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Abstract

Allaeochelys crassesculpta is a carettochelyid turtle from the middle Eocene Messel Pit, near Messel, Germany. The species is known
by one of the richest fossil records among turtles consisting of dozens of specimens, of which most represent near-complete and articu-
lated skeletons. Despite this richness, the osteology of Allacochelys crassesculpta is only known superficially as its anatomy was never
described in detail. Here, we use micro-computed laminography and tomography to investigate the anatomy of the skull, shell, and
appendicular skeleton and provide high-resolution 3D reconstructions of the cranium, mandible, and fore- and hindlimb. Allaeochelys
crassesculpta exhibits an interesting mosaic of features, which are typical of early branching carettochelyids (e.g. a deeper and larger
antrum postoticum, a foramen posterius canalis carotici interni located more anteriorly) and more advanced taxa (e.g. presence of a
maxilla-quadratojugal contact below the jugal, complete loss of carapace and plastral scutes). We assemble and analyze a new phyloge-
netic matrix to test the impact of recent anatomical works on the evolutionary history of carettochelyids. We also provide evidence that
Allaeochelys crassesculpta was capable of ‘synchronous rowing,’ the unique locomotor mode employed by the extant pig-nosed turtle
Carettochelys insculpta and suggest that the acquisition of this peculiar trait may have occurred during the Late Cretaceous to Paleocene.
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Introduction

Carettochelyidae is a clade of aquatic cryptodiran
turtles with a single living taxon, the pig-nosed turtle
Carettochelys insculpta, that lives as a relict species
in the southern part of New Guinea and the Northern
Territory of Australia (Ramsay 1887; Joyce 2014; TTWG
2025). The fossil record of carettochelyids is moderately
rich with 21 wvalid species currently known from the
late Early Cretaceous to middle Miocene (Joyce 2014;
Havlik et al. 2014; Godinot et al. 2018; Carbot-Chanona
et al. 2020; White et al. 2023; Hutchison and Westgate

2024; Kim et al. 2025; Rollot et al. 2025). The earliest
representatives of the group are from the Cretaceous
of Asia, in particular Byeoljubuchelys yeosuensis from
the Aptian—Albian of South Korea (Kim et al. 2025),
Kizylkumemys khoratensis from the Aptian of Thailand
(Tong et al. 2005), and Kizylkumemys schultzi from the
Cenomanian of Uzbekistan (Nessov 1976), and the group
is, therefore, deemed to have originated in Asia, plau-
sibly during the Late Jurassic (Joyce et al. 2013; Joyce
2014; Pereira et al. 2017; Thomson et al. 2021). A notable
peak of diversity occurred during the Eocene, as about
half of extinct taxa are known from that time, including
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Allaeochelys crassesculpta from the middle Eocene
Messel Pit of Germany (Joyce 2014).

While most fossil carettochelyids are known from
fragmentary and incomplete remains, Allaeochelys
crassesculpta stands out by being known by more than 100
fossils from Messel, of which most represent near-com-
plete articulated skeletons (Harrassowitz 1922; Joyce
2014; Cadena et al. 2018). Harrassowitz (1922) originally
established two distinct species, Anosteira crassesculpta
and Anosteira gracilis, but the latter is now considered
to be a junior synonym of Allaeochelys crassesculpta
(Gramann 1956; Joyce 2014). Skeletons of Allaeochelys
crassesculpta found as pairs were even shown to repre-
sent the first record of copulating fossil vertebrates (Joyce
et al. 2012). Allaeochelys crassesculpta is, therefore, not
only a remarkable taxon among carettochelyids, but also
among turtles in general. Although this species is known
from such rich material, it was described initially based
on relatively incomplete specimens by Harrassowitz
(1922), with only minor additions from Weitzel (1949),
Groessens-Van Dyck (1978) and Joyce et al. (2012). It
is otherwise commonly figured in books on Messel (e.g.,
Schaal and Ziegler (1992); Smith et al. (2018)).

As part of a project that aims to provide new insights
into the evolutionary history of carettochelyids, we here
provide a detailed analysis of the anatomy, paleoecology,
and phylogenetic relationships of Allaeochelys crasses-
culpta. We use micro-computed laminography and
tomography to provide high-resolution 3D reconstructions
of the cranium, mandible, and appendicular skeleton, and
document the osteology of Allacochelys crassesculpta
using more than 50 specimens. Our 3D reconstruction of
a complete forelimb also allows us to explore for the first
time the locomotor mode of Allaeochelys crassesculpta.
We hereby show that Allaeochelys crassesculpta was
plausibly as well-adapted to swimming as Carettochelys
insculpta and that the unique way of swimming of caretto-
chelyids (“synchronous rowing”; Rivera et al. 2013; Krahl
2021) likely evolved relatively early in the evolutionary
history of the group. Finally, we also assembled a new
morphological matrix that includes all valid carettochelyid
taxa as well as all the micro-computed tomography-based
anatomical insights provided in the last years with our
project (Rollot et al. 2024a, 2024b, 2025), which we
analyzed using both parsimony and Bayesian Inference.

Institutional abbreviations

AMNH, American Museum of Natural History, New
York, USA; ANSP, Academy of Natural Sciences
of Drexel University, Philadelphia, USA; BMNH,
Natural History Museum London, London, UK; BSPG,
Bayerische Staatssammlung fiir Paldontologie und
Geologie, Munich, Germany; FHM, Fossilien- und
Heimatmuseum Messel, Messel, Germany; FMNH, Field
Museum of Natural History, Chicago, USA; HLMD,
Hessisches Landesmuseum Darmstadt, Darmstadt,
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Germany; IRSNB, Institut Royal des Sciences Naturelles
de Belgique, Brussels, Belgium; IVPP, Institute of
Vertebrate Paleontology and Paleoanthropology, Beijing,
China; KU, University of Kansas, Biodiversity Institute
and Natural History Museum, Lawrence, USA; MAGNT,
Museum and Art Gallery of the Northern Territory, The
Gardens, Australia; NHMUK, Natural History Museum,
London United Kingdom; PCHP, Turtle Conservancy,
Ojai, USA; PMOL, Paleontological Museum of Liaoning,
Shenyang, China; SDZ, San Diego Zoo, San Diego, USA;
SMF, Senckenberg Naturmuseum, Frankfurt, Germany;
SMNK, Staatliches Museum fiir Naturkunde Karlsruhe,
Karlsruhe, Germany; TMM, Texas Science & Natural
History Museum, Austin, USA; YPM, Yale Peabody
Museum, New Haven, USA.

Material and methods
Selection of specimens

Allaeochelys crassesculpta is known from more than
a hundred specimens from the middle Eocene Messel
Pit (early Lutetian, MP11) that often represent nearly
complete articulated skeletons preserved in volcanic
maar lake deposits. For an extensive summary of the
geology and dating of Messel Pit, please refer to Smith et
al. (2018). We here mostly focus on the material housed
at HLMD and SMF as these two public collections hold
the most extensive and best prepared collections. Three
juvenile skeletons were included from IRSNB and FHM,
while one articulated specimen and one disarticulated
specimen with a nicely preserved mandible were added
to the sample from SMNK. We only figure the most
complete and best-preserved specimens but provide
pictures of the other specimens studied at the HLMD and
SMF in a supplementary file (see Suppl. material 1). All
specimens used in our study are listed in Table 1.

A large number of specimens include skulls that super-
ficially look to be well-preserved. We subjected a selection
of specimens (HLMD Me7592, HLMD Me14997, SMF
Me611, SMF Me3004, and SMF Me3566) to X-ray
micro-computed laminography (uCL) and tomography
(1LCT, see below) only to conclude that all specimens are
heavily crushed internally. We thus here only provide
complete segmentation for the best-preserved skull, SMF
Me3004, but supplement our descriptions with observa-
tions obtained from all pCL data, though without figures.

Scanning, segmentation, and digital
reconstruction

Scanning of material was performed at the Institute
for Photon Science and Synchrotron Radiation of the
Karlsruhe Institute of Technology, Germany using a
custom-designed setup for computed laminography and
tomography. For all scans, a flat panel detector (XRD
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Table 1. List of specimens of Allaeochelys crassesculpta from the middle Eocene Messel Pit selected for the present study.

Specimen number

Comments

Figures

SMF Me3004
SMNK Pal45053
HLMD Bel58
HLMD Bel59
HLMD Mel461
HLMD Me4282
HLMD Me7428
HLMD Me7429
HLMD Mel3721
HLMD Mel5012
HLMD Mel5956
SMF Me611
SMF Mel794
SMF Me2449
SMF Me3018
SMF Me3566
SMF Me3783

SMF Mel1418

SMNK Pal986
IRSNB MeR007
IRSNB MeRO15
HLMD Bel69
SMF Mel1381
HLMD Be217
HLMD Me4000
HLMD Me4283
HLMD Me4353a
HLMD Me5001
HLMD Me7427
HLMD Me7592
HLMD Me7593
HLMD Me7599
HLMD Me7892
HLMD Me9722
HLMD Me9795
HLMD Mel0375
HLMD Mel3397
HLMD Mel3436
HLMD Mel13484
HLMD Mel14919
HLMD Me14920
HLMD Me14997
HLMD Me14998
HLMD Mel14999
HLMD Mel5273
HLMD Mel5563
HLMD Mel5660
HLMD Me42827
SMF Me2010

SMF Me2606A & B

SMF Me3779

FHM 45

FHM 46

HLMD Be235
HLMD Mel5372

Cranium

Skeleton, incomplete and disarticulated, including mandible
Skeleton, nearly complete

Skeleton, nearly complete

Shell, nearly complete

Skeleton, nearly complete

Carapace, posterior half

Carapace, nearly complete

Skeleton, nearly complete

Skeleton, nearly complete

Skeleton, nearly complete

Skeleton, nearly complete

Skeleton, including shell and right humerus

Pair of skeletons, nearly complete

Skeleton, nearly complete

Skeleton, nearly complete

Skeleton, incomplete, including most of the carapace, damaged right half of
plastron, right fore- and both hindlimbs, and damaged skull

Skeleton, incomplete, with heavily eroded and damaged plastron, and lacking most

of the hindlimbs

Skeleton, nearly complete

Skeleton, juvenile

Skeleton, juvenile

Skeleton, juvenile

Skeleton, juvenile

Skeleton, crushed

Carapace, incomplete

Skeleton, including fragmentary carapace and nearly complete plastron
Skeleton, including the skull, anterior half of the carapace, and plastron
Carapace, incomplete

Skeleton, crushed

Skeleton, nearly complete

Pair of skeletons, nearly complete

Skeleton, incomplete

Skeleton, nearly complete but greatly damaged, except the plastron
Skeleton, nearly complete

Skeleton, nearly complete

Skeleton, heavily crushed

Skeleton, fragmentary and disarticulated

Skeleton, nearly complete

Skeleton, nearly complete

Skeleton, nearly complete but folded

Skeleton, nearly complete

Skeleton, nearly complete but disarticulated

Skeleton, nearly complete

Skeleton, incomplete

Skeleton, incomplete

Skeleton, damaged and disarticulated

Carapace, incomplete and damaged, including appendicular elements
Skeleton, incomplete

Skeleton, nearly complete but fragmented

Skeleton, incomplete

Skeleton, incomplete, including partial parts of the carapace, plastron, skull, and
appendicular elements

Skeleton, nearly complete

Skeleton, juvenile

Skeleton, nearly complete

Skeleton, nearly complete

Figs 1-10

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

11
12

20

Figs 21, 30, 31, 32

Fig.
Fig.
Fig.

22
23
24

Figs 25, 26

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

27

28

29
33
33
33
33

Suppl.

Suppl.

Suppl.

Suppl.

Suppl.

Suppl.

Suppl.

Suppl.

Suppl.

Suppl.

Suppl.

Suppl.

Suppl.

Suppl.

Suppl.

Suppl.

Suppl.

Suppl.

Suppl.

Suppl.

Suppl.

Suppl.

Suppl.

Suppl.

Suppl.

Suppl.

Suppl.

Suppl.

Suppl.

