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Abstract

The study of the connection between the teeth and the jaw is important for under-
standing the palaeobiology of vertebrates, but inconsistent terminology and incom-
plete sampling have made it difficult to assess the evolutionary significance of some 
of the related characters. Among archosauromorphs, tooth attachment in dinosaurs 
and crocodylians is nearly identical to that of mammals in featuring a ligamentous 
connection (gomphosis), whereas closely related forms appear to have teeth fused to 
the jaws (ankylosis), as in most other amniotes. Hence, studying tooth attachment of 
stem-archosaurs is pivotal to characterize the main shifts in tooth attachment seen 
in the lineage. Here, we analyze the tooth attachment of rhynchosaurs — a group of 
quadrupedal herbivorous archosauromorphs that played a key role as primary con-
sumers in many Triassic communities. Their dentition consists of multiple rows of 
marginal teeth with posterolingual addition of teeth during growth, but their tooth 
attachment has not been documented in a modern context. Histological data from 
three rhynchosaur specimens from the Middle Triassic Manda Beds of Tanzania show 
that, although ankylosed, rhynchosaur teeth are surrounded by an extensive network 
of Sharpey’s fibers, layers of cementum, and well-defined zones of alveolar bone. 
What has been previously described as “spongy bone of attachment” in fact encom-
passes the same attachment tissues present in mammals, dinosaurs, and crocodylians, 
albeit completely mineralized in mature teeth. Analysis of different stages of tooth 
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1  |  INTRODUC TION

The study of tooth attachment and implantation has yielded valu-
able insights into the palaeobiology of vertebrates. Whereas the 
term “tooth implantation” categorizes teeth by their spatial relation 
to the jaws, “tooth attachment” distinguishes teeth that are fused to 
the bone (ankylosis) from those suspended by a periodontal ligament 
(gomphosis). In the latter case, the presence of periodontal ligaments 
(a network of collagen fibers) has multiple functions, such as provid-
ing a flexible attachment for the tooth in the bony socket, which 
facilitates post-eruptive tooth movement, and also acts as a sensory 
system to help in proper positioning of the jaws during mastication 
(Nanci,  2013). However, the evolutionary significance of tooth at-
tachment has been difficult to assess due to historical conflation 
with tooth implantation terminology (Mestriner et al., 2025), result-
ing in misinterpretations of the reptilian attachment tissues (some-
times called “bone of attachment”) and their homology with those 
of mammals: root cementum, periodontal ligament, and alveolar 
bone (Caldwell, 2007; Caldwell et al., 2003; LeBlanc, 2023; LeBlanc 
et al., 2017, 2018, 2020; Maxwell, Caldwell, & Lamoureux, 2011a, 
2011c; Maxwell, Caldwell, Lamoureux, & Budney, 2011; Mestriner 
et al., 2022; Palci et al., 2021).

Tooth attachment in dinosaurs and crocodylians is nearly identi-
cal to that of mammals (LeBlanc et al., 2017), but stem-archosaurs ap-
pear to have ankylosed teeth (Mestriner et al., 2022), similar to most 
other amniotes (LeBlanc & Reisz, 2013). This casts doubt on a single 
origin of the gomphosis within Archosauria. Even though the three 
attachment tissues (cementum, periodontal ligament, and alveolar 
bone) are homologous in archosaurs regardless of tooth attachment 
mode (LeBlanc et  al.,  2017; Mestriner et  al.,  2022), it is uncertain 
when and how the ancestral ankylosed condition transformed into 
the persistent complex of periodontal ligaments found in dinosaurs 
and crocodylians (Mestriner et al., 2022). Hence, studying tooth at-
tachment of stem-archosaurs (non-archosaurian archosauromorphs) 
is pivotal to identify the main shifts in tooth attachment seen in the 
lineage, and to understand the mechanisms through which tooth at-
tachment changed across Archosauromorpha. Here, we analyze tooth 
attachment in rhynchosaurs (Stenaulorhynchus stockleyi), a group of 

quadrupedal herbivorous archosauromorphs  that played a key role 
as primary consumers in many Triassic ecosystems. The group was 
first recorded shortly after the Permo-Triassic mass extinction in the 
Early Triassic of South Africa (Ezcurra et al., 2014), diversified during 
the Middle Triassic, and became nearly cosmopolitan during the Late 
Triassic, with records in present-day South and North America, con-
tinental Africa, Madagascar, India, and Europe (Benton, 1984; Butler 
et  al.,  2015; Chatterjee,  1974; Dilkes,  1998; Ezcurra et  al.,  2020; 

Fitch et al., 2023; Langer et al., 2000, 2010; Montefeltro et al., 2013; 

Mukherjee & Ray,  2014; Nesbitt & Whatley,  2004; Schultz 
et al., 2016; Sues et al., 2020). Rhynchosaurs could reach up to two 
meters in length, with a body plan described as “pig-like” (Ezcurra 
et al., 2020). Their skulls have beak-like structures at the front of both 
upper and lower jaws, accompanied by a complex grinding dentition 
formed by multiple rows of marginal teeth (Butler et al., 2015; Ezcurra 
et al., 2020). The back of the skull is very expanded, especially in Late 
Triassic forms, which indicates the presence of enlarged jaw muscles 
and a strong bite (Ezcurra et al., 2020).

