum.
The neural arches were fully separated as pedicels in hatchlings
and one juvenile (NHMUK LS 1855.10.163). These pedicels
fused earlier in the posterior caudals than in the anterior caudals
(as can be observed in the juvenile QMUL QMBC 0614; Fig. 25),
and all caudal neural arches fully fused to the centrum earlier than
the presacral and sacral neural arches. The caudal pleurapophyses
were ankylosed already in two juvenile specimens (LDKCL X 11
and NHMUK LS 1972.2050), but not in NHMUK LS
1855.10.163 and QMUL QMBC 0614 (Fig. 25A, C for the
latter).

The first autotomic septum appeared usually on QV8, but three
adult specimens (UMZC R2605, UMZC R2608, and UMZC
R2616) had their first fracture plane in QV7 and one adult spec-
imen (UMZC R2609) in QV9. The autotomic septum was never
fully developed across the dorsal surface of the vertebrae. In hatch-
lings, only the centrum was divided by the septum. At the juvenile
stage, the neural arches were already marked by the septum.

Dorsal fusion of the chevron (chevron base; Figs 23H, 24C)
developed throughout ontogeny in the anteriormost caudals
(from QV4 to 10), also following an anterior (QV4) to posterior
(up to QV10) order. The ventral spine followed the same pattern,
but these were usually fused up to QV2S. Four specimens (i.e.
UMZC R2605, UMZC R2615, UMZC R2616,and ZMB 13837)
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Figure 25. 3D representation of the caudal vertebrae of Sphenodon (QMUL QMBC 0614; juvenile), showing the differences between caudal
ribs (pleurapophyses) and transverse processes. A, C, 3D renders of the first anterior caudal vertebra (QV1). B, D, 3D renders of the first
posterior caudal vertebra (QV9). A-B, left lateral view. C-D, anterior view. Abbreviations: dia, diapophysis; par, parapophysis; ple, pleurapoph-

ysis; tp, transverse process.

presented incipient chevrons (i.e. fused base, but poorly devel-
oped ventral spines) already in QV3 (Fig. 21J).

Although the orientation of the caudal pleurapophyses was
consistent among specimens, those of QV3 were slightly more
anteriorly deflected, but never to the same degree as QV4-8.

Remarks on fossil taxa

Among the observed specimens that preserved seemingly com-
plete presacral and caudal series, the holotype of Homoeosaurus
solnhofensis Cocude-Michel, 1963 (SMF 4073) showed the lowest
QVL/PSVL values (1.38, total of 35 QVs), followed by Kallimo-
don pulchellus (SNSB-BSPG 1887 VI 1; 1.58, preserved 28 QVs),
Piocormus laticeps Wagner, 1852 (TM F03954; 2.0, counting all
25 QVs and regrown tail), Acrosaurus frischmanni (SNSB-BSPG
AS 1564; 2.1, total of 112 QVs), Pleurosaurus ginsburgi (SNSB-
BSPG 1977 X 40; 2.2, total 118 QVs), and Sphenofontis (SNSB-
BSPG 1993 XVIII 4; 2.8, counting the regrown tail, and 2.3
counting only the 39 preserved QVs; Villa ef al. 2021). Even when
accounting only for the preserved QVs without the regrown tail,
Sphenofontis shows the highest QVL/PSVL ratio, which is signifi-
cantly higher than that of Sphenodon specimens with a similar QV
count (ie. the abovementioned UMMZ.Herp.406.51 and
NHMUKLS 19.5.14.6.10.b).

As is the case for the presacral and sacral vertebrae, the ossifi-
cation timing may vary among fossil taxa, even in adult specimens.

In the subadult Pleurosaurus ginsburgi specimen SNSB-BSPG 1978
17, the neurocentral suture was still visible (Beccari et al. 2025b).

The autotomy septum was present in many fossil rthyncho-
cephalians (e.g. Gephyrosaurus, Homoeosaurus maximiliani, Nava-
josphenodon Simoes et al, 2022, Sapheosaurus, Sphenodraco,
Sphenofontis, and Vadasaurus; Cocude-Michel 1963, Evans 1981,
Bever and Norell 2017, Villa et al. 2021, Simoes et al. 2022, Beccari
et al. 2025a) but not in pleurosaurids (i.e. Acrosaurus, Palacopleu-
rosaurus, and Pleurosaurus) and in Kallimodon pulchellus. Although
being described as present in earlier works (Cocude-Michel
1963), later observations have found no autotomic septum in
Kallimodon pulchellus specimens (e.g. the holotype SNSB-BSPG
1887 VI 1 and referred specimens MB.R.1008b and SNSB-BSPG
1887 VI 2; Beccari et al. 2025a).

