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Abstract

Gomphodonts form a Triassic radiation of small to medium-bodied

(<0.5–2.5 m in length) quadrupedal cynodonts characterized by labiolingually

expanded gomphodont postcanines. They were the dominant cynodont group in

Middle and Late Triassic ecosystems from the Southern Hemisphere and the first

predominantly herbivorous cynodonts to evolve. Gomphodonts were also the first

therapsids to develop hypsodonty and a dentition with complex occlusal patterns,

and their highly diagnostic upper and lower postcanines show many different

morphologies. Here, we explored dental complexity in gomphodont cynodonts

through time using geographic information system analysis and orientation patch

count applied on 3D crown surfaces of upper and lower gomphodont postcanines

belonging to 32 gomphodont taxa. This study reveals that the peak in postcanine

complexity was reached early in the evolution of gomphodonts with the emer-

gence in the Early Triassic of omnivorous or insectivorous forms with postcanines

made of well-separated cusps and cingular cuspules. Traversodontids evolved sim-

pler postcanines via coalescence of cusps into crests and the development of large

occlusal basins, and the Middle Triassic radiation of traversodontids led to a sharp

decrease in mean postcanine complexity. Simplification of the postcanines in tra-

versodontids is interpreted as being related to a gradual increase in the consump-

tion of plant material. Interestingly, the trend of insectivory/omnivory high

postcanine complexity and herbivory low dental complexity in gomphodonts is

opposite to the trend of dental complexity reported in some extant mammals, with

omnivorous having low dental complexity and herbivorous higher. Postcanine

complexity remained relatively stable throughout the evolution of traversodontids

and only slightly diminished in the Late Triassic due to the presence of minute

forms with particularly simple postcanines in the Rhaetian. The major phyloge-

netic diversity and taxonomic richness of Gomphodontia are represented in two

periods of time: at the end of the Anisian, an age in which the postcanine com-

plexity is simplifying, and at the early Carnian when the postcanine complexity in

traversodontids, the only Gomphodontia represented, is stable.
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1 | INTRODUCTION

Vertebrate teeth are an excellent proxy to reconstruct
palaeoecology because they are directly involved in feed-
ing, and their morphology provides evidence of feeding
strategy (Hillson, 2005; Schwenk, 2000). Living mammals
are among the most morphologically diverse groups of
tetrapods, filling a broad range of ecologies and display-
ing a wide variety of tooth morphologies (Ungar, 2010).
Premammalian cynodonts include the closest evolutionary
relatives of mammals and evolved teeth with complex
occlusal surfaces in multiple groups independently from
ancestors with more simple tooth morphologies (e.g.,
Abdala et al., 2006; Crompton, 1972; Crompton &
Jenkins, 1968; Hendrickx et al., 2019, 2020; Hopson
& Barghusen, 1986; Hopson & Kitching, 2001; Liu &
Abdala, 2014; Sidor & Hopson, 2018; Ungar, 2010).
Among these, Gomphodontia is a Triassic radiation of
small-to-medium-bodied cynodonts (i.e., �30–600 mm in
maximum skull length; 1–2.7 kg of body weight in the
small traversodontid Andescynodon and 100–150 kg in
the large Exaeretodon; Filippini et al., 2022) known from
all continents but Australia (Abdala et al., 2006;
Hopson, 2014; Reisz & Sues, 2000; Figure 1a). Gompho-
donts were one of the most diverse groups of cynodonts
and one of the dominant groups of land vertebrates in
the Middle to Late Triassic faunas of South America and
southern Africa (Abdala et al., 2020; Abdala & Gaetano,
2018; Abdala & Ribeiro, 2003). Though the skull and
body plan of gomphodonts was relatively conserved during
the evolution of the group, the dentitions of these cyno-
donts are complex and morphologically diverse (Abdala &
Ribeiro, 2003; Crompton, 1972; Hendrickx et al., 2019,
2020; Kemp, 2005; Liu & Sues, 2010; Martinelli, 2010;
Figure 1). Gomphodont cynodonts are distinctly heterodont
and bear conical, spatulated or subtriangular incisors, large
pointed canines, and heterodont postcanines, mostly featur-
ing labiolingually expanded teeth known as gomphodont
postcanines (Figure 1a) but in some cases also simple
mesial conical and distal sectorial postcanines (Crompton,
1972; Hendrickx et al., 2019). Gomphodont postcanines are
the most common elements of the dentition of this lineage
and show a large array of morphologies (e.g., Abdala
et al., 2006; Crompton, 1972; Hendrickx et al., 2019, 2020;
Hopson, 2014; Seeley, 1895, 1908). Gomphodonts are in fact
among the earliest known cynodonts to develop a dentition
with a precise occlusal pattern, the first radiation of herbiv-
orous cynodonts to appear, and the earliest animals to
evolve hypsodont postcanines (Crompton, 1972; Melo
et al., 2019). They radiated into three main clades mostly
differentiated on postcanine heterodonty and morphology,
namely Diademodontidae, Trirachodontidae, and Tra-
versodontidae (Abdala & Ribeiro, 2010; Crompton,

1972; Hendrickx et al., 2016, 2019; but see Hendrickx
et al., 2020; Figure 2). Diademodontids postcanines are sim-
ple mesial conical teeth, ovoid gomphodont (Figure 1g),
and distal sectorial postcanine teeth, whereas ellipsoid gom-
phodont (Figure 1k) and distal sectorial teeth are typical of
trirachodontids (Hendrickx et al., 2019). The final group of
this lineage (but see Hopson and Kitching (2001) and Sidor
and Hopson (2018) for a different view), traversodontids,
possesses rectangular to trapezoidal upper and quadrangu-
lar lower postcanine teeth often dug by deep occlusal basins
(Figure 1i,m,o), with some limited cases of sectorial postca-
nines mainly in juvenile individuals (e.g., Crompton, 1972;
Goñi & Goin, 1988; Hendrickx et al., 2020; Liu &
Abdala, 2014; Liu & Sues, 2010).

Although the external morphology of gomphodont
postcanines is relatively well-documented, a broad com-
parative survey of the evolution of tooth complexity
through time remains to be done. Similar studies on
mammals, such as disparity in dental complexity in mul-
tituberculates (Wilson et al., 2012), carnivorans, and
rodents (Evans et al., 2007), have yielded surprising
results (i.e., disparity in dental complexity directly reflects
diet and correlates with taxonomic richness and disparity
in body size). Morphological diversity and diversification
in nonmammalian cynodonts were explored by Ruta
et al. (2013) by assembling a data matrix after previous
studies of several researchers (e.g., Abdala, 2007; Liu &
Olsen, 2010) but these authors did not investigate dental
complexity. Several recent contributions had modified
our knowledge of the relationships of nonmammalia-
form cynodonts and some of its subgroups (e.g., Abdala
et al., 2019; Gaetano et al., 2022; Huttenlocker &
Sidor, 2020; Kammerer, 2016; Martinelli et al., 2017;
Velazco et al., 2017). In addition, a huge improvement
was recently produced in the sampling of dental charac-
ters in gomphodont cynodonts (accompanied by a pro-
posal of standardization of dental terminology) after the
contributions of Hendrickx et al. (2019, 2020). This study,
which represents a natural extension of those previous
researches, aims to explore gomphodont postcanine com-
plexity in gomphodont cynodonts through time with the
goal of experimenting new avenues to interpret feeding
aspects of this group and illuminating macroevolutionary
processes that may represent the key to understand their
richness and success throughout the Triassic.