The multiple tooth rows of rhynchosaurs are a unique fea-
ture among stem-archosaurs and are relatively rare in amni-
otes (e.g., captorhinids — de Ricqlès & Bolt,  1983; LeBlanc & 
Reisz, 2015). This provides a unique perspective on dental tissue 
formation and maintenance in a group of archosauromorphs that 
did not continuously replace their teeth but instead added new 
teeth at the back of the jaw, allowing individual teeth to remain 
in place for an extended period (Benton,  1984; Cabreira,  2004; 

Chatterjee, 1974; Sethapanichsakul et al., 2023). Furthermore, the 
rhynchosaur dentition has been described as “ankylothecodont” 
(see Mestriner et al. 2025 for a critical discussion of this terminol-
ogy), which means that their teeth were implanted in deep sock-
ets within the jaw, but contrary to conventional thecodonts (such 
as crocodylians, dinosaurs, and mammals), they were supposedly 
not held in place by a complex ligament-based tooth attachment 
system (LeBlanc et  al.,  2017; LeBlanc et  al.,  2018). Instead, they 
were fused, or ankylosed, directly to the bone, as in many early 
amniotes (LeBlanc & Reisz, 2013; MacDougall et al., 2014; Maxwell, 
Caldwell, Lamoureux, & Budney,  2011), some early synapsids 
(LeBlanc et  al.,  2018), and some early dinosauriforms (Mestriner 

development shows that ankylosis occurs by the growth of alveolar bone towards the 
cellular cementum, which eventually mineralizes the soft ligament. This suggests that 
the tissues conflated as “bone of attachment”—alveolar bone, periodontal ligament, 
and cellular cementum—are homologous across Archosauromorpha. Our data add to 
a growing body of evidence that heterochronic changes to the timing and extents 
of mineralization, not convergent evolution to mammal-like attachment tissues, led 
to the independent evolution of gomphosis across many amniote lineages, including 
archosauromorphs.

K E Y W O R D S

alveolar bone, ankylosis, Ankylothecodont, dental histology, heterochrony, tooth attachment
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    |  3MESTRINER et al.

et al., 2022). However, recent investigations of the tooth attach-
ment of many extinct amniotes have demonstrated the presence 
of mammal-like periodontal tissues (alveolar bone, cellular cemen-
tum, and periodontal ligament; LeBlanc et  al.,  2018; Mestriner 
et  al.,  2022) even when teeth are ankylosed to the jaws. These 
studies have posited that differences between ankylosis and the 
mammal gomphosis are not due to differences in tooth attachment 
tissues types, but due to heterochronic shifts in the timing of min-
eralization of homologous periodontal tissues (LeBlanc et al., 2018; 

Mestriner et al., 2022). This means that, even when teeth are fully 
fused to the jaws, histological analyses should reveal the presence 
of cementum, alveolar bone, and a mineralized periodontal liga-
ment, rather than a single “bone of attachment” tissue.

The tissues responsible for ankylosing rhynchosaur teeth are still 
debated (Sethapanichsakul et al., 2023). In the literature, their an-
kylosis has been associated with a so-called “bone of attachment” 
(Benton,  1984; Cabreira,  2004; Chatterjee,  1974), an organization 

that would differ from the tissues that we now know are responsi-
ble for fusing the teeth to the jaws in other “ankylothecodont” ar-
chosaurs, such as silesaurids (Mestriner et al., 2022). The specimens 
analyzed here are referred to Stenaulorhynchus stockleyi, the only 
rhynchosaur currently recorded in the Middle Triassic Manda Beds 
of Tanzania. This species is characterized by a maxilla with three 
tooth rows and lingual teeth, and a dentary bearing two longitudi-
nal rows and lingual teeth. Furthermore, we conducted a detailed 
histological analysis of this species in order to assess rhynchosaur 
ankylothecodonty in the broader evolutionary context of dental tis-
sue evolution across Archosauromorpha.

2  |  METHODS

Three specimens of Stenaulorhynchus stockleyi (rhynchosaur) were 
thin-sectioned at the ROM (Royal Ontario Museum, Toronto, 

F I G U R E  1  Right maxilla of Stenaulorhynchus stockleyi (NMT RB95). (a) Ventral view of the specimen before thin sectioning, showing tooth 
rows position. (b) Transversal thin section of the tooth rows, detailing tooth position. (c) Close-up view with details of tooth attachment, 
showing the alveolar bone contacting the cellular cementum. (d, e) Details of the connection between alveolar bone and jawbone. (f) Details 
of teeth from two different rows contacting each other. ab, alveolar bone; ac, acellular cementum; cc, cellular cementum; de, dentine; jb, 
jawbone; lagap, labial gap; ligap, lingual gap; La, labial; Li, lingual; lagr, labial groove; ligr, lingual groove; tcelir, tooth crown extra lingual row; 
tclar, tooth crown labial row; tclir, tooth crown lingual row; tcmr, tooth crown middle row; tr, tooth roots. Black arrows indicate anterior 
direction. Blue arrows, dark areas show accumulations of osteocytes; Yellow arrows, lamellar bone along the vascular channel walls.
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4  |    MESTRINER et al.