Caudal pleurapophyses of fossil rhynchocephalians were pres-
ent in most taxa, but the number of vertebrae with these fused ribs
varied. In Pleurosaurus, only the anterior four caudals had pleu-
rapophyses, and of these, QV3 and 4 were extremely reduced and
unfused even in adult specimens (i.e. Pleurosaurus goldfussi SNSB-
BSPG 1925 I 18 and Pleurosaurus ginsburgi SNSB-BSPG 1977 X
40). In other taxa, between seven and 10 caudal pleurapophyses
were present, and this varied even among closely related taxa (e.g.
seven in Homoeosaurus parvipes, eight in Homoeosaurus maximil-
iani, and 10 in Homoeosaurus solnhofensis; Cocude-Michel 1963,
Fabre 1981). The orientation of the caudal pleurapophyses is also
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variable among taxa but seems to be constant among conspecific
specimens. For instance, the first caudal pleurapophysis was pos-
terolaterally oriented in Kallimodon pulchellus, laterally oriented
in Homoeosaurus maximiliani, and strongly anterolaterally oriented
in Sphenofontis. Therefore, the orientation of these pleurapophyses
has potential taxonomic and phylogenetic value for rhyncho-
cephalians (Villa et al. 2021, Beccari et al. 2025a).

DISCUSSION

The present work adds new data on the morphology of the axial
skeleton of Sphenodon, including a new proposed ontogenetic
categorization, finer markers for vertebral regionalization, and new
information on intraspecific variability, ontogeny, and sexual
dimorphism. Consistent morphological differences among the
extant Sphenodon and Mesozoic rhynchocephalians have also been
observed throughout the osteological description herein. The
discussion will follow the results, being divided into: (i) ontoge-
netic stages and ossification timing in Sphenodon; (ii) regionaliza-
tion of the vertebral column in Sphenodon; (iii) shape differences
in the axial skeleton of Sphenodon; (iv) implications of ossification
timing for fossil rhynchocephalians; and (v) morphologic impli-
cations of the axial skeleton in fossil rhynchocephalians.

Ontogenetic stages and ossification timing in Sphenodon
Up to this point, different ontogenetic categories were used in
rhynchocephalian studies, most dividing post-hatchling individ-
uals into juveniles and adults (e.g. Evans 2008, Jones ef al. 2011,
DeMar et al. 2022, Simdes et al. 2022), with some including sub-
adults as a category (e.g. Jones ef al. 20092, Apesteguia and Car-
ballido 2014, Villa ef al. 2021, Beccari et al. 2025a, b). Here we
provide a new definition for these ontogenetic categories. The
ontogenetic analysis (ontogram; Fig. 3), aligned with linear mea-
surements, suggests three post-hatchling categories: (i) juveniles,
i.e. small specimens (presacral vertebrae total length less than
100 mm) with a low degree of bone fusion and ossification; (ii)
subadults, i.e. all specimens similar in size (albeit slightly smaller)
than adults, showing a higher degree of bone fusion and ossifica-
tion; and (iii) adults, i.e. skeletally mature individuals with com-
plete bone fusion and ossification.

The ossification pattern in Sphenodon is similar to that observed
in squamates and early amniotes (Verriére et al. 2022). Most of
the ossification and fusion of bones in Sphenodon occurs at the
transition between the hatchling and juvenile stage, and within
the latter. In the axial skeleton of Sphenodon, the ossification of
neural arches, ribs, and gastralia, and the fusion between pedicels
(forming the neural spine) and the neurocentral suture occurs in
the juvenile stage. The fusion of pleurapophyses in the lumbar and
sacral vertebrae occurs later, during the subadult stage. Fused SV
1 and 2 is observed only in adult specimens. In the appendicular
skeleton, juveniles show an unfused scapulocoracoid, pelvic girdle,
and astragalocalcaneum, and poorly ossified limb epiphyses and
carpals. During the subadult stage, the scapulocoracoids fuse, and
limb ossification progresses, with the ossification of the proximal
epiphyses of the radius, tibia, and fibula. Adult specimens show
the last few steps of ossification, i.e. fusion of the pelvic girdle,
complete ossification of limb epiphyses, and ossification of carpal
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and tarsal elements, such as the pisiform in the former, and the
lateral process of the astragalocalcaneum in the latter. These ossi-
fication patterns are consistent with previous studies (i.e. Evans
2008, Russell and Bauer 2008, Jones et al. 2009a, 2011, Villa et al.
2021, Beccari et al. 2025b). It is worth noting that skeletal maturity
does not correspond to sexual maturity in Sphenodon (Castanet
et al. 1988, Herrel et al. 2010), which is also the case for other
reptiles (Griffin et al. 2020). In our study, eggs were found in one
subadult individual (UF.Herp 14110).

The ontogram shows a framework of skeletal ontogeny that will
be useful for evaluating ontogeny in fossil specimens. However, a
greater sampling of small specimens (i.e. juveniles and hatchlings)
will likely reduce the differences between their size categories
because although there are many skeletal changes during ontog-
eny, these do not all occur in a consistent order between individ-
uals for all bones, e.g. sesamoids may have different ossification
timings (Regnault ef al. 2016, 2017). Similarly, the greater sam-
pling of subadults and adults includes greater individual
variation.