1.1 | Institutional abbreviations

BP, Evolutionary Studies Institute, University of the
Witwatersrand, Johannesburg, South Africa; BSP,
Bayerische Staatssammlung für Paläontologie und Histor-
ische Geologie, Munich, Germany; CAMZM, University
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Museum of Zoology, Cambridge, UK; CAPPA/UFSM,
Centro de Apoio à Pesquisa Paleontol�ogica da Quarta
Colônia/Universidade Federal de Santa Maria, São João do
Polêsine, Brazil; CGP, Council for Geosciences, Pretoria,
South Africa; FMNH, Field Museum of Natural History,

Chicago, Illinois, USA; GPIT, Institut und Museum für
Geologie und Paläontologie der Universität Tübingen,
Tübingen, Germany; GSN, Geological Survey of Namibia,
Windhoek, Namibia; IRSNB, Institut Royal des Sciences
Naturelles de Belgique, Brussels, Belgium; IVPP, Institute

FIGURE 1 Method to explore dental complexity in gomphodont cynodonts. (a–f) Step-by-step process to calculate dental complexity in

the last right upper postcanine of the traversodontid Traversodon stahleckeri (GPIT/RE/7170). (a) The best preserved postcanine, typically from the

distalmost part from the jaw, of a gomphodont skull (here schematized with the cranium of the traversodontid Pascualgnathus in palatal view,

modified from Martinelli, 2010) is selected and photographed with a camera or a portable microscope AM411T-Dino-Lite Pro (reconstruction of the

traversodontidMassetognathus by Gabriel Ugueto; courtesy of Gabriel Ugueto; used with permission); (b) the tooth is reconstructed in 3D through

photogrammetry using the software Agisoft Photoscan Standard Version 1.3.4; (c) the postcanine is isolated from the rest of the jaw using the free-

form selection tool in Agisoft Photoscan; (d) the 3D model of the postcanine is then reconstructed and smoothen in MeshLab v.1.3.4.5027 BETA

using the Poisson Surface Reconstruction tool; (e) the 3D model is decimated to 2000 faces using the R package MolaR; (f) postcanine complexity is

finally calculated for the decimated 3D model in MolaR using the orientation patch count (OPC), which counts the number of patches in eight

direction bins (with a minimum of 10 faces considered); (g–p) 3D-models, dental complexity (here illustrated with the number of patches of

different colors), and OPC values in (g, h) the diademodontid Diademodon tetragonus (SAM 571); (i, j) the arctotraversodontine traversodontid

Boreogomphodon jeffersoni (USNM 437632); (k, l) the trirachodontid Trirachodon berryi (SAM K171); (m, n) the massetognathine traversodontid

Santacruzodon hopsoni (MCN 2770); and (o, p) the gomphodontosuchine traversodontid Exaeretodon argentinus (PVL 2458).
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FIGURE 2 Legend on next page.
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for Vertebrate Paleontology and Paleoanthropology,
Beijing, China; MACN-Pv, Museo Argentino de Ciencias
Naturales “Bernardino Rivadavia”, Buenos Aires,
Argentina; MCN, Museu de Ciências Naturais do Rio
Grande do Sul, Secretaria do Meio Ambiente e Infraestru-
tura, Porto Alegre, Rio Grande do Sul, Brazil; MCP, Labor-
at�orio de Paleontologia, Museu de Ciências e Tecnologia,
Pontifícia Universidade Cat�olica do Rio Grande do Sul,
Porto Alegre, Rio Grande do Sul, Brazil; MNHN, Muséum
National d'Histoire Naturelle, Paris, France; NHMUK, Nat-
ural History Museum, London, UK; NMQR, National
Museum, Bloemfontein, South Africa; PVL, Colecci�on
Palaeontología de Vertebrados Lillo, Universidad Nacional
de Tucum�an, Argentina; SAM PK, Iziko, the South African
Museum, Cape Town, South Africa; SMNS, Staatliches
Museum für Naturkunde Stuttgart, Stuttgart, Germany;
UA, Université d'Antananarivo, Antananarivo, Madagascar;
UFRGS-PV, Setor de Paleovertebrados, Instituto de Geociên-
cias, Universidade Federal do Rio Grande do Sul, Porto
Alegre, Rio Grande do Sul, Brazil; USNM, National
Museum of Natural History, Washington DC, USA.

2 | MATERIALS AND METHODS

2.1 | Comparative anatomy, dental
terminology and phylogeny

The postcanine dentition of early branching gompho-
donts is strongly heterodont and made of conical, gompho-
dont, and sectorial teeth (e.g., Diademodon). Here, we
explored dental complexity in Gomphodontia using exclu-
sively gomphodont postcanines because (i) gomphodont
teeth are the main dental component of the postcanine
tooth row in the majority of gomphodont cynodonts (all
non-diademodontid gomphodonts); (ii) most of gompho-
donts do not have their postcanine dentition preserved
entirely due to wear or taphonomical processes, making
comparison of the whole postcanine complexity between
gomphodont taxa unfeasible; and (iii) conical and sectorial
postcanines are often incomplete and/or rarely fully pre-
pared and, therefore, difficult to sample for dental

complexity analyses. The gomphodont postcanines of
34 species-level gomphodont cynodonts deposited in
18 scientific collections from Argentina, Belgium, Brazil,
China, France, Germany, Namibia, South Africa, the
United Kingdom, and the United States of America were
examined first-hand with the help of a digital camera
Canon PowerShot SX60 HS and a portable microscope
AM411T-Dino-Lite Pro (Table 1). CT-scan data on the
dental material of the traversodontids Luangwa drysdalli
(NHMUK R36995) and Mandagomphodon attridgei
(NHMUK R8578) was additionally generated at the
School of Earth Sciences X-ray Tomography Facility of
the University of Bristol by one of us (RB) using X-Ray Com-
puted Tomography (CT/microCT) Nikon Metrology XT H
225 ST with a voxel size of 0.028215 for Luangwa (1903
images) and 0.021226 forMandagomphodon (1818 images).

The clade names and phylogenetic definitions
compiled by Hendrickx et al. (2020) were used to dis-
cuss dental complexity in a phylogenetic context
among Gomphodontia. The dental positional nomencla-
ture follows Smith and Dodson (2003), whereas the ana-
tomical nomenclature used to describe and annotate the
external tooth morphology follows the terminology and
abbreviations provided by Hendrickx et al. (2019). Dental
complexity in gomphodonts was primarily visualized
using the phylogenetic tree recovered by Hendrickx et al.
(2020) and additionally examined using the alternative
tree topologies recently obtained by Rayner et al.
(2022) and Gaetano et al. (2022). Following Hendrickx
et al. (2019, 2020), the Chinese taxa Beishanodon
youngi (Gao et al., 2010) and Sinognathus gracilis
(Young, 1959) were considered as gomphodonts, and
the holotype and specimens referred to the species
‘Cricodon kannameyeri’ by Sidor and Hopson (2018)
were interpreted as younger individuals of Trirachodon
berryi. Finally, the postcanine dentitions of the African
and South American specimens of Menadon besairiei
were considered separately to account for the dental
variations observed by Hendrickx et al. (2020) between
the holotype from Madagascar (Flynn et al., 2000;
Kammerer et al., 2008) and the referred specimens
from Brazil (Melo et al., 2015, 2019).

FIGURE 2 Phylogeny and postcanine complexity in gomphodont cynodonts throughout the Triassic. Dental complexity is visualized

based on 10 increments of complexity ranging from 17 to 47, the OPCR values obtained from 3D models of postcanines decimated to 2000

faces with a minimum of 10 faces considered. The upper and lower squares of each square represent the complexity of the upper and lower

postcanine teeth, respectively, whereas the left and right squares provide the lowest and highest values of dental complexity, respectively.