Canada) Palaeohistology Laboratory. All paleohistological sec-
tions followed the standard procedures employed for sectioning 
fossil material according to LeBlanc et al. (2018). In order to retain 
the original shape of the specimens, CT scans, molds, and casts 
were obtained before thin sectioning. CT scan resolution and 
contrast were not sufficient to resolve histological data and were, 
therefore, not incorporated into this study. The specimens were 
individually embedded in polyester resin within a plastic container. 
Resin hardener was added at a ratio of 9 mL per 18 mL of polyester 
resin. The samples were then placed under vacuum for approxi-
mately 5 min to remove air bubbles and allowed to cure for 24 h. 
Once set, the specimens were sectioned using a Buehler Isomet 
1000 water blade saw operating at a speed of 200–300 rpm. The 
cut surfaces were ground and polished with 600- and 1,000-grit 
silicon carbide powder in suspension on a glass plate. They were 
subsequently mounted onto frosted plexiglass slides using Scotch-
Weld SF-100 cyanoacrylate glue. After mounting the specimens to 
the slides, thick sections approximately 0.7 mm in thickness were 
trimmed using the Isomet 1000 saw. These sections were further 
thinned and smoothed using a Hillquist grinding machine, with 
regular microscopic inspection to monitor progress. Final grind-
ing was done manually on a glass plate with 600- and 1,000-grit 
silicon carbide powder until the sections reached near-optical clar-
ity. The specimens were polished to completion using 1-μm alu-
minum oxide powder and a soft cloth. Thin section images were 
captured using a fully automated Nikon AZ100 microscope system 
and an E200 polarizing petrographic microscope. Image acquisi-
tion was performed using Nikon NIS Elements imaging software. 
The original slides and remaining embedded specimens are tem-
porarily available at Virginia Tech University (NMT RB1627 and 
NMT RB1628) and the Burke Museum (NMTRB 95), but will be 
permanently reposited at the National Museum of Tanzania in Dar 
es Salaam (Sidor & Nesbitt, 2018).

3  |  MATERIAL

NMTRB95 (Figure S1) is a right maxilla missing the rostral and cau-
dal portions, but the tooth tissues are well-preserved (Figures 1–3). 
The teeth are conical, with the enamel caps missing. There are three 
main longitudinal tooth rows, separated by grooves and forming an 
elongated occlusal surface. An extra row is present on the lingual 
side, close to the most lingual of the main rows, whereas additional 
teeth are scattered along the lingual surface. Tooth size increases 
caudally, and the number of teeth varies between rows (Figure 1a). 
From labial to lingual, the rows include 13, 12, 10, and 8 teeth. Some 
areas exhibit extensive tooth wear, with teeth appearing completely 
worn down rather than broken away post-mortem.

NMT RB1627 (Figure S2) is a right maxilla missing its rostral por-
tion, with several cracked and crushed teeth preserved (Figure 4). 
The teeth are conical, with enamel caps mostly lost. There are 
three main tooth rows, separated by longitudinal grooves, forming 

an elongated occlusal surface. An additional row of teeth is pres-
ent lingually, misaligned with the main rows (Figure 4a), and tooth 
size decreases rostrally (Figure 4a). The lingual row contains seven 
crowns, whereas the middle row has nine, and the labial row has 
approximately thirteen. All rows display evidence of wear, with most 
preserved tooth crowns being abraded.

NMT RB1628 (Figure S3) is a left dentary missing its rostral and 
caudal portions, but the teeth are well-preserved (Figures  5–11). 
Two main tooth rows dominate the lingual side of the jaw, and a third 
row, with fewer teeth, is positioned more ventrolingually (Figures 5 

and 6). Labially, a fourth longitudinal row of smaller teeth is present 
(Figures 5a,b and 6). The crowns of this labial row are entirely worn-
out, leaving only their cross sections — most of which are ovoid, 
with the long axes oriented labiolingually — on the jaw surface, 
where the roots are still preserved. In the more lingual rows, the 

F I G U R E  2  Histology of the right maxilla of Stenaulorhynchus 

stockleyi (NMT RB95). Dental tissues in coronal section at root 
level. Dorsal is toward the top of the page. (a) Tooth attachment 
details showing contact between alveolar bone and cellular 
cementum (mineralized periodontal space/ankylosis). (b) Panel (a) 
viewed under cross-polarized light, showing Sharpey’s fibers across 
the alveolar bone and cementum layers. Asterisks highlight where 
the cellular cementum and alveolar bone are in contact. ab, alveolar 
bone; ac, acellular cementum; cc, cellular cementum; de, dentine; 
vs, vessel space. Pink arrows, Sharpey’s fibers.
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    |  5MESTRINER et al.

rostral teeth are conical and lack enamel, whereas the caudal ones 
are triangular (“pencil-shaped” sensu Sethapanichsakul et al., 2023) 
and less worn, retaining their enamel caps. In the first of the two 
main lingual rows, ten tooth roots are visible in thin sections, but 
only nine crowns are exposed. The second main row bears eight 
roots (Figure 6b), but only seven crowns are exposed, whereas the 
extra row has only four teeth (Figure 5a1). Some tooth roots show 
a golden outline around the dentine, which corresponds to enamel 
(Figures 5d,e and 6). Tooth size increases progressively from the ros-
tral to the caudal regions in all rows (Figures 5 and 6).

4  |  RESULTS

Rhynchosaur teeth are deeply implanted within the jaws (Figure 3) 
and possess low, usually heavily worn crowns (Figures  1a, 4a and 

5a). The caudal portions of the dentary and maxilla are labiolingually 

wider and exhibit more tooth rows (Figures 1a, 4a and 5a). We found 
evidence of partial tooth resorption between several neighboring 
teeth (Figures 4b, 5d, and e); however, we did not observe the one-
for-one tooth replacement mode that is typical of polyphyodont am-
niotes (Edmund, 1960; Fong et al., 2016; LeBlanc et al., 2017). New 
teeth partially resorbed the attachment tissues and dentine of adja-
cent teeth, but this did not lead to shedding of older teeth. Instead, 
new teeth seem to have been constantly added to tooth rows, 
similar to Palaeozoic captorhinid reptiles (de Ricqlès & Bolt, 1983; 

LeBlanc & Reisz, 2015) and some multiple tooth-rowed therapsids 
(Olroyd et al., 2021). In the absence of tooth shedding, the crowns 
were worn down flush with the surrounding bone (leaving only a 
flat trace on the surface; Figure 5a2), and the roots of the teeth re-
mained intact (Figure 5b).