Suppl.
Not figured (HLMD exhibition)
Not figured (HLMD exhibition)

material 1:
material 1:
material 1:
material 1:
material 1:
material 1:
material 1:
material 1:
material 1:
material 1:
material 1:
material 1:
material 1:
material 1:
material 1:
material 1:
material 1:
material 1:
material 1:
material 1:
material 1
material 1
material 1
material 1
material 1
material 1:
material 1:

material 1:

material 1:
material 1:

fig. S1.1

fig. S1.2

fig. S1.3

fig. S1.4

fig. S1.5

fig. S1.6

fig. S1.7

fig. S1.8

fig. S1.9

fig. S1.10

figs S1.11, S1.12
figs S1.13, S1.14
fig. S1.15

fig. S1.16

figs S1.17, S1.18
fig. S1.19

fig. S1.20

figs S1.21, S1.22
fig. S1.23

figs S1.24, S1.25

: figs S1.26, S1.27
: fig. S1.28
: fig. S1.29
: fig. S1.30
: fig. S1.31

figs S1.32, S1.33
figs S1.34, S1.35
figs S1.36, S1.37

fig. S1.38
fig. S1.39
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1621 CN14 ES, PerkinElmer, Waltham, USA) with a
physical pixel size of 200 um and a DRZ+ scintillator
and a microfocus X-ray tube (XWT-225, X-RAY WorX,
Garbsen, Germany) were employed. The 3D volumes
were reconstructed from the recorded projection images
using the ufo/tofu toolkit (Faragé et al. 2022). The most
suitable parameters for the X-ray tube, spectrum filtra-
tion, detector and scanning geometries were selected
for sampled specimens. The different geometries are
described in Zuber et al. (2017). A uCL configuration
was set up to scan several anatomical areas of interest of
SMF Me611, the mandible of SMNK Pal45053, and the
skulls of HLMD Me7592, HLMD Mel14997, and SMF
Me3566, which are preserved in epoxy plates, while
a uCT configuration was used to scan SMF Me3004,
an isolated crushed cranium. SMF Me611 is a nearly
complete skeleton that preserves most of the animal’s
body, including the left fore- and hindlimb, which were
subjected to scanning. Scanning of the left fore- and hind-
limb was performed using a voltage of 180 kV, a target
power of 15 W, 2048 projections, and a 1 mm copper
filter. Both scanning sessions resulted in 1104 horizontal
slices with a voxel size of 36.5 pm. Scanning of the skulls
of HLMD Me7592, HLMD Me14997, and SMF Me3566
was performed using a voltage of 180 kV, a target power
of 15 W, 2048 projections, and a 1 mm copper filter. Each
scanning session resulted in 1104 horizontal slices with
a voxel size of 36.5 pm. Scanning of the cranium SMF
Me3004 was performed using a voltage of 180 kV, a
current of 110 pnA, 4476 projections, and a 0.1 mm copper
filter. The scanning resulted in 2640 coronal slices
with a voxel size of 25 pm. Scanning of the mandible
of SMNK Pal45053 was performed using a voltage of
180 kV, a target power of 35 W, 4096 projections, and a
0.5 mm copper filter. The scanning resulted in 400 hori-
zontal slices with a voxel size of 40 um.

All datasets were segmented using Mimics Innovation
Suite 25 (https://www.materialise.com/en/healthcare/
mimics-innovation-suite) with the lasso and interpola-
tion tools. All segmented bones were exported as .ply
files. The 3D models were imported into Blender 4.2
(https://www.blender.org) to create the illustrations and
figures. We also used Blender 4.2 to manually reassemble
the crushed cranium SMF Me3004, which consists
of 151 bony elements that are sufficiently complete,
well-preserved, and minimally displaced to allow their
identification and to reassemble the left fore- and hind-
limb of SMF Me611, to provide a reconstruction of the
limbs that reflects the life posture of the appendicular
skeleton. To provide the best possible and accurate recon-
struction of the cranium, we compared SMF Me3004
to other crania of Allaeochelys crassesculpta available
to us and also used figures and illustrations from the
literature that document the cranial anatomy of caretto-
chelyids (Anosteira maomingensis: Danilov etal. (2017a);
Anosteira pulchra: Joyce et al. (2018); Allaeochelys
libyca: Rollot et al. (2024a); Allaeochelys meylani: Rollot
etal. (2025); Carettochelys niahensis: White et al. (2023);
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and Carettochelys insculpta: Rollot et al. (2024b)). All
datasets and 3D models are available on MorphoSource
(https://www.morphosource.org/projects/000839347).

Measurement of limb proportions and
paleoecological inferences

To investigate the paleoecology of Allaeochelys crasses-
culpta, we followed the protocol and method implemented
by Joyce and Gauthier (2004) to study the paleoecology
of turtles based on limb proportions. We measured the
length of the humerus from the preaxial process to the
distal articular surface, the total length of the ulna along
its lateral margin, and the combined length of meta-
tarsal III and digit III in the segmented forelimb of SMF
Me611. Measurements were taken to the tenth of a milli-
meter in Mimics, based on the 3D models obtained from
our segmentations. We then calculated the ratio of each
measurement relative to the entire limb length (obtained
from the addition of the lengths of the humerus, ulna,
metatarsal IIT and digit III) and plotted our results into a
ternary diagram with the original data and habitat pref-
erences as defined by Joyce and Gauthier (2004). Our
measurements and calculations are listed in Table 2.

Table 2. Measurements and ratios in the left forelimb of SMF
Me611.

Ratio relative to

Bones measured Length (mm)

full limb length
humerus 29 29.32%
ulna 17.9 18.10%
metatarsal and digit 11T 52 52.58%
total length 98.9 100.00%

Phylogenetic analysis

The phylogenetic relationships of Allaeochelys crasses-
culpta and carettochelyids were investigated using a
newly assembled morphological matrix. This new matrix
is primarily based on that of Joyce (2007) and all subse-
quent matrices that were based on the latter to study
carettochelyid relationships (Havlik et al. 2014; Danilov
etal. 2017a; Carbot-Chanona et al. 2020; Kim et al. 2025).
All characters that depict carettochelyid anatomy in these
matrices were selected, with the addition of a few charac-
ters useful for pan-trionychian relationships in general, as
Adocus lineolatus and Lissemys punctata were included in
our sample of taxa. The matrix newly includes Anosteira
crowcreekensis from the late Eocene of Arkansas, USA
(Hutchison and Westgate 2024), Allaeochelys rouzilha-
censis from the early-middle Eocene of France (Godinot
etal. 2018), Eulalichelys labarrerei from the early-middle
Eocene of France (Godinot et al. 2018), Carettochelys
niahensis from the Late Oligocene of Malaysia (White
et al. 2023), and Allaeochelys meylani from the Early
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Miocene of Egypt (Rollot et al. 2025), which had not
yet been included in previous phylogenetic analyses of
carettochelyid relationships. We also include Anosteira
shantungensis from the Early Miocene of China (Cheng
1961). This taxon was previously suggested to be a junior
synonym of Anosteira mongoliensis based on its similar
morphology and presumably similar age (Late Eocene-
Early Oligocene; Joyce (2014)), but more recent studies
suggest a middle middle Eocene age for the correlated
Ulan Shireh and Irdin Manha Formations (Wang et al.
2012; Bai et al. 2018; Wang et al. 2019), from which
Anosteira mongoliensis was collected, and an Early
Miocene age for the Niushan Formation (Sun et al. 2002;
He et al. 2011; Yu et al. 2021), which yielded the partial
skeleton of Anosteira shantungensis. We, therefore,
consider these two turtles to be distinct taxa and scored
them separately in our matrix. Twenty-nine new charac-
ters were phrased (characters 2, 3, 5, 8, 10, 11, 15, 16, 17,
18, 19, 20, 30, 32, 33, 34, 36, 38, 40, 41, 42, 45, 46, 47,
48, 53, 54, 55, and 62) based on recent works on caretto-
chelyid anatomy and the review of historical material and
data from the literature. Twenty characters form morpho-
clines that can be ordered (characters 5, 8, 11, 19, 24, 26,
29,31, 39, 41, 42, 48, 51, 54, 55, 56, 58, 59, 63, and 66).
The final matrix consists of 24 taxa and 66 characters: 42
for the cranium, six for the mandible, 15 for the shell, and
three for the appendicular skeleton. The character list,
including illustrations and figures for each character, are
provided in Suppl. material 2, the Mesquite matrix for
parsimony analysis in TNT is available in Suppl. mate-
rial 3, and the matrix for Bayesian tip-dating analysis in
MrBayes in Suppl. material 4. The list of carettochelyid
taxa considered valid in the present study is available
below (Table 3).

The first round of phylogenetic analyses was performed
under parsimony in TNT 1.6 (Goloboff and Morales
2023). As the matrix is small, a traditional search analysis
was conducted under equal-weighting with characters
ordered and one thousand random addition sequences,
followed by a round of tree bisection reconnection, and
100 trees saved per replication. Trees suboptimal by 10
steps and with a relative fit difference of 0.1 were retained
as part of the first search. A tree collapsing rule was
implemented with a minimum length of 0. Adocus lineo-
latus was chosen as the outgroup.

We also performed a Bayesian tip-dating analysis
using MrBayes 3.2.7 (Ronquist et al. 2009) on the online
platform CIPRES (https://www.phylo.org; Miller et al.
(2010)), with Adocus lineolatus as the outgroup. Lissemys
punctata was constrained as sister-taxon to caretto-
chelyids as the relationships between pan-trionychian
subclades are well-established and because the mono-
phyly of Carettochelyidae is not disputed. Characters 5,
8, 11, 19, 24, 26, 29, 31, 39, 41, 42, 48, 51, 54, 55, 56,
58, 59, 63, and 66 were treated as ordered, as in the parsi-
mony analysis. We defined three character partitions, one
for the skull (characters 1-48), one for the shell (char-
acters 49-63), and one for the postcranium (characters

Table 3. List of carettochelyid taxa considered valid in the pres-
ent study, sorted by stratigraphic age from oldest to youngest.

References and additional

Valid taxa . .
specimens studied

Tong et al. (2005)

Byeoljubuchelys yeosuensis Kim et al. (2025)

Nessov (1977, 1986, 1987); Danilov and
Obraztsova (2015); Danilov et al. (2017b)
Young and Chow (1962)

Allaeochelys rouzilhacensis  Godinot et al. (2018)

Godinot et al. (2018)

Leidy (1873; Hay (1906, 1908)

AMNH 6132; ANSP 9846

Harrassowitz (1922); this study

Zangerl (1947) FMNH P15102

Gilmore (1931) AMNH 6666;

AMNH 6697

Dollo (1886); Jiménez Fuentes (1992);
Alonso Santiago and Alonso Andrés
(2005); Alonso Santiago et al. (2008)
BMNH 12778; BMNH 38965; BMNH
38953; BMNH 40099; IRSNB R19
Clark (1932); Joyce et al. (2018);
Adrian et al. (2020) TMM 41576-27;
YPM PU16317;, YPM PU16318

Kizylkumemys khoratensis

Kizylkumemys schultzi

Allaeochelys lingnanica

Eulalichelys labarrerei

Anosteira ornata

Allaeochelys crassesculpta
Anosteira manchuriana

Anosteira mongoliensis

Allaeochelys delheidi

Anosteira pulchra

Allaeochelys parayrei Noulet (1867); de Stefano (1902); Bergou-
nioux (1931); Broin (1977)
Allaeochelys magnifica Hutchison et al. (2004)

Chow and Liu (1955); Tong et al. (2010);
Danilov et al. (2017a) IVPP V816;
PMOL AR6

Hutchison and Westgate (2024)
White et al. (2023)
Cheng (1961) IVPP V2585

Anosteira maomingensis

Anosteira crowcreekensis
Carettochelys niahensis

Anosteira shantungensis

Allaeochelys liliae Carbot-Chanona et al. (2020)
Allaeochelys meylani Rollot et al. (2025)
Allaeochelys libyca Rollot et al. (2024a)

Carettochelys insculpta Walther (1922); Evers et al. (2022); Her-
manson et al. (2024); Rollot et al. (2024b)
AMNH 85893; AMNH 92674; BMNH
1903.7.10.1; PCHP 14; PCHP 3116; PCHP

4800; SDZ unnumbered; TMM M18053

64-66). We used fixed age priors for extant taxa and
uniform age priors for fossil taxa. Uniform age priors for
the fossils were modelled around the first and last known
appearance dates of the latter, based on the geological
formations or stratigraphic ages associated with the
fossils. The Mkv-model of Lewis (2001) was chosen as
the substitution model and includes an ascertainment
bias correction for morphological data. Rate variation
across characters in the model is drawn from a gamma
distribution. We applied an Independent Gamma Rates
(IGR) relaxed-clock model (Lepage et al. 2007), with the
gamma distribution set to have a variance following an
exponential (10) distribution (Zhang 2016) and defined
the clock rate prior to follow a normal distribution with a
mean of 0.001 and a variance of 0.01 (Ezcurra et al. 2020).
Divergence times were estimated under a fossilized birth-
death (FBD) model, for which we used default settings
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for the priors on the speciation (exponential 10 distribu-
tion), extinction (beta distribution with values of 1 and 1),
and fossilization (beta distribution with values of 1 and
1) rates. The sampling proportion was set to 0.056 (2/36,
based on extant trionychians according to TTWG 2025)
and we specified a diversified sampling strategy. The tree
age prior was specified using an offset exponential func-
tion, with the mean set to be 175 Ma and the minimum set
to be 130 Ma. The analysis was performed using Markov
Chain Monte Carlo (MCMC) with four runs of six chains
each. Temperature of the heated chains was set to 0.005
and the number of attempted chain swaps was set to 3.
Chains were run for 20,000,000 generations, with trees
sampled every 500 generations. The first 25% of sampled
trees were discarded as burn-in. Convergence diagnostics
were examined to ensure adequate mixing and stationarity.
The Estimated Sample Size (EES) values for all parame-
ters clearly exceeded 200 in each run individually and the
Potential Scale Reduction Factor (PSRF) values for all
parameters reached 1.000 to 1.001. Topological conver-
gence between runs was indicated by the average standard
deviation of split frequencies dropping below 0.01, with
a finishing value of 0.0025 after 20,000,000 generations.