Blurred/shaded squares (e.g., Titanogomphodon, Etjoia, Traversodon) illustrate dental complexity in particularly incomplete or worn-out

postcanines. The smaller squares next to the traversodontid subclades (numbered 5–8) represent the ancestral condition of postcanine

complexity in traversodontines, massetognathines, arctotraversodontines, and gomphodontosuchines. Black bar in each branch indicates

temporal extension of the taxa. The phylogenetic tree follows the results of the cladistic analyses obtained by Hendrickx et al. (2020) and

Schmitt et al. (2024). Black silhouettes credit: Gabriel Ugueto (Cricodon), Sergey Meleshin (Scalenodon), José Eduardo Camargo Martínez

(all others). Skull of Pascualgnathus on the left of the square modified from Martinelli (2010).
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2.2 | Three-Dimensional modeling of the
Gomphodont Postcanines

3D-models were generated for lower and/or upper post-
canines in all examined taxa through photogrammetric
techniques using Agisoft Photoscan Standard (Version
1.3.4; Software; 2017; retrieved from http://www.agisoft.
com/downloads/installer/) and using photos taken with

the portable microscope and digital camera (Figure 1b,c).
The batch process followed in Agisoft Photoscan to
reconstruct the postcanines in 3D consisted of four steps:
(i) photos taken in all views were aligned using the stan-
dard options (i.e., with generic pre-selection and 40,000
key point limit and 4000 tie point limit) and with a
medium-to-high accuracy for photos taken with the cam-
era and the highest accuracy for photos taken with the

TABLE 1 List of the gomphodont cynodonts included in this study.

Taxa Specimen Included 3D‐models

Andescynodon mendozensis PVL 3894, 4390, 4907 Y

Boreogomphodon jeffersoni USNM 437632, 448563 Y

Cricodon metabolus CAMZM T905 Y

Dadadon isaloi FMNH PR 2232 Y

Diademodon tetragonus SAM PK K571 Y

Etjoia dentitransitus GSN F1591 Y

Exaeretodon argentinus MACN‐Pv 18125; PVL 2458, 2467 Y

Exaeretodon riograndensis MCP 1522 PV; UFRGS‐PV 1096T Y

Gomphodontosuchus brasiliensis GPIT/RE/09397 N

Habayia halbardieri IRSNB R203 Y

Langbergia modisei NMQR 3251, 3255 Y

Luangwa drysdalli BP/1/3731; NHMUK R36995 Y

Luangwa sudamericana MCP 3167PV; UFRGS‐PV 0267T Y

Mandagomphodon attridgei NHMUK R8578 Y

Mandagomphodon hirschsoni NHMUK R8577 Y

Massetognathus ochagaviae MCP 3871 PV N

Massetognathus pascuali BP/1/4245; PVL 4729 Y

Maubeugia lotharingica IRSNB R172 Y

Menadon besairiei UA 10601 (Malagasy specimen); UFRGS‐PV 0891T, 1164T
(Brazilian specimens)

Y

Microscalenodon nanus IRSNB R406 Y

Nanogomphodon wildi SMNS 51962 Y

Pascualgnathus polanskii PVL 4416 Y

Protuberum cabralense MGB 368/100 Y

Rosieria delsatei IRSNB R173 Y

Santacruzodon hopsoni MCN PV 2752 Y

Scalenodon angustifrons CAMZM T910 Y

Scalenodontoides macrodontes MNHN 1957‐23; BP/1/5395 Y

Sinognathus gracilis IVPP V2339 N

Siriusgnathus niemeyerorum CAPPA/UFSM 0032; CAPPA/UFSM 0125 Y

Titanogomphodon crassus GSN R322 Y

Traversodon stahleckeri GPIT/RE/1069, 7170; UFRGS‐PV 0224T Y

Traversodontidae indet. CGP JSM 100, IRSNB R204 Y

Trirachodon berryi BSP 1934 VIII 21; NHMUK R3307; SAM PK K171, K4801 Y

1618 HENDRICKX ET AL.
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digital microscope; (ii) a dense cloud was built in high to
ultra-high quality with an aggressive depth filtering and
no reuse depth map; (iii) the mesh was then built with a
high face count and default options (i.e., a custom face
count of 200,000 faces, arbitrary surface type, interpola-
tion enabled and vertex color calculated); (iv) the texture
was finally added using the default options (i.e., generic
mapping mode, texture from all cameras, mosaic blend-
ing mode, texture size of 4096 and count of 1, no color
correction and the hole filling option).

A total of 110 3D-models of gomphodont postcanines
(i.e., 65 uppers and 45 lowers) belonging to 34 gomphodont
taxa were created. 3D-models could not be generated for
Sinognathus due to the occlusion and bad preservation of
the postcanines, and for Arctotraversodon, Beishanodon,
Santagnathus, Scalenodon ribeiroae, Plinthogomphodon,
and Ruberodon, which could not be examined first hand.
Although the holotype of Guttigomphus avilionis was exam-
ined by us, a 3D-model of the postcanine was not generated
as the specimen was only recently considered as represent-
ing a new gomphodont taxon by Rayner et al. (2022). Con-
versely, we created 3D-models of the upper and lower
postcanines of the juvenile trirachodontid specimen CGS
JSM 100 (Hopson, 2005), interpreted as a new taxon of
basal traversodontid by Hendrickx et al. (2020). Likewise, a
3D model of IRSNB R204, an isolated lower postcanine of
an indeterminate traversodontid (Godefroit, 1999), was cre-
ated and considered as a new taxon in this study. Because
3D-models of poorly preserved or strongly worn-out postca-
nines were excluded from this study, values of dental com-
plexity obtained for the upper postcanines of Etjoia,
Massetognathus ochagaviae, and Scalenodontoides, the lower
postcanines of Traversodon, as well as both upper and lower
postcanines of Gomphodontosuchus were not considered.
The upper and/or lower postcanine complexity was mea-
sured for 32 of 37 gomphodont taxa with a well-preserved
postcanine dentition (i.e., all gomphodonts other than
Arctotraversodon, Beishanodon, Impidens, Gomphodontosu-
chus,Massetognathus ochagaviae, and Sinognathus; n.b., the
gomphodont with a well-preserved dentition that could not
be included being Guttigomphus, Santagnathus, Scalenodon
ribeiroae, Plinthogomphodon, and Ruberodon), which
accounts for 86.5% of all known gomphodont taxa pub-
lished to date. All 3D-models are available in the Support-
ing Information S1 and can be provided upon request to
the corresponding author.