Regionalization of the vertebral column in Sphenodon
Properly defining axial anatomy and regionalization is important
for taxonomical studies, as the number of vertebrae, their overall
morphology, and proportions can be used to diagnose taxa and
define new phylogenetic characters (e.g. in dinosaurs, Wilson ef
al. 2011, Baiano et al. 2023; mammals, Sargis 2001; and even
among lepidosaurs, Dupret 2004, Szyndlar and Georgalis 2023,
Hillan et al. 2024, Beccari et al. 2025b, Wegrzyn et al. 2025).
Although presacral and caudal regionalization for this reptile have
been proposed in previous studies (e.g. Romer 1956, Hoffstetter
and Gasc 1969, Jones et al. 20094, Jones et al. 2018), the subdivi-
sions are inconsistent. The general consensus divides the presacral
vertebrae only into cervical and dorsal vertebrae (Romer 1956,
Hoffstetter and Gasc 1969), with some authors dividing the dor-
sals into anterior and posterior dorsals (Jones et al. 2018), and
some others recognizing a lumbar region in Sphenodon (e.g. von
Wettstein 1931, 1937, Hoffstetter and Gasc 1969, but not Jones
et al. 2018). Our geometric morphometric analysis shows a com-
plex pattern of regionalization in the presacral series, which
involves discrete morphological characteristics, and allometry and
changes in proportion of elements (i.e. neural spine, synapophy-
ses, and zygapophyses). Similar results have been observed in
squamates (e.g. Hillan ef al. 2024), which highlights the impor-
tance of morphometrics for morphological studies in amniotes
(e.g. Bshmer et al. 2015, Jones et al. 2018). Although vertebral
morphology does not vary drastically across the axial series of
Sphenodon, asit is the case in other clades, such as birds and mam-
mals (Fleming et al. 2015, Jones et al. 2018, 2020, Verriére ef al.
2022), significant variation across the skeleton is indeed present,
especially regarding rib morphology. The position of the syn-
apophyses changes throughout the presacral series, with the dia-
pophysis overpassing the contact between the neural arch and the
pleurocentrum in cervical vertebrae, whereas this structure is
restricted to the neural arch in dorsal vertebrae. The parapophysis
also shifts dorsally towards the neural arch in all (anterior and
posterior) dorsal vertebrae, but not in the lumbar vertebrae. Cer-
vical ribs are shorter and more anteroposteriorly flattened
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compared to the dorsal ribs. The anterior dorsal vertebrae have an
intermediate morphology between cervicals and posterior dorsals,
and thisis reflected in the rib morphology. The cervical intercentra
show rudimentary hypapophyses, which are absent in the dorsal
and lumbar intercentra. The head of anterior dorsal ribs is bean
shaped and more robust than the elliptical morphology of poste-
rior dorsal ribs (Fig. 18). The caudal vertebrae may also be subdi-
vided into anterior (QV1-8) and posterior caudals (QV9 and
posterior). The anterior caudals have anteroposteriorly longer
neural spines. Pleurapophyses are only present in the anterior
caudals, whereas posterior caudals have short, laterally oriented
transverse processes (Fig. 25). It is worth mentioning that the
autotomic septum is already present in the last two caudals (QV7
and 8), and as such is not being a good character in defining
regionalization.

Our observations on the axial skeleton of Sphenodon highlight
that some traits maintain a consistent morphology whereas others
show a significant degree of variation within this taxon. Traits that
are generally consistent include: (i) the number of presacral and
sacral vertebrae (Fig. 4); (ii) position and oblique orientation of
the presacral synapophyses (Figs 10-11); (iii) rudimentary hypa-
pophysis in cervical intercentra (Fig. 10); (iv) the presence of
specific laminae on the vertebrae (i.e. PCYL, POSL, PRSL; Figs
10-12,21); (v) the overall trapezoidal shape of the neural spines
in lateral view (Figs 10-12, 21, 23-24); (vi) the changes in pro-
portions across the presacral series, with anteroposteriorly shorter
post-axial cervical vertebrae than dorsal and lumbar vertebrae
(Fig. 4); (vii) the morphology of ribs and cartilaginous elements
in the presacral series (Fig. 18); and (viii) the orientation of the
pleurapophyses in the anterior caudal vertebrae (Fig. 23). This
morphological consistency in Sphenodon suggests that these traits
may bear some taxonomic value; therefore, the condition shown
by fossils, if observable, can be of help for species descriptions and
identifications. However, there are other traits which show signif-
icant variation, which include: (i) the presence or absence of
foramina, ridges, or grooves on the ventral surface of the presacral
vertebrae (Figs 10-12,21,23-24); (ii) size of neural spines (Figs
10-12); and (iii) orientation of the sacral pleurapophyses (Fig.
21). Some traits exhibit notably variation even in a single individ-
ual (e.g. presence of subcentral foramina in some, but not all ver-
tebrae, and on different sides of the centra). These features should
be taken with caution when used as diagnostic traits for extinct
rhynchocephalians.

Shape differences related to ontogeny, size, sex, and
population
Skeletal variation can be related to population, ontogeny, size,
and sex (e.g. Castanet ef al. 1988, Lamar ef al. 2022). Sexual
dimorphism is evident in Sphenodon, but it remains unclear as
to whether males show different allometry (Grandal-d’Anglade
and Lépez-Gonzalez 2005) or more likely that females terminate
their growth earlier than conspecific males (e.g. Frydlova and
Frynta 2015). Differentiating between these two possibilities
requires large sample sizes from known populations. Also, two
shortcomings regarding the Sphenodon specimens used in our
study should be taken into consideration for the GMM analysis.

