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ABSTRACT

The stem lineage of Archosauria is populated by a diverse fossil record that remains notably understudied relative to the crown clade. Prominent
among these specimens is a beautifully preserved skull of the early mid-Triassic thynchosaur Mesosuchus browni [1ziko South African Museum
(SAM) 6536], whose phylogenetic position has considerable influence on patterns of pan-archosaurian cranial evolution. We used high-
resolution, micro-computed tomography to re-examine the anatomy of this specimen, building on previous studies that were either limited
to external observations or restricted to the braincase. A digital segmentation of the cranial elements and primary neurovascular canals of
SAM-PK-6536 allows for expanded character scoring and constitutes a foundation for future comparative insights. Our data support the phylo-
genetically oldest instance of a pneumatized maxilla in a pan-archosaur, bringing the record of antorbital pneumatization into closer alignment
with that of the neurocranium. The nasal cavity and primary palate of Mesosuchus includes a complex septomaxilla, a novel element anterior
to the vomer, and is likely to have supported a well-developed vomeronasal system. The evolution of this system is discussed in terms of both
phylogenetic pattern and how the skeletal architecture of Mesosuchus and other fossils could inform the signalling dynamics that pattern the
vomeronasal system during development.
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INTRODUCTION Phylogenetic analyses place Rhynchosauria as an early diver-
gence from the stem of Archosauria (i.e. a non-archosauriform
pan-archosaur lineage), with Mesosuchus browni Watson,
1912 (hereafter simply Mesosuchus) representing one of the
basal-most splits within the group (Mukherjee and Ray 2014,
Butler et al. 2015, Schultz et al. 2016, Ezcurra et al. 2020, Sues
et al. 2020). This topology conveys considerable influence
to Mesosuchus for inferring character evolution both within

The Permo-Triassic sediments of the Karoo Basin in South
Africa have yielded a host of important pan-archosaur fos-
sils, supporting a descriptive literature that stretches back
more than a century (e.g. Broom 1903, 1913a). Among these
discoveries are the earliest rhynchosaurs, an extinct clade of
herbivorous reptiles that appear as small-bodied forms in the
Early Triassic (Ezcurra et al. 2016), undergo diversification ) i
in the Middle Triassic (Ezcurra et al. 2020), and are extinct Rhynchosauria and along the backbone lineage that produced

by the end-Triassic (Norian: Benton 1990, Allen et al. 2019). the archosaur crown clade.
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Mesosuchus is known from four specimens (Dilkes 1998), all
from the Early-Mid-Triassic Cynognathus Assemblage Zone of
the Karoo Supergroup (Hancox et al. 2020). The holotype lo-
cality is positioned at the base of the Trirachodon-Kannemeyeria
Subzone (Hancox et al. 2020) and currently regarded as early
Anisian (Wolvaardt et al. 2023). The holotype specimen occurs
in the same sandstone block as the type specimen of Euparkeria
capensis Broom, 1913, with the two forms originally conflated
as one taxon (Watson 1912). Morphological support for two
taxa was compiled by Broom (1913), who noted a general
similarity between Mesosuchus and the rhynchosaurs Howesia
browni Broom, 1905, Rhynchosaurus articeps Owen, 1842, and
Hyperodapedon gordoni Huxley, 1859, all of which were con-
sidered rhynchocephalian lepidosaurs at the time. Further
preparation of the original block yielded a second specimen,
and continued quarrying for dimension stone at the locality

produced two more (Haughton 1922, Wolvaardt et al. 2023).
One of the latter specimens, SAM-PK-6536 (Haughton 1924),
includes a fully articulated and undistorted skull that Broom
(1925) considered one of the finest fossils ever found (Fig. 1).
SAM-PK-6536 also includes a series of articulated cervical ver-
tebrae and ribs, dorsal vertebrae and ribs, left scapulocoracoid,
right scapula, distal end of a left humerus, interclavicle, clavicles,
and gastralia (Dilkes 1998).

Although SAM-PK-6536 is frequently included in comparative
works (e.g. Romer 1956, Malan 1963, Kuhn 1969, Carroll 1976,
1988), the definitive description is that by Dilkes (1998). This thor-
ough and careful study, which covers all four specimens of Mesostchus,
is hampered only by the absence of X-ray computed tomography
(CT) and the access these data provide to internal anatomy. The work
of supplementing Dilkes (1998) with CT-driven insights began with
the braincase (Sobral and Miiller 2019, see also Wilson et al. 2022).

Figure 1. Volume renderings of the skull of SAM-PK-6536, Mesosuchus browni, in: A, left lateral; B, right lateral; C, ventral; D, dorsal; E,

posterior; and F, anterior views.
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Here, we continue these efforts by describing the remaining
(non-braincase) regions of the skull, with a focus on those fea-
tures not visible to Dilkes (1998). Of particular note is the pres-
ence of maxillary air cells that we interpret as pneumatic, and the
anatomy of the nasal cavity and palate, which bear clear evidence
of a well-developed vomeronasal system (VNS). We assess the
evolutionary implications of our data through broad-based com-
parisons that inform character transformations along both the
phylogenetic backbone of the archosaur total group (hereafter
referred to as Pan-Archosauria) and within Rhynchosauria. The
size and identity of the comparative sample is largely shaped by
the availability of CT-based studies for stem archosaurs, which
is growing but is still a poor reflection of known taxonomic and
morphological diversity.

MATERIALS AND METHODS

Computed tomography scanning and segmentation

SAM-PK-6536 was scanned in 2010 at the University of Texas
High-resolution X-ray CT facility. A total of 1122 coronal
sections were acquired at 1024 x 1024 resolution and maximum
field of view 74.7766 mm. Image processing included re-slicing
along sagittal and horizontal planes, three-dimensional recon-
struction, and digital segmentation of all non-braincase elem-
ents, all using AMIRA (v.6.3.0). Both right and left sides of paired
elements were segmented. All slice data and additional anima-
tions are available at: https://n2t.net/ark:/87602/m4/616700

Comparisons and phylogenetic analysis
Generalized polarization of observed variation was estab-
lished by direct comparison with a number of taxa that bracket
Mesosuchus phylogenetically (Fig. 2). These taxa include the
diapsid stem reptile Youngina capensis Broom, 1914 (Gow,
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1974), the putative stem testudine Eunotosaurus africanus Seely,
1892 (Bever et al. 2015), the early stem archosaur Macrocnemus
bassanii Nopcsa, 1930 (Miedema et al. 2020), crownward stem
archosaurs Prolacerta broomi Parrington, 1935 (Modesto and
Sues 2004) and Euparkeria capensis (Sookias et al. 2020), and
a series of other rhynchosaurs. Comparisons in the text will be
based on the initial citation for the respective taxon unless other-
wise noted. Open-source CT data of taxa used for comparisons
are detailed in the Supporting Information (Table S1).

We reanalysed the phylogenetic matrix of Scheyer et al
(2020; which, in turn, is derived from Ezcurra 2016) with ad-
justed scorings for Mesosuchus. We conducted a ‘new technology
search’ using Wagner trees in TNT (v.1.6), as recommended by
Goloboff and Morales (2023) for large matrices. Tree bisection
and reconnection (TBR) branch swapping, sectorial searches,
Ratchet, and Tree Fusing were all activated. Following Scheyer et
al. (2020), we searched until 100 hits of the same minimum tree
length were found. The resultant trees were saved to RAM and
subjected to a second round of TBR branch swapping using the
‘traditional search option’ in TNT. Bremer support and boot-
strap values were calculated using the built-in functions in TNT.
We also reanalysed the rhynchosaur-focused phylogenetic matrix
of Bzcurra (2016) (derived from Butler et al. 2015). We ran a
‘traditional search’ with 10 000 replications. Bremer support and
bootstrap values were calculated using the built-in functions in
TNT. Alist of resultant cranial apomorphies diagnosing selected
clades for both analyses is provided as Supporting Information

(Appendix S1).

Anatomical abbreviations

Abbreviations used in the labelling of anatomical features in
figures are as follows: addf, adductor fossa; afp, articular fossa
for premaxilla; agpm, anterior groove on the maxilla for the
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Figure 2. Schematic tree displaying the generally accepted phylogenetic relationships of the taxa we use for general comparisons in our