The dentine is composed of long tubules radiating from the pulp 
cavity towards the external surface. Successive incremental growth 
lines perpendicular to the tubules are visible in some of the best 

F I G U R E  3  Histology of the right maxilla of Stenaulorhynchus stockleyi (NMT RB95). Dental tissues in coronal section. (a) General view of 
three tooth rows and maxillary jawbone. (b) Higher magnification view of the tooth roots in each row. (c, d) Tooth attachment details of an 
emplacement tooth in the lingual row — in the process of being emplaced, showing the alveolar bone contacting the cellular cementum. (e) 
Tooth attachment details of the tooth positioned in the labial row, rotated 90 degrees clockwise for comparisons with the others. Asterisks 
highlight contacts between cellular cementum and alveolar bone. ab, alveolar bone; ac, acellular cementum; cc, cellular cementum; de, 
dentine; ep, emplacement pit; et, emplacement tooth; jb, jawbone; La, labial; Li, lingual; ot, old tooth; pd, plicidentine; vs, vessel space.
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6  |    MESTRINER et al.

preserved teeth (Figures 5e and 7a). These lines have a wave-like 
pattern that mirrors the external dentine contour in transverse 
(horizontal) sections (Figure  5e). In some teeth, the dentine has 
localized infoldings that we interpret as shallow dentine folds, i.e., 
plicidentine (Figures  3e, 5e, 8 and 9; Kearney & Rieppel,  2006; 

Maxwell, Caldwell, Lamoureux, & Budney, 2011; Maxwell, Caldwell, 
& Lamoureux,  2011c; Brink et  al.,  2014; MacDougall et  al.,  2014; 

Palci et  al.,  2021). Unlike the deep and radial plicidentine infold-
ings seen in fishes (Viviani et  al.,  2022), early amniotes (Maxwell, 
Caldwell, & Lamoureux,  2011c), varanids and venomous snakes 
(Palci et  al.,  2021), plicidentine in rhynchosaurs forms shallow in-
foldings along the periphery of the tooth roots (Figures 3e, 5e and 

8d). Additionally, we observed that these dentine infoldings are con-
sistently found at different levels in the transverse sections, indicat-
ing that they extended from the tooth base almost to the crown, but 
were very subtle near the crown (Figure 5d,e). The pulp cavity itself 
varies in shape and size, ranging from small, nearly enclosed ovoid 
or circular cavities (Figures 4c, 5e, and 6) to larger, rounded cavities 

(Figure  6). Globular dentine separates the orthodentine from the 
root cementum (Figures  7 and 11b), forming the granular layer of 
Tomes (Nanci,  2013), a feature also observed in neotheropod di-
nosaurs (Fong et al., 2016) and silesaurids (Mestriner et al., 2022). 
Externally, a thin (~13.40 μm) layer of acellular cementum lies adja-
cent to the globular dentine. This layer is distinct from the overly-
ing cellular cementum due to its lighter color (Figures 1c, 2a, 3c,d). 
Cellular cementum, which is thicker (~96 μm), bears abundant ce-
mentocyte spaces within a disorganized matrix that is distinct from 
the surrounding bone under cross-polarized light (Figure  7b), re-
sembling that found in other archosaurs (Fong et al., 2016; LeBlanc 
et al., 2017; Mestriner et al., 2022). Cellular cementum in rhyncho-
saurs can be vascularized (Figure 2) or avascular (Figures 3, 8 and 

9). Sharpey’s fibers perforate the cellular cementum and extend cir-
cumferentially into the alveolar bone (Figures 2b and 7b). The inter-
face between cellular cementum and alveolar bone often appears 
darker under white light compared with surrounding tissues, owing 
to a higher density of Sharpey's fibers (Figure 1c,d).

F I G U R E  4  Right maxilla of Stenaulorhynchus stockleyi (NMT RB1627). (a) Ventral view of the specimen before thin sectioning, showing 
tooth rows positions. (b) General transverse view of the dental tissues at root level. (c) Approximate view showing tooth attachment details. 
ab, alveolar bone; cc, cellular cementum; de, dentine; dr, dentine remnant; La, labial; Li, lingual; lagr, labial groove; ligr, lingual groove; pu, 
pulp cavity; tclar, tooth crown labial row; tclir, tooth crown lingual row; tcmr, tooth crown middle row; vs, vessel space. Black arrow indicates 
anterior direction.

 14697580, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/joa.70037 by U

niversity O
f Sao Paulo - B

razil, W
iley O

nline L
ibrary on [28/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  7MESTRINER et al.

The alveoli are composed of a thick (~850 μm in some regions) 
layer of a highly vascularized woven fiber alveolar bone (Figures 1–

11), with simple oval vascular channels (Figures 7–8), typical of early 
vertebrates (Caldwell et  al.,  2003; Peyer,  1968), including archo-
saurs (Fong et al., 2016; LeBlanc et al., 2017; Mestriner et al., 2022). 
However, as rhynchosaur teeth mature, and given the absence of 
replacement events, lamellar bone starts to be added along the vas-
cular channel walls, forming primary osteons around the root (yel-
low arrows in Figures 1c, 9, and 11c), which resemble the lamellar 
structure forming mammal tooth sockets (LeBlanc et al., 2018). In 
rhynchosaurs, these vascular channels lie external to the contact 
with the cellular cementum, as in early dinosauriforms (Mestriner 
et al., 2022). The teeth are ankylosed, with full contact between the 
alveolar bone and the cellular cementum (Figures 1–3 and 7–9). The 
region between adjacent teeth predominantly consists of jawbone 
(Figures 8 and 9). This contrasts with the alveolar bone-dominated 
“interdental bone” of crocodylians and dinosauriforms, including 
dinosaurs (Fong et al., 2016; LeBlanc, 2023; LeBlanc et al., 2018; 