2.3 | Dental complexity analysis

Postcanine complexity was quantified using geographic
information system (GIS) analyses and orientation patch
count (OPC; Evans et al., 2007; Wilson et al., 2012) on 3D

crown surfaces of postcanines (Figure 1). A strict modus
operandi was followed to evaluate postcanine complexity
with consistency. A single postcanine, typically the best
preserved from the dentition, was digitally isolated from
the jaw using the free-form selection tool in Agisoft
Photoscan and, for the 3D-models generated with a CT-
scan, using the select faces tool in MeshLab v.1.3.4.5027
BETA (Cignoni et al., 2008; Cignoni & Ranzuglia, 2014;
Figure 1b,c). The 3D-model was then converted into a
nonbinary Stanford PLY file (.ply) and imported into
MeshLab. All major fractures and taphonomic recesses
and cavities present on the crown, especially in the
models generated through CT-scan data, were digitally
removed. 3D-models were then reconstructed in Mesh-
Lab v.1.3.4.5027 BETA with the Poisson Surface Recon-
struction using an octree depth of 11, a solver divide of
10, and a sample per node and a surface offsetting of one
(Figure 1d). The Poisson Surface Reconstruction not only
enables to reconstruct accurately the missing surface and
overall shape of the crown but also smooth the surface of
the model. Smoothing the crown surface additionally
helps eliminating the problem of post-mortem irregulari-
ties and surface coarseness that strongly affects dental
complexity. Following Winchester's (2016) methodology,
only the surface above the lowest point of the occlusal
basin was considered. We also used the Visual Computer
Graphic reconstruction tool in Meshlab to reconstruct
the basalmost parts of the postcanines, in case the model
could not be properly reconstructed using the Poisson
tool. In case the polygons of the reconstructed portions
were particularly large, we subdivided the mesh using
the Butterfly Subdivision tool of Meshlab with the default
options (three iterations, edge threshold). All models
were oriented in a way that the occlusal surface is facing
apically, with the labial, lingual and/or central cusps ori-
ented perpendicular to the horizontal plane passing
through the crown.

The R package MolaR 4.5 (Pampush et al., 2016) was
used to perform the analysis of complexity on the result-
ing 3D-models. Dental complexity was measured by
using the OPC (Evans et al., 2007). The software first
determines the surface orientation at each pixel on the
3D-model, then group them into patches of contiguous
pixels that are facing the same cardinal direction, to
finally provide an OPC value by counting the number of
patches in eight direction bins (Wilson et al., 2012;
Figure 1). The OPC calculation was repeated eight times
at rotations of multiples of 5.625� to reduce the effect of a
specific tooth orientation. The mean of these repetitions,
known as the OPC ratio (OPCR), was the variable used to
determine dental complexity (Evans et al., 2007; Wilson
et al., 2012; Winchester, 2016). OPCR was visualized
using 10 increments of dental complexity of different
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colors, from blue for the simplest postcanines with the
lowest OPCR values to purple for the most complex
crowns with the highest OPCR values (Figure 2).

All models were decimated to 5000, 4000, 3000, 2000,
and 1000 faces using MolaR, and dental complexity was
measured for each model with a minimum of 5 and
10 faces. Models with 2000, 3000, and 4000 faces with a
minimum of 10 faces were revealed to best reflect dental
complexity in our sample. A mesh with less than 2000
faces significantly decreases the range of OPCR values
and erased some dental features present on the crown
surface such as cingular cuspules. Conversely, models
with more than 4000 faces, or considering five faces on
the mesh, led to anomalously high values of dental com-
plexity in relatively simple models showing coarse or
irregular crown surface (Supporting Information S1).
Because some postcanines were particularly small
(<5 mm) and 3D-models of less than 2500 faces were
built for some specimens, values of dental complexity for
models of 2000 faces with a minimum of 10 faces were
considered in this study (Figure 1e,f). Analysis of dental
complexity, however, provided the same range of values
for models decimated to 2000, 3000, and 4000 faces with
a minimum of 10 faces considered, with dental complex-
ity only varying by a factor of 1 out of 10 increments of
complexity (Supporting Information S1). Seven models
belonging to four taxa (Cricodon, Exaeretodon, Trirachodon,
and the indeterminate traversodontid IRSNB R204) gave
three continuous increments of dental complexity, and the
middle one was, therefore, chosen. Likewise, models of the
same tooth created in medium and high resolution with
Agisoft Photoscan, or using photogrammetry or CT-scan
data, also provided relatively similar OPCR values when
decimated to 2000 and 3000 faces (Supporting
Information S1). Both R packages MolaR and Geomorph
(Adams & Ot�arola-Castillo, 2013) were used to visualize the
OPC on each postcanine model (Figure 1).

The postcanine complexity was visualized for each
taxon on the phylogenetic trees in the form of a large
square divided into four small squares, each colored with
one of the 10 colors representing the increments of dental
complexity (Figure 2). Upper and lower squares represent
the complexity of the upper and lower postcanine teeth,
whereas the left and right squares show the lowest and
highest values of dental complexity, respectively. The
ancestral state of dental complexity in four traversodontid
subclades (i.e., Traversodontinae, Massetognathinae, Arc-
totraversodontinae, and Gomphodontosuchinae) was
portrayed with the same square system and using the
lowest and highest values of postcanine complexity mea-
sured in members of these clades (Figure 2).

Curves of general postcanine complexity and of upper
and lower postcanine complexity through time were

generated by plotting the mean OPCR values of all post-
canines together, and all upper and lower postcanines
taken separately for five time-bins of the Triassic
(i.e., late Olenekian–early Anisian, late Anisian–early
Ladinian, late Ladinian–early Carnian, late Carnian–
early Norian, and late Norian–Rhaetian) based on the
stratigraphic distribution of gomphodont taxa taken from
the latest literature (see Supporting Information S1) as
well as the most recent stratigraphic chart published
online (ICS version 2023/06; Cohen et al., 2023). These
time bins were chosen over the six main stages of the Tri-
assic to increase the number of taxa per time bin and
because the stratigraphic distribution of most gompho-
donts covered halves of two stages. With nine taxa, the
late Anisian–early Ladinian time bin has the highest
number of taxa. Conversely, with four taxa each, the late
Olenekian–early Anisian and late Carnian–early Norian
are the time bins with the lowest number of taxa. Curves
of dental complexity were compared to those of taxon
richness calculated using both taxonomic and phyloge-
netic approaches (Lane et al., 2005) and body mass. Taxo-
nomic diversity estimates were determined by counting
the number of taxa observed at the specified time. Con-
versely, phylogenetic diversity estimates (PDEs), which
are based on the relationships among taxa generated by
cladistic analyses and calibrated by plotting trees on a
stratigraphic scale, were measured by counting the num-
ber of taxa at each point of time using both observed
stratigraphic ranges and inferred ranges like ghost line-
ages and range extensions (Barrett & Upchurch, 2005;
Lane et al., 2005). Data on skull length was taken from
the literature, and cranial length of taxa known from lim-
ited dental and cranial material was estimated using the
postcanine width and regression equations (Supporting
Information S1). The width of the upper and lower post-
canines was indeed revealed to be well-correlated with
cranial length for gomphodonts in which both variables
were measured from the same individual.