description of Mesosuchus browni.
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reception of the premaxilla; amf; anterior maxillary foramen;
amy, anterior mylohyoid foramen; ang, angular; aobi, acces-
sory olfactory bulb impression; art, articular; asfl, anterior
surangular foramen lateral opening; asfm, anterior surangular
foramen medial opening; bc, braincase; cc, caudal canal of
maxilla; ceri, cerebellar impression; choa, choana; cor, cor-
onoid; cpmc, caudal posteromedial canal of maxilla; cpmf,
caudal posteromedial foramen of the maxilla; dent, dentary;
dnf, neurovascular foramina of the dentary; dt, dentary teeth;
elp, element P; fmr, jugal medial ridge; fr, frontal; glf, glenoid
fossa; iac, inferior alveolar canal; iacmc, medial canal of in-
ferior alveolar canal; icm, internal chambers of maxilla; info,
infraorbital fenestra; jc, jugal canal; Jch, Jacobson’s chamber;
jlIf, jugal lateral foramina; jmf, jugal medial foramen; L. ect; left
ectopterygoid; 1. elp, left element P; L. ep; left epipterygoid;
L. jug, left jugal; 1. lac, left lacrimal; 1. max, left maxilla; 1. nas,
left nasal; 1. pal, left palatine; 1. pm, left premaxilla; 1. po, left
postorbital; 1. pof; left postfrontal; 1. prf; left prefrontal; 1. q,
left quadrate; 1. qj; left quadratojugal; 1. sq, left squamosal; 1.
st, left supratemporal; 1. vom, left vomer; lac, lateral canals in
maxilla; lacd, lateral canals of dentary; laf, lateral foramina of
the maxilla; ljc, lateral canals of jugal; Ismc, lateral foramen in
septomaxilla; Itf, lower temporal fenestra; mjc, medial canal of
jugal; mkf, Meckelian fossa; mkg, Meckelian groove; mt, max-
illary teeth; nlc, nasolacrimal canal; oltg, olfactory tract groove;
opbi, optic lobe impressions; orb, orbit; pa, parietal; palg, pala-
tine groove; part, prearticaular; pdpd, posterodorsal process of
dentary; pf, parietal foramen; piaf, posterior inferior alveolar
foramen; pmfr, premaxillary fragment; pmy, poster mylohyoid
foramen; pnpn, paranasal plate of nasal; pobi, posterior olfac-
tory bulb impression; prff, prefrontal foramen; psfg, posterior
surangular foramen; pt, pterygoid; pvpd, posteroventral process
of dentary; qf, quadrate foramen; r. ect, right ectopterygoid; r.
elp, right element P; r. ep, right epipterygoid; r. fr, right frontal;
r. jug, right jugal; r. lac, right lacrimal; r. max, right maxilla; r.
nas, right nasal; r. pm, right premaxilla; r. po, right postorbital;
r. pof; right postfrontal; r. prf; right prefrontal; r. q; right quad-
rate; r. sq, right squamosal; r. st, right supratemporal; r. vom,
right vomer; rpmc, rostral posteromedial canal of maxilla; rpmf,
rostral posteromedial foramen of the maxilla; sac, superior al-
veolar canal; sang, surangular; smx, septomaxilla; sof, sub-
orbital fenestra; spc, splenial canal; spl, splenial; sppc, posterior
canal of splenial; stf, supratemporal fenestra; vt, vomerine teeth.

RESULTS

Description

Dermal roofing elements
The nasal is a paired element that contacts the premaxilla
and maxilla laterally, lacrimal posteromedially, prefrontal
posterolaterally, frontal posteriorly, and the contralateral nasal
along the sagittal midline (Figs 3-6). The posterior suture with
the frontal is concave in dorsal view but assumes a more trans-
verse orientation ventrally. This is potentially autapomorphic,
because the dorsal expression of the same suture in all other
rthynchosaurs is also transverse [e.g. Rhynchosaurus articeps
(Benton 1990) and Hyperodapedon gordoni (Benton 1983)].
The structure of the nasals includes two basic components: (i)

a horizontal, dorsal plate that roofs the nasal cavity anteriorly
and forms the deeply concave posterior margin of the largely
undivided external nares; and (ii) a vertical, paranasal plate that
lines the dorsolateral wall of the nasal cavity (anterior to the pre-
frontal, lacrimal, and ascending process of the maxilla) (Fig. SA).
This paranasal plate is long, perhaps autapomorphically so, and
almost completely excludes the premaxillae from the external
nares, tapering to a point immediately behind the anterior ex-
tent of that element. The dorsal plate is pierced by several small
canals that open into the nasal cavity (Fig. 6) and are likely to
have transported superficial branches of the ophthalmic nerve
(V1) (as in other crown reptiles: Oelrich 1956, Werner 1962,
Lessner and Holliday 2022a, b). The strongly concave shape
of the posterior margin of the external naris appears to be an
autapomorphy of Mesosuchus.

The paired prefrontal is a triangular element (in lateral
view), formed by anterior, posterodorsal, and ventrodorsal
processes (Figs 3-6). The anterior process forms an abutting,
dorsomedial contact with the nasal, a rostral point contact with
the premaxillae, and is overlapped slightly by the ascending
processes of the maxillae ventrally. The contact with the nasal is
dorsoventrally shallow and contrasts with the deep, reinforced
suture observed in rhynchosaurids (e.g. Rhynchosaurus articeps
and Hyperpodapedon gordoni). The posterodorsal process ex-
tends along the anterolateral margin of the frontal, and the
posteroventral process overlaps the lacrimal and narrows
to a point contact with the jugal. Exclusion of the lacrimal
from the orbit by the prefrontal is a plesiomorphic condi-
tion shared with Rhynchosaurus articeps, whereas the lacrimal
forms the entire anterior margin of the orbit in more deeply
nested rhynchosaurs [e.g. Bentonyx sidensis Langer et al, 2010
(Sethapanichsakul et al. 2023a) and Hyperodapedontinae].
The prefrontal is only exposed narrowly in dorsal view, as in
Rhynchosaurus articeps. This condition is plesiomorphic rela-
tive to the derived condition in more deeply nested rhyncho-
saur taxa, wherein the element is mediolaterally expanded
(e.g. Bentonyx sidensis and Hyperodapedontinae). In addition
to dominating the anterior margin of the orbit, the prefrontal
contributes to a large medial (i.e. internal) concavity, whose
roof and floor are completed by the frontal and lacrimal, re-
spectively (Figs SA, 6). This space is inferred to have housed
olfactory components of the telencephalon (see Discussion).
A single foramen is present on the lateral surface of the anterior
process and proceeds as a blind canal anteroposteriorly within
the posterodorsal process (Fig. SB).

The frontal is a paired, plate-like, roughly quadrangular bone
that contacts the nasal anteriorly, prefrontal anterolaterally, post-
frontal posterolaterally, and parietal posteriorly (Figs 3-6). The
frontal-parietal contact is deeply interdigitating and transverse,
without the prominent convexity found in many stem archosaurs
(e.g. Prolacerta broomi). The outer surface exhibits a longitudinal
excavation that extends the entire length of the bone (Fig. SB).
In Rhynchosaurus articeps and Bentonyx sidensis these excavations
are restricted to the posterior quadrant of the bone, whereas in
Hyperodapedontinae they exhibit a transverse orientation at the
mid-length of the bone. The ventral surface exhibits an elongate,
descending process that defines an hourglass-shaped median
space that was occupied by the cerebrum (posteriorly) and ol-
factory structures anteriorly (Fig. 6) (see Discussion). This space
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Micro-CT analysis of Mesosuchus skull

Figure 3. Digitally segmented skull of SAM-PK-6536, Mesosuchus browni, in: A, right lateral; B, left lateral; C, anterior; and D, posterior views.

is confluent anteriorly with that already described for the pre-  the squamosals and supratemporals posterolaterally. Structural
frontal. details are well described by Dilkes (1998); we add only the

The parietals are fused into a single midline element con-  presence of distinctive impressions on the posteroventral sur-
tacting the frontals, postfrontals, and postorbitals anteriorly and ~ face of the element (labelled ‘opbi’ in Fig. 6). The entire region
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Figure 4. Digitally segmented skull of SAM-PK-6536, Mesosuchus browni, in: A, dorsal; and B, ventral views.

posterior to the parietal foramen is deeply concave. This re-
gion of the parietal is occupied by the optic lobes in extant
lepidosaurs (Allemand et al. 2023) and crocodylians (Lessner
et al. 2022a). This wider concavity is posteriorly confluent with

a mediolaterally restricted pit that lies at the sagittal midline of
the parietal. A similar structure is identified in the rhynchosaurid
Hyperodapedon gordoni, although this impression is located fur-
ther anteriorly, at about the level of the parietal foramen, and
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Figure 5. Digitally isolated rostrum and orbital bones of SAM-PK-6536, Mesosuchus browni, in: A, medial; B, anterolateral; and C, posterior
views.

might well be an impression of the pineal organ (Benton 1983: Azevedo and Schultz, 1987(Sales and Schultz 2014: fig. 2).
fig. 4). A small pit at around the mid-length of the parietal  Given the spatial relationship of this pit to the optic lobes in
was identified in the rhynchosaurid Teyumbaita sulcognathus — Mesosuchus, it might be an impression of the cerebellum itself.
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Figure 6. Digitally isolated skull roof bones of SAM-PK-6536 in ventral view.

Its small size would be comparable to the cerebellum of extant
lepidosaurs and crocodylians.