Mestriner et  al.,  2022). However, it is worth mentioning that in 
NMT 1628, the middle row of teeth in the caudal region has a larger 
area of alveolar bone with a clearly defined circular boundary, 
where only a small amount of jawbone is wedged in between tooth 
positions (Figure 6). The jawbone in rhynchosaurs is parallel-fibered 
and more extensive than alveolar bone (Figure  6). The vascular 
channels in the jawbone differ from those of alveolar bone in being 
mesiodistally elongated and labiolingually narrow in transverse 
views (Figures 5d,e, 6 and 8). In coronal view, the vascular spaces 
appear rounded and organized in dorsoventral bands (Figures 3 and 

10–11). The region between adjacent teeth exhibits dark bands of 
accumulated osteocytes, visible in both transverse (Figure  6, and 
green arrows in Figure 9) and coronal views (Figure 3). In coronal 
sections, these bands are dorsoventrally aligned and situated be-
tween the vascular bands (e.g., Figure 3c). Transversally, dark bands 
are also present in regions where the jawbone contacts the alveolar 
bone, marked by a reversal line outlining each tooth (Figures 1d–f 
and 9). This line delineates the boundary between the jawbone and 

F I G U R E  5  Left dentary of Stenaulorhynchus stockleyi (NMT RB1628). (a1) Dorsal view of the specimen before thin sectioning, showing 
tooth row positions. (a2) Close-up of the labial tooth row showing impressions of teeth (remnants of dentine) that have worn out their 
crown. (b) Transverse (horizontal) section showing a row of teeth at root level that also had their crowns worn out at the surface, similar to 
panel (a2). (c) General view of the dental tissues in transverse (horizontal) section at root level. (d, e) Higher magnification views showing the 
contact between some of the teeth shown in panel (c) and additional details of tooth attachment. ab, alveolar bone; de, dentine; dr, dentine 
remnant; en, enamel; jb, jawbone; La, labial; Li, lingual; pd, plicidentine; pu, pulp cavity; tc, tooth crown; vs, vessel space. Note that “c”, “d” 
and “e” are reversed in order to align to “a”. Black arrow indicates the anterior direction.
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8  |    MESTRINER et al.

the alveolar bone (LeBlanc et al., 2017), with evidence of remodel-
ing activity at the distal ends (closer to the jawbone) of the alveolar 
bone. Additionally, osteocyte-dense dark spots are observed in the 
alveolar bone of some teeth (blue arrows in Figure 1c).

In a coronal section of NMT RB1628, we observed two relict, 
non-functional partial teeth buried in the dentary at a deeper level 
(Figures  10 and 11), which probably occurred as a result of bone 
growth. Ventral to these teeth, there is a thick perpendicular tissue 
band (~100 μm) with parallel-fibered bone matrix and osteocyte lacu-
nae dorsoventrally aligned into layers (red arrows in Figure 10). This 
band extends dorsally from the ventral portion of the dentary (ven-
trally) to near the base of those teeth at the top. This structure appears 
to represent a growth line, indicating the direction in which bone tissue 
of the dentary was added. Additionally, the more labial tooth exhibits a 
peculiar morphology, where instead of the expected conical shape for 
a tooth in this orientation (e.g., Figure 3), it has an ovoid shape, resem-
bling the morphology of teeth in dorsoventral view.

5  |  DISCUSSION

5.1  |  Ankylothecodonty in rhynchosaurs

The “ankylothecodonty” of rhynchosaurs was first interpreted as 
teeth being firmly ankylosed by a spongy-like “bone of attachment” 
surrounding the socketed portion of each tooth (Chatterjee, 1974). 

Subsequent studies also failed to identify mammal-like tooth attach-
ment tissues in the group and, as a consequence, “bone of attach-
ment” became the standard term to describe the tissue responsible 
for fusing the teeth to the jaws (Benton, 1984; Cabreira, 2004). This 
echoes the historical assumption that across non-mammalian, non-
crocodylian amniotes, teeth are typically fused in place via a homo-
geneous “bone of attachment” tissue (Peyer, 1968; Tomes, 1882).

Recent analyses using CT scan data challenged the presence of 
“bone of attachment” in rhynchosaur (Sethapanichsakul et al., 2023), 
but found no evidence of ankylosis mediated by alveolar bone, per-
sistent sockets, or gomphosis via a periodontal ligament. Although 
no trace was found, that study did not rule out the possible pres-
ence of alveolar bone during the initial stages of implantation, par-
ticularly where presumable resorption pits occurred on the bone 
surface (Sethapanichsakul et al., 2023). Our histological data reveal 
that rhynchosaur teeth do indeed bear mammal-like attachment tis-
sues—acellular and cellular cementum, and alveolar bone (Figures 2, 
4, and 7–9)—which are now generally considered plesiomorphic 
for Amniota (LeBlanc & Reisz,  2013; Fong et  al.,  2016; LeBlanc 
et al., 2017, LeBlanc, 2023; Mestriner et al., 2022, 2025). Moreover, 
we interpret the presence of a periodontal ligament (PDL) based on 
the occurrence of radiating Sharpey’s fibers around fully ankylosed 
teeth (Figures 2b and 7b). These represent the insertion points of a 
formerly soft collagen fiber bundle system (the unmineralized PDL) 
that eventually becomes completely mineralized through growth of 
alveolar bone and cementum.