Many of the museum specimens were collected in the past two
centuries, and their specimen labels lack: (i) precise provenance
and (ii) information on sex. At this moment, little is known
about morphological variability across the distinct Sphenodon
populations. The consensus is that Sphenodon is monospecific,
with the single species being Sphenodon punctatus; this has been
tested and corroborated in recent genetic studies (e.g. Hay et al.
2010, Gemmell et al. 2020, Macey et al. 2021). These studies do
highlight interpopulation genetic differences in Sphenodon
(especially in those living on Lady Alice Island), and that these
should be taken into consideration for conservational efforts
(Gemmell et al. 2020, Macey et al. 2021). We cannot exclude
that at least part of the variation we observed in our sample is
related to the origin of the specimens, and future studies should
test this. As stated in the methods section above, we established
sex for the studied specimens with observations on their external
morphology, i.e. based on the size and spacing of the dorsal spiny
crest. Although this seems like a reliable feature to identify Sphe-
nodon individuals in the field (e.g. Lamar ef al. 2021), little is
known about the actual variability of the crest of Sphenodon, and
itis possible that some specimens may have been misidentified.
Nevertheless, the few specimens for which sex is known (e.g.
I-MEH]J S1, NHMUK LS 1935.5.14.3, SNSB-ZSM 1318-2006,
and UF.Herp 14110) do show the expected crest morphology
for their assigned sexes.

Size, and by correlation, ontogeny, are additional important
factors. The morphometric analysis shows negative allometry for
the vertebral shape, with smaller individuals, including juveniles,
but also adult females, having stouter vertebrae than larger speci-
mens, i.e. subadults and adults, especially males (Figs 14-15). In
our sample, juvenile specimens are much smaller than subadult
and adult specimens, which is reflected in the vertebral morphol-
ogy (Fig. 14). Adult male Sphenodon are reportedly 10 to 20%
larger than females, but this difference might vary between pop-
ulations (e.g. Castanet et al. 1988, Herrel et al. 2010), which is
consistent with our sample (Supporting Information, Data S1).
We do find statistically significant differences between the verte-
brae of male and female specimens. In the sample, female verte-
brae are usually smaller and proportionally shallower and wider
than those of males (Fig. 13). These results are similar to those
observed in agamid lizards and inferred for other reptile clades
(Tereshchenko 1991,2020), and agree with the known sexual size
dimorphism of Sphenodon, with adult males being significantly
larger than adult females (e.g. Castanet ef al. 1988, Herrel ef al.
2010, Jones and Cree 2012, Lamar et al. 2021, 2022). Two sub-
adult specimens are substantially smaller than adult specimens,
i.e. MZH MS 1853, of which no sex data is available, and UMZC
R2596, a male specimen, whose presacral vertebrae length are 109
and 117 mm, respectively. This is lower than our sample average
of adult males and females (143.6 mm and 131.4 mm, respectively;
Supporting Information, Data S1). These smaller subadults show
similar vertebral morphology to adult female specimens. A larger
sample is needed to understand the precise relationship between
size and shape, meaning that the inclusion of larger female and
smaller male specimens may obscure sexual dimorphism results
in morphometric analyses.
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Ossification timing in fossil rhynchocephalians

To test how ossification timing differs in some extinct rhyncho-
cephalian clades compared to that of Sphenodon, a simplified onto-
genetic analysis (ontogram) was made (Fig. 26). Four ontograms
were created to visualize the ossification and fusion timing among
(i) the pleurosaurids Acrosaurus frischmanni, Pleurosaurus gins-
burgi, and Pleurosaurus goldfussi (Fig. 26A); (ii) specimens in the
Kallimodon—Leptosaurus complex (sensu Rauhut and Lépez-Ar-
barello 2016) (Fig. 26B); (iii) Homoeosaurus maximiliani (Fig.
26C); and (iv) the sphenodontine Sphenofontis (Fig. 26D). The
results show that ossification timings can vary considerably among
taxa (see Supporting Information, Data S2 for the complete list
of character changes). Contrary to Sphenodon, pleurosaurids show
a delayed axial fusion (i.e. fusion of the neural arches). One spec-
imen of Pleurosaurus ginsburgi (SNSB-BSPG 1978 17) showed a
marked neurocentral suture in the presacral vertebrae, but well
ossified limb bones such as the radius, tibia, and fibula. Specimens
in the Kallimodon-Leptosaurus complex and of Homoeosaurus
maximiliani show a similar earlier ossification of limb bone epiph-
yses than that expected in Sphenodon, especially when compared
to the scapulocoracoid. Even in seemingly adult specimens (i.e.
the Brunn specimens SNSB-BSPG 1993 XVIII 3 and SNSB-BSPG
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1993 XVIII P11), the scapula and coracoid are unfused, whereas
the femur, fibula, humerus, radius, tibia, and ulna are well ossified,
especially the ulna where the patella ulnaris (sensu Russell and
Bauer 2008) is sutured to the proximal epiphysis of this bone.
Albeit the fusion of the scapulocoracoid cannot be observed in
the possibly adult Homoeosaurus maximiliani neotype (SNSB-
BSPG 1887 VI 502), this specimen also shows a well ossified
patella ulnaris. Among the observed specimens, only the holotype
of Sphenofontis velserae (SNSB-BSPG 1993 XVIII 4) shows a
clearly fused scapulocoracoid, but conversely, a yet unfused patella
ulnaris (Villa et al. 2021). None of the observed fossil specimens
show fused pelvic girdle elements, which could indicate that these
may not pertain to fully skeletally mature (adult) individuals, as
the fusion of the pelvic girdle occurs late in Sphenodon. However,
the different ossification timing in the fossil taxa can have func-
tional, taxonomic, and phylogenetic implications.