The paired jugal is triangular, with gracile anterior, posterior,
and posterodorsal processes (Figs 3-5). The anterior process
extends along the medial surface of the maxilla, resting on the
medial maxillary shelf. The horizontal alignment of jugal and
maxilla is a plesiomorphic feature of Mesosuchus shared, for ex-
ample, with Eohyosaurus wolvaardti Butler et al, 2015 (Butler
et al. 2015). This is unlike the condition in Rhynchosaurus
articeps, Langeronyx brodiei Benton, 1990 (Chatterjee 1974),
Stenaulorhynchus stockleyi Haughton, 1932 (von Huene 1938),
and Hyperodapedon gordoni, wherein the jugal is robust overall,
wedge shaped, and mediolaterally expanded such that it is visible
in dorsal view. The anterior process of Rhynchosaurus articeps re-
tains the gracile morphology found in Mesosuchus. The distal
length of the jugal contacts both the lacrimal and prefrontal.
This process is broadly concave in lateral view, reflecting its ven-
tral contribution to the orbit. The anterior process contacts the
posterolateral surface of the lacrimal and shares a short medial
contact with the lateral process of the palatine. The posterior
process lacks bony contacts, extending approximately halfway
along the ventral margin of the lower temporal fenestra to form
an incomplete lower temporal bar. The posterodorsal pro-
cess runs obliquely across the lateral surface of the postorbital,
joining that element in forming the postorbital bar and thus the
anterior margin of the lower temporal fenestra. This is unlike the
condition in Eohyosaurus wolvaardti and Hyperodapedontinae,
wherein the jugal forms the entire anterior fenestral margin.
The lower temporal bar in Mesosuchus is incomplete, as in
Eohyosaurus wolvaardti. This contrasts with the morphology in
Rhynchosauridae, wherein the bar is completed by the posterior
process of the jugal and the anterior process of the quadratojugal

(e.g. Rhynchosaurus articeps, Hyperodapedon gordoni). In medial
view, the body of the jugal (i.e. the confluence of these three
processes) is traversed by a distinctive, oblique ridge that con-
tinues onto the posterodorsal process and clearly separates the
anterior, orbital portion of the jugal from its posterior contribu-
tion to the adductor chamber (Fig. SA). The medial surface of
the body of the jugal shares an abutting contact with the con-
cave lateral surface of the ectopterygoid (Fig. 4B). The lateral
surface of the jugal is pierced by several small neurovascular for-
amina (Fig. 4A, B) that converge internally into a single canal,
which then bifurcates to send branches into both the anterior
and dorsal processes (Fig. SB). A branch of this canal exits medi-
ally into the adductor chamber. Given its spatial association with
the adductor chamber, this canal is likely to have transported
fibres of the maxillary artery (see Canal sections). The jugal of
SAM-PK-6536 lacks a prominent ‘anguli-oris crest) a structure
that is also lacking in non-rhynchosaurian stem archosaurs and
that was first interpreted as the attachment surface of the m. le-
vator anguli oris of squamates (Sill 1971). There is, however, no
consensus regarding its identity (Benton 1983).

The paired lacrimal is positioned within the posterior ros-
trum, where it is sandwiched (in lateral view) between the
prefrontal posterodorsally and the maxilla anteroventrally
(Figs 3-5). Much of the lacrimal rests on the narrow, medial
maxillary shelf. From this position, the lacrimal contacts the
posteroventral margin of the nasal and lateral process of the pala-
tine. A posterior contact with the jugal negates a maxillary con-
tribution to the orbit, although the orbital contribution of the
lacrimal is itself largely negated by the overlying prefrontals. As
noted by Dilkes (1998), the nasolacrimal canal is restricted to
the lacrimal, opening in the orbit through a pair of foramina and
in the nasal cavity via a single foramen (Fig. SA, C).
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The paired postfrontal is a triangular, wedge-shaped element
in lateral view (Figs 3, 4, 6), whose size is less than half that of
the postorbital. A relatively small postfrontal is shared with other
rhynchosaurs and is unlike the plesiomorphic condition wherein
the postfrontal and postorbital are roughly equivalent in size
[e.g. Macrocnemus bassanii and Azendohsaurus madagaskarensis
Flynn et al., 2010 (Flynn et al. 2010) ]. Contacts include a simple
but rostrocaudally elongate medial suture with the frontal, a
shorter, interdigitating, medial suture with the parietal, and a
broad, overlapping, lateral suture with the postorbital. The post-
frontal forms the posterodorsal corner of the orbit and makes a
smaller contribution to the supratemporal fossa. The dorsal sur-
face is deeply pitted, with CT confirming these pits as superficial.

Computed tomography data reveal a largely complete left
quadratojugal (Figs 3, 4). The simple, strap-like element that
Dilkes (1998) identified as the right quadratojugal, we inter-
pret as a dislocated fragment of the lateral quadrate. This con-
clusion is based on its identical thickness to the contralateral
quadrate and the fragmented nature of its medial border. The
posteroventral end of the left quadratojugal lies against the lat-
eral surface of the quadrate (immediately dorsal to the articular
condyle). Anterodorsally, the quadratojugal extends along the
anterolateral margin of the quadrate to rest against the anterior
edge of the squamosal at the ventral-most extent of that element.
The paired squamosal contacts the postorbital anteriorly, quad-
rate and quadratojugal ventrally, and parietal and supratemporal
posterolaterally (Figs 3-S). The supratemporal is a paired,
plate-like, transversely oriented bone that is restricted to the oc-
cipital surface (Figs 3, 4). It lies against the posterior surface of
the squamosal and parietal, where these bones join to form the
post-temporal bar. Lateroventral contact with the quadrate is
negated by a small process of the squamosal, as in Rhynchosaurus
articeps but unlike Hyperodapedon gordoni and Hyperodapedon
sanjuanensis Sill, 1970 (Gentil and Ezcurra 2022), wherein the
supratemporal is absent.

Palatal elements

The paired premaxilla is narrowly overlapped by the maxilla
along an elongate posterior suture, forms a point contact with
the prefrontal posterodorsally, and bears a long, plate-like suture
with the nasal medially (Figs 3-5). The contact with the maxilla
is distinctly notched and is pierced by a sizeable foramen that
opens into the superior alveolar canal (Figs 3, 4) (see Maxilla
and Canal sections). A second, more ventral foramen noted by
Dilkes (1998) is, in fact, an articular fossa in the maxilla for the
posteroventral extent of the premaxilla and does not commu-
nicate with any internal spaces (Figs 3A, 4B). The dorsolateral
overlapping of the premaxilla by the maxilla is unlike the condi-
tion in the stem archosaurs Macrocnemus bassanii and Prolacerta
broomi, wherein the premaxilla overlaps the maxilla.

There is no preserved midline contact with the contralat-
eral premaxilla, including along the alveolar margin (no pre-
served subnarial bar). Mesosuschus is reconstructed with the
plesiomorphic sub-narial bar formed by medial processes of
the premaxilla (e.g. Macrocnemus bassanii) (Dilkes 1998). The
subnarial bar of rhynchosaurids is formed not by medial pro-
cesses of the premaxilla but by the robust fusion of the medial
surfaces of the premaxillary ‘beak’, which is entirely edentulous.
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This condition might, in part, reflect damage, but it seems unlikely
that the robust midline suture of deeply nested rhynchosaurids
(e.g. Hyperodapedon gordoni) was present, especially given that
the bar is missing in other early rhynchosaurids [e.g. Noteosuchus
Broom, 1925 (Carroll 1976), Howesia browni (Dilkes 1995),
and Eohyosaurus wolvaardti]. The alveolar process is oriented
horizontally and houses a single, large tooth alveolus. The frag-
ment of a second, more posterior premaxillary tooth proposed
by Dilkes (1998) appears to be a broken, slightly displaced frag-
ment of the premaxilla itself (Fig. 3B). The premaxilla of the
holotype (SAM-PK-5882) clearly houses a second tooth, poten-
tially indicative of intraspecific variation.

The paired maxilla is a broadly triangular element with dis-
tinctive posterior and anterodorsal processes (Figs 3-5).
Contacts include the premaxilla anteriorly, prefrontal dorsally,
jugal posteriorly, lacrimal posteromedially, and nasal, vomer,
and palatine medially (Figs 3-S). The curved anterior sur-
face of the element includes a deep groove that accepts both
the premaxilla and the prefrontal. The medial surface includes
a narrow but elongate shelf that supports the overlying lac-
rimal and meets the palatine and vomer. This shelf appears to
be lacking in Youngina capensis and Eunotosaurus africanus, and
among pan-archosaur taxa stemward of rhynchosaurs. Its pres-
ence in Prolacerta broomi and Euparkeria capensis suggests a syn-
apomorphy of rhynchosaurs and crownward pan-archosaurs.
We interpret the dorsal extensions of the vomer described by
Dilkes (1998: p. 508) as the septomaxilla for reasons listed
below. The maxilla forms nearly the entire lateral margin of the
choana but is excluded from the orbit by lacrimal—-jugal contact.
This choanal contribution is a plesiomorphic feature shared with
Rhynchosaurus articeps, Bentonyx sidensis, and Hyperodapedon
hueni (Langer and Schultz 2000) but is excluded by a de-
rived vomer—palatine contact in Hyperodapedon gordoni and
Hyperodapedon sanjuanensis. The sizeable foramen that pierces
the premaxillary suture opens into the large and complex su-
perior alveolar canal. The narrow feeding surface houses a row
of 16 teeth, long considered of ankylothecodont implantation
(Watson 1912, Broom 1913, Haughton 1922, Malan 1963) (see
Discussion).

As mentioned earlier, the dorsal extensions of the vomers de-
scribed by (Dilkes 1998) are here interpreted as well-preserved
septomaxillae (Figs 3-9; see also Gentil and Ezcurra 2022).
These paired, anterior elements include a saddle-like main body,
a sizeable lateral process, and an even larger medial process.
The lateral process abuts the maxilla, whereas the contralateral
medial processes form a midline crest. The lateral and medial
processes impart a broadly concave shape to the dorsal surface of
the element, which opens into the greater nasal cavity. The ven-
tral surface features the right and left halves of a broad midline
concavity that separates the septomaxillae from the underlying
vomers and a pair of more anterior ossifications of uncertain
homology (elements P, see below). The septomaxilla forms no
direct contacts with these ventral bones. The intervening space is
confluent with a canal that exits the septomaxillae through their
lateral processes (Figs 7, 8). The space is also confluent with the
choanae and thus connects with the oral cavity (Fig. 7A).