Systematic palacontology

Testudines Batsch, 1788
Cryptodira Cope, 1868
Trionychia Baur, 1891
Carettochelyidae Gill, 1889
Allaeochelys Noulet, 1867

Allaeochelys crassesculpta (Harrassowitz, 1922)

= Anosteira gracilis Harrassowitz, 1922. (for the full taxonomic history,
see Joyce (2014))

Type material. « HLMD 4353 (specimen no. 3 of
Harrassowitz (1922)), syntype, a poorly-preserved shell
(Harrassowitz 1922, pl. 2.2; Suppl. material 1: fig. S1.4);
* HLMD 4283 (specimen no. 4 of Harrassowitz (1922)),
syntype, hyoplastra, hypoplastra and xiphiplastra
(Harrassowitz 1922, pl. 6.4; Suppl. material 1: fig. S1.3);
* HLMD 1461 (specimen no. 6 of Harrassowitz (1922)),
syntype, nearly complete skeleton embedded in a concre-
tion (Harrassowitz (1922), pl. 6.1; Fig. 14).

Referred material. This list comprises all specimens
from Messel Pit that are, to our knowledge, available in
public collections and that can be undoubtedly referred
to Allaeochelys crassesculpta, but we suspect there are
many more. For figures, please consult Table 1 and Suppl.
material 1. BSPG 1982 I 74, a nearly complete skeleton;
FHM 45, a nearly complete skeleton; FHM 46, a nearly
complete juvenile skeleton; HLMD Bel58, a nearly
complete skeleton; HLMD Bel59, a nearly complete
skeleton; HLMD Bel69, a juvenile skeleton; HLMD
Be217, a crushed and folded skeleton; HLMD Be 235, a
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nearly complete skeleton; HLMD Me3173, a partial skel-
eton; HLMD Me3377, a fragmentary skeleton; HLMD
Me4000, a partial carapace (syntype of Allaeochelys
gracilis, specimen no. 5 of Harrassowitz (1922)); HLMD
Me4282 (syntype of Allaeochelys gracilis, specimen no.
1 of Harrassowitz (1922)), a nearly complete skeleton
(Harrassowitz 1922; pl. 1.3, pl. 4.2, pl. 4.4, pl. 6.5, pl. 6.6);
HLMD Me5001, a partial carapace; HLMD Me7427, a
nearly complete, but folded shell; HLMD Me7428, poste-
rior half of carapace; HLMD Me7429, a nearly complete
carapace; HLMD Me7592, a nearly complete skeleton;
HLMD Me7593, a nearly complete pair of skeletons;
HLMD Me7599, a partial skeleton; HLMD Me7892,
a partial skeleton; HLMD Me9722, a nearly complete
skeleton; HLMD Me9795, a nearly complete skeleton;
HLMD Mel0375, a partial skeleton; HLMD Mel3397,
a fragmentary skeleton, HLMD Mel3432, a costal;
HLMD Mel3436, a nearly complete skeleton; HLMD
Me13484, a nearly complete skeleton; HLMD Mel3721,
a nearly complete skeleton; HLMD Mel14919, a nearly
complete, folded skeleton; HLMD Me14920, a nearly
complete skeleton; HLMD Mel14997, a nearly complete
skeleton; HLMD Mel14998, a nearly complete skeleton;
HLMD Me14999, a nearly complete skeleton; HLMD
Mel5012, a nearly complete skeleton; HLMD Mel5273,
a partial skeleton; HLMD Mel5372, a nearly complete
skeleton; HLMD Mel5563, a partial skeleton; HLMD
Mel5660, a fragmentary skeleton, HLMD Mel5956,
a nearly complete skeleton; HLMD Me42827, a nearly
complete skeleton; IRSNB MeRO001, a nearly complete
skeleton; IRSNB MeR002, a nearly complete skeleton;
IRSNB MeR006, a nearly complete skeleton; IRSNB
MeR007, a juvenile skeleton; IRSNB MeR010, a nearly
complete pair of skeletons; IRSNB MeRO11, a nearly
complete skeleton; IRSNB MeRO12, a nearly complete,
but crushed cranium; IRSNB MeRO014, a nearly complete
skeleton; IRSNB MeRO015, a juvenile skeleton; IRSNB
MeRO18, a nearly complete skeleton; IRSNB MeR020,
a nearly complete skeleton; IRSNB MeR022, a nearly
complete skeleton; IRSNB MeR024, a nearly complete
skeleton; IRSNB MeR025, a juvenile skeleton; IRSNB
MeR029, a nearly complete skeleton; IRSNB MeR030,
a nearly complete skeleton; IRSNB MeR031, a nearly
complete skeleton; IRSNB MeR032, a nearly complete
skeleton; IRSNB MeR034, a nearly complete skeleton;
SMF Me373, a nearly complete skeleton; SMF Me436,
a partial skeleton;, SMF Me441, a partial skeleton; SMF
Me514, a nearly complete skeleton; SMF Me611, a nearly
complete skeleton; SMF Me718, a partial shell; SMF
Me938, partial posterior part of carapace; SMF Mel444, a
nearly complete skeleton; SMF Me1794, a complete shell;
SMF Mel1808, a partial skeleton; SMF Me1809, a nearly
complete skeleton; SMF Me2009, a partial skeleton; SMF
Me2010, a partial skeleton; SMF Me2034, a partial pair of
skeletons; SMF Me2449, a nearly complete skeleton; SMF
Me2606, a partial skeleton; SMF Me3004, an isolated and
crushed cranium; SMF Me3018, a nearly complete skel-
eton; SMF Me3566, a nearly complete pair of skeletons;
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Figure 1. Three-dimensional renderings of a cranium of Allaeochelys crassesculpta (SMF Me3004). A. Dorsal view; B. Ventral
view; C. Left lateral view; D. Right lateral view; E. Anterior view; F. Posterior view.

SMF Me3775, a partial skeleton; SMF Me3779, a partial
skeleton; SMF Me3783, a partial skeleton; SMF Me3787,
a partial skeleton; SMF Mel1381, a juvenile skeleton;
SMF Mell1418, a partial skeleton; SMF Mell573, a
partial skeleton; SMNK Pal986, a nearly complete skel-
eton; SMNK Pal45053, a fragmentary skeleton.

Type locality and horizon. Messel Pit, near the village
of Messel, State of Hesse, Germany (Harrassowitz 1922:
fig. 6); MP11, early Lutetian (ca. 47 Ma), middle Eocene
(Joyce et al. 2012).

Amended diagnosis. Allaeochelys crassesculpta can
be diagnosed as a representative of Carettochelyidae
by a bone surface ornamentation consisting of thick
ridges separated by equally-sized grooves, presence of a
quadrate fossa, presence of a midline keel on the dorsal
surface of the carapace, a single suprapygal, presence of a
lip formed on the visceral side of the posterior peripherals
and pygal, plastral kinesis, a triangular entoplastron, and
reduction of plastral scutes. Allaeochelys crassesculpta
can be diagnosed as a member of Carettochelyinae by
the presence of a maxilla-quadratojugal contact below
the jugal, absence of a contact between the quadratojugal
and squamosal, presence of elongate tubercula basioccip-
itale, complete loss of carapace and plastral scutes, and an
equilateral entoplastron. Allaeochelys crassesculpta can
be differentiated from other carettochelyines by having
a straight labial margin of the maxilla, an anteroposteri-
orly short postorbital, a moderately deep quadrate fossa,

a large antrum postoticum, a foramen posterius canalis
carotici interni located close to the parabasisphenoid-pter-
ygoid suture at about mid-length of the parabasisphenoid,
a pterygoid fossa ventrally open and not covered by an
enfolded ridge of the pterygoid, a supraoccipital excluded
from the skull roof, and a flat ventral surface of the
basioccipital.

Description.

Cranium

General comments. SMF Me3004 is a crushed,
flattened cranium (Fig. 1). After segmentation and recon-
struction, it appears that none of the bones is completely
preserved.

All reconstructed bones are incomplete. The prefron-
tals, frontals, premaxilla, maxillae, jugals, quadrates, and
parabasisphenoid are fairly well-preserved, whereas the
vomer, pterygoids, and opisthotics are highly incom-
plete (Fig. 2). As the cranium is heavily compressed
dorsoventrally, the secondary wall of the braincase is
the area that suffered most. In the pCT dataset, we were
not able to identify any pieces in that area as belonging
to either bone forming the secondary braincase wall of
other carettochelyids and most of the material that can
visually be attributed to bone and not matrix was either
too crushed or too small to be identified with confidence.
These fragments were, thus, omitted from the segmenta-
tions and reconstructions. Consequently, most anatomical
structures located in that area, such as the foramen nervi
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Figure 2. Three-dimensional renderings of a segmented cranium of Allacochelys crassesculpta (SMF Me3004). A. Dorsal view;
B. Ventral view; C. Left lateral view; D. Right lateral view; E. Anterior view; F. Posterior view. Abbreviations: bex, basioccipital-exoc-
cipital complex; fr, frontal; ju, jugal; mx, maxilla; op, opisthotic; pa, parietal; pal, palatine; pbs, parabasisphenoid; pf, prefrontal; pmx,
premaxilla; po, postorbital; pro, prootic; pt, pterygoid; gj, quadratojugal; qu, quadrate; so, supraoccipital; sq, squamosal; vo, vomer.

trigemini or cavum labyrinthicum, are either incomplete
or missing completely. Likewise, the epipterygoids,
which were likely present by reference to other pan-tri-
onychians, could not be segmented and described as they
were completely crushed and destroyed.

SMF Me3004 preserves the typical surface ornamen-
tation of carettochelyids, which is made of thick ridges
separated by equally-sized grooves that are mostly visible
on the prefrontals, frontals, and parietals (Figs 2, 3). The
surface ornamentation of the cranium, however, is less
pronounced than on the shell. As in all carettochelyids
(Waite 1905; Walther 1922; Havlik et al. 2014; Joyce
2014; Danilov et al. 2017a; Joyce et al. 2018; White et
al. 2023; Rollot et al. 2024a, 2024b, 2025), the cranium
has a deep upper temporal emargination, a posteriorly
expanded supraoccipital crest that ventrally forms a
broad horizontal plate, an incisura columella auris that
is fully enclosed by the quadrate, a quadrate fossa, a low
mandibular condyle, and a contact between the palatines
and parabasisphenoid that prevents the pterygoids from
contacting one another medially (Figs 2, 3).

Nasal. Nasals are absent in Allaeochelys crasses-
culpta, as in all carettochelyids (Waite 1905; Walther
1922; Danilov et al. 2017a; Joyce et al. 2018; White et al.
2023; Rollot et al. 2024a, 2025).
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Prefrontal. The prefrontals of SMF Me3004 are
generally well-preserved and only damaged ventrally
at the level of their descending process, of which only
two small pieces remain preserved on the right side
(Figs 2A-E, 3A—E). The prefrontal contacts the maxilla
ventrolaterally along its ascending process and the frontal
posteriorly (Figs 2A-E, 3A-E). The dorsal plate of the
prefrontal forms the dorsal margin of the apertura narium
externa. The rim of the apertura narium externa, which is
otherwise also formed by the maxilla and premaxilla, is
thin (Figs 2E, 3E), as in most carettochelyids (Havlik et
al. 2014; Danilov et al. 2017a; Joyce et al. 2018; White
et al. 2023; Rollot et al. 2024a), except for Allacochelys
delheidi (YR, pers. obs. on NHMUK PAL PV OR 38953)
and Allaeochelys meylani (Rollot et al. 2025) in which
the bones forming the aperture are greatly thickened.
The prefrontal also forms the anterodorsal margin of
the orbit and roofs the fossa nasalis. The dorsal plate of
the prefrontal is rectangular and longer than wide, as in
Anosteira pulchra (Joyce et al. 2018) and Carettochelys
insculpta (Rollot et al. 2024b), which contrasts with the
prefrontal of Allaeochelys libyca (Havlik et al. 2014;
Rollot et al. 2024a) and Al/laeochelys meylani (Rollot et
al. 2025), where the dorsal plate is about as long as wide.
The descending process of the prefrontal of SMF Me3004
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Figure 3. Three-dimensional renderings of a segmented and reconstructed cranium of Allaeochelys crassesculpta (SMF Me3004). A. Dor-
sal view; B. Ventral view; C. Left lateral view; D. Right lateral view; E. Anterior view; F. Posterior view. Abbreviations: bex, basioccip-
ital-exoccipital complex; ft, frontal; ju, jugal; mx, maxilla; op, opisthotic; pa, parietal; pal, palatine; pbs, parabasisphenoid; pf, prefrontal;
pmx, premaxilla; po, postorbital; pro, prootic; pt, pterygoid; qj, quadratojugal; qu, quadrate; so, supraoccipital; sq, squamosal; vo, vomer.

is almost completely lacking on both sides (Fig. 3C, D).
Only two small pieces are preserved on the right side.
The larger of these two pieces corresponds to the end of
the posterior process of the descending process of the
prefrontal, which contacts the vomer ventromedially. The
dorsal surface of this element is smooth, suggesting that
a contact with the crista cranii of the frontal is absent.
This is confirmed by specimens HLMD Me7592 and
HLMD Me14997, in which most of the posterior process
is preserved. Allaeochelys crassesculpta thus lacks an
ophthalmic foramen, but possesses an ophthalmic slit
instead, as in Anosteira pulchra (Joyce et al. 2018) and
Carettochelys insculpta (Rollot et al. 2024b).