The late ossification and fusion of bones has been correlated with
an aquatic lifestyle in lepidosaurs (e.g. Lee ef al. 2016, Bever and
Norell, 2017, Paparella et al. 2018, 2020, Caldwell et al. 2021, Bec-
carief al. 2025b). The pelvic girdle stays unfused in adults of aquatic
and semi-aquatic squamates, such as dolichosaurids and mosasaurs
(e.g- Lee and Caldwell 2000, Street and Caldwell 2017, Paparella

Figure 26. Ontogram showing the ossification sequence in the Solnhofen Archipelago rhynchocephalians. A, strict consensus tree of the
pleurosaurids Acrosaurus frischmanni and Pleurosaurus. B, strict consensus tree of specimens in the Kallimodon-Leptosaurus complex. C, strict
consensus tree of Homoeosaurus maximiliani (abbreviated as H. maximiliani) specimens. D, strict consensus tree of the sphenodontine
Sphenofontis velserae. E, graph of the distribution of mandible length (in mm) of Acrosaurus frischmanni and Pleurosaurus specimens with
inferred ontogenetic stages. F, graph of the distribution of mandible length (in mm) of specimens in the Kallimodon-Leptosaurus complex with
inferred ontogenetic stages. G, graph of the distribution of mandible length (in mm) of post-hatchling Sphenodon specimens.
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et al. 2018, 2020). Pleurosaurids, Kallimodon, and Sapheosaurus
have previously been associated with an aquatic or semi-aquatic
lifestyle (Carroll 1985, Carroll and Wild 1994, Bever and Norell
2017, Gutarra et al. 2023, Beccari et al. 2025a, b). The inferred adult
Pleurosaurus specimens in this study (Fig. 26E) show this consis-
tent delay in limb ossification (i.e. Pleurosaurus ginsburgi MNHN
CN]J 67 and SNSB-BSPG 1977 X 40, Pleurosaurus goldfussi SNSB-
BSPG 19251 18), consistent with the consensus of a marine life-
style for Pleurosaurus (Fabre 1974, Carroll 1985, Carroll and Wild
1994, Dupret 2004, Bever and Norell 2017, Beccari et al. 2025b).

Ossification timing can also correlate to taxonomy. The Late
Jurassic Acrosaurus frischmanni has been regarded as a possible
junior synonym of the coeval Pleurosaurus goldfussi (Rothery
2002, 2005, Jones 2008, Beccari et al. 2025b). As a matter of fact,
the holotype of Acrosaurus frischmanni (SNSB-BSPG AS 1 564)
is anatomically similar to Pleurosaurus specimens, but significantly
smaller than even the smallest known juvenile Pleurosaurus
described so far (SNSB-BSPG 2018 I 179; Beccari et al. 2025b).
Yet, SNSB-BSPG AS I 564 shows a higher degree of axial and
appendicular ossification than expected for an early juvenile spec-
imen (Fig. 26A), i.e. the neural spines are fused and the humerus
epiphyses are slightly more ossified in this specimen than that of
the much larger SNSB-BSPG 2018 1179, in which the neural arch
pedicels are completely unfused to each other (Beccari et al.
2025b). For Sphenodon, our study shows that ossification timing
patterns indicate an advanced level of bone fusion and ossification
inlarger specimens (i.e. subadults and adults). If a similar ontoge-
netic development can be inferred for fossil taxa, Acrosaurus
frischmanni cannot reasonably be interpreted as an earlier juvenile
of the described Pleurosaurus species and may indeed represent a
valid species distinct from either Pleurosaurus goldfussi or Pleuro-
saurus ginsburgi, assuming that ossification wasn’'t more variable
in Mesozoic forms than it is in Sphenodon.

Asmentioned above, the scapula and coracoid remain unfused
even in adult and subadult Pleurosaurus and Kallimodon speci-
mens. From early branching fossil rhynchocephalians such as
Gephyrosaurus and Clevosaurus hudsoni, to the extant Sphenodon,
the scapulocoracoid is fused in subadult and adult specimens
(Evans 1981, Russell and Bauer 2008, O’Brien et al. 2018). Addi-
tionally, most extant limbed squamates show fused a scapulocora-
coid, with the main exceptions being monitor lizards (Conrad
2015, Kepa et al. 2023). It is currently unclear if the fusion of the
scapulocoracoid in lepidosaurs has functional implications. How-
ever, this feature could have a phylogenetic signal, possibly being
shared among non-sphenodontid Solnhofen rhynchocephalians,
sometimes recovered in phylogenetic analyses as the clade Lep-
torhynchia DeMar et al., 2022 (e.g. DeMar ef al. 2022, Beccari et
al. 2025a; ‘Clade A’ in Simées et al. 2022).