A paired ossification of uncertain homology lies within the
anterior palate (Figs 3, 4, 7-9). We refer to these symmetric
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Figure 7. Digitally isolated palatal region of SAM-PK-6536, Mesosuchus browni, in: A, dorsal; B, posterior; and C, medial views.

bones simply as elements P (‘P because of their association with
the palate) until a more satisfactory nomenclature is established
(see Discussion). The elements are hook shaped in lateral view,
reflecting a concave anteroventral margin. Posteriorly, each bone

tapers to a sharp point and shares indirect contacts with the tines
of the anterior vomerine fork. Each element P is surrounded
by the premaxilla and maxilla laterally and the septomaxilla
dorsally, although there is no direct contact with any of these
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Figure 8. Digitally isolated palatal complex of SAM-PK-6536, Mesosuchus browni, in: A, dorsal; B, right lateral; and C, anterior views.

elements. The only direct contact is the deeply interdigitating su-
ture with the vomer posteriorly.

The paired vomer is an elongate element that flares at its an-
terior and posterior ends, both of which are distinctly forked in

their formation of deeply interdigitating sutures with the palat-
ines and elements P, respectively (Figs 4, 7-9). Other bony con-
tacts include the maxilla anterolaterally, pterygoid posteriorly,
and a long, midline, contralateral suture that ends posteriorly
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Figure 9. Digitally isolated septomaxilla of SAM-PK-6536,
Mesosuchus browni, in coronal section: A, through centre of
Jacobson’s chamber in posterolateral view; and B, through vomer in
posterior view.

where the two elements divide to accept collectively the rostral
ends of the palatines. The anterior end of the vomers produces a
midline, dorsal concavity that continues forward onto elements
P. The short and rather weak contact with the anteromedial sur-
face of the maxillae completes the anterior margin of the choana.
Both vomers possess a single row of teeth along the sagittal mid-
line.

The palatine is a paired element of the posterior palate that
includes anterior and lateral processes (Figs 4, 7, 8). The flat,
finger-like anterior process forms an interdigitating contact with
the vomers anteriorly, whereas the more robust lateral process
forms an abutting contact centred on the maxilla but extending
posteriorly onto both the lacrimal and the jugal. Medially, there
is an elongate, slightly overlapping suture with the pterygoid that
largely mirrors the oblique orientation of the posterior palate as

a whole. The transverse, posterior margin is narrowly separated
from the ectopterygoid by the pterygoid. The palatine forms
the posterior margin of the choana and nearly the entire medial
margin of the suborbital fenestra. The suborbital fenestra is tri-
angular (Fig. 4B), unlike the condition in rhynchosaurids, which
possess small, circular openings (e.g. Benton 1990, Gentil and
Ezcurra 2022). The condition in Mesosuchus is similar to that of
the early stem testudine Eunotosaurus africanus. Palatine teeth
are present in a single row, with dimensions nearly identical to
those of the pterygoid but smaller than those of the vomer.

Palatoquadrate elements

The paired quadrate contacts the squamosal dorsally,
quadratojugal laterally, and pterygoid ventromedially (Figs 3, 4).
The broad medial surface is likely to have received the distal end
of the paroccipital process of the opisthotic. As noted by Dilkes
(1998), structures include a large quadrate foramen (formed
with quadratojugal) (Figs 3A, 4A) and a flat, transversely
oriented articular condyle.

The ectopterygoid is a paired, mediolaterally oriented,
hourglass-shaped element (in dorsoventral view), whose en-
larged ends form a lateral, abutting contact with the jugal and
overlap the pterygoid medially (Figs 3, 4B, 8). The latter con-
tact is largely transverse and involves the pterygoid wing but
does not extend to the lateral extremity of that structure. The
ectopterygoid narrowly misses the posterior end of the maxillae
laterally and palatine medially. The anterior margin is subtly con-
cave where it forms the posterior wall of the suborbital fenestra.
The posterior margin is deeply concave where it helps to de-
fine the anteroventral wall of the adductor chamber. The paired
epipterygoid lies anterior to the braincase and includes a quad-
rangular base that forms a broad, posteriorly ascending contact
with the dorsal process of the pterygoid (Figs 3, 4, 7). The col-
umnar dorsal process lacks bony contacts.

The paired pterygoid was thoroughly described by Dilkes
(1998), and our data add few significant details. Contacts in-
clude the vomer, palatine, and ectopterygoid anteriorly, the
parabasisphenoid and quadrate posteriorly, and the epipterygoid
posterodorsally (Figs 3, 4, 8). As preserved, the pterygoids are
separated from each other by an elongate midline space, with
narrow contacts present anteriorly (adjacent to the caudal ends
of the internal choanae) and posteriorly (immediately behind

the base of the epipterygoids).

Mandibles

The paired dentary is the largest element of the anterior man-
dible and is best preserved on the left side, where only the
posteroventral corner is missing (the right dentary is represented
only by its anterior tip) (Fig. 10). Dentary length constitutes
slightly less than half that of the mandible as a whole. Contacts
include the splenial anteromedially, angular posteromedially,
surangular posteriorly, and coronoid posterodorsally. The
posterior margin is deeply bifurcated, forming a prominent
posterodorsal process and a posteroventral process. (Fig. 10A).
The former tapers to a sharp point, whereas the distal end
of the latter process is missing. The dentary is the only tooth-
bearing element of the lower jaw, with a single row of 14 teeth
(see Discussion). The dentary forms the roof and lateral wall of
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Figure 10. Digitally isolated left mandible of SAM-PK-6536, Mesosuchus browni, in: A, lateral; B, medial; C, ventral; D, anterior; and E,
posterior views.

the Meckelian canal, which is completed ventrally and laterally 10A) and by a smaller number of larger, anterior foramina, all
by the splenial. The lateral surface of the dentary is pierced by =~ of which communicate internally with the inferior alveolar canal
a series of small foramina arranged in two elongate rows (Fig. (see Canal section).
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Computed tomography reveals that only the anterior end of
the left angular is preserved in SAM-PK-6536 (Fig. 10); however,
another specimen of Mesosuchus preserves the entire element
(Dilkes 1998: fig. 8) and forms much of the posteroventral
margin of the mandible. The preserved portion lies in situ, slotted
between the dentary and splenial and contributing to the floor of
the Meckelian fossa.

The surangular is an expansive, plate-like element that forms
the lateral surface of the mandible in its posterior half (Fig. 10).
Contacts include the dentary anteriorly, coronoid anterodorsally,
and articular posteromedially. Its medial surface is dominated by
an adductor fossa that opens dorsomedially and is completed
ventrally by the prearticular. The broadly convex upper margin
of the surangular forms the dorsal apex of the mandible, rising
to alevel above that of the coronoid. The surangular makes a lat-
eral contribution to the glenoid fossa (Fig. 10B). Anterior and
posterior surangular foramina pierce the lateral surface of the
element to communicate with the adductor fossa medially (Fig.
10A) (see Discussion).

We confirm a tri-radiate coronoid bone composed of anterior,
posteroventral, and posterior processes (Fig. 10). The anterior
process overlaps the medial surface of the dentary, whereas
the posterolateral process contacts the dorsal surface of the
prearticular via a concave depression in the latter element. The
posterior process overlaps the dorsal surface of the surangular.
The concave region between posterior and posterodorsal pro-
cesses makes a small contribution to the medial wall of the ad-
ductor fossa (Fig. 10B). Lack of a distinctive eminence limits
coronoid exposure in lateral view.

An incomplete, left articular is present that is likely to rep-
resent the anterolateral portion of the element (Fig. 10). This
fragment forms a broad suture with the surangular laterally and
also contacts the prearticular anteroventrally. The glenoid fossa
extends laterally onto the surangular, but otherwise its morph-
ology is too damaged to interpret. A retroarticular process is pre-
sent in SAM-PK-6536 but is disarticulated from the rest of the
skull and was not CT scanned (see Dilkes 1998: fig. 10B).

Computed tomography reveals that much of the material
attributed to the left articular by Dilkes (1998) belongs to the
left prearticular, which is complete (Fig. 10). Contacts include
the coronoid anterodorsally, splenial anteromedially, surangular
ventromedially, and articular posteriorly. The prearticular
reaches the anteroposterior midpoint of the mandible, forming
the extensive ventrolateral wall of the adductor fossa (Fig. 10B).
Its splenial contact is pierced by the posterior mylohyoid for-
amen, which opens internally within the adductor chamber and
would probably have transmitted the posterior mylohyoid nerve
to innervate the muscular constrictors of the neck and throat
(Fig. 10B) (Oelrich 1956).

The left splenial is mostly complete, missing only a portion of
its ventral margin (Fig. 10). Contacts include the dentary and
prearticular laterally and the coronoid dorsally. Damage to the
element probably obscures contact with the angular. Prearticular
contact is via a long, finger-like posterior process. There is no
rugosity indicating a splenial contribution to the mandibular
symphysis. The mentonian process is weakly developed, leaving
the splenial barely exposed in lateral view. The splenial forms
the medial and ventral walls of the Meckelian canal and fossa
and is pierced by anterior (contra Dilkes 1998) and posterior

mylohyoid foramina (the latter completed by the prearticular)
(Fig. 10B). Both openings communicate with the Meckelian
canal. CT data reveal a short canal opening laterally and pos-
teriorly via short secondary canals. These are likely to have con-
veyed cutaneous branches of the inferior alveolar nerve (V3)

(Oelrich 1956).