Frontal. The two frontals of SMF Me3004 are nearly
complete, albeit broken into several pieces that had to
be reassembled for the reconstruction of the cranium
(Figs2A,3A). The frontal contacts the prefrontal anteriorly,
the postorbital posterolaterally, the parietal posteriorly,
and its counterpart medially (Figs 2A, C, D, 3A, C-E,

4). The frontal slightly protrudes anteromedially between
the prefrontals by means of a short process. The process
is particularly well-developed on the left frontal, which
contacts the two prefrontals, whereas the right frontal
process only contacts the right prefrontal. The frontal
forms the dorsal margin of the orbit margin (Figs 2A, D,
3A, C-E, 4). The contribution of the frontal to the orbit
margin is large as in Anosteira maomingensis (Danilov
et al. 2017a), Anosteira pulchra (Joyce et al. 2018), and
Carettochelys niahensis (White et al. 2023) and contrasts
with the moderate contribution seen in Allaeochelys
libyca (Havlik et al. 2014) and the small contribution seen
in Allaeochelys meylani (Rollot et al. 2025). In the extant
Carettochelys insculpta, the contribution of the frontal to
the orbit margin appears to vary from small to moderate,
but these differences might be linked to ontogeny, as
small specimens have a moderate contribution, whereas
large specimens exhibit a small one (Waite 1905; Walther
1922; Rollot et al. 2024b). Ventrally, the frontal of SMF
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Figure 4. Three-dimensional renderings of the reconstructed frontals of Allacochelys crassesculpta (SMF Me3004). A. Lateral view of left
frontal; B. Ventral view of left and right frontals. Abbreviations: af-pa, articulation facet for parietal; af-pf, articulation facet for prefrontal;

af-po, articulation facet for postorbital; afo, accessory fossa; ar, accessory ridge; cc, crista cranii; om, orbit margin; sol, sulcus olfactorius.

Me3004 forms a robust and well-developed crista cranii
(Fig. 4). The crista cranii posteriorly forms an articular
facet on both frontals, showing that a contact was present
with the descending process of the parietal along the
entire height of the crista, likely constricting the foramen
interorbitale dorsally. Ventral contact of the crista cranii
with the dorsal aspect of the descending process of the
prefrontal is absent, as explained above (see Prefrontal;
Fig. 4). Additional evidence to postulate the absence of
this foramen is visible on the left crista cranii of SMF
Me3004, as the ventral edge of the crista cranii does
not form an articular facet, in contrast to carettoche-
lyids that exhibit this structure (Fig. 4). In Allaeochelys
meylani (Rollot et al. 2025), Allaeochelys libyca (Rollot
et al. 2024a), and Carettochelys niahensis (White et al.
2023), the crista cranii forms a broad, flat central plateau
that is developed as a well-defined articular surface for
articulation with the prefrontal. This is clearly absent
in SMF Me3004. These observations are backed up by
the morphology of the crista cranii of HLMD Me7592,
which is identical to that of SMF Me3004. The crista
cranii forms the lateral wall of the sulcus olfactorius,
which is notably broad (Fig. 4) as in Allaeochelys libyca
(Rollot et al. 2024a), Carettochelys niahensis (White et al.
2023) and Carettochelys insculpta (Rollot et al. 2024b).
Posteriorly, along the lateral surface of the crista cranii,
the frontal of SMF Me3004 forms a low, curved ridge that
extends anterodorsolaterally and forms the anterior and
medial margin of a relatively deep and large fossa, whose
posterior half is formed by the parietal (Fig. 4A).
Parietal. The dorsal plate of both parietals is
completely preserved in SMF Me3004, but the processus
inferior parietalis is almost completely lacking on both
elements (Figs 2A, C, D, 3A, C-E). The length of each
parietal clearly exceeds the combined width of the two
elements (Fig. 3A). On the skull roof, the dorsal plate
of the parietal contacts the frontal anteriorly, the postor-
bital anterolaterally, the supraoccipital posteriorly, and
its counterpart medially (Figs 2A, 3A). The dorsal plate
of the parietal also forms the anteromedial and medial
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margin of the deep upper temporal emargination, as in all
carettochelyids (Waite 1905; Walther 1922; Havlik et al.
2014; Joyce 2014; Danilov et al. 2017a; Joyce et al. 2018;
White et al. 2023; Rollot et al. 2025). The processus infe-
rior parietalis is only preserved on both sides by a few
isolated pieces that belong to the most dorsal aspect of
the process, just below the dorsal plate of the parietal
(Fig. 3C). It is clear that the processus inferior parietalis
had an elongate contact laterally with the prootic, as in
other carettochelyids (Walther 1922; Havlik et al. 2014;
Danilov et al. 2017a; Joyce et al. 2018; White et al. 2023;
Rollot et al. 2025). However, a contact between the pari-
etal and opisthotic appears to have been absent, prevented
by a clear contact between the prootic and supraoccip-
ital, as in Allaeochelys libyca (Havlik et al. 2014) and
Allaeochelys meylani (Rollot et al. 2025), but contrasting
Anosteira maomingensis (Danilov et al. 2017a) and
Anosteira pulchra (Joyce et al. 2018), in which a small
contact is present. In Carettochelys insculpta, the contact
is variably present or absent (Walther 1922; Joyce 2014;
Rollot et al. 2024b). In SMF Me3004, the processus infe-
rior parietalis is anteriorly continuous with the tall crista
cranii of the frontal, to which it is tightly sutured (see
Frontal above). Anteroventrolaterally, the parietal bears a
ridge that extends anterolaterally from the processus infe-
rior parietalis and forms the posterolateral rim of a large
fossa formed by the frontal and parietal in the postero-
dorsomedial corner of the orbit. The ridge extends further
on the inner, medial surface of the postorbital, forming
a broad bony wall posterior to the orbit (Fig. 3E). The
ridge likely extended to the jugal, as the latter bone
appears to be medially expanded, but the complete extent
of the posterior orbit wall cannot be fully determined
because of damage to the jugal. A similar, mediolater-
ally expanded wall posterior to the orbit is also present
in Allaeochelys meylani (Rollot et al. 2025) and maybe
Carettochelys niahensis (White et al. 2023) and is remi-
niscent of the septum orbitotemporale seen in pleurodires
and trionychids (Gaffney et al. 2006). In the extant
Carettochelys insculpta, a similar ridge is present, but a
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mediolateral thickened postorbital wall is not apparent
(Rollot et al. 2024b). Anterolaterally, the braincase is
greatly enlarged and contained broad cerebral hemi-
spheres, as in Allaeochelys libyca (Havlik et al. 2014),
Allaeochelys meylani (Rollot et al. 2025), Carettochelys
niahensis (White et al. 2023), and Carettochelys insculpta
(Rollot et al. 2024b).

Postorbital. The postorbitals of SMF Me-3004 are
overall well-preserved on both sides, with damage
mostly affecting the ventral part of the postorbital wall,
which is partially missing (Figs 2A, C-E, 3A, C-E).
The postorbital is a small bone that forms the poste-
rior margin of the orbit and the anterior margin of the
upper temporal emargination (Figs 2A, 3A, C-E). The
postorbital is anteroposteriorly short (Fig. 3A, C, D), as
seen in Anosteira pulchra (Joyce et al. 2018), but which
contrasts with the elongate postorbital seen in Anosteira
maomingensis (Danilov et al. 2017a), Allaeochelys libyca
(Havlik et al. 2014), Allaeochelys meylani (Rollot et al.
2025), Carettochelys niahensis (White et al. 2023), and
Carettochelys insculpta (Walther 1922; Rollot et al.
2024b). On the external skull surface of SMF Me3004,
the postorbital contacts the frontal anteromedially, the
parietal posteromedially, the jugal ventrally, and the
quadratojugal posteroventrally (Figs 2A, C-E, 3A,
C-E). Medially, the postorbital is greatly expanded,
forming a broad wall posterior to the orbit (Fig. 3E), as
in Allaeochelys meylani (Rollot et al. 2025) and, likely,
Carettochelys niahensis (White et al. 2023). An antero-
ventral contact with the maxilla is prevented in SMF
Me3004 by the contribution of the jugal to the orbit
margin (Fig. 3C-E), as in all carettochelyids (Waite 1905;
Walther 1922; Danilov et al. 2017a; Joyce et al. 2018;
White et al. 2023; Rollot et al. 2024b, 2025).

Jugal. The jugals of SMF Me3004 show good pres-
ervation on both sides, with damage only affecting their
medial process (Figs 2B-E, 3C-E). The jugal is a small
bone that forms the posteroventral margin of the orbit and
the anterior margin of the lower temporal emargination
(Fig. 3C-E). The contribution of the jugal to the orbit
margin is broad (Fig. 3C-E), as in all other carettoche-
lyids (Waite 1905; Walther 1922; Danilov et al. 2017a;
Joyce et al. 2018; White et al. 2023; Rollot et al. 2024b),
except Allaeochelys meylani (Rollot et al. 2025), where
this contribution is greatly reduced. On the external skull
surface, the jugal contacts the maxilla anteroventrally,
the quadratojugal posteriorly and posteroventrally, and
the postorbital dorsally (Figs 2C-E, 3C-E). The jugal is
prevented from contributing to the upper temporal emar-
gination by a short contact between the postorbital and
quadratojugal posterodorsally (Fig. 3D). The jugal is
also prevented from contributing to the cheek emargina-
tion by a contact between the maxilla and quadratojugal
ventrally (Fig. 3C, D), as in Allaeochelys meylani (Rollot
et al. 2025), Carettochelys niahensis (White et al. 2023),
and Carettochelys insculpta (Waite 1905; Walther 1922;
Rollot et al. 2024b), but not Anosteira maomingensis
(Danilov et al. 2017a) and Anosteira pulchra (Joyce et

al. 2018). Within the fossa orbitalis, the jugal anteri-
orly contacts the maxilla and deeply protrudes within
the latter, giving the suture a V-shaped appearance. The
medial process of the jugal is damaged, but the preserved
portion shows that the process was well-developed and
contributed to the broad, but likely thin, postorbital
wall (Fig. 3E), as in Allaeochelys meylani (Rollot et al.
2025) and likely Carettochelys niahensis (White et al.
2023). Posteromedially, the jugal of SMF Me3004 likely
contacted the pterygoid, as both bones are extremely
close to one another in both the original and reassembled
3D reconstructions. A medial contact with the pala-
tine is less certain, as the jugal and palatine appear to
be prevented from contacting one another by a contact
between the maxilla and pterygoid, but the great degree
of incompleteness of the palatines anterolaterally makes
this determination uncertain.

Quadratojugal. The quadratojugals of SMF Me3004
are both damaged (Figs 2B-D, 3B-D). The right element is
fairly complete, but lacks its central portion and its postero-
ventral process, whereas the left element only consists of
the most anterior part and the posterodorsal process. The
quadratojugal is a small, plate-like bone that forms the
anterolateral margin of the upper temporal emargination
and the dorsal and posterior margins of the reduced cheek
emargination (Fig. 3C, D). The quadratojugal contacts the
jugal anteriorly, the postorbital anterodorsally, the maxilla
anteroventrally, and the quadrate posteriorly along a tall,
concave suture (Figs 2B-D, 3B-D). The contact between
the quadratojugal and postorbital is only slightly shorter
than that between the jugal and postorbital (Fig. 3D), which
contrasts with the condition of Anosteira maomingensis
(Danilov et al. 2017a) and Allaeochelys meylani (Rollot
et al. 2025), in which it is greatly reduced. Posteriorly,
the quadratojugal of SMF Me3004 contributes to the
anterior margin of the cavum tympani (Fig. 3C, D), as in
Anosteira maomingensis (Danilov et al. 2017a), Anosteira
pulchra (Joyce et al. 2018), Allaeochelys libyca (Rollot
et al. 2024a), and Carettochelys insculpta (Walther 1922;
Rollot et al. 2024b), but contrary to Allaeochelys meylani
(Rollot et al. 2025). Posterodorsally, the quadratojugal of
SMF Me3004 forms an elongate process that extends over
the anterodorsal margin of the cavum tympani (Figs 2C,
D, 3C, D). Contact between the quadratojugal and squa-
mosal is absent as in Allaeochelys libyca (Rollot et al.
2024a), Allaeochelys meylani (Rollot et al. 2025), and
Carettochelys insculpta (Walther 1922; Rollot et al. 2024b),
which contrasts with Anosteira maomingensis (Danilov et
al. 2017a) and Anosteira pulchra (Joyce et al. 2018), in
which a quadratojugal-squamosal contact is present.