Morphologic implications of the axial skeleton in fossil
rhynchocephalians

The structure and organisation of the axial skeleton is related to
habitat use, locomotion, and even feeding strategies (Jones et al.
20092, Montuelle et al. 2009, Lee et al. 2016, Caldwell et al. 2021,
Gutarra et al. 2023, Molnar and Watanabe 2023, Beccari et al.
2025a, b). Functional studies of the vertebrae of fossil rhyncho-
cephalians are still scarce, with the main exceptions being focused
on vertebral ossification timing and increase in bone density and

mass (e.g. osteosclerosis and pachyostosis; Reynoso 2000, Klein
and Scheyer 2017) in pleurosaurids, both interpreted as markers
for an aquatic lifestyle (Reynoso 2000, Lee et al. 2016, Bever and
Norell 2017, Klein and Scheyer 2017, Beccari et al. 2025b), and
atleast two studies highlighting the correlation between axial pro-
portions and lifestyle (Gutarra et al. 2023, Beccari et al. 2025a).

In addition to the ossification timing, the axial morphology of
extinct rhynchocephalians can be used for ecomorphological
inferences. In extant lizards, body vs. limb length proportions have
been associated with substrate preferences (e.g. Zaaf and Van
Damme 2001, Hagey et al. 2017, Foster et al. 2018, Rios-Orjuela
et al. 2020, Cordero et al. 2021, Feiner et al. 2021), and those
between tail length and presacral length play an important role in
speed and balance (e.g. Clemente ef al. 2013, McElroy and Berg-
mann 2013). The Late Jurassic Sphenofontis velserae shows the
highest tail-to-body ratio (see Villa ef al. 2021) among the
observed specimens in this study, even including pleurosaurids,
whose elongated tails have been correlated with body undulation
(Gutarra et al. 2023). Considering also the relatively long, well-os-
sified hind limbs, Sphenofontis could have displayed high running
performances, using its long tail to move the centre of mass closer
to the hindlimbs (McElroy and Bergmann 2013). The presence
of caudal autotomy may negatively influence the performance in
running and climbing taxa (e.g. Zani 1996, Seligmann ef al. 2008,
Marvin 2010, Dominguez-Lopez et al. 2015), as well as underwa-
ter propulsion for aquatic and semi-aquatic lizards (Marvin 2010).
All specimens assigned to Kallimodon pulchellus and pleurosaurids,
e.g. Acrosaurus frischmanni, Palaeopleurosaurus, and Pleurosaurus,
lack autotomic septa and were, thus, most likely unable to perform
caudal autotomy. This loss of caudal autotomy may indicate that,
as previously proposed, Kallimodon pulchellus was at least semi-
aquatic (Carroll and Wild 1994, Goodman 2009, Marvin 2010,
McElroy and Bergmann 2013). Further studies including mor-
phometry of the axial skeleton may provide additional insights
into the wider group’s ecomorphology.

As discussed above, the morphology of the axial skeleton in
Sphenodon shows consistent traits across the observed sample in
this study. When comparing those to the axial skeleton of Meso-
zoic rhynchocephalians, new taxonomic and phylogenetic infor-
mative characters can be observed. The number of presacral and
sacral vertebrae has been previously used to diagnose some pleu-
rosaurids, i.e. Palacopleurosaurus (37 PSVs), Pleurosaurus ginsburgi
(57 PSVs), and Pleurosaurus goldfussi (50 PSVs) (Fabre 1974,
Carroll 1985, Dupret 2004), albeit some specimens assigned to
Pleurosaurus show different number of vertebrae (59 PSVs in
SNSB-BSPG 1977 X 40; Beccari et al. 2025b). The position, shape,
and orientation of the presacral synapophyses is variable among
fossil thynchocephalians. Although many taxa (e.g. Gephyrosaurus,
Planocephalosaurus, Clevosaurus, and Homoeosaurus; Cocude-Mi-
chel 1963, Evans 1981, Fraser and Walkden 1984, Fraser 1988,
O’Brien et al. 2018) show a similar morphology to that of Sphe-
nodon, pleurosaurids show vertical, cylindrical synapophyses (Fig.
8E), whereas Kallimodon pulchellus shows slightly posteriorly ori-
ented synapophyses (Fig. 17B). Rudimentary hypapophyses in
cervical intercentra are also present in some fossil taxa, e.g. Geph-
yrosaurus, Clevosaurus hudsoni, and Kallimodon pulchellus (Cocu-
de-Michel 1963, Evans 1981, O’Brien et al. 2018), but not in
Pleurosaurus (Fig. 8B). Clevosaurids, early branching
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Figure 27. Phylogenetic analysis of fossil thynchocephalians. A, most parsimonious tree of the first phylogenetic analysis (A1), following the
dataset of Beccari ef al. (2025a), which includes 16 additional morphological characters of the axial skeleton. B, most parsimonious tree of the
second phylogenetic analysis (A2), without the additional morphological characters of the axial skeleton. The numbers on the nodes represent
major rhynchocephalian clades (as per label). The dotted lines represent some of the major differences between the relationships of OTUs in Al

and A2.