Neurovascular canals

Given the paucity of high-quality CT data for stem archosaurs,
we take this opportunity to detail the morphology of selected
canal systems. The superior alveolar canal (SAC) runs the hori-
zontal length of the maxilla and includes a single, large anterior
maxillary foramen (AMF) located at the premaxilla-maxilla su-
ture, multiple minor lateral canals that exit onto the lateral face of
the maxilla (LACs), a rostral posteromedial foramen (RPMF),
and a caudal posteromedial foramen (CPMF) (Fig. 11A-D).
These observations align closely with those for the stem reptile
Orovenator mayorum Reisz et al., 2011, stem archosaur Prolacerta
broomi (Benoit et al. 2021), and stem lepidosaur Marmoretta
oxoniensis Evans, 1991 (Griffiths et al. 2021), suggesting that this
morphology is both plesiomorphic for reptiles and highly con-
served across the base of the radiation of the group. A similar
large anterior foramen of the SAC is described in Rhynchosaurus
articeps (Benton 1990) and Hyperodapedon gordoni (Benton,
1989). Multiple lateral foramina and a single posterior foramen
are also recorded in the latter taxon.

The RPMF in Mesosuchus is aligned with a groove in the max-
illary process of the palatine that in extant lepidosaurs trans-
ports the anteriorly coursing maxillary artery, vein, and nerve
following their traversal of the suborbital foramen and prior
to their entry into the superior alveolar canal (Figs S, 7, 8)
(O’Donoghue 1921; Oelrich 1956, Porter and Witmer 2015).
This bony signature appears to be lacking in the crocodilian and
avian palate. In extant turtles, three major posteromedial open-
ings communicate with the SAC, transporting branches of the
maxillary nerve, artery, and vein (Albrecht 1976, Bever 2009).
The SAC continues for a short distance within the maxilla before
giving off a narrow caudal canal that courses almost the entire
length of the posterior process of the maxilla to emerge via the
CPMF (Fig. 11A-D). This branching pattern is consistent with
that figured in Prolacerta broomi, Orovenator mayorum (Benoit et
al. 2021: fig. 1), Ctenosaura pectinata Wiegmann, 1828 (Oelrich
1956), and Iguana iguana Linneaus, 1758 (Porter and Witmer
2015: fig. 3), although the latter two taxa appear to lack a CPMF,
and the caudal canal ends blindly within the posterior process
of the maxilla. We could find no reference to a caudal branch of
the alveolar canal in turtles. There appears to be no evidence of
either a RPMF or a CPMF in any tanystropheid or stem archo-
saur crownward of Prolacerta broomi, although we expect that
this is an artefact of scan and/or preservation quality and do
not suggest that their maxillae lacked neurovascular excavation.
Given the communication of this canal with the SAC proper, it is
likely to have contained branches of the maxillary nerve, artery,
and vein serving the superficial tissues of the posterior alveolar
margin, as in Ctenosaura (Oelrich 1956) and Iguana (Porter and
Witmer 2015).

A large number of small, lateral canals (LACs) are distrib-
uted along the length of the SAC (Fig. 11A, B) and would
have conveyed sensory innervation and blood to the surface of
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Figure 11. Internal anatomy of the left maxilla and right jugal of SAM-PK-6536, Mesosuchus browni: A, left maxilla in lateral view; B, left maxilla
in anterior view; C, left maxilla in medial view; D, left maxilla in posterior view; E, right jugal in dorsal view; F, right jugal in lateral view; and G,
right jugal in anterior view.

the snout (Porter and Witmer 2015, 2020, Porter et al. 2016, (Wynd et al. 2020). Interestingly, the ‘beaked’ forms of deeply
Bouabdellah et al. 2022). The density of these foraminawasused ~ nested rhynchosaurs were deemed to lack these keratinous
as evidence of a rhamphotheca in edentulous pan-archosaurs sheaths based on the apparent absence of densely packed LACs
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(Sill 1971, Langer and Schultz 2000). Given the number of these
openings in Mesosuchus, we suspect that CT data for ‘beaked’
rhynchosaurs will boost the evidence for their possession of a
maxillary rhamphotheca.

The roof of the distal end of the SAC is excavated anteriorly
by a cavity secondarily linked to a series of chambers that extend
throughout the maxilla (Fig. 11A-D; see Discussion). Several of
these chambers give off minor canals that emerge onto the lateral sur-
face of the maxilla as LACs. Given the communication of these spaces
with the SAC, they are likely to have transported neurovascular bun-
dles from the maxillary artery, vein, and nerve (V2).

The distal exit of the SAC takes the form of an anteriorly
opening foramen that is situated almost within the maxilla-
premaxilla suture (Figs 3, S, 11). It can be differentiated from
the LAC:s by its relative size and by the anteriorly facing orien-
tation of its aperture. A foramen in this location is identified in
the stem archosaurs Prolacerta broomi and Proterosuchus fergusi
Broom, 1903 (Welman 1998) and is expressed sporadically
amongst stem crocodylian taxa (for an expanded discussion,
see Nesbitt 2011). This feature is present in extant lepidosaurs
(O’Donoghue 1921, Oelrich 1956, Porter and Witmer 2015)
and testudines (Rollot et al. 2024) and marks the point at which
the maxillary neurovascular bundle emerges from the SAC to in-
nervate and supply the cutaneous tissue of the external nostril.

The jugal of SAM-PK-6536 houses a canal that extends for
nearly the entire rostrocaudal length of the bone (Fig. 11E-G).
A medial opening into this canal is visible in the right jugal
only and lies within a shallow concavity between the posterior
point of divergence of the dorsal and posterior processes. The
canal itself communicates with the lateral surface of the jugal
via a series of openings, which are also present in the early
rhynchosaurs Howesia browni and Eohyosaurus wolvaardti and
in the rhynchosaurids Langeronyx brodiei and Hyperodapedon
gordoni (Benton 1983). In Hyperodapedon gordoni, a large lat-
eral foramen is referred to as a ‘major vessel opening’ (Benton
1983: p. 620), but its internal course is not described. There are
no distinctively large lateral foramina in SAM-PK-6536, although
a smaller foramen does occupy the homologous position of the
Hyperodapedon gordoni opening in both left and right elements,
immediately anterior to the divergence of the dorsal and posterior
processes (Benton 1983). CT data of Hyperodapedon sanjuanenis
do not reveal any internal structure within the jugal. A jugal canal
is not reported in any stem reptiles (e.g. Youngina capensis) or
stem testudines [e.g. Eunotosaurus africanus or Eubaena cephalica
Hay, 1904 (Rollot et al. 2018)]. We confirmed the presence
of a jugal canal in Alligator mississippiensis Daudin, 1801 and
Sphenodon punctatus Gray, 1842 (see also Osawa 1898) that is ac-
companied by a medial foramen similar to that of SAM-PK-6536.
The contents of this canal are not reported in Sphenodon, al-
though in Alligator mississippiensis the jugal receives rostral and
caudal internal branches of the palatomaxillary artery as it passes
medially (Porter et al. 2016). The Alligator mississippiensis jugal is
also perforated by lateral fibres of the maxillary nerve (V2) that
provide cutaneous innervation to the cheek region (Lessner and
Holliday 2022a, Lessner ef al. 2022a). In crown turtles, a minor
branch of the supraorbital artery perforates the jugal medially,
but it is unclear whether this leads to a well-developed canal
(Albrecht 1976). In squamates, the jugal is not perforated by any
neurovasculature (Porter and Witmer 2015).

The inferior alveolar canal of the lower jaw passes through the
dentary, lateral to Meckel’s canal (Fig. 12A~C). This structure
undoubtedly conveyed the inferior alveolar nerve and branches
of the intramandibular artery and vein to the lower dentition
and neighbouring soft tissues, as in extant reptiles (Evans 2008,
Kawabe and Hattori 2022, Lessner and Holliday 2022a, b, Evers
et al. 2023, Crole and Soley 2016). The neurovasculature would
have entered the canal through the medial posterior alveolar
foramen, positioned near the tail end of the Meckelian fossa.
Small, lateral canals populate the length of the primary canal in
a pattern that is assuredly plesiomorphic (O’Donoghue 1921,
Bhatia 1929, King and McLelland 1975, Porter and Witmer
20185, 2016, Porter et al. 2016, Evers et al. 2023). The density of
these lateral canals does not match the derived state of croco-
dilians, which make use of densely packed sensory fibres to fa-
cilitate their specialized mode of aquatic sensory perception
(Leitch and Catania 2012). The relative number and density of
lateral mandibular foramina matches that observed in ‘beaked’
rhynchosaurs (e.g. Hyperodapedon gordoni). The primary canal
bifurcates anteriorly into a minor branch that exits onto the
anterior tip of the dentary (as the rostral-most opening of the
system) and a larger branch that turns medially to exit immedi-
ately dorsal to the anterior tip of the splenial (Fig. 12B, C).