Squamosal. The squamosals of SMF Me3004 are
damaged (Figs 2A-D, F, 3A-D, F). The right element is
highly incomplete and the few, disarticulated elements
that remain preserved only allow reconstructing portions
of the anterior third of the element, which contacts the
quadrate anteroventrally just posterodorsal to the cavum
tympani (Figs 2D, 3D, F). The left squamosal is more
complete, but lacks a substantial part of its central aspect,
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af-mx

Figure 5. Three-dimensional renderings of the fused premaxillae of Allaeochelys crassesculpta (SMF Me3004). A. Left posterolat-

eral view; B. Right posterolateral view; C. Ventral view. Abbreviations: af-mx, articulation facet for maxilla; dpf, dorsal premaxil-

lary foramen; vpf, ventral premaxillary foramen.

which prevents direct assessment of the presence of an
antrum postoticum (Figs 2C, 3C, F; but see Quadrate). In
HLMD Me14997 and SMF Me3566 (female individual),
however, this portion of the right squamosal and right
quadrate and squamosal, respectively, are preserved and
show the presence of a large antrum postoticum. A large
antrum postoticum is otherwise present in Kizylkumemys
schultzi (Nessov 1977) and Anosteira pulchra (contra
Joyce et al. (2018); pers. obs. by YR on the pCT data
of FMNH PR 966), while a shallow antrum postoticum
is present in Anosteira maomingensis (Danilov et al.
2017a) and Allaeochelys libyca (Havlik et al. 2014) and
the antrum is absent in adult Caretfochelys insculpta,
but present in juveniles (Rollot et al. 2024b). The squa-
mosal of SMF Me3004 forms the posterolateral margin
of the upper temporal emargination (Figs 2A, 3A). The
only preserved contact of the squamosal is with the
quadrate anteroventrally (Fig. 3C, D). A contact with
the quadratojugal is absent (Figs 2A, C, 3A, C), as in
Allaeochelys libyca (Rollot et al. 2024a), Allaeochelys
meylani (Rollot et al. 2025), and Carettochelys insculpta
(Walther 1922; Rollot et al. 2024b), but not Anosteira
maomingensis (Danilov et al. 2017a) and Anosteira
pulchra (Joyce et al. 2018), where a quadratojugal-squa-
mosal contact is present. The squamosal of SMF Me3004
does not contribute to the margin of the cavum tympani.
This contribution is also lacking in Allaeochelys libyca
(Rollot et al. 2024a) and Carettochelys insculpta (Rollot
et al. 2024b), but is present in Anosteira maomingensis
(Danilov et al. 2017a), Anosteira pulchra (Joyce et al.
2018) and, likely, Allaeochelys meylani (Rollot et al.
2025). The posterior portion of the squamosal of SMF
Me3004 forms a mediolaterally thin, but anteroposteri-
orly elongate posterior process (Figs 2C, F, 3C, F).
Premaxilla. The premaxilla of SMF Me3004 is
well-preserved and only lacks small portions of its most
posterior aspects (Figs 2B, E, 3B, E, 5). The premaxilla
is a single, small bone that forms the anteroventral tip
of the snout (Figs 2B, E, 3B, E). The premaxilla forms
the ventral margin of the apertura narium externa,
which is thin (Figs 2E, 3E), as in most carettochelyids
(Havlik et al. 2014; Danilov et al. 2017a; Joyce et al.
2018; White et al. 2023; Rollot et al. 2024b), except for
Allaeochelys delheidi (YR, pers. obs. on NHMUK PAL
PV OR 38953) and Allaeochelys meylani (Rollot et al.
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2025), which have greatly thickened bones forming the
aperture. The premaxilla of SMF Me3004 floors the
anterior part of the fossa nasalis and likely formed the
anterior margin of the foramen intermaxillaris. The only
preserved contact of the premaxilla is with the maxilla
laterally (Figs 3E, 5), but comparisons with other caret-
tochelyids suggest that no other contacts were present
(Walther 1922; Danilov et al. 2017a; Rollot et al. 2024b,
2025). There are two pairs of foramina in the premaxilla.
The first pair of foramina pierces the premaxilla along
its dorsal surface and each foramen is located at about
one-third of the bone’s width (Fig. 5A, B). Each foramen
leads into a very short canal that extends anteromedially
and anastomoses with its counterpart. At about the same
level, a canal branches off from each side of the anas-
tomosis and extends ventrally to join the anteroventral
surface of the premaxilla, where the premaxilla forms a
second pair of foramina (Fig. 5C). These foramina and
canals are reminiscent of the premaxillary canal of other
turtles, in which the premaxillary canal serves for the
passage of a branch of the anterior nasal artery (Tada
et al. 2025). A closer look at pCT data and 3D models
of Carettochelys insculpta (Rollot et al. 2024b) demon-
strated that similar foramina and canals are also present
in the latter taxon.

Maxilla. The maxillae of SMF Me3004 are dislo-
cated, but almost completely preserved and could,
thus, be reconstructed with ease (Figs 2B-E, 3B-E).
The maxillae are only slightly damaged along the ante-
rior part of the ascending process and along the suture
with the premaxilla (Figs 2B-E, 3B-E). The maxilla
forms the anteroventral portion of the snout, the lateral
margin of the apertura narium externa, the lateral wall
of the fossa nasalis, the anterior and ventral margin of
the orbit, the anteroventral margin of the reduced cheek
emargination, and the lateral margin of the foramen inter-
maxillaris (Figs 2B-E, 3B—E). The rim of the external
nares, which is formed by the prefrontal, maxilla, and
premaxilla, is thin as in most carettochelyids (Havlik et
al. 2014; Danilov et al. 2017a; Joyce et al. 2018; White
et al. 2023; Rollot et al. 2024b), except in Allaecochelys
delheidi (YR, pers. obs. on NHMUK PAL PV OR 38953)
and Allaeochelys meylani (Rollot et al. 2025), in which
the rim is greatly thickened. On the external skull surface
of SMF Me3004, the maxilla contacts the premaxilla
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anteromedially, the prefrontal dorsally along an elongate
suture for all the length of its ascending process, the jugal
posteriorly, and the quadratojugal posteriorly just below
the jugal (Figs 2C-E, 3C-E). A maxilla-quadratojugal
contact is also present in Allaeochelys meylani (Rollot
et al. 2025), Carettochelys niahensis (White et al. 2023),
and Carettochelys insculpta (Waite 1905; Walther 1922;
Rollot et al. 2024b), but not in Anosteira maomingensis
(Danilov et al. 2017a) and Anosteira pulchra (Joyce et
al. 2018). The labial margin of SMF Me3004 is nearly
straight (Fig. 3C, D), as in Anosteira pulchra (Joyce et
al. 2018), which contrasts with the more sinuous margin
seen in Allaeochelys meylani (Rollot et al. 2025) and
Carettochelys insculpta (Waite 1905; Walther 1922;
Rollot et al. 2024b). Within the fossa nasalis of SMF
Me3004, just medial to the anteroventral corner of the
orbit, the maxilla forms a relatively large foramen alveo-
lare superius. The foramen alveolare superius leads into
a large, unnamed canal that extends anteroventrolaterally
within the maxilla and merges with the canalis alveolaris
superior. In the floor of the fossa orbitalis, the maxilla
forms at about mid-length the foramen supramaxil-
lare, which leads into the large canalis infraorbitalis.
The canalis infraorbitalis extends anteriorly through the
maxilla and merges with the canalis alveolaris superior.
The canalis alveolaris superior seems to form in the most
posterior part of the maxilla by the successive merging
of multiple small canals that connect to the lateral and
triturating surfaces of the maxilla. The posterior portion
of the canalis alveolaris superior is fairly small and the
canal extends anteriorly through the maxilla to merge
with the canalis infraorbitalis slightly anterolateral to
the level of the foramen supramaxillare. The resulting
canal, which retains the name canalis alveolaris supe-
rior (Albrecht 1967; Gaffney 1972), is extremely large
and extends anteriorly through the maxilla, while giving
off multiple small branches. At the level of the anterior
wall of the orbit, the canalis alveolaris superior merges
with the unnamed canal that extends from the foramen
alveolaris superior and the resulting canal continues to
extend anteriorly through the maxilla. The path of the
canal is difficult to follow, as it gives off numerous small
to large canals along its way that connect to the lateral,
medial, and triturating surfaces of the maxilla. One canal,
however, extends anteriorly straight through the maxilla
and exits the cranium by means of a foramen formed by
the maxilla, along the ventrolateral margin of the external
nares. The location of this foramen is reminiscent of the
maxillary foramen described in Allaeochelys meylani
(Rollot et al. 2025) and Carettochelys insculpta (Rollot et
al. 2024b), which transmits a branch of the superior alve-
olar artery that may be linked to proboscis blood supply
(Rollot et al. 2025). In SMF Me3004, just posterodorsal
to the foramen alveolare superius, the edge of the maxilla
is developed as a thin ridge that likely forms the antero-
ventral margin of the foramen orbito-nasale. Within the
fossa orbitalis, the maxilla contacts the jugal posteriorly
along a V-shaped suture, the pterygoid posteromedially,

and palatine medially. In ventral view, the triturating
surface is moderately broad and progressively expands
mediolaterally towards the posterior (Fig. 3B). The labial
margin is nearly straight and anteriorly continuous with
the anteroventral edge of the premaxilla (Fig. 3B). The
morphology of this area is, therefore, similar to that of
Anosteira maomingensis (Danilov et al. 2017a) and
Anosteira pulchra (Joyce et al. 2018), but greatly contrasts
with that of Allaeochelys meylani (Rollot et al. 2025) and
Carettochelys insculpta (Rollot et al. 2024Db). In the latter
two taxa, the labial ridge forms a short process medially
that separates the triturating surface posteriorly from
a half-cup fossa anteriorly formed by the maxilla and
premaxilla. This fossa is large in Allaeochelys meylani
(Rollot et al. 2025), small in Carettochelys insculpta
(Rollot et al. 2024b), and completely absent in Anosteira
maomingensis (Danilov et al. 2017a), Anosteira pulchra
(Joyce et al. 2018), and Allacochelys crassesculpta. In
SMF Me3004, the maxilla forms an elongate articular
facet posteromedially for about one third of its length,
which corresponds to a suture shared with the palatine
medially and pterygoid posteromedially and posteriorly.
As the articular surface is uninterrupted for its entire
length, we postulate that the maxilla had no contribution
to the foramen palatinum posterius, as some part of the
maxilla would otherwise be smooth and highlight the
position of the foramen palatinum posterius. Bony contri-
butions to the foramen palatinum posterius are variable
among carettochelyids and the foramen is formed by the
maxilla, palatine, and pterygoid in Anosteira maomin-
gensis (Danilov et al. 2017a), by the maxilla and palatine
in Allaeochelys meylani (Rollot et al. 2025), and only by
the palatine in Anosteira pulchra (Joyce et al. 2018) and
adult Carettochelys insculpta (Rollot et al. 2024Db).
Palatine. The palatines are overall well-preserved
in SMF Me3004, but the anterolateral aspect of both
elements is damaged and dislocated (Figs 2B, 3B). The
palatine contacts the vomer anteromedially, the maxilla
anterolaterally, the pterygoid posterolaterally, the
parabasisphenoid posteriorly, and its counterpart medi-
ally (Figs 2B, 3B). The posterior contact of the palatine
with the parabasisphenoid prevents the pterygoids from
contacting one another along the midline, as in all caret-
tochelyids (Waite 1905; Walther 1922; Danilov et al.
2017a; Joyce et al. 2018; Rollot et al. 2024a, 2024b).
Dorsally, at about mid-length, the palatine forms a tall
ascending process (Fig. 6), as in all trionychians (Meylan
1987; Joyce 2014). The posterior half of the ascending
process is much lower than the anterior half. This differ-
ence is only minimally due to breakage, as pCT scans
of SMF Me3004 show that most of the dorsal aspect of
the preserved portion corresponds to an articular facet.
This facet likely articulated with the parietal and epipter-
ygoid, but the corresponding portions of the latter two
bones are not preserved and we are not able to identify
the actual limits of the contacts. Anteriorly, on its dorsal
surface, the palatine forms a low, but relatively broad
ridge that extends posteriorly and posterolaterally and
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Figure 6. Three-dimensional renderings of the reconstructed right palatine of Allacochelys crassesculpta (SMF Me3004). A. Dorsal

view; B. Anteromedial view; C. Posterolateral view. Abbreviations: ap, ascending process; ar, accessory ridge; dg, dorsal groove;

facnv, foramen anterius canalis nervi vidiani; la-pal, lateral aspect of palatine. Black arrowheads show the various foramina along

the posteroventral part of the ascending process of the palatine.

that forms the lateral wall of a shallow groove (Fig. 6A,
B). This groove extends posteriorly and posterolat-
erally and connects to a large foramen located at the
medial base of the ascending process of the palatine.
The foramen leads into a canal that extends posteriorly
for a short distance and connects to other canals that
cross the ascending process of the palatine. Various
foramina linked to this network of canals are visible on
the lateral surface of the ascending process of the pala-
tine, just posterior to its tallest extent (Fig. 6C). At about
two-thirds of the anteroposterior length of the dorsal
groove, the palatine forms a small fossa, which posteri-
orly ends in a small foramen. This foramen leads into a
canal that extends posteriorly through the palatine. The
location of the foramen and path of the canal are iden-
tical to that of the foramen anterius canalis nervi vidiani
and canalis nervus vidianus in Carettochelys insculpta
(Rollot et al. 2021, 2024b) and we, therefore, identify
the foramen and canal as such in SMF Me3004 (Fig. 6B).
Anterolaterally, the left palatine preserves a small piece
of which the two longest sides have a smooth surface.
Given the orientation of this bony piece, its location in
the original specimen, and the morphology of this area
in other carettochelyids (Danilov et al. 2017a; Joyce et
al. 2018; Rollot et al. 2024b), we interpret this element
as being the anterolateral end of the palatine, with the
smooth side facing anteromedially corresponding to
the posterior or posterolateral margin of the foramen
orbito-nasale and the smooth side facing posterolater-
ally corresponding to the anteromedial margin of the
foramen palatinum posterius (Fig. 3B).