3 | RESULTS

Values of postcanine complexity plotted on three phylo-
genetic trees representing alternative hypotheses of gom-
phodont relationships show the absence of a clear
phylogenetic trend in both upper and lower postcanine
complexities, especially in traversodontids (Figures 2–4).
However, a decrease in both upper and lower postcanine
complexity is observed during the radiation of traversodon-
tids whereas an increase in upper postcanine complexity
occurs with the emergence of gomphodontosuchines. In
basalmost gomphodonts, higher values of postcanine com-
plexity were measured in the basally branching
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gomphodonts Langbergia, Trirachodon, and Cricodon
(Figures 2 and 3a), classified among trirachodontids in
some phylogenetic analyses (e.g., Rayner et al., 2022;
Figure 4), whereas basalmost traversodontids have signifi-
cantly lower dental complexity. Postcanine complexity
remains high in basal gomphodonts placed nearby ‘trira-
chodontids’ such as Diademodon and the basalmost traver-
sodontid CGP JSM 100 (Figures 2 and 3a). The highest
values of dental complexity were obtained in Langbergia,
the only gomphodonts whose OPCR values exceed 45 in
upper and lower postcanines, and 40 in the average dental
complexity for both upper and lower postcanines

(Figure 3b). Langbergia is recovered as the basalmost gom-
phodont in Gaetano et al.'s (2022) phylogenetic tree
(Figure 4), and a decrease in postcanine complexity is,
therefore, seen in basalmost gomphodont following this
topology. The lowest values of postcanine complexity
(OPCR < 20) were measured in the lower postcanine of the
basally branching traversodontid Etjoia and in the upper
postcanine of the arctotraversodontine Rosieria (Figure 3b).
Particularly low dental complexity is also recorded in the
upper postcanine of Scalenodon angustifrons and the lower
postcanine of the arctotraversodontine Maubeugia. Most
other traversodontids display intermediate postcanine

FIGURE 3 Postcanine complexity in gomphodont cynodonts. (a) Dental complexity visualized on the phylogenetic tree obtained by

Schmitt et al. (2024) using Hendrickx et al. (2020) data matrix, based on 10 increments of complexity ranging from 17 to 47, the OPCR values

obtained from 3D-models of postcanines decimated to 2000 faces with a minimum of 10 faces considered. The two upper and lower squares

of each square represent the complexity of the upper and lower postcanines, respectively, whereas the left and right squares provide the

lowest and highest values of dental complexity, respectively. Blurred/shaded squares (e.g. Titanogomphodon, Etjoia) illustrate dental

complexity in particularly incomplete or worn-out postcanines. Black silhouettes of gomphodont taxa scaled using maximum skull length;

(b) average dental complexity (quantified by the OPCR values) in upper (large orange dots) and lower (large blue dots) postcanines

compared to the skull length (small purple dots) in gomphodont taxa. Black silhouettes credit: Gabriel Ugueto (CGP JSM 100) and José

Eduardo Camargo Martínez (all others). Skull of Pascualgnathus on the left of the square modified from Martinelli (2010).
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complexities, with OPCR values ranging from 23 to 35.
Above-average values of upper postcanine complexity are
found in some massetognathines such as Massetognathus,
Santacruzodon, and in the gomphodontosuchines Menadon
and Siriusgnathus (Figures 3b and 4). At the subclade level,
arctotraversodontine traversodontids show lower dental
complexity than traversodontines, massetognathines, and
gomphodontosuchines (Figure 2).

A comparison of the mean OPCR values of upper and
lower teeth (Figure 3b) indicates that postcanines from

the upper and lower dentitions of a single species have
relatively similar complexities to each other. The most
important discrepancies between the upper and lower
postcanine complexity are obtained in Scalenodon angu-
stifrons and Siriusgnathus, whereas slight differences are
measured in Trirachodon, Cricodon, and CGP JSM
100, as well as the traversodontids Exaeretodon argenti-
nus, Mandagomphodon, Massetognathus, Santacruzodon,
and Boreogomphodon. While dental complexity is higher
in the upper postcanines of CGP JSM

FIGURE 4 Postcanine complexity in gomphodont cynodonts visualized on the phylogenetic trees modified from Rayner et al. (2022;

top) and Gaetano et al. (2022; bottom) based on 10 increments of complexity. Blurred/shaded squares (e.g., Etjoia, Traversodon) illustrate

dental complexity in particularly incomplete or worn-out postcanines. Skull of Pascualgnathus on the left of the square modified from

Martinelli (2010).
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100, Boreogomphodon, and gomphodontosuchines, the
reverse condition is present in trirachodontids, basalmost
traversodontids more derived than CGP JSM 100, as well
as Mandagomphodon, and Massetognathus. Interestingly,
the two species of Luangwa show similar values of OPCR
but opposite condition of dental complexity, with L. drys-
dalli and L. sudamericana having slightly more complex
lower and upper postcanines, respectively (Figure 3b).
Mapping the mean OPCR values also shows that nontraver-
sodontid gomphodonts, Massetognathus, and Mandagom-
phodon hirschsoni have more complex lower postcanines,
whereas CGP JSM 100, Luangwa sudamericana, Santacru-
zodon, Boreogomphodon and gomphodontosuchines have
more complex upper postcanines. Comparing postcanine
complexity with size, here quantified by the maximum skull
length, does not show a clear correlation. High levels of
dental complexity are found in small (i.e., skull
length < 150 mm; Langbergia), medium (i.e., skull length
of 150–300 mm; Traversodon, Menadon), and large-bodied
gomphodonts (i.e., skull length > 300 mm; Diademodon,
Siriusgnathus). Particularly small traversodontids (i.e., skull
length < 100 mm) such as Etjoia, Nanogomphodon, Mau-
beugia, and Rosieria tend to have simple postcanines (not
related with worn), although the basalmost and probably
juvenile traversodontid CGP JSM 100 as well as the dwarves
arctotraversodontines Microscalenodon and Habayia have
more complex gomphodont teeth (Figure 3b).

Curves of postcanine complexity throughout the Tri-
assic reveal that mean dental complexity in both upper
and lower postcanines peaked in the late Olenekian–
early Anisian. This was driven by the occurrence of high
maximal complexity in taxa such as Langbergia and Trir-
achodon, and a scarcity of taxa with low complexity. This
was followed by a significant drop of mean complexity in
both the upper and lower dentitions during the late
Anisian–early Ladinian (Figure 5a,b). General postcanine
complexity then weakly increased in the late Ladinian–
early Carnian and remained stable throughout the late
Carnian–early Norian, before slightly diminishing during
the late Norian–Rhaetian (Figure 5a). Minimum com-
plexity occurred at the end of the Triassic, but mean
OPCR values of postcanine complexity for this interval
were only slightly lower than those in the late Anisian–
early Ladinian (Figure 5a). Upper and lower postcanine
complexities follow opposite trends in the Middle and
Late Triassic, with an increase in complexity from the
late Anisian–early Ladinian to the late Carnian–early
Norian in the upper dentition, while lower postcanines
diminish in complexity during the same period of time
(Figure 5b). Postcanine complexity and disparity in post-
canine complexity follow the same general trends
throughout the Triassic. The highest amount of disparity
in dental complexity is indeed found in the late

Olenekian–early Anisian in both the upper and lower
postcanines, whereas the lowest level of disparity is mea-
sured at the end of the Triassic (Figure 5a, b). Disparity
in upper postcanine complexity, however, increases from
the early Ladinian to the late Carnian (Figure 5b), an age
in which general complexity values are constant
(Figure 5a).

Peaks in dental complexity and disparity in postca-
nine complexity in the Early Triassic occur when gom-
phodonts had low species richness, as estimated both by
counting taxa within an interval (taxonomic richness) or
by counting species plus phylogenetic ghost lineages
(the PDE), which happens much later in the early Car-
nian. Gomphodont tooth complexity additionally
sharply decreases during the Anisian, when an increase
in phylogenetic diversity and taxonomic richness is
recorded (Figure 5a) and remains stable between the
late Ladinian and early Norian while a decrease in phy-
logenetic diversity and taxonomic richness occurred
from the late Carnian to the late Norian. Maximum
body size in gomphodonts was recorded during the late
Carnian–early Norian when postcanine complexity
remained stable. Dental complexity diminishes in the
late Anisian and slightly increases in the Ladinian,
while the reverse occurs with body size, which slightly
increases and decreases during the same period of time
(Figure 5c). The same trends, however, are observed in
the Late Triassic when postcanine complexity, phyloge-
netic diversity, taxonomic richness, and mean cranial
length all decrease from the late Carnian to the
Rhaetian.