F I G U R E  6  Histology of the left dentary of Stenaulorhynchus stockleyi (NMT RB1628). General view of dental tissues in two different 
transverse sections at the level of the tooth roots, showing three tooth rows. (a) Section closer to the tooth crown. (b) Section closer to the 
apex of the tooth root. Note that “Figure 5c” corresponds to a section that is more ventral than the one shown in “Figure 6b”. ab, alveolar 
bone; cc, cellular cementum; de, dentine; en, enamel; jb, jawbone; La, labial; Li, lingual; pu, pulp cavity; vs, vessel space. Black arrow indicates 
the anterior direction.
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    |  9MESTRINER et al.

We also show that the rhynchosaur periodontium comprises per-
sistent tooth sockets formed by highly vascularized alveolar bone 
with a woven fiber matrix (Figures 3, 7 and 8). However, unlike in 
crocodylians, dinosaurs, and mammals, their teeth were not placed 
within a dental groove but housed within discrete emplacement pits 
within the pre-existing jawbone (Figure 3) (LeBlanc et al., 2017, 2018; 

Mestriner et al., 2022). For this to occur, osteoclasts would have to 
resorb a small portion of the jawbone in order to accommodate a 
developing tooth at the end of a row. These new emplacement teeth 
would be suspended within this pit by soft tissues, which would then 
quickly mineralize. Figure  3 shows this process occurring, with a 
tooth being emplaced in the jaw as the newest alveolar bone begins 
to develop, and just barely contacts the cellular cementum coating 
the tooth root (Figure  3c,d). Underneath the tooth, the resorbed 
area (emplacement pit — Figure 3c) represents the farthest extent of 
jawbone resorption to accommodate this new tooth. The connection 
between cellular cementum and alveolar bone is weak (Figure 3d) 

when compared to older and already emplaced teeth (e.g., Figures 7, 
8, and 9), but the presence of ankylosis already in this initial stage 
indicates a relatively quick mineralization of the periodontal lig-
aments. Emplacement pits can also be observed externally in the 
lingual side of the rhynchosaur specimens (“ep” in Figures S1, S2), 
and their presence and positions confirm that, as for most amniotes, 
their teeth have an extraosseous origin and the odontogenetic organ 
(dental lamina) is positioned near the jaw surface (Edmund,  1960; 

Fong et al., 2016; Wu et al., 2013) rather than being disconnected 
from the surface and buried deep in the jaw, as in extant crocodyl-
ians (Fong et al., 2016; LeBlanc et al., 2017; Martin & Stewart, 1999). 
This condition is reminiscent of tooth emplacement and attachment 
in another reptile group with multiple tooth rows, the captorhinids 
(LeBlanc & Reisz, 2015).

The large amount of jawbone found between adjacent rhyncho-
saur teeth (Figures 3b, 6, 8, and 9) contrasts with the condition ob-
served in archosaurs (Fong et al., 2016; LeBlanc et al., 2018; Mestriner 
et al., 2022), where it is mostly composed of alveolar bone, i.e., “in-
terdental bone” (LeBlanc et  al., 2023). The presence of abundant 
jawbone between successive generations of teeth in rhynchosaurs 
may be related to the prolonged interval between the formation of 
new teeth. This inference of a prolonged interval is predicated on the 
jaw first growing significantly caudally before a new tooth is added 
at the back, unlike in other taxa, such as captorhinids, where suc-
cessive teeth are tightly packed together (de Ricqlès & Bolt, 1983; 

LeBlanc & Reisz, 2015). However, it could also relate to the lack of 
tooth replacement, which means that there are fewer generations of 
jawbone resorption and alveolar bone formation at each tooth posi-
tion than there would be in a polyphyodont animal.

The ankylosed condition of the rhynchosaur tooth roots is 
clear: they are coated with both acellular and cellular cementum 
layers, with the latter completely contacting the alveolar bone 
around the root, leaving no intervening space (Figures  2–4 and 

7–9). Although we did not directly observe gomphosis in our sam-
ple, Sharpey’s fibers anchoring the cellular cementum and alveolar 
bone layers (Figures  2b and 7b) confirm the presence of a peri-
odontal ligament prior to ankylosis; Sharpey’s fibers would not be 
able to form within solid bone and would require an initial fibrous 
connection between tooth and bone. The lack of teeth preserved 
in the gomphosis stage in any of the rhynchosaur specimens we 
sampled may be the result of either a faster or earlier onset of an-
kylosis. As in some early synapsids (LeBlanc et al., 2018), the lig-
amentous phase of tooth attachment would have been brief, and 
the periodontal ligament would soon become enclosed by the 
centripetal growth of alveolar bone toward the cellular cementum. 
We interpret ankylosis as resulting from the centripetal growth 
of alveolar bone toward the cementum, rather than the reverse, 
as seen in mosasaurs (Caldwell et al., 2003), because the alveolar 
bone is thicker and more abundant than cellular cementum, even 
in newly ankylosed teeth: as shown in Figure  3d, the cementum 
is very thin, whereas the surrounding vascularized tissue appears 
to consist entirely of alveolar bone—similar to what is observed 
in silesaurids (Mestriner et  al.,  2022) and some early-diverging 

F I G U R E  7  Histology of the left dentary of Stenaulorhynchus 

stockleyi (NMT RB1628). Dental tissues in transverse section at 
root level. (a) Tooth attachment details showing contact between 
alveolar bone and cellular cementum (mineralized periodontal 
space/ankylosis). (b) Panel (a) viewed under cross-polarized light, 
showing Sharpey’s fibers across the alveolar bone and cementum 
layers. ab, alveolar bone; cc, cellular cementum; de, dentine; 
gd, granular dentine; jb, jawbone; vs, vessel space. Pink arrows, 
Sharpey's fibers.
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10  |    MESTRINER et al.