Vomer. The vomer of SMF Me3004 lacks its anterior
and anterolateral ends, is eroded on its ventral surface,
and broken into four pieces (Figs 2B, 3B). The vomer
contacts the prefrontal anterolaterally and the palatine
posterolaterally and posteriorly. Although the anterior
and anterolateral sides of the vomer are damaged, the
premaxilla and maxilla are sufficiently complete to ascer-
tain that there is no contact of the vomer with the latter
two bones, as in other carettochelyids (Walther 1922;
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Danilov et al. 2017a; Joyce et al. 2018; Rollot et al.
2024b). Dorsolaterally, the vomer forms low processes
for articulation with the descending process of the
prefrontal (Fig. 3B). Dorsally, the vomer forms a narrow,
but deep sulcus vomeri that extends anteroposteriorly for
all the length of the element. Ventrally, along its posterior
end, the vomer forms an elongate fossa that is open poste-
riorly and delineated by a thin, curved ridge anteriorly
and laterally, just at the level of contact with the palatine
(Figs 2B, 3B).

Pterygoid. The pterygoids are moderately damaged in
SMF Me3004 (Figs 2B, 3B). The left element is the most
complete of the two, preserving the anterior end of the
anterior process and most of the central and posterior
portions of the pterygoid, although substantial parts of its
dorsal surface are eroded (Figs 2B, 3B, 7). Most of the
right element, however, is missing, as it only preserves
the anterior tip of the anterior process and damaged
portions of the posteromedial part of the bone
(Figs 2B, 3B). The anterior half of the pterygoid is devel-
oped as an elongate process that contacts the maxilla
anteriorly, the palatine medially, and the parabasisphe-
noid posteromedially (Fig. 3B). Anterolaterally, the
anterior process forms a small and low, but elongate
processus pterygoideus (Fig. 7D), as in Carettochelys
insculpta (Rollot et al. 2024b). Contact of the pterygoid
with its counterpart is prevented by a connection between
the palatine and parabasisphenoid (Figs 2B, 3B), as in all
carettochelyids (Waite 1905; Walther 1922; Danilov et al.
2017a; Joyce et al. 2018; Rollot et al. 2024a, 2024b). The
posterior half of the pterygoid contacts the parabasisphe-
noid medially, the basioccipital-exoccipital complex
posteromedially, and the quadrate laterally (Figs 3B, 7).
The dorsal contacts of the pterygoid are not preserved, as
the central part of the cranium is heavily damaged due to
its compression. The pterygoid preserves several struc-
tures of interest on its ventral surface. The pterygoid
forms the foramen posterius canalis carotici interni, which
is likely entirely formed by the pterygoid, but very closely
located to the parabasisphenoid, at about two-thirds of the
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anteroposterior length of the pterygoid-parabasisphenoid
suture (Fig. 7B, C). The position of the foramen posterius
canalis carotici interni is, therefore, reminiscent of that
seen in Kizylkumemys schultzi (Danilov and Obraztsova
2015) and Anosteira pulchra (Joyce et al. 2018), but
differs from other carettochelyids, in which the foramen is
located either more posteriorly or posterolaterally far
from the pterygoid-parabasisphenoid suture (Waite 1905;
Walther 1922; Havlik et al. 2014; Danilov et al. 2017a;
Rollot et al. 2024a, 2024b, 2025). Given the position of
the foramen posterius canalis carotici interni in SMF
Me3004, the canalis caroticus internus likely extended
anteriorly along the pterygoid-parabasisphenoid suture,
but damage to that area precludes the description of the
internal carotid artery system. Posteriorly, starting from
the foramen posterius canalis carotici interni, the ptery-
goid forms a well-defined groove that extends
posterolaterally on its ventral surface and ends close to
the posterior rim of the pterygoid, which highlights the
posterior path of the internal carotid artery (Figs 2B, 3B,
7B, C). Lateral to this groove, the pterygoid forms a deep
pterygoid fossa (Figs 2B, 3B, 7B, C), as in Anosteira
maomingensis (Danilov et al. 2017a), Allaeochelys
meylani (Rollot et al. 2025), Allaeochelys libyca (Havlik
et al. 2014; Rollot et al. 2024a), and Carettochelys
insculpta (Waite 1905; Walther 1922), but not Anosteira
pulchra (Joyce et al. 2018). An enfolded ridge, formed by
the pterygoid that ventrally covers the pterygoid fossa
when present, is absent in SMF Me3004 (Figs 2B, 3B,
7B, C), as is the case in Kizylkumemys schultzi (Nessov
1987; Danilov and Obraztsova 2015), Anosteira maomin-
gensis (Danilov et al. 2017a) and Anosteira pulchra
(Joyce et al. 2018), but not in Allaeochelys meylani
(Rollot et al. 2025), Allaeochelys libyca (Rollot et al.
2024a), and Carettochelys insculpta (Walther 1922; Joyce
2014). Posteromedially, the pterygoid contributes to the
elongate tuberculum basioccipitale by forming its ventro-
lateral part (Figs 2B, 3B, 7). Elongate tubercula
basioccipitale are also present in Allaeochelys meylani
(Rollot et al. 2025), Allaeochelys libyca (Havlik et al.
2014; Rollot et al. 2024a), and Carettochelys insculpta
(Waite 1905; Walther 1922; Rollot et al. 2024b), but not
in Anosteira pulchra (Joyce et al. 2018), where the tuber-
cula are short. Laterally, the pterygoid has a tall suture
with the quadrate that extends vertically just medial to the
mandibular condyle (Fig. 7C, D). Dorsally, most of the
surface of the pterygoid is eroded and damaged, preserving
only a few features of interest. The dorsal surface of the
posterior half of the pterygoid is intact overall and forms
a low ridge at about mid-length that crosses most of the
preserved element mediolaterally (Fig. 7A). This ridge is
visible on both sides of the specimen and located at the
same level, slightly posterior to the level of the suture
between the parabasisphenoid and basioccipital-exoccip-
ital complex. In Allaeochelys meylani (Rollot et al. 2025),
Allaeochelys libyca (Rollotetal. 2024a), and Carettochelys
insculpta (Rollot et al. 2024b), the pterygoid is slightly
raised at the same level, forming either a plateau or a

ridge that corresponds to the articulation facet with the
processus interfenestralis of the opisthotic. Considering
the morphology exhibited by these carettochelyids, we
interpret the dorsal pterygoid ridge of SMF Me3004 as
representing at least a portion of the articulation facet
with the processus interfenestralis of the opisthotic. The
area posterior to that ridge, therefore, corresponds to the
floor of the recessus scalae tympani (Fig. 7A). The
posterodorsal surface of the pterygoid is rough, posterior
to the recessus scalae tympani. A close look at the nCT
dataset shows that this surface appears to correspond to a
suture, which is confirmed to be present by specimen
HLMD Me7592, in which this area is partially preserved
on the right side with a pterygoid-opisthotic contact
(Fig. 7A, C, D). By reference to other carettochelyids, this
opisthotic-pterygoid contact corresponds to the ventral
contact of the secondary process of the opisthotic with the
pterygoid, which restricts the fenestra postotica medially
(Danilov et al. 2017a; Rollot et al. 2024a, 2024b, 2025).
Just lateral to this inferred articulation facet and contact,
the dorsal surface of the pterygoid is smooth and concave,
forming a short groove that extends anteriorly just lateral
to the recessus scalae tympani (Fig. 7A). In Allaeochelys
meylani (Rollot et al. 2025), Allaeochelys libyca (Rollot
et al. 2024a), and Carettochelys insculpta (Rollot et al.
2024b), this part of the pterygoid corresponds to the
ventral margin of the fenestra postotica, which is greatly
reduced in carettochelyids because of the posterior contact
between the pterygoid and opisthotic. We, therefore,
interpret this portion of the pterygoid in SMF Me3004 as
representing the ventral margin of the fenestra postotica
and the short anterior groove corresponds to the posterior
floor of the cavum acustico-jugulare (Fig. 7A, C, D). In
HLMD Me7592, the pterygoid forms a foramen that is
located lateral to the foramen jugulare posterius, just
lateral to its suture with the basioccipital-exoccipital
complex and medial to its suture with the opisthotic. The
foramen leads into a short canal that extends anterolater-
ally within the pterygoid and basioccipital-exoccipital
complex and joins the recessus scalae tympani anteriorly,
just lateral to the foramen that leads into the canal that
posteriorly connects to the foramen jugulare posterius.
The location of these structures is identical to the position
of the foramen and canal for the passage of the glossopha-
ryngeal nerve (CN IX; foramen oropharyngeale, sensu
Evers and Al Tawati (2024)) seen in Allaeochelys meylani
(Rollot et al. 2025), Allaeochelys libyca (Rollot et al.
2024a), and Carettochelys insculpta (Rollot et al. 2024b)
and we, therefore, identify them as such in HLMD
Me7592. Nevertheless, some variation in the bony contri-
butions to these structures seems to be apparent. In HLMD
Me7592, the foramen oropharyngeale is likely only
formed by the opisthotic, although very closely located to
the pterygoid-opisthotic suture, as observed in adult
Carettochelys insculpta (Rollot et al. 2024b), whereas the
foramen is formed by the opisthotic and pterygoid in
Allaeochelys meylani (Rollot et al. 2025) and Allaeochelys
libyca (Rollot et al. 2024a).
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Figure 7. Three-dimensional renderings of the reconstructed left pterygoid of Allaeochelys crassesculpta (SMF Me3004). A. Dorsal
view; B. Ventral view; C. Posteroventral view; D. Lateral view. Abbreviations: af-bex, articulation facet for basioccipital-exoc-
cipital complex; af-op, articulation facet for opisthotic; af-pbs, articulation facet for parabasisphenoid; af-qu, articulation facet for
quadrate; cg, carotid groove; fpcci, foramen posterius canalis carotici interni; fpo, fenestra postotica; ppe, processus pterygoideus
externus; pt-fo, pterygoid fossa; rst, recessus scalae tympani; tb, pterygoid portion of the tubercula basioccipitale. Black arrowheads

indicate the extent of the processus pterygoideus externus.

Epipterygoid. The epipterygoids are not preserved in
SMF Me3004 and no insights can be obtained for other
specimens.

Quadrate. The quadrates of SMF Me3004 are broken
into several pieces, but most of their morphology remains
preserved (Figs 2, 3, 8). The sole exception is the postero-
dorsal part of both elements, at the level of the antrum
postoticum, which is largely missing. In lateral view, the
quadrate contacts the quadratojugal along a tall, C-shaped
suture and the squamosal posterodorsally (Figs 2C, D,
3C, D). The quadrate forms most of the cavum tympani,
with the exception of the anterior margin, which is
formed by the quadratojugal, as in Anosteira maomin-
gensis (Danilov et al. 2017a), Anosteira pulchra (Joyce
et al. 2018), Allaeochelys libyca (Rollot et al. 2024a),
and Carettochelys insculpta (Walther 1922; Rollot et
al. 2024b), but not Allaeochelys meylani (Rollot et al.
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2025). The quadrate usually forms the incisura columella
auris, which in carettochelyids is completely enclosed
by the latter bone (Waite 1905; Walther 1922; Havlik et
al. 2014; Joyce 2014; Danilov et al. 2017a; Joyce et al.
2018; Rollot et al. 2024a, 2024b, 2025), but the area is not
preserved in SMF Me3004. In specimen SMF Me3566,
however, the incisura columella auris is perfectly visible
and completely enclosed by the quadrate. The quadrate
of SMF Me3004 forms a moderately deep precolumellar
fossa in the posteroventromedial corner of the cavum
tympani (Figs 3D, 8A). A similar fossa, albeit shallower,
is also present in Allaeochelys meylani (Rollot et al.
2025), but such a depression is absent in Allaeochelys
libyca (Rollot et al. 2024a) and Carettochelys insculpta
(Rollot et al. 2024b). Notably deep precolumellar fossae
are also known in various pleurodires (Gaffney et al.
20006), but their function remains uncertain (Foth et al.
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Figure 8. Three-dimensional renderings of the reconstructed quadrates of Allacochelys crassesculpta (SMF Me3004). A. Anterolat-

eral view of left quadrate; B. Medial view of right quadrate; C. Posterior view of right quadrate. Abbreviations: af-pro, articulation

facet for prootic; af-pt, articulation facet for pterygoid; af-qj, articulation facet for quadratojugal; af-sq, articulation facet for squa-

mosal; ap, antrum postoticum; cm, condylus mandibularis; fpo, fenestra postotica; pto, processus trochlearis oticum; qu-fo, quadrate

fossa. Black arrowhead indicates the location of the precolumellar fossa within the cavum tympani.