4 | DISCUSSION

4.1 | Early rise of postcanine complexity
and feeding ecologies in basal
gomphodonts

Results of the analysis of dental complexity clearly reveal
that the peak in gomphodont postcanine complexity was
reached during the earliest evolutionary history of gom-
phodont cynodonts (Figure 2). Maximum postcanine
complexity was indeed measured during the late
Olenekian–early Anisian interval (Figure 5a,b) during
which Diademodon, Langbergia, Trirachodon, and the
basalmost traversodontid GSM JSM 100 inhabited
the Southern Hemisphere. The most complex gompho-
dont teeth are in fact found in the oldest gomphodont
taxa of our sample. Langbergia and Trirachodon come from
the Olenekian and both show the most complex upper
and/or lower postcanines (Figure 2). Langbergia and Trira-
chodon (also Beishanodon with poorly preserved
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FIGURE 5 Evolution of postcanine complexity in gomphodont cynodonts throughout the Triassic. (a) Mean dental complexity (dark

red continuous line) and disparity in dental complexity (dark red dashed line) in five stratigraphic bins of the Triassic, compared to the

phylogenetic diversity (in green) and taxonomic richness (in blue) of gomphodont cynodonts. Light red horizontal bars in each five time-bin

represent OPCR values of dental complexity from our sample; (b) mean upper (dark yellow continuous line) and lower (dark blue

continuous line) postcanine complexity as well as disparity in the upper (dark yellow dashed line) and lower (dark blue dashed line) dental

complexity in five stratigraphic bins of the Triassic. Light and dark gray horizontal bars represent OPCR values of upper and lower

postcanine complexity from our sample, respectively; (c) mean cranial length (continuous line) and disparity in cranial length (dashed line)

in five stratigraphic bins of the Triassic. Horizontal bars represent the cranial lengths of gomphodont taxa from each five time-bin.

1624 HENDRICKX ET AL.
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postcanines) are in some phylogenetic schemes included
among the clade Trirachodontidae (e.g., Rayner et al., 2022;
Figure 4), whose members are characterized by upper and
lower postcanines with centrally positioned transverse ridge
made of three well-separated cusps (i.e., the labial, central,
and lingual cusps) and ringed by distinctive cingular cus-
pules (Hendrickx et al., 2019, 2020; Hopson & Kitching,
1972; Sidor & Hopson, 2018). The high dental complexity
measured in this group is, therefore, the combined result of
well-defined labial, central, and lingual cusps, with a cingu-
lum bearing numerous (tiny or large) cuspules on the
mesial and distal margins of the postcanines (Figures 1k
and 3). Langbergia, the gomphodont with the most complex
upper and lower postcanines, is diagnosed by subcircular
postcanines with globulous cusps and cingular cuspules
sharing the same size (Figure 3a), which explains the partic-
ularly high values of dental complexity recorded for this
taxon. The unusual morphology of the trirachodontid post-
canines, unseen in any extant animals, led authors to sug-
gest a peculiar feeding ecology for these gomphodonts.
Hopson and Kitching (1972) and Reisz and Sues (2000)
interpreted them as omnivores or herbivores whereas Gow
(1978) considered them as insectivores or carnivores based
on the piercing and cutting functions of the postcanines.
Based on the general dentition morphology of the group,
Hendrickx et al. (2020) assumed that trirachodontids were
likely adapted to a specialized feeding ecology involving
small and particularly hard plant material and/or prey
items such as ground-living insects with hard exoskeletons.
High values of postcanine complexity in gomphodonts are,
therefore, linked with nonstrictly herbivorous and probably
omnivorous and partially insectivorous feeding ecology.

Unlike trirachodontids, basalmost traversodontids
from the late Anisian–early Ladinian interval such as
Andescynodon, Mandagomphodon, Nanogomphodon, and
Scalenodon angustifrons are characterized by the loss of
conspicuous cingular cuspules and the presence of wide
mesial and/or distal occlusal basins occupying most of
the upper and lower postcanines, resulting in lower
values of dental complexity (Figure 5a,b). A tendency
toward simplicity was also observed in the whole denti-
tion of basal traversodontids by Hendrickx et al. (2020),
who associated this trend to a gradual change in dietary
niches, from a carnivorous/omnivorous to a more herbiv-
orous feeding ecology, during the early radiation of
Traversodontidae (see also Crompton, 1972; Reisz & Sues,
2000). Hendrickx et al. (2020) argued that basalmost traver-
sodontids such as Etjoia and the putative traversodontid
CGP JSM 100, which have an intermediate postcanine mor-
phology between the trirachodontid puncturing type and
the traversodontid shearing type, were probably omnivores,
dealing with a larger amount of plant material than non-
neogomphodont gomphodonts. The presence of

transversely and longitudinally oriented shearing planes in
the closely related Scalenodon angustifrons and Mandagom-
phodon, with jaw movements either upward and backward
(Scalenodon) or forward and backward (Mandagomphodon)
during mastication (Crompton, 1972; Hopson, 2014), how-
ever, suggests that these two basal traversodontids and
other closely related taxa such as traversodontines, Pas-
cualgnathus, and Andescynodon, were predominantly, if
not strictly herbivorous (Brink, 1963; Crompton, 1972;
Gow, 1978; Hendrickx et al., 2020; Hopson & Kitching,
1972; Kemp, 1980). Filippini et al. (2022) recently hypoth-
esized the fact that small-bodied traversodontids
(i.e., skull length of <150 mm) like Pascualgnathus and
Andescynodon had skull and dental morphologies sugges-
tive of highly nutritious food items and may have, therefore,
been generalist cynodonts. An exclusively herbivorous feed-
ing ecology, however, appears to have been present in the
larger and more derived traversodontids Massetognathinae
and Gomphodontosuchinae (e.g., Melo et al., 2019; Wynd
et al., 2022), which were hypothesized to have had a gener-
alized and specialized herbivorous diet, respectively, by
Filippini et al. (2022).

Interestingly, the connection between insectivory/
omnivory with high postcanine complexity and herbivory
with lower dental complexity contrast with the trends of
complexity observed in the dentition of living saurians
(Christensen & Melstrom, 2021; Melstrom, 2017), Meso-
zoic crocodyliforms (Melstrom & Irmis, 2019), dinosaurs
(Melstrom et al., 2021), and, among mammals, bats
(Santana et al., 2011), carnivorans and rodents (Evans
et al., 2007). In reptilians such as lizards, crocodyliforms,
and dinosaurs, the teeth of herbivorous forms, which are
either labiolingually expanded with ridges, and minute
cuspules or folidont (leaf-shaped) and with a row of well-
defined cusps, are more complex that those of carnivo-
rous forms with simple ziphodont (i.e., blade-shape) or
conidont (i.e., conical) teeth (Hendrickx et al., 2015;
Melstrom, 2017; Melstrom et al., 2021). Among cyno-
donts, teeth with well-defined crests are recovered as sim-
pler in gomphodonts, whereas in living mammals, such
as rodents and carnivorans, bunodont cusped teeth are
simpler than crested postcanines (Evans et al., 2007).
However, the crests in the dental series of living mam-
mals studied by Evans et al. (2007) show intricate pat-
terns that fold and change of direction, whereas the
coalescence of large cusps in traversodontids typically
produce one transverse and one labial crests, both dis-
posed lineally. Considering the fact that dental complex-
ity is a measure of breaking sites for the food on the
crown (Evans et al., 2007), the presence of numerous sep-
arated cusps and cuspules is indeed an amplification of
the complexity due to the increase of possible breakage
sites. High values of postcanine complexity in
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gomphodonts is indeed reflecting the presence of inde-
pendent cusps of different sizes widely distributed along
the crowns that do not coalesce to form crests or super-
structures, the dental condition observed in the “triracho-
dontid” postcanines. OPCR values are not so high for
Diademodon, which also have relatively independent
cusps but not as conspicuous as in trirachodontids.
Besides cusp coalescences forming crests, the develop-
ment of deep basins in the postcanines implies more uni-
form reflections of the OPCRs simplifying the perceived
pattern of the crown. The complexity in near all traverso-
dontids show average values close to 30 OPCR (Figures 2
and 3b), with a major divergence in the simplicity of the
upper postcanines of Rosieria and the lower postcanines
of Nanogomphodon, Maubeugia, and Etjoia, the first
three being dwarf traversodontids from Europe
(Godefroit, 1999; Godefroit & Battail, 1997).