synapsids (LeBlanc et al., 2018). This process of faster/earlier anky-
losis likely explains why gomphosis is not observed in the histologi-
cal sections, as well as why shed rhynchosaur teeth are never found 
isolated in the many Triassic fossil assemblages where remains of 
these animals are common. Once ankylosed, the teeth remained 
functional until their surfaces were worn flush against the bone 
surface (Figure 5a2), rather than being shed and replaced. This loss 
of replacement is accompanied by progressive structural changes; 
older teeth at the front of the jaw appear to have more compact 
(less spongy) alveolar bone and narrower pulp cavities compared to 
younger teeth at the back, which exhibit larger, open pulp cavities 
and spongier alveolar bone (Figures 1a,b, 5c, and 6). We interpret 
this as an adaptation to protect blood vessels from abrasion and im-
pact in a region with a rich blood supply, strengthening the area and 
reducing its exposure to injury and infection. Over time, the newer 
teeth at the back would gradually begin to remodel and compact 
the alveolar bone and associated vasculature, also accumulating 
jawbone between adjacent teeth (as in Figure 9). Additionally, it is 

worth mentioning that, based on our observations, the areas be-
tween the teeth in Figure 5a1 have a smooth and shiny appearance, 
which may result from this remodeling process.

Our data add to a growing body of evidence that heterochronic 
changes in the timing and extent of mineralization led to the indepen-
dent evolution of permanent gomphosis across many amniote lineages 
(LeBlanc et al., 2018; Mestriner et al., 2022). This includes archosau-
romorphs, in which differences between “ankylothecodonty” and the-
codonty are related to the relative duration of the ligamentous phase 
(gomphosis) before the soft tissue mineralizes and fuses the tooth to 
the jaw (LeBlanc et al., 2018; Mestriner et al., 2022). In this context, 
our results indicate that rhynchosaurs exhibited a fast/early ankylosis 
(the “rapid ankylosis” of LeBlanc et al., 2018), similar to that of early-
diverging synapsids, where the ligamentous phase is brief, and the 
soft tissues quickly mineralize following tooth eruption. Accordingly, 
the early-diverging phylogenetic position of rhynchosaurs within 
Archosauromorpha (Ezcurra et al., 2020) suggests that faster/earlier 
ankylosis likely represents the ancestral condition for the group. The 

F I G U R E  8  Histology of the left dentary of Stenaulorhynchus stockleyi (NMT RB1628). Dental tissues in transverse section at root level. 
(a) Tooth rows showing jawbone between teeth. (b) Tooth attachment detail (labial tooth row), showing contact between alveolar bone and 
cellular cementum (mineralized periodontal space/ankylosis), and between jawbone and alveolar bone. (c) Tooth attachment detail (lingual 
tooth row), showing contact between alveolar bone and cellular cementum (ankylosis), and between jawbone and alveolar bone. (d) Close-up 
of the attachment tissues shown in panel (c), highlighting the presence of plicidentine. ab, alveolar bone; cc, cellular cementum; de, dentine; 
La, labial; Li, Lingual; jb, jawbone; pd, plicidentine; pu, pulp cavity; vs, vessel space. Black arrow indicates the anterior position.
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    |  11MESTRINER et al.

later acquisitions of both “delayed ankylosis” and subsequent “perma-
nent gomphosis” reflect heterochronic changes to the timing of miner-
alization, caused by a delay in the ankylosis process or and a truncation 
of the ligamentous phase (LeBlanc et al., 2018; Mestriner et al., 2022). 
Further investigation into the tooth attachment patterns of other 
early archosauromorphs is key to more comprehensively resolving the 
ancestral condition for the group, and the evolutionary transforma-
tions in tooth attachment tissue mineralization that would give rise to 
crocodylian and dinosaur gomphoses.

Lastly, the presence of plicidentine in our rhynchosaur sample 
represents the first discovery of this feature in archosauromorph 
teeth. This suggests that plicidentine, otherwise commonly found in 
sarcopterygians and early-diverging tetrapods (Maho & Reisz, 2022; 

Maxwell, Caldwell, & Lamoureux,  2011c; Maxwell, Caldwell, 
Lamoureux, & Budney, 2011; Warren & Turner, 2006), might have 

persisted in many amniote lineages rather than being lost, as sup-
ported by its recent discovery in other groups, such as early eurep-
tiles, parareptiles, synapsids, ichthyosaurs, choristoderes, varanoid 
lizards, and snakes (Brink et  al.,  2014; Kearney & Rieppel,  2006; 

MacDougall et al., 2014; Maxwell, Caldwell, & Lamoureux, 2011c; 

Maxwell, Caldwell, Lamoureux, & Budney, 2011; Palci et al., 2021).

5.2  |  Tooth emplacement and tooth attachment 
tissue formation

Most non-avian archosauromorphs display continuous tooth re-
placement, but rhynchosaurs appear to have decoupled the for-
mation of new teeth from the shedding of old ones (Benton, 1984; 

Sethapanichsakul et  al.,  2023). This spatial decoupling leads to 
the formation of multiple tooth rows (Figures  1a, 3a,b), similar to 
those found in captorhinids (de Ricqlès & Bolt,  1983; LeBlanc & 
Reisz, 2015), Delorhynchus (Rowe et al., 2021), and some anomodont 
synapsids (Olroyd et al., 2021). For this reason, we refer to the ad-
dition of new teeth to each row as tooth emplacement, rather than 
conventional tooth replacement (sensu LeBlanc & Reisz, 2015).