rhynchocephalians, and sphenodontines show overall trapezoidal
neural spines in the presacral vertebrae (Cocude-Michel 1963,
Evans 1981, Fraser and Walkden 1984, Fraser 1988, O’Brien et al.
2018, DeMar et al. 2022, Simoes et al. 2022), whereas Homoeo-
saurus, Kallimodon, and Pleurosaurus (Fig. 8E) show squared neu-
ral spines, about as long anteroposteriorly as dorsoventrally tall
(see also Cocude-Michel 1963). Most fossil rhynchocephalians
show a posterior process in the second sacral pleurapophysis
(Cocude-Michel 1963, Evans 1981, Fabre 1981, Fraser and Walk-
den 1984, Villa ef al. 2021), which is absent in Sphenodon. The
orientation of the caudal pleurapophyses is consistent across the
sample of Sphenodon specimens. Fossil taxa show diverse mor-
phologies and orientation of these pleurapophyses, which have
been used as one of the diagnostic features of Sphenofontis (Villa
etal. 2021). These morphological features have been incorporated
into the phylogenetic dataset of Beccari ef al. (2025a; derived from
Simdes et al. 2022), which resulted in the creation of 16 new mor-
phological characters for the axial skeleton (increasing the number
of axial characters from 18 to 34, making up to 23% of all charac-
ters in this dataset). The inclusion of new axial characters has
implications for the evolutionary history of neosphenodontians
(Fig.27), including synapomorphic characters, i.e. two new unam-
biguous synapomorphies for Sapheosauridae (lateral extension
of the posterior process of the second sacral pleurapophysis, and

posteriorly oriented pleurapophyses of caudal vertebra 4), one
unambiguous synapomorphy for a clade containing Homoeosau-
rus, Kallimodon, and Sphenodraco (presacral intercentra present
in the cervical series only), and one unambiguous synapomorphy
(synapophyses oriented posterolaterally) for a clade containing
Kallimodon pulchellus, Kallimodon cerinensis, Sphenodraco, and
SNSB-BSPG 1993 XVIII 3 (undescribed Brunn specimen with
affinities to Kallimodon; Rauhut et al. 2017). The resulting strict
consensus tree of Al (with additional axial characters; Fig. 27A)
shows marked differences to the topology of A2 (without the 16
new axial characters; Fig. 27B). Among these, the most striking
differences regard the relationships of neosphenodontians. In the
analysis of Beccari et al. (2025a), the clade Leptorhynchia DeMar
et al., 2022 includes all European neosphenodontians, except for
Sphenofontis. This clade has been defined as containing all taxa
more closely related to Pleurosaurus than Sphenodon (DeMar et al.
2022). In A2, Leptorhynchia would include only Acrosaurus,
Ankylosphenodon, Palaeopleurosaurus, and Pleurosaurus, but not
Derasmosaurus (which is recovered as a sister taxon to these taxa
in Al). The clade Pleurosauridae Lydekker, 1880 (sensu Simoes
et al. 2020) is recovered in A1 including Acrosaurus, Ankylosphe-
nodon, Derasmosaurus, Palaeopleurosaurus, and Pleurosaurus, and
is synonymous with Neosphenodontia Herrera-Flores et al., 2018
(sensu Simoes et al. 2020) in A2, as in this analysis, Derasmosaurus
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is recovered as the sister taxon to Homoeosaurus solnhofensis (Fig.
27B). The clade-wide differences between Al and A2 highlights
the importance of the new axial characters, but also remarks pos-
sible taxonomic issues with current clade definitions, which
should be explored at a later date.

Currently, the results of the new phylogenetic analysis are
highly sensitive to the addition of new characters and operational
taxonomic unities (OTUs), and A1 differs significantly from other
studies, which have focused mainly on cranial characters (i.e.
Chambi-Trowell et al. 2021, DeMar et al. 2022; axial characters
comprising 3 and 8% of total dataset, respectively). The addition
of new axial characters highlights the previously reported impor-
tance of postcranial characters in phylogenetic analyses of rhyn-
chocephalians (DeMar et al. 2022, Beccari et al. 2025a), and
follows a current trend in the phylogenetic analyses of different
clades (e.g. eusuchian phylogeny in Blanco 2021, and pterosaurs
in Pégas 2025). Therefore, we suggest that new morphological
characters, especially those of the appendicular skeleton, as well
as additional OTUs, should be added in future analyses to solve
some of the lingering issues in rhynchocephalian phylogeny.