To our knowledge, the canal passing mediolaterally through
the anterior splenial, as in SAM-PK-6536, has not been described
previously in the stem archosaur literature (Fig. 12D-F). The
presence of a foramen in the medial surface of the element, how-
ever, is observed in both Rhynchosaurus articeps (Benton 1990:
fig. 8) and Hyperodapedon gordoni (Benton 1983: fig. 13). We in-
terpret this space as having conveyed the mylohyoid branch of
V3, as in Sphenodon (Benton 1983), Ctenosaura (Oelrich 1956),
and crocodylians (Miall 1878). Thus, we homologize its external
opening with the anterior mylohyoid foramen of other reptiles (e.g.
Evans 2008, Brusatte et al. 2009, von Baczko and Desojo 2016).

Apairofforaminaperforate thelateral surface ofthe surangular:
the anterior and posterior surangular foramina (Fig. 10A). The
anterior foramen opens around midway along the length of the
element within an internal canal that passes horizontally before
emerging into the adductor fossa (Fig. 10B). A similar anterior
foramen is present in Prolacerta broomi and Euparkeria capensis.
The posterior surangular foramen lies ventral to the posterodorsal
corner of the element, as in other rhynchosaurs (e.g. Butler et al.
2015, Gentil and Ezcurra 2022) and non-rhynchosaurian stem
archosaurs (e.g. Welman 1998, Modesto and Sues 2004, Sookias
et al. 2020). A posterior surangular foramen is also present in
extant squamates (Oelrich 1956, Klembara et al. 2014) and the
stem rhynchocephalian Gephyrosaurus bridensis Evans, 1980
(Evans 1980). In turtles, foramen auriculotemporalis also opens
medially onto the surangular (Gaffney 1979, Evers ef al. 2023).
Interpretations regarding the contents of the anterior and pos-
terior surangular foramina are rare, although based on their con-
tents in crown testudines and squamates, these foramina might
have contained cutaneous branches of the inferior alveolar nerve
(V3) and mandibular artery (Oelrich 1956, Evers et al. 2023).

Phylogenenetic analysis

Our re-scoring of Mesosuchus in the matrix of Scheyer (2020)
modified previous scorings for 24 published characters; these in-
clude: 24 (0to 1),25(2t0 1),29 (1t0 0),76 (0 to 1), 93 (0 to
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Micro-CT analysis of Mesosuchus skull

Figure 12. Internal anatomy of left dentary and splenial of SAM-PK-6536, Mesosuchus browni: A, left dentary in lateral view; B, left dentary in
dorsal view; C, left dentary in anterior view; D, left splenial in anterior view; E, left splenial in posterolateral view; F, left splenial in medial view.

1),115(0t0 1), 120 (2t0 0),121 (2t0 0), 131 (0to 1),137 (0 (2t00),287 (1t00),309 (2t0 0), 614 (2to 1),and 636 (0to 1).
to1),161 (1t00),183 (0to 1),191 (0to 1),206 (1to 0), 266 Our analysis found 27 most parsimonious trees with a tree length
(2t00),268 (0to 1),270 (2t00),279 (2t0 0),280 (1t0 0),281 of 3872, consistency index of 0.238, and retention index of .643.
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Our strict consensus tree is nearly identical to that of Scheyer
(2020), in terms of topology and Bremer support (Fig. 13).
Amongst Rhynchosauria, only Ammorhynchus navajoi Nesbitt
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saur, Brasinorhynchus mariantensis Schults et al., 2016 (Schultz et
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Figure 13. Strict consensus tree calculated from our re-analysis of the character matrix constructed by Scheyer et al. (2020) with adjusted
scorings for Mesosuchus browni. Mesosuchus browni is presented in red text, and the clades Rhynchosauria and Rhynchosauridae are labelled.
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Langeronyx brodiei
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Figure 14. Strict consensus tree calculated from our re-analysis of the character matrix constructed by Ezcurra et al. (2016), with adjusted
scorings for Mesosuchus browni. Mesosuchus browni is presented in red text, and the clades Rhynchosauria and Rhynchosauridae are labelled.

al. 2016), Stenaulorhynchus, and Mesodepedon kuttyi Chatterjee,
1980.

Our re-scoring of Mesosuchus in the matrix of Ezcurra et al
(2016) modified previous scorings for six published characters;
these include: 11 (0to 1),16 (2t00),41(0to 1),44 (0to 1), 69
(2to 1), and 73 (0 to 1). Our ‘traditional search’ analysis found
two most parsimonious trees with a tree length of 150 (two steps
higherthaninthestudybyEzcurraetal.2016),aconsistencyindex
of .687, and a retention index of .766. Our strict consensus tree
matches exactly the topology of Ezcurra et al. (2016) (Fig. 14).
Apomorphies that diagnose (i) Rhynchosauria + crownward
Pan-Archosauria, (ii) Rhynchosauria, and (iii) Mesosuchus itself
(i.e. autapomorphies) are listed for both analyses as Supporting
Information (Appendix S1).

DISCUSSION

Vomeronasal system and septomaxilla

Vomerolfaction is a chemosensory system (VNS) capable of
processing macromolecules, such as pheromones (Bertmar
1981). Its evolutionary origins can be traced to the osteichthyan
stem lineage (Grus and Zhang 2006, Gonzélez et al. 2010,
Nakamuta et al. 2012); however, it is within Tetrapoda, and
most notably Amniota, that the VNS reaches its greatest de-
gree of functional and structural complexity. This develop-
ment is perhaps best exemplified among the squamate reptiles,
in which the VNS is implicated in a wide range of sophisti-
cated tasks that include conspecific recognition (Labra and
Niemeyer 1999), reproductive selection (Lépez and Martin
2004), and prey tracking (Rehorek et al. 2000a, b, Baeckens et
al. 2017).

The anatomy and physiology of the amniote VNS is highly
similar to that of primary olfaction (Eisthen 1992). It includes
a parasagittal pair of vomeronasal organs (VNOs, sometimes
called Jacobson’s organs) located adjacent to the external nares.
These organs include a specialized epithelium that collects sen-
sory input and conveys that information to a dedicated accessory
lobe of the telencephalon via the vomeronasal nerve (cranial
nerve I) (Halpern 1987). Structural support of this system ex-
tends to modifications of the primary palate. For example, the
mammalian VNO lies within a dedicated diverticulum of the
nasal cavity and is connected to the oral cavity via a nasopalatine
duct (Bertmar 1981). In extant reptiles that retain the VNO
(i.e. lepidosaurs), it is usually housed within a cavity of the an-
terior rostrum that is bounded by the septomaxilla dorsally
and vomer ventrally. This cavity is sometimes referred to as
cupola Jacobsoni (Rieppel et al. 2008) or Jacobson’s chamber
(Klembara et al. 2014). The reptile VNO tends to lie near the
distal opening of the nasolacrimal duct and its bony canal. The
exact functional relationship with the nasolacrimal system re-
mains poorly understood, but the VNO is likely to receive secre-
tions from the Harderian gland of the orbit through this pathway
(Hillenius and Rehorek 2005, Rehorek 1997, 1999).

The generally conserved nature of the VNS in Pan-Mammalia
coupled with its prominent status within the sensory reper-
toire of lepidosaurs (Bellairs and Boyd 1947, 1950, Cooper
1996) supports its presence along the reptile stem lineage. The
crown clades of turtles, crocodylians, and birds, however, each
exhibit a reduced VNS. Extant turtles possess a vomeronasal
nerve (Cotter 1917) and accessory olfactory lobe (Crosby and
Humphrey 1939); a VNO is present, but it is relegated to a small
patch of epithelia in the posteroventral floor of the nasal passage
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(Schwenk and Thewissen 2008, Kondoh et al. 2021) and is not
integrated with the nasolacrimal apparatus, which is entirely ab-
sent (Bellairs and Boyd 1947, Baccari et al. 1992). Adult birds
and crocodiles all lack the VNO (Parsons 1959), vomeronasal
nerve (Wenzel 1987), and accessory olfactory bulb (Crosby
and Humphrey 1939, Wenzel 1987). VNO anlagen apparently
form in both groups, but fail to develop into an adult pheno-
type (Meek 1893, Slaby 1955, Parsons 1959, Romanoff 1960).
The presence of these anlagen is intriguing because it indicates
that some proportion of the developmental network (Davidson
2006, Wagner 2007) patterning the VNS was conserved over
the entirety of the avian, crocodilian, and archosaurian stem lin-
eages, currently estimated at ~130, 150, and 25 Myr, respectively
(Oaks 2011, Jetz 2012). VNS comparisons amongst extant taxa
justify the inference that an initial reduction of VNS morpho-
genesis is a synapomorphy of Archelosauria (the crown clade
defined by the exclusive split that produced Pan-Testudines and
Pan-Archosauria), followed by a further reduction somewhere
along the archosaur stem lineage. Testing the secondary hom-
ology of archelosaur reductions requires the use of bony correl-
ates of the VNS to determine whether stem representatives (i.e.
fossils) of archelosaurian crown clades retained fully developed
forms of the system.