2019). According to Harrassowitz (1922), the antrum
postoticum is absent in Allaeochelys crassesculpta, but
several specimens studied herein suggest otherwise.
Indeed, a large antrum postoticum is clearly visible in the
UCL scans of HLMD Me14997 and in the female indi-
vidual of specimen SMF Me3566. In SMF Me3004, this
area is damaged but still preserves enough of the quadrate
to draw the same conclusion. Dorsal to the precolumellar
fossa of the cavum tympani, the dorsal surface of the
preserved quadrate forms a smooth and slightly concave
surface that appears to have an anteromedial-posterolat-
eral orientation (Figs 3C, 8A). Just anteroventral to this
surface, the quadrate forms a smooth, horizontal ridge,
that weakly extends above the precolumellar fossa. The
morphology of this area, particularly the smooth dorsal
surface of the quadrate and the low ridge anteroventral
to it, is reminiscent of that of SMF Me3566 and other
carettochelyids that possess an antrum postoticum, such
as Anosteira pulchra (Joyce et al. 2018) and Allaeochelys
libyca (Rollot etal. 2024a), but also juvenile Carettochelys
insculpta (Rollot et al. 2024b). In dorsal view, the quadrate
of SMF Me3004 contacts the quadratojugal anterolater-
ally, the prootic medially, the opisthotic posteromedially
and the squamosal posterolaterally (Figs 2A, 3A). At
about two-thirds of the anteroposterior length of the proot-
ic-quadrate suture, the right quadrate preserves the most
dorsolateral aspect of the canalis stapedio-temporalis,
showing that the quadrate forms the lateral wall of that
canal and the lateral margin of the foramen stapedio-tem-
porale, as in other carettochelyids (Waite 1905; Walther
1922; Havlik et al. 2014; Danilov et al. 2017a; Joyce et
al. 2018; Rollot et al. 2025). The quadrate also contrib-
utes to the processus trochlearis oticum (Figs 2B, 3B,
8B), although it only forms the most lateral part of the
process, which is otherwise mostly formed by the prootic
(Figs 2A, B, 3A, B). The posterior surface of the quadrate
is excavated and forms a fossa (Figs 2F, 3F, 8C), as in all
carettochelyids (Walther 1922; Havlik et al. 2014; Joyce
2014; Danilov et al. 2017a; Joyce et al. 2018; Rollot et

al. 2024a, 2024b, 2025). The fossa in SMF Me3004 is
only moderately deep, as in Anosteira maomingensis
(Danilov et al. 2017a) and Anosteira pulchra (Joyce et
al. 2018), which contrasts with the deeper fossa found in
Allaeochelys meylani (Rollot et al. 2025), Allaeochelys
libyca (Havlik et al. 2014; Rollot et al. 2024a), and
Carettochelys insculpta (Joyce 2014; Rollot et al. 2024b).
In SMF Me3004, the posterolateral edge of the quadrate
protrudes posteriorly, forming a relatively broad process
that folds slightly over the quadrate fossa (Figs 2F, 3F,
8C), as seen to a variable extent in other carettochelyids.
This process or enfolded ridge is slightly more prominent
and well-defined in SMF Me3004, Allacochelys libyca
(Rollot et al. 2024a) and Carettochelys insculpta (Rollot
et al. 2024b) than in Allaeochelys meylani, in which it
laterally delineates an additional shallow fossa (Rollot
et al. 2025). In SMF Me3004, the medial surface of the
quadrate is slightly concave and forms a shallow groove
dorsomedially and just dorsal to the medial suture with the
pterygoid. This feature is visible on both sides at the same
level and, by reference to other carettochelyids (Havlik
et al. 2014; Joyce 2014; Danilov et al. 2017a; Joyce et
al. 2018; Rollot et al. 2024a, 2025), can be confidently
identified as the lateral margin and lateral wall of the
fenestra postotica and cavum acustico-jugulare, respec-
tively (Fig. 8C). Ventrally, the quadrate forms a low and
ventrally oriented mandibular condyle (Figs 2B, 3B, 8B,
C), as in other carettochelyids (Waite 1905; Walther 1922;
Havlik et al. 2014; Danilov et al. 2017a; Joyce et al. 2018;
Rollot et al. 2025). The mandibular condyle consists of
two facets, with the lateral one being about three times
larger than the medial (Figs 2B, 3B). The two facets
are separated by a wide and deep sulcus (Figs 2B, 3B,
8C), as seen in Allaeochelys libyca (Rollot et al. 2024a),
which contrasts with the deep, but narrower sulcus seen
in Allaeochelys meylani (Rollot et al. 2025) and the wide,
but shallower sulcus seen in Carettochelys insculpta
(Rollot et al. 2024b). On the anterior surface of the quad-
rate of SMF Me3004, just anterodorsal to the mandibular
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condyle, the quadrate forms a small foramen that leads
into a canal that extends dorsally within the latter bone.
The path of this canal is difficult to follow as it blends into
porous bone, but the position of the foramen is reminis-
cent of the anterior quadrate foramen seen in Allaeochelys
libyca (Rollot et al. 2024a) and Carettochelys insculpta
(Rollot et al. 2024b). The quadrate of carettochelyids
usually contributes to various other internal structures,
such as the canalis cavernosus and foramen arterioman-
dibulare, but these areas are neither preserved in SMF
Me3004 nor any other specimen for which we acquired
tomographic data.

Prootic. The prootics are incomplete in SMF Me3004
(Figs 2A, 3A). Both elements preserve most of their
dorsal aspect, with that of the left prootic being almost
complete and the most anterior part of the ventral
process. Within the upper temporal fossa, the prootic
contacts the parietal medially, the quadrate laterally,
the supraoccipital posteromedially, and the opisthotic
posteriorly, which clearly prevents the quadrate from
contacting the supraoccipital (Figs 2A, 3A). The prootic
forms most of the processus trochlearis oticum, which is
developed as a relatively thin lip of bone that is strongly
curved ventrally. Posterolaterally, at about two-thirds of
the anteroposterior length of the prootic-quadrate suture,
the prootic forms the medial margin of the left foramen
stapedio-temporale, which is only visible on the left side
of the specimen. Anteroventrally, the small portion of
the prootic that remains preserved is anteriorly concave
with a smooth, intact surface. This aspect is visible on
both sides of the specimen and, by reference to the same
area in other carettochelyids (Rollot et al. 2024a, 2024b,
2025), can be identified as the posterior margin of the
foramen nervi trigemini sensu stricto (sensu Rollot et al.
(2024a)). The preserved parts of the prootic show that it
forms the anterior half of the cavum labyrinthicum and
anterior half of the anterior semicircular canal. The fossa
acustico-facialis, canalis nervus facialis, fenestra ovalis,
and hiatus acusticus are not preserved.

Opisthotic. The opisthotic of SMF Me3004 is heavily
damaged on both sides (Figs 2A, F, 3A, F). The left
element only preserves the most anterior and dorsal
aspects, while the right element, to which two large pieces
can be attributed, preserves its anterodorsal and dorsolat-
eral portions. The preserved parts of the opisthotic contact
the supraoccipital medially, the prootic anteriorly, which
prevents the supraoccipital to contact the quadrate, and the
quadrate laterally (Figs 2A, F, 3A, F). The clear contact
between the prootic and supraoccipital just anterior to
the opisthotic also prevents the latter from contacting the
parietal (Figs 2A, 3A). Internally, the opisthotic forms the
posterior margin of the lateral semicircular canal, which
is not fully enclosed by bone anteriorly, and the posterior
margin of the posterior semicircular canal. On the right
side, the most anterior portion of the paroccipital process
is preserved. Ventrolaterally, the surface of the opisthotic
is slightly concave and forms a very shallow groove. With
reference to other carettochelyids (Rollot et al. 2024a,
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2024b, 2025), this lightly concave surface likely corre-
sponds to the medial margin of the fenestra postotica and
posteromedial wall of the cavum acustico-jugulare. The
ventromedial surface of the paroccipital process forms a
broad, slightly concave surface, which corresponds to the
roof of the recessus scalae tympani. As both opisthotics
are heavily damaged, we cannot evaluate the fenestra
ovalis, hiatus acusticus, fenestra perilymphatica, foramen
oropharyngeale, processus interfenestralis, and canals
and foramina for the glossopharyngeal nerve (CN IX). A
ventral contact of the processus interfenestralis with the
pterygoid can nevertheless be inferred by the presence of
a raised ridge on the dorsal surface of the pterygoid and
that extends mediolaterally, which is in the same posi-
tion as the raised surface of the pterygoid that contacts
the processus interfenestralis in other carettochelyids (see
Pterygoid above; Rollot et al. (2024a, 2024b, 2025)). An
additional contact of the opisthotic with the pterygoid,
which corresponds to the ventral contact of the secondary
process of the opisthotic with the pterygoid, is present
as in other carettochelyids, based on SMF Me3004 and
HLMD Me7592 (see Pterygoid above; Danilov et al.
(2017a); Rollot et al. (2024a, 2024b, 2025)).
Supraoccipital. The supraoccipital is overall well-pre-
served in SMF Me3004 and only lacks portions of the
crista supraoccipitalis and its most anteroventral aspects
(Figs 2A-D, F,3A-D, F). Within the upper temporal fossa,
the supraoccipital contacts the parietal anteriorly, the
prootic anterolaterally, and the opisthotic posterolaterally
(Figs 2A, 3A). A posteroventral contact with the basioc-
cipital-exoccipital complex is documented by HLMD
Mel14997, where the supraoccipital forms the dorsal
margin of the foramen magnum and roofs the braincase
posteriorly. The supraoccipital does not contribute to the
foramen stapedio-temporale and canalis stapedio-tempo-
ralis, as is the case in other carettochelyids (Waite 1905;
Walther 1922; Havlik et al. 2014; Danilov et al. 2017a;
Joyce et al. 2018; Rollot et al. 2024a, 2025). The supraoc-
cipital is also excluded from the skull roof (Figs 2A, 3A),
which appears to be a unique feature among caretto-
chelyids, although this contribution is generally small
in members of the clade (Walther 1922; Danilov et al.
2017a; Joyce et al. 2018; Rollot et al. 2024b). Posteriorly,
the supraoccipital forms an elongate crista supraoccipi-
talis, which is ventrally expanded into a broad, flat shelf
(Figs 2A, B, F, 3A, B, F). The crista supraoccipitalis
and associated flat shelf represent more than half of the
length of the supraoccipital and posteriorly extend far
beyond the level of the squamosal processes and appear
to be slightly longer than that of Carettochelys insculpta
(Walther 1922; Rollot et al. 2024b) and similar to the
condition seen in Anosteira maomingensis (Danilov et
al. 2017a). In SMF Me3004, the supraoccipital also roofs
the braincase posteriorly and forms the posterior half of
the anterior semicircular canal and anterior half of the
posterior semicircular canal. Ventromedially, the surface
of the supraoccipital perfectly preserves the dorsal aspect
of the anterior and posterior semicircular canals. The area
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Figure 9. Three-dimensional renderings of the reconstructed basioccipital-exoccipital complex of Allaeochelys crassesculpta (SMF

Me3004). A. Left anterolateral view; B. Right posterolateral view. Abbreviations: af-pt, articulation facet for pterygoid; cc, cavum

cranii; co, condylus occipitalis; fjp, foramen jugulare posterius; fnhp, posterior foramen nervi hypoglossi; nr, neurapophyseal ridge;

rst, recessus scalae tympani; tb-bex, basioccipital-exoccipital complex portion of the tubercula basioccipitale. Black arrowheads

show the anterior foramina nervi hypoglossi.

between the two canals, which corresponds to the dorsal
imprint of the common crus, is nearly flat and horizon-
tally continuous with the path of the anterior and posterior
semicircular canals. This morphology suggests that the
dorsal embayment of the common crus was very low, if
not completely absent, as seen in Allaeochelys meylani
(Rollot et al. 2025).