In Middle Triassic biomes humidity became slightly
higher than in the Early Triassic and seasonal semiarid
conditions in South Pangea (Donnadieu et al., 2006;
Mancuso et al., 2021), allowed re-establishing multistorey
vegetation ensuring a heterogeneous ecosystem. Most
extensive plant communities were formed, and the
Dicroidium flora began to establish as the dominant com-
ponents, although some elements of Northern Pangean
floras were mixed in South Pangea (Cariglino et al., 2016,
2018). This environment and flora accompanied the first
taxonomic diversification of Cynognathians, with the
development of different patterns of gomphodont postca-
nines along with a diversification of diets, and the acqui-
sition of larger body sizes.

4.2 | Herbivory and stasis of
traversodontid dental complexity

The increase in plant material and gradual trend toward a
strictly herbivorous diet in Traversodontidae was not
accompanied by a conspicuous change in general postca-
nine complexity in the Middle and Late Triassic
(Figure 5a). Dental complexity and disparity in dental
complexity are low in periods of high diversity in gompho-
donts (Figure 5a). The first peak of diversity in this group
occurred in the late Anisian and is correlated with low
values of postcanine complexity and disparity in postca-
nine complexity, whereas the second peak of diversity in
the Early Carnian is followed by a subtle increase in dis-
parity and general postcanine complexity. This is reflected
in the development of the traversodontids postcanines,
made of crests and basins, which are clearly less complex
than those of more basal gomphodonts. Once the traverso-
dontid pattern is established, there are few changes in
complexity from the late Anisian to the Carnian.

An increase in complexity in the upper postcanine is,
nevertheless, observed in the late Carnian–early Norian
(Figure 5b), a peak explained by the relatively high values
of upper postcanine complexity obtained in Exaeretodon
and Siriusgnathus (�32, with 36.9 in one of Siriusgnathus'
upper postcanines) and a lower number of traversodon-
tids with simpler upper postcanines. High postcanine
complexity in these two gomphodontosuchines results
from the combined presence of an extensively developed
shouldering, protuberant labial and lingual cusps, and a
well-separated labiodistal accessory cusp (Figure 1o),
a combination of dental features observed in the distal-
most upper gomphodont postcanines of derived gompho-
dontosuchines (Goñi & Goin, 1991). Shouldering, the
mesial projection of the mesiolabial border of the upper
postcanine resulting in a ‘shoulder’-like process on the
preceding tooth (Figure 1m,o), is a major dental feature
differentiating basal from derived traversodontids
(Abdala & Ribeiro, 2003; Romer, 1967) and contributing
in the dental complexity of derived traversodontids.
Absent in basal traversodontids like traversodontines,
Pascualgnathus, Andescynodon, Mandagomphodon, and
Scalenodon ribeiroae, a shouldering is incipiently devel-
oped in massetognathines, some arctotraversodontines
(Boreogomphodon, Plinthogomphodon, Habayia), and
basal gomphodontosuchines (Menadon, Gomphodontosu-
chus), whereas an extensive shouldering characterizes
the upper postcanines of derived gomphodontosuchines
such as Scalenodontoides, Exaeretodon, Siriusgnathus,
and Santagnathus (n.b., the basal gomphodontosuchine
Protuberum and the arctotraversodontines Rosieria and
Microscalenodon are devoid of a shouldering; Abdala &
Ribeiro, 2003; Abdala et al., 2006; Abdala & Sa-Teixeira,
2004; Hopson, 1985; Liu & Sues, 2010; Martinelli, 2010;
Melo et al., 2015, 2017; Miron et al., 2020; Pavanatto
et al., 2018; Ranivoharimanana et al., 2011; Reichel
et al., 2009; Schmitt et al., 2024). Functionally, the pres-
ence of a shouldering resulted in the development of a
more extended occlusal basin and obliquely orientated
crests enabling a wider tooth surface for food gridding.
Larger crushing and grinding surfaces indicate that tra-
versodontids with this dental feature had a greater
capacity to process food per masticatory cycle. The den-
tition of Gomphodontosuchinae suggests that they were
capable of processing a large amount of plant material.
Derived gomphodontosuchines such as Exaeretodon,
Siriusgnathus, and Scalenodontoides are the largest tra-
versodontids known to date, reaching body weights
greater than 100 kg (Filippini et al., 2022). Extant her-
bivorous mammals of similar size are known to con-
sume large amounts of structural plant material such as
leaves and stems (Pineda-Munoz et al., 2016), a similar
type of diet that might have been shared by these
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large-bodied gomphodontosuchines. Representatives of
this group show conspicuous cranial and functional
adaptations to chewing hard plant material such a
strictly palinal (i.e., backward) movement of the lower
jaw (Kubo et al., 2017) as well as robust and high horizon-
tal rami, a huge, tall coronoid process with the dorsal mar-
gin located above the zygomatic arch, deep zygomatic
arches (more massive than in the majority of other traverso-
dontids), and enlarged temporal fenestrae (Bonaparte, 1962;
Liparini et al., 2013; Wynd et al., 2022). These features are
indicative of the development of a powerful occlusal muscu-
lature (Crompton & Attridge, 1986; Reisz & Sues, 2000).

Conversely, the diminution in lower postcanine com-
plexity occurring from the late Olenekian–early Ladinian
to the late Carnian–early Norian (Figure 5b) can be
explained by the gradual loss, throughout the evolution-
ary history of Traversodontidae, of dental features
directly participating in dental complexity in more basal
gomphodonts: a mesial basin and a central cusp in the
transverse crest in basal traversodontids, well-defined
cingular cuspules in traversodontids more derived than
massetognathines, and a mesial cingulum and well-
separated accessory cuspules in gomphodontosuchines
(Hendrickx et al., 2020). The minimum lower postcanine
complexity achieved in the late Carnian–early Norian
results from the particular simplicity in the lower postca-
nines of derived gomphodontosuchines like Exaeretodon
and Siriusgnathus. The lower gomphodont postcanines of
these taxa indeed only consist of subquadrangular crowns
with a large distal basin occupying most of the crown
and mesially bounded by a tall transverse crest made of
the labial and lingual cusps (Figure 3a). Unlike the upper
postcanines, there is no shouldering nor strongly protu-
berant cusps and well-separated cuspules in the lower
postcanines of derived gomphodontosuchines, and such a
difference in morphology explains the discrepancy in
complexity between the upper and lower postcanines of
these traversodontids (Figures 2 and 3b).