Fossil discoveries over the last 20 years have significantly in-
creased our understanding of the turtle stem lineage (Li et al.
2009, 2018, Lyson et al. 2010, Bever et al. 2015, Schoch and Sues
2015). Among these studies, the only available CT-based analysis
is that of Bever et al. (2015), which did not produce skeletal evi-
dence ofa VNS, such as a septomaxilla (see below), in the earliest
and most controversial of the putative stem turtles, Eunotosaurus
africanus. Although the palate of Eunotosaurus africanus is far
from perfect, absence of what would be a plesiomorphically
elaborate VNS is also lacking in the more extensively preserved
and described crownward stem turtle, Proganochelys quenstedti
Baur, 1887 (Gaffney 1990). These findings thus suggest that a
reduced form of the turtle VNS might well characterize the en-
tirety of its long stem lineage and might ultimately find its origin
along the archelosaur stem.

The problem with this hypothesis of archelosaur reduction
is that with our description of Mesosuchus, we now have exten-
sive skeletal evidence of a structurally complex and elaborate
VNS in a stem archosaur. The wide space in the anterior palate
of SAM-PK-6536 circumscribed by the septomaxilla (dorsally)
and vomer (ventrally) is positionally homologous to the squa-
mate Jacobson’s chamber (Fig. 9). Its posteroventral continuity
with the choanae would have facilitated sensory input via the
oral cavity, as in the ‘palacochoanate’ condition of Sphenodon
and iguanians (Rieppel et al. 2008). Presence of a VNS in
Mesosuchus is also supported by the spatial relationships of its
nasolacrimal canal. In squamates and mammals, the nasolacrimal
canal passes from the orbital rim directly into the nasal cavity
and continues in a cartilaginous form to connect directly with
Jacobson’s chamber (Kaczmarek et al. 2020). The finding that
the nasolacrimal canal of SAM-PK-6536 has an anterior opening
into the nasal cavity (Fig. SA) that lies in close proximity to a
pair of posterior openings into Jacobson’s chamber is congruent
with a VNS configuration. We interpret one of these two open-
ings to have conveyed the distal length of the nasolacrimal duct,
whereas the other is likely to have housed a neurovascular bundle

composed of branches of the maxillary artery and medial eth-
moidal nerve, as in squamates (e.g. Bellairs 1949, Oelrich 1956).
In extant archelosaurs that have reduced or lost vomerolfaction,
the nasolacrimal duct is either absent (Testudines; Rehorek et al.
20003, b) or opens more posteriorly, away from the region that
would, plesiomorphically, have housed a VNO (Archosauria;
Witmer 1995, Cerio and Witmer 2023, Rehorek et al. 2022).

Additional evidence for a VNS in Mesosuchus is derived from
elements of the skull roof. We interpret the deep (internal) con-
cavities of the lacrimal, prefrontal, and frontal as having housed
expanded olfactory and accessory olfactory bulbs of the telen-
cephalon, making them bony signatures of a well-developed
VNS (Figs S, 6). In extant lepidosaurs and, to a lesser degree, tur-
tles, the olfactory bulb is regionalized into a large and ventrally
positioned main olfactory bulb and a smaller accessory olfactory
bulb that usually lies on the dorsal surface of the main olfac-
tory bulb (Armstrong et al. 1953, Lohman and Smeets 1993),
in a pattern congruent with the concavities of the Mesosuchus
skull roof. An obvious groove for the olfactory tract in the
frontals of Mesosuchus is shared with other stem archosaurs (e.g.
Macrocnemus bassanii). In Mesosuchus, this groove widens anteri-
orly to form a deep oval concavity that, in turn, communicates
with an even deeper excavation of the anterolateral portion of
the frontal and the medial surfaces of both the prefrontal and the
lacrimal. Thus, there are impressions of two spatially segregated
lobes in the olfactory region of the endocranial space.

Given the apparent correlation between VNS reduction
and simplification of the anterior palate, including loss of the
septomacxilla, it is possible that VNS tissues and the septomaxilla
share a level of developmental modularity and that the loss of
one constituent results in the loss or simplification of the other.
In addition to Mesosuchus, a septomaxilla is reported in a number
of stem archosaurs, with the phylogenetically earliest example
being the allokotosaur Trilophosaurus buettneri Case, 1928;
however, published descriptions lack morphological detail
(Gregory 1945), and one source claims that it is absent in this
taxon (Parks 1969). Among rhynchosaurs, the septomaxilla is
also known in Teyumbaita sulcognathus (Montefeltro et al. 2010),
Hyperodapedon marienensis Tupi-Caldas, 1933 (Langer and
Schultz 2000), and Hyperodapedon sanjuanensis. Although the
septomaxilla remains a dominant element in the anterior palate
of these rhynchosaurids, it is a flat plate that lacks the structural
complexity of the Mesosuchus element. The plate is robustly su-
tured to the vomer posteriorly and the maxillae laterally. In this
configuration, the element is an integrated component of the
horizontally oriented bony palate and does not circumscribe a
Jacobson’s chamber. Given these features, we hypothesize that
the VNS was reduced or even lost as a derived transformation
within the rhynchosaur radiation and in parallel with that of
other reptile clades.

Pan-archosaurs positioned crownward of rhynchosaurs and
possessing a septomaxilla include Prolacerta broomi and both
Proterosuchus fergusi and Proterosuchus goweri Ezcurra and Butler,
2015 (Ezcurra and Butler 2015, Ezcurra 2016). Morphological
details of this element in these taxa are difficult to discern; the
available CT data for the former lack the necessary resolution
in this region, whereas the preservation of the snout in the
latter two is relatively poor. The majority of other stem archo-
saurs lack reported septomaxillae, which is difficult to interpret
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biologically. The delicate nature of this element inevitably incurs
some measure of taphonomic modification. Adding to this the
combination of its internalized position and the current scarcity
of relevant CT datasets, we conclude that we are dealing with a
highly conserved stem archosaur septomaxilla that is woefully
under-sampled. Nevertheless, the failure of CT data to reveal
septomaxillae in Macrocnemus bassanii, Tanystropheus hydroides
Spiekman et al, 2020 (Spiekman et al. 2020), Tanystropheus
longobardicus Bassani, 1886 (Nosotti 2007), and Euparkeria
capensis should give pause to the presumption that the phylo-
genetically complex distribution of this bone, and the VNS it
supports, lacks biological meaning.

The late Triassic phytosaurs expand the arc of this discussion.
Many phytosaur taxa possess anterior ossifications of the an-
terior snout that may contribute to the nasal septum and have
been named ‘septomaxillae’ (e.g. Datta et al. 2021; Heckert et al.
2021). The problem is that these phytosaur elements are plate-
like structures of the cavity roof rather than the cavity floor (see
Stocker 2010). Such dorsal displacement, although possible,
would also disrupt any spatial or developmental relationship
between the septomaxilla and a VNS as we currently under-
stand it. These phytosaur elements are certainly far removed
from the oral cavity and nasolacrimal duct. It is thus probable
that the phytosaur bones lack an exclusive identity (i.e. are non-
homologous) with the tetrapod septomaxillae (Sereno 1991,
Senter 2002, Stocker 2010, Nesbitt 2011), although both elem-
ents might be the product of a shared, derived propensity for
ossification in the anterior snout. Historically, phytosaurs were
considered an early radiation of stem crocodylians (e.g. Gauthier
1984, Benton and Clark 1988, Brusatte et al. 2010), whereas
more recent work pushes them into a stem position slightly out-
side the crown (e.g. Nesbitt 2011, Sookias et al. 2014, Ezcurra
2016). Regardless of whether their septomaxillae are homolo-
gous to that of Mesosuchus or not, a stem position for phytosaurs
constitutes evidence that any integration between a complex
septomaxilla with a well-developed VNS was lost long before the
origin of the archosaur crown clade.

Combining the phylogenetic distribution of the VNS and its
anatomical components with the persistence of an albeit trun-
cated developmental signature in crown archosaurs suggests
that this system enjoys widespread conservation in terms of its
developmental/molecular foundation, if not in its functional
identity. Such conservation is seemingly amenable to numerous,
parallel acquisitions of the functional, adult phenotype. The
dynamics responsible for maintaining this potential and for
shifting between the suppressed and expressed conditions can
and should be investigated with developmental and genomic
data. Sequences specific to the VNS have yet to receive detailed
study in reptiles, although there is some suggestion that they are
closely tied to the primary olfactory regions of the genome and
are not entirely functionally independent (Sudrez et al. 2012).
These genes evolve at least one order of magnitude more rapidly
than any other protein-coding genes and are highly responsive
to environmental chemical conditions (Yohe et al. 2020). This
increased rate might be responsible, at least in part, for the erratic
patterns of gain and loss of the septomaxilla and, potentially, the
VNS on the archosaur stem lineage.

If Mesosuchus did possess a fully functioning VNS, what con-
clusions might be drawn regarding its behavioural ecology? It
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was shown that a fossorial ecology bears some correlation with
a hypertrophied VNS (Halpern 1987, Cooper 1996). It was also
argued that fossoriality was a relatively common behavioural
strategy in the Permo-Triassic vertebrate communities of the
Karoo sequence and might even have heightened fitness in rela-
tionship to the Permian-Triassic extinction event (Botha 2003,
Smith and Botha 2009, Lyson et al. 2016). It is certainly possible
that Mesosuchus was fossorial to some degree (i.e. we cannot cur-
rently reject that as a hypothesis). Without direct evidence of
burrowing or clear postcranial adaptations for digging, however,
a presumed VNS based on an as-yet-to-be established develop-
mental correlation with the morphology of the primary palate is
hardly convincing. The wide range of behaviours that the VNS
supports among extant squamates complicates any attempt to
establish tight, predictive correlations for behaviour in the fossil
record. This point has broader implications than for interpreting
Mesosuchus. For example, many extant lineages that underwent a
secondary aquatic transition exhibit a reduction of such structures
(Kishida et al. 2007, Korsching 2016, Lu et al. 2016), which could
have implications for the apparent loss of the septomaxilla (and
any associated VNS) in the secondarily aquatic Tanystropheidae
(Sennikov 2011, De Oliveira et al. 2018, Spiekman et al. 2020).
Evidence for the presence of VNOs in sauropterygians (Buchy et
al. 2006, Voeten et al. 2018), mosasaurs (Lingham-Soliar 1995,
Schulp et al. 2005), and in the marine-adapted extant iguanas of
the Galdpagos (Paparella and Caldwell, 2022) implies that this
correlation is not strictly applicable to all lineages.