CONCLUSION

The present work describes the axial skeletal morphology of the
extant rhynchocephalian Sphenodon punctatus in detail. We used
a comprehensive sample of 33 specimens of different ontogenetic
stages and sexes to compare individual, sexual, and ontogenetic
variation. Our ontogenetic analysis shows a clear pattern of ossi-
fication timing across the sample of Sphenodon specimens. Four
ontogenetic stages have been identified, i.e. hatchlings, juveniles,
subadults, and adults. During the juvenile stage, the axial skeleton
ossifies and all elements (i.e. neural arch pedicels and centra) fuse,
whereas the appendicular skeleton remains poorly ossified and
the girdles unfused. The ossification of vertebral and limb bone
epiphyses continues during the subadult stage, but only adult spec-
imens show fully ossified epiphyses. The scapulocoracoid fuses in
the subadult stage, but the pelvic girdle elements are only fused
in adult individuals.

The vertebral column of Sphenodon can be subdivided into
seven regions: (i) cervical vertebrae; (ii) and (iii) anterior and
posterior dorsal vertebrae; (iv) lumbar vertebrae; (v) sacral verte-
brae; and (vi) and (vii) anterior and posterior caudal vertebrae.
The axial regionalization in Sphenodon can be established through
a combination of geometric morphometrics and discrete morpho-
logical characters. The 3D geometric morphometric analysis shows
that cervical, anterior dorsal, and lumbar vertebrae are anteropos-
teriorly shorter, but laterally wider, than posterior dorsal vertebrae.
Discrete characters indicating vertebral regionalization are (i)
position of synapophyses (being lower and more laterally position
in cervical and lumbar vertebrae than in dorsal vertebrae); (ii)
presence and development of cartilaginous elements associated
with the vertebrae, i.e. uncinate processes and sternocostal ribs are
present only in dorsal vertebrae; (iii) fusion of ribs (pleurapoph-
yses) in the lumbar and anterior caudal vertebrae; (iv) presence of
transverse processes in the posterior caudal vertebrae.

Many aspects of the axial anatomy of Sphenodon are consistent
across our sample and may be of taxonomic importance: (i) num-
ber of presacral vertebrae being 25 (with minor individual

variation); (ii) laterally oriented, oblique presacral synapophyses;
(iii) rudimentary hypapophyses in the cervical vertebrae intercen-
tra; (iv) presence of marked vertebral lamination, i.e. PCYL,
POSL, PRSL; (v) trapezoidal neural spines, decreasing in antero-
posterior length at their apexes; (vi) vertebral regionalization;
(vii) presence of cartilaginous elements, i.e. uncinate processes,
intercostal and sternocostal ribs associated with the presacral ver-
tebrae ribs; and (viii) orientation of the pleurapophyses in the
anterior caudal vertebrae, being lateral in QV1-2, to anterolater-
ally oriented in QV3-8. Some anatomical features show consid-
erable variation within the axial skeleton of Sphenodon: (i)
presence and number of nutrient foramina, which may be present
in some, but not all vertebrae of the same individual; (ii) presence
oflongitudinal ridges in the ventral surface of the presacral verte-
brae, with some individuals showing ridges only in the anterior-
most cervicals, whereas others show ridges until the anterior
dorsal vertebrae; and (iii) the overall morphology of the sacral
pleurapophyses, with some individuals showing relatively straight
pleurapophyses, whereas others show bowed sacral
pleurapophyses.

The factor showing the greatest influence on the individual
variability in Sphenodon axial skeleton is size. The presacral verte-
brae show negative allometry, with larger specimens (which usu-
ally includes males, especially adults) characterized by relatively
tall neural spines, but proportionally shorter and narrower verte-
brae compared to smaller individuals (i.e. juveniles and adult
females). However, due to a small sample of different ontogenetic
stages (juveniles N=4) and female specimens (N'=4), part of the
variability may be underrepresented, and future studies should
incorporate more specimens in these categories. The lack of spec-
imen provenance may also impact our understanding of Spheno-
don variability.

We also compared the axial morphology of Sphenodon to that
of Mesozoic rhynchocephalians. Ossification timing and axial
morphology can be of taxonomic and phylogenetic importance
for extinct taxa, such as the synapophyseal morphology, shape of
the neural spines, and presence or absence of laminae in the ver-
tebrae. The late ossification of bones was previously considered
to bear an ecomorphological signal in fossil taxa, more specifically
being tied to aquatic or semi-aquatic animals. Here, we highlight
that this may have been a more widespread characteristic among
rhynchocephalians, even though still playing an important role in
their lifestyle. In the case of Acrosaurus frischmanni, the signifi-
cantly smaller holotype shows a higher degree of ossification than
larger juvenile specimens of the potentially related Pleurosaurus
species, which could support different taxonomic status instead
of previous suggestions that this taxon simply represents an early
juvenile of the latter. The proportional changes in vertebral sizes,
as well as the lack of caudal autotomy in some fossil taxa, such as
Kallimodon, pleurosaurids, and Sphenofontis may have important
ecological roles in locomotion performance, both for terrestrial
and aquatic taxa. Finally, we discuss the inclusion of additional
morphological characters of the axial skeleton in phylogenetic
analyses. The relationships of neosphenodontians change signifi-
cantly with the addition of these characters, with many characters
of the axial skeleton being synapomorphic. The new analyses
shows marked differences in the relationships of neosphenodon-
tians and more support to some clades (e.g., Pleurosauridae and
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Sapheosauridae), highlighting the importance of postcranial in
phylogenetic datasets.
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