According to Benton  (1984), as rhynchosaur jaws grew, rostral 
teeth were worn down and new teeth formed at the caudal and 
lingual margins of the jaws via the dental lamina (e.g., figure  5 of 
Sethapanichsakul et  al.  2023). Hence, newly formed caudal teeth 
are larger than their rostral predecessors (Figures  1a, 5a,b, and 6) 
and the number of longitudinal tooth rows also increases with age 
(Sethapanichsakul et  al.,  2023). As a result, the caudal portions 
of the dentary and maxilla are labiolingually wider and have more 
tooth rows (Figures 1a, 4a, and 5a), reflecting overall body growth 
and the continuous caudal/lingual addition of teeth (Benton, 1984; 

Sethapanichsakul et al., 2023). Some lingual teeth have a close con-
tact, occasionally resembling replacement events, where teeth ap-
pear to resorb one another (Figures  1f, 4b, and 5d,e). However, in 
this case, a new row appears to be in the process of being added, and 
we have also observed other teeth in close contact, in other parts of 
the jaw, without necessarily resorbing one another (Figure 6). There 
is a chunk of a remnant of dentine in NMT RB1627 that resembles 
a replacement event (“dr” in Figure 4b), and we do not completely 
discard the possibility of occasional replacements that occurred as 
the jaws were growing and incorporating new teeth. However, our 
results show that the vast majority of rhynchosaur teeth were not 
being replaced, supporting the findings from prior studies.

Although we did not directly observe gomphosis in any of 
the sampled rhynchosaur teeth, the presence of Sharpey’s fibers 
within the alveolar bone surrounding each tooth (Figures  2b and 

7b) indicates that, after erupting into the oral cavity, new teeth 
were initially attached to the alveolar bone and cellular cemen-
tum via a periodontal ligament (LeBlanc et  al.,  2018; Mestriner 
et al., 2022). Indeed, we identified a recently emplaced tooth po-
sition along the caudolingual surface of the maxilla (NMT RB95) 
that preserves a tooth in the process of fusing to the jaw (“et” in 
Figure 3; Figure S1A). Thin sections of this tooth demonstrate the 

F I G U R E  9  Histology of the left dentary of Stenaulorhynchus 

stockleyi (NMT RB1628). Dental tissues in transverse section at the 
root level. (a) Tooth attachment details showing contact between 
alveolar bone and cellular cementum (mineralized periodontal 
space/ankylosis), and a row of accumulated osteocytes in the 
jawbone, contacting both the alveolar bone and cellular cementum. 
(b) Panel (a) viewed under lambda-filtered cross-polarized light, 
showing the same structures with different contrast. ab, alveolar 
bone; cc, cellular cementum; de, dentine; jb, jawbone. Green 
arrows, osteocytes accumulation. Yellow arrows, lamellar bone 
along the vascular channel walls.
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12  |    MESTRINER et al.

presence of multiple mineralized tissues forming the attachment 
system: distinct layers of acellular and cellular cementum coating 
the tooth root, which are fully formed, and a surrounding mass of 
thin alveolar bone trabeculae bridging the gap between the devel-
oping tooth, the neighboring tooth, and the jawbone (Figure 3c,d). 

The presence of three distinct mineralized tissues forming the peri-
odontium in developing rhynchosaur teeth is untenable under the 
historic “bone of attachment” paradigm because this predicts that 
only a single type of mineralized tissue should exist in reptiles with 
ankylosed teeth (Tomes, 1882).

F I G U R E  1 0  Histology of the left dentary of Stenaulorhynchus stockleyi (NMT RB1628). Dental tissues in coronal section. Dorsal is toward 
the top of the page. (a1) General view of the jaw, showing two relict, non-functional partial teeth (Panel b) buried deeper within the jawbone. 
(a2) Specimen in lingual view prior to thin sectioning, showing the approximate location of the cut (dashed line). Anterior direction is toward 
the right side of the page. (b) Close-up of the two relict teeth, and an extensive band of osteocyte. (c) Detail of the osteocyte band. (d, e) 
Same as panel (c), viewed under lambda-filtered cross-polarized light and standard cross-polarized light, respectively. Red arrows, osteocyte 
band.
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    |  13MESTRINER et al.

6  |  CONCLUSION

Histological analysis of Stenaulorhynchus stockleyi specimens from 
the Middle Triassic Manda Beds of Tanzania reveals that rhyn-
chosaur “ankylothecodonty”  involves cellular cementum, alveolar 
bone, and a (mineralized) periodontal ligament — tissues that are 
plesiomorphic to Amniota and seen in mammals, crocodylians, and 
dinosaurs. What was formerly described as “bone of attachment” 
is actually a misinterpretation of these three separate tissues, and 
rhynchosaur ankylosis occurred through fast/early mineralization 
of the periodontal ligament via incremental growth of alveolar 
bone after tooth eruption. This results in a short, transient period 
of gomphosis, difficult to detect without a more comprehensive 
sample. This condition, termed “rapid ankylosis”, is likely ancestral 
to Archosauromorpha, but additional data on tooth attachment of 
other early archosauromorphs is needed to confirm this hypothesis. 
Our findings further confirm earlier suggestions that rhynchosaur 
tooth rows increased in number as the animal aged, with new teeth 

added caudally and lingually without replacing existing ones, which 
were worn until non-functional rather than being shed. Finally, 
rhynchosaur teeth were rooted in deep and persistent sockets com-
posed of alveolar bone, consistent with the thecodont condition 
seen in other archosauromorphs.
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