Homology of elements P

To our knowledge, the paired ossifications of SAM-PK-6536 that
lie directly anterior to the vomers within the primary palate are
unique among reptiles. Their bilateral symmetry, in both shape
and position, make them unlikely to be products of damage, either
to the vomer or to the nearby premaxilla. It is possible that elem-
ents D, as a paired ossification centre, is not unique but that its true
phylogenetic distribution is obscured by a secondary integration
with the vomer. Ossification studies of the amniote vomer indicate
a single, posterior centre that expands rostrally as morphogenesis
unfolds. This pattern includes lineages that retain the vomer as a
paired, adult element (e.g. Ollonen et al. 2018) and those where
paired centres fuse to produce a single midline bone [i.e. mam-
mals (Terry 1909), turtles (Rieppel 1993a), and crocodylians
(Rieppel 1993b)]. It is notable, however, that these studies tend
to examine only late-stage morphogenesis, leaving open the pos-
sibility of more complex dynamics in early ontogeny. Studies
concentrating on pre-ossification mesenchymal patterning in
this region are rare, although two studies reported that both the
septomaxilla and the vomer initiate ossification at multiple con-
densations (Polachowski and Werneburg 2013, Sheverdyukova
2019). Whether such complex patterns of early development char-
acterize the reptile palate outside of snakes is, as yet, unknown. If
such a pattern underlies the morphology of Mesosuchus, elements
P might represent a paired centre that retained its identity through
morphogenesis (thus becoming an individuated bone) rather
than being subsumed with an inclusive vomer.

Antorbital pneumatization

The neurocranial and antorbital (facial) regions of the crown
archosaur are highly pneumatized, supporting the inference
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that the origin(s) of these integrations lie somewhere along
the archosaur stem lineage (Witmer and Ridgley 2009, Dufeau
and Witmer 2015). An argument was made recently that the
neurocranium of rhynchosaurs, including but not exclusive
to Mesosuchus, is pneumatized (Sobral and Miiller 2019). This
neurocranial signature was subsequently extended even deeper
along the archosaur stem to the allokotosaur Trilophosaurus
(Wilson et al. 2022). We add to this scenario an interpretation
that Mesosuchus also possessed antorbital pneumatization as evi-
denced by the highly excavated internal morphology of the max-
illae. These elements contain an extensive system of connected,
bilaterally symmetrical cavities that can be distinguished readily
from the network of air cells comprising adjacent cancellous
bone. The cavities communicate anteriorly with the superior al-
veolar canal and laterally with external foramina. In this anterior
morphology, the Mesosuchus condition is not entirely dissimilar
from that described for the stem reptile Orovenator and for the
crownward stem archosaur Prolacerta broomi, neither of which is
interpreted as pneumatic (Benoit et al. 2021). The distinction of
the Mesosuchus condition is in the degree to which internal cav-
ities fill the maxillae, extending throughout both the posterior
and dorsal processes.

It is difficult when chasing the stem origin of an important
crown feature to be conservative in one’s assessments of hom-
ology, while at the same time resisting the proclivity to impose
a crown-level development as a requirement for identity. This
dialectic was discussed by Wilson et al. (2022) as it applies to
pneumatization, and thus need not be repeated here. We pro-
pose that expanded, paranasal diverticula (Witmer 1995, 1997)
were in place along the archosaur stem prior to the divergence of
rhynchosaurs. The initial invasion of these respiratory epithelia
into the facial skeleton was restricted to the maxilla, which they

entered through pre-existing neurovascular channels associated
with the superior alveolar canal and maxillary nerve (V2). If the
anatomy is correctly interpreted, then the absence of antorbital
pneumatization in Prolacerta broomi constitutes an acceler-
ated versus delayed transformation (ACCTRAN-DELTRAN)
problem (Maddison 1994), where either the antorbital pneuma-
ticity of Mesosuchus and later pan-archosaurs evolved in parallel
and thus lacks secondary homology, or the apneumatic nature
of Prolacerta broomi is a reversal. Future sampling should resolve
this ambiguity, although it is possible that the early history of
this complex involved a conservation of paranasal sinuses whose
varying levels of relative expansion produced an even more in-
congruous pattern of bony invasions than currently appreciated.

Implications for rhynchosaurian dental evolution

Rhynchosaurs exhibit a derived form of tooth development
and implantation that differs from other stem archosaur clades.
Unlike the plesiomorphic amniote implantation, wherein teeth
are attached to the jaw bones via either periodontal ligaments
(gomphosis) or ossified connective tissue (ankylosis) (Bertin
et al. 2018), rhynchosaurs exhibit ‘ankylothecodont’ implant-
ation, which is characterized by the lack of a defined boundary
between tooth base and alveolar bone (Chatterjee 1974,
Benton 1984, Sethapanichsakul et al. 2023b). Early-diverging
thynchosaurs, such as Howesia, exhibit multiple tooth rows
situated on maxillary and dentary tooth plates. In more deeply
nested rhynchosaurs, such as Rhynchosaurus, the number of
tooth rows is decreased. More deeply nested forms, such as
Hyperodapedon, are effectively edentulous, instead adopting a
shear-like bony blade-and-groove mechanism between the max-
illa and dentary. As the most basally diverging rhynchosaur with
known cranial material, Mesosuchus bears a high potential for

Figure 15. Computed tomography slices of the maxillary and dentary tooth rows of SAM-PK-6536, Mesosuchus browni, showing intermedate
condition of tooth implantation and arrangement. A, sagittal section of left maxilla; B, transverse section of right maxilla; C, transverse section
of right dentary. Dashed yellow line indicates region of seperation between tooth base and alveolar bone of the maxilla.
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informing the earliest transformations in rhynchosaur dentition
relative to the plesiomorphic amniote states that are conserved
among early pan-archosaurs.

Although the maxillary and dentary teeth of Mesosuchus are
deeply implanted into the bone of the tooth row, there is a narrow
area of separation between the basal surface of each tooth and
the bone. These observations are congruent with those of Dilkes
(1998) and confirm that Mesosuchus thus does not possess ‘true’
ankylothecodonty (Fig. 15A). Dilkes does, however, admit that
the typical characteristics of thecodonty also fail to describe
the Mesosuchus condition adequately. Our interpretation is that
Mesosuchus exhibits an intermediate morphology between the
plesiomorphic thecodont condition of non-rhynchosaurian
stem archosaurs and the fully ankylothecodont condition ob-
served in more deeply nested rhynchosaurs.

Our CT data reveal no evidence of a replacement dentition
in either the maxilla or the dentary of SAM-PK-6536 (Fig. 15),
supporting loss of tooth replacement as a potential synapo-
morphy of Rhynchosauria.

As suggested by previous authors (Malan 1963, Dilkes 1998),
the maxillary tooth row of SAM-PK-6536 exhibits a zig-zag ar-
rangement, perhaps indicative of two tooth rows. Our CT data
show that the six anterior teeth are arranged in a single line but
begin to split posteriorly into two rows for the remainder of
the jaw (Fig. 15B). As in the mode of tooth implantation, what
we might be observing here is a transitional state between the
plesiomorphic single maxillary tooth row of non-rhynchosaurian
stem archosaurs and the multiple tooth rows observed in more
derived rhynchosaurs. The dentary in SAM-PK-6536 bears
a single line of teeth, reflecting the plesiomorphic condition
amongst stem archosaurs (Fig. 15C).

CONCLUSION

Our description of SAM-PK-6536 using computed tomography
data adds to the rapidly growing body of early stem archosaur
literature. Details of the bones of the rostrum, hard palate, and
mandible are now described and figured in detail. Our re-scoring
of phylogenetic characters in this taxon provides the most
up-to-date and complete matrix for workers interested in recon-
structing the relationships of early stem archosaurs. Most im-
portantly, the three-dimensional models and figures produced
for this work will be available as a reservoir of phylogenetic
characters for use in future analyses and for those interested in
building entirely new character matrices. Our interpretation of
the anterior palatal anatomy of SAM-PK-6536 raises questions
regarding the distribution of the vomeronasal system within the
reptile crown and reveals the general lack of understanding re-
garding the anatomy of the septomaxilla in known stem archo-
saur specimens. Crucially, an improved understanding of the
developmental relationships between the vomeronasal organ
and the bones of the anterior palate in extant reptiles will either
confirm or disprove our proposed hypothesis that the morph-
ology of the septomaxilla is a correlate for the presence of a
vomeronasal organ in fossil taxa.

SUPPLEMENTARY DATA

Supplementary data is available at Zoological Journal of the
Linnean Society online.
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