The slight decrease in both general and upper postca-
nine complexities during the Late Triassic is the result of
the presence of dwarf arctotraversodontine with simple
postcanines in Europe during the Rhaetian (Godefroit,
1999; Godefroit & Battail, 1997; Hahn et al., 1988; Fig-
ures 2 and 3). If the gomphodont postcanines of Micro-
scalenodon and Habayia have average values of dental
complexity among traversodontids, the upper and lower
postcanines of Rosieria and Maubeugia, respectively, are
particularly simple (Figure 3). The difference in dental
complexity between these taxa is, however, difficult to
explain. All four are characterized by particularly large
and bulbous cusps as well as shallow and poorly delim-
ited basins, which contrast with the gomphodont postca-
nines of other traversodontids such as the basally

branching arctotraversodontine Boreogomphodon, with
narrower transverse crest and smaller cusps. Simplicity
in the postcanines of Rosieria and Maubeugia appears to
be due to the particularly large size and importance of
their cusps (the lingual one in Rosieria, and the labial,
lingual and mesiolabial ones in Maubeugia), which
occupy most of the crown surface (this condition, how-
ever, contrasts with that of Langbergia whose postcanines
bear multiple bulbous cusps and cingular cuspules
directly participating in the high values of dental com-
plexity measured in this taxon). Habayia, Maubeugia,
Microscalenodon and Rosieria all lived in Northwestern
Europe, which was transformed into an archipelago of
small islands by the Rhaetian transgression leading to
insular dwarfism (Godefroit, 1999; Godefroit & Battail,
1997). Godefroit and Battail (1997) and Godefroit (1999)
suggested that the peculiar gomphodont dentition of
these traversodontids was for a specialized diet of hard
plant material in an environment where vegetation was
dense and gomphodonts occupied a particular niche to
avoid competition with other more abundant herbivorous
cynodonts (i.e., Haramyidae and Theroteinidae). Dwarf
traversodontids were, however, a rare component of this
island ecosystem and a direct competition with herbivo-
rous mammals having a more advanced physiology (Ara-
újo et al., 2022; Godefroit & Battail, 1997), combined with
an over-specialized dietary niche, probably led to their
extinction at the end of the Triassic.

The traversodontid dentition is made of rows of labio-
lingually expanded postcanines with transversally ori-
ented crests and working as a unit during propalinal
movement of the jaws when chewing (Crompton, 1972;
Goswami et al., 2005; Gow, 1978; Hopson, 2014; Kubo
et al., 2017). A group of extant mammals presenting a
somewhat similar dental morphology is caviomorph
rodents such as chinchillas, nutrias, capybaras, and New
World porcupines. These mammals present multiple
crests perpendicular to the dental row, but with the same
tooth presenting several crests or lophs, with a total of
four functional teeth per row (i.e., one premolar and
three molars). This type of dental feature, along with the
presence of a homogeneous morphology of the cheek teeth,
is associated with grinding function and herbivory (Boivin
et al., 2022). Conversely, traversodontids bear a single crest
per postcanine and also have numerous gomphodont post-
canines with the same structure (Massetognathinae: 6–18;
Gomphodontosuchinae: 5–10; Hendrickx et al., 2020; Liu &
Abdala, 2014). Although caviomorphs are adapted to more
extended propalinal movements, these rodents and traver-
sodontids both present jaw movements with predominant
palinal directions, which allow the tooth row to shear,
crush, and grind food, suitable for processing a large
amount of plant material per masticatory cycle. Conversely
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to caviomorph rodents, which have fewer teeth and more
complex crowns, gomphodonts became functionally special-
ized to an herbivory diet by reducing dental complexity and
maintaining a large number of postcanine teeth per tooth
row. It should, however, be noted that among different
caviomorph lineages, there are trends in reducing the num-
ber of lophs (Boivin & Marivaux, 2020 and references
therein), and the reduction of crests in tooth crown is not
entirely unseeing in mammalian lineages. Therefore, dental
complexity alone is not strictly associated with diet
specialization.

In the first half of the Late Triassic, Southern Pangea
was dominated by seasonal subhumid conditions with
one or more semi-arid intervals and an increase in pre-
cipitation by the ‘Carnian Pluvial Episode’ (Benavente
et al., 2021; Mancuso et al., 2020, 2021). This regime
allowed for the climax of Dicroidium flora (Bomfleur
et al., 2018) with the domination of conifers, with other
types of gymnosperms, ferns, and sphenophytes as subordi-
nate elements of the vegetation assemblage (Kustatscher
et al., 2018; Spalletti et al., 2003). At this time, traversodon-
tids present a relatively stable postcanine complexity with a
traversodontid type of pattern (i.e., gomphodont postca-
nines with wide basins, mesially or distally displaced trans-
verse crests, and cingula either absent or made with poorly
delimited cingular cuspules) established, along with the
development of a shouldering. These features enabled them
to attain a specialized herbivorous diet and to reach larger
body sizes.

5 | CONCLUSIONS

These are the first analyses on morphological complex-
ity in the postcanines of gomphodont cynodonts, the
dominant group of cynodonts in southern Pangaea dur-
ing the Middle and Late Triassic, using quantitative
data. The study used GIS analysis and OPC on 3D
models of crown surfaces of both upper and lower gom-
phodont postcanines in 32 gomphodont taxa. Our ana-
lyses are limited to gomphodont (i.e., labiolingually
expanded) postcanines, which are the dominant dental
elements in the majority of gomphodont taxa.
We found that the peak in postcanine complexity was
reached early in the evolution of Gomphodontia,
with the irruption of omnivorous or insectivorous
forms (“trirachodontids”) with heavily cuspidate post-
canines in the Early Triassic. The successful radiation
of Middle Triassic traversodontids, however, led to a
sharp decrease in postcanine complexity due to the
coalescence of cusps into transversal and labial crests
and the development of large occlusal basins. This sim-
plification in the gomphodont postcanines is

interpreted as related to a gradual increase in the con-
sumption of plant material. The connection between
insectivory/omnivory with high postcanine complexity
and herbivory with lower dental complexity in gom-
phodonts is, therefore, in opposite way to the trend of
dental complexity observed in living saurians, Mesozoic cro-
codyliforms, dinosaurs, and some extant mammals such as
bats and rodents. Postcanine complexity remained relatively
stable throughout the evolution of traversodontids but
slightly diminished in the Late Triassic due to the presence
of dwarf forms with particularly simple gomphodont post-
canines in the Rhaetian.

There is an apparent association between the acquisi-
tion of feeding specialization and taxonomic diversification
in gomphodonts with the Dicroidium flora assemblage dom-
inance. This link provides further explanation for the South-
ern Pangean distribution of gomphodonts, as the Late
Triassic floras of the southern landmasses are homogenous
compared with the Northern Hemisphere vegetation, which
presented several floristic subprovinces. Simplification of
postcanines along with homogenization of the dental row
allowed gomphodonts to explore new ecological niches and
acquire a wider range of body sizes. Likewise, dental spe-
cialization to herbivory and feeding on this distinctive floral
assemblage resulted in gomphodonts being unable to adapt
when floristic composition changed toward the end of the
Triassic.

This study on dental complexity using 3D models and
OPC is the first to be done in nonmammaliaform synap-
sids. It opens the door to new investigations into the post-
canine complexity in nonmammalian therapsids and its
possible correlation with feeding strategies, body size,
metabolism, phylogenetic diversity, floral changes, and
major extinction events. Comparison between the postca-
nine complexity, dental disparity, and rates of dental evo-
lution would also be a crucial addition to our knowledge
on the evolution of the dentition of Gomphodontia and
other nonmammalian synapsids.
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