Basioccipital-exoccipital complex. The basioccipital
and exoccipitals are fused in SMF Me3004 (Figs 2A-D,
F, 3A-D, F, 9), and we, therefore, describe these bones
as a single osteological unit. Remnants of the basioc-
cipital-exoccipital suture are visible in HLMD Me7592,
but only internally in the area of the foramen jugulare
posterius. In SMF Me3004, the basioccipital-exoccip-
ital complex is overall well-preserved, with damage only
affecting its most anterior, anterolateral, and dorsal
aspects. The basioccipital-exoccipital complex forms the
posterolateral wall and posteroventral floor of the brain-
case and the lateral and ventral margins of the foramen
magnum (Figs 3F, 9A). The basioccipital-exoccipital
complex contacts the parabasisphenoid anteriorly, the
pterygoid anterolaterally and laterally, along the elon-
gate tubercula basioccipitale, and the supraoccipital
dorsally (visible in HLMD Me14997; Figs 2A, B, F, 3A,
B, F). Additional contact with the opisthotic was likely
present, but is not preserved. Posterolaterally, the basioc-
cipital-exoccipital complex forms most of the elongate
tubercula basioccipitale, the ventrolateral aspect of it
being formed by the pterygoid (Figs 2A, B, 3A, B, 7,
9). Elongate tubercula basioccipitale are also present in
Allaeochelys meylani (Rollot et al. 2025), Allaeochelys
libyca (Havlik et al. 2014; Rollot et al. 2024a), and
Carettochelys insculpta (Waite 1905; Walther 1922;
Rollot et al. 2024b), which contrasts with the short tuber-
cula seen in Anosteira pulchra (Joyce et al. 2018). The
basioccipital-exoccipital complex of SMF Me3004 also
forms the posterior wall of the recessus scalae tympani
(Fig. 9A). In the posterolateral corner of the recess, the
basioccipital-exoccipital complex forms a foramen that
leads into a canal, which extends posterolaterally through
the bone. The canal joins the external cranial surface via a

relatively large foramen jugulare posterius just medial to
the suture with the pterygoid (Fig. 9B). The foramina and
canal are particularly well-preserved on the right side of
SMF Me3004. Within the braincase, ventrally, the basioc-
cipital-exoccipital complex forms two foramina for the
hypoglossal nerve (CN XI), the anterior foramen being
the smallest of the two (Fig. 9A). Each foramen leads into
a separate canal that extends posteroventrolaterally. The
anterior and smallest canal joins the posterior surface of
the cranium by means of a posterior hypoglossal nerve
foramen located just ventromedial to the foramen jugu-
lare posterius (Fig. 9B). The posterior and largest canal
also joins the posterior surface of the cranium, but its
posterior hypoglossal nerve foramen is located more
medially, closer to the occipital condyle (Fig. 9B). Some
variation is apparent, as the two posterior hypoglossal
nerve foramina are closer to one another on the left side
of the specimen. Two posterior foramina for the hypo-
glossal nerve are also present in Anosteira pulchra (Joyce
et al. 2018), Allaeochelys libyca (Rollot et al. 2024a),
and Carettochelys insculpta (Walther 1922; Rollot et
al. 2024b), contra the single foramen seen in Anosteira
maomingensis (Danilov et al. 2017a) and Allaeochelys
meylani (Rollot et al. 2025). In HLMD Me7592, the
foramen and canalis oropharyngeale are preserved
and the basioccipital-exoccipital complex forms the
anterolateral margin of the canal. In SMF Me3004, on
the posterior surface of the basioccipital-exoccipital
complex, it forms a relatively low, but broad neurapoph-
yseal ridge (Fig. 9B). The neurapophyseal ridge is visible
just lateral to the foramen magnum, where it extends
ventrolaterally for about half its preserved portion, then
bends and extends laterally towards the anterior base of
the tubercula basioccipitale, separating the foramen jugu-
lare posterius from the posterolateral hypoglossal nerve
foramen. The neurapophyseal ridge laterally ends at the
most posterior level of the hypoglossal nerve foramina.
The neurapophyseal ridge separates the posterior surface
of the basioccipital-exoccipital complex into two distinct
fossae, located ventromedial and dorsolateral from the
ridge, as also seen in Allaeochelys meylani (Rollot et

fr.pensoft.net



630 Yann Rollot et al.: Osteology, paleoecology, and phylogenetic relationships of Allaeochelys crassesculpta

5mm

af-pal

af-bex

C

3mm

Figure 10. Three-dimensional renderings of the reconstructed parabasisphenoid of Allaeochelys crassesculpta (SMF Me3004).
A. Dorsal view; B. Ventral view; C. Right anterolateral view. Abbreviations: af-bex, articulation facet for basioccipital-exoccipital

complex; af-pal, articulation facet for palatine; af-pt, articulation facet for pterygoid; cc, cavum cranii; cci, canalis caroticus inter-

nus; cp, clinoid process; st, sella turcica.

al. 2025), Allaeochelys libyca (Rollot et al. 2024a), and
Carettochelys insculpta (Rollot et al. 2024b). In SMF
Me3004, the central part of the ventral surface of the
basioccipital-exoccipital complex is flat (Figs 2B, 3B),
contrasting with the morphology of this area in other
carettochelyids, in which the basioccipital forms a semi-
circular depression (Waite 1905; Havlik et al. 2014;
Danilov et al. 2017a; Joyce et al. 2018; Rollot et al.
2024a, 2025).

Parabasisphenoid. The parabasisphenoid of SMF
Me3004 is overall well-preserved with most of the damage
affecting the rostrum basisphenoidale, the left anterolat-
eral aspect, and the right clinoid process (Figs 2B, 3B,
10). Although the parabasisphenoid is nearly complete,
we are not able to assess its dorsal contacts and contri-
butions to anatomical structures as the central part of the
cranium is completely crushed. The parabasisphenoid
contacts the palatine anteriorly, the pterygoid laterally,
and the basioccipital-exoccipital complex posteriorly
(Figs 2B, 3B, 10). The anterior contact of the parabasi-
sphenoid with the palatine prevents the pterygoid from
contacting its counterpart medially (Figs 2B, 3B), as in
all carettochelyids (Waite 1905; Walther 1922; Havlik et
al. 2014; Danilov et al. 2017a; Joyce et al. 2018; Rollot
et al. 2025). Laterally, the parabasisphenoid forms a
tall, concave, and smooth surface. Given the position
of the foramen posterius canalis carotici interni, which
is located just lateral to the parabasisphenoid-pterygoid
suture, we can confidently infer that this concave surface
corresponds to the medial margin of the canalis caroticus
internus and canalis caroticus basisphenoidalis (Fig. 10C).
The path of the canalis caroticus internus is preserved
in HLMD Me7592, in which it extends anteromedially
along the pterygoid-parabasisphenoid suture. Just ante-
rior to the foramen posterius canalis carotici interni, the
canalis caroticus internus laterally connects to the canalis
pro ramo nervi vidiani, which serves as a passage for the
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vidian nerve from the geniculate ganglion to the canalis
caroticus internus. Slightly anterior to that point, a small
canal seems to split from the canalis caroticus internus
laterally. This split may correspond to the bifurcation
between the canalis caroticus internus and canalis nervus
vidianus, but the area is not sufficiently preserved to
assess the identity of this canal with confidence. On the
right side of HLMD Me3566, a similar arrangement of
canals is present, with the possible canalis nervus vidianus
bifurcating from the canalis caroticus internus along the
pterygoid-parabasisphenoid suture, then laterally merging
with an unidentified canal coming from the posterior
and anteriorly extending through the pterygoid and, very
likely, the palatine. Furthermore, in HLMD Me3566,
still on the right side, no additional canal seems to split
from the canalis caroticus internus nor extend anteriorly
along the pterygoid-parabasisphenoid suture and we,
therefore, postulate that the canalis caroticus lateralis is
absent in Allaeochelys crassesculpta, as in Allaeochelys
libyca (Rollot et al. 2024a) and Carettochelys insculpta
(Rollot et al. 2021, 2024b). In HLMD Me7592, the canalis
caroticus internus anteriorly becomes the canalis caroticus
basisphenoidalis, which extends through the parabasisphe-
noid and joins the sella turcica by means of the foramen
anterius canalis carotici basisphenoidalis. Some varia-
tion is apparent in HLMD Me7592, as the right internal
carotid canal is about three to four times larger than its left
counterpart. In SMF Me3004, the parabasisphenoid ante-
riorly forms the broad rostrum basisphenoidale, which
is mostly missing. The rostrum basisphenoidale likely
extended over the posterodorsal surface of the palatine,
as the latter surface is developed as an articular facet,
as seen in Carettochelys insculpta (Rollot et al. 2024b).
Anterodorsally, the parabasisphenoid of SMF Me3004
forms a relatively thin dorsum sellae that projects ante-
riorly over the sella turcica (Fig. 10C). On the left side,
the clinoid process appears to be completely preserved
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and consists of a short process that extends anterolaterally
(Fig. 10A, C), as in Carettochelys insculpta (Rollot et al.
2024b). In SMF Me3004, the dorsal surface of the paraba-
sisphenoid is concave. The foramina and canals associated
with the path of the abducens nerve (CN VI) are apparent in
HLMD Me7592. In the latter specimen, the parabasisphe-
noid anteriorly forms the foramen posterius canalis nervi
abducentis along its dorsal surface. The latter foramen
leads into the canalis nervus abducentis, which extends
anteriorly within the parabasisphenoid, and anteriorly
exits the parabasisphenoid by means of the foramen ante-
rius canalis nervi abducentis, which appears to be located
somewhat ventral to the base of the clinoid process, as
in Carettochelys insculpta (Rollot et al. 2024b). Based on
the right side of the specimen, the foramen anterius canalis
nervi abducentis seems to be exclusively formed by the
parabasisphenoid, but as it is located immediately medial
to the lateral articular facet of the parabasisphenoid, a
minor contribution of the pterygoid and/or prootic may
be present. In SMF Me3004, the posterior and posterolat-
eral surfaces of the parabasisphenoid appear to be nearly
intact and the shape of the parabasisphenoid is, therefore,
likely very similar to that of other carettochelyids (Havlik
et al. 2014; Rollot et al. 2024a, 2024b). This area may
have had a similar morphology to that of Carettochelys
insculpta (Rollot et al. 2024b), which exhibits a ventrally
enlarged cavum labyrinthicum, but the lack of preserva-
tion of the surrounding bones hinders certainty regarding
this observation.

Mandible

General comments. SMNK Pal45053 is a nearly
complete mandible that is slightly crushed (Fig. 11). Most
of the damage that affects the mandible is located around
the fossa Meckelii. The mandibular bones are generally
well-preserved, except for the prearticular and surangular,
where the anterior half is damaged on both sides. The
mandible generally closely resembles that of Carettochelys
insculpta (Evers et al. 2022; Rollot et al. 2024b) and only
minor differences can be identified (see below).

Dentary. The dentaries are fused in SMNK Pal45053
along a slightly expanded symphysis (Fig. 11A, B).
The dentary contacts the coronoid posterodorsally, the
surangular posteriorly, and the angular posteroventrally
(Fig. 11). The dentary forms alow labial ridge, which is best
visible along the anterior half of the element (Fig. 11G-J).
The posterior half of the triturating surface of the dentary
is slightly concave (Fig. 11D), forming a similar depres-
sion to that observed in Carettochelys insculpta (Rollot et
al. 2024b). Some variation is apparent, as this depression
is only formed by the dentary in SMNK Pal45053, but by
the dentary and coronoid in adult Carettochelys insculpta
(Rollot et al. 2024b). In Anosteira maomingensis, the
morphology of the mandible is different, as the triturating
surface is subdivided into a flattened posterior expanded
region, which is anteromedially delimited by a low, longi-
tudinal ridge (Tong et al. 2010). A lingual ridge is absent
in SMNK Pal45053 (Fig. 11H, J). In lateral view, along
its posterior half, the dentary forms a deep adductor fossa

(Fig. 11G, I), which likely served as the insertion area for
the M. zygomaticomandibularis as seen in Carettochelys
insculpta (Werneburg 2011; Rollot et al. 2024b). In
SMNK Pal45053, the adductor fossa is anterolaterally
and ventrolaterally delineated by a lateral dentary ridge
(sensu Evers et al. (2022)). Along the anterior margin
of the fossa, the dentary forms the foramen dentofa-
ciale majus. In medial view, the dentary forms a groove
that extends anteroposteriorly for most of its length and
which is the anterior continuation of the fossa Meckelii
(Fig. 11H, J). Just dorsal to this groove and ventral to
the suture between the dentary and coronoid, the dentary
forms the foramen alveolare inferius.

Surangular. The surangular of SMNK Pal45053 forms
most of the posterolateral aspect of the mandible (Fig. 11).
The surangular contacts the dentary anteriorly and antero-
ventrally, the prearticular anteromedially, the articular
medially and posteromedially, and the angular ventrally
(Fig. 11). The anterodorsal process is almost completely
missing and contact with the coronoid is, therefore, not
preserved. Such a contact was nevertheless likely present
given the arrangement of these two bones and by reference
to Carettochelys insculpta, in which it is present (Evers
et al. 2022; Rollot et al. 2024b). In lateral view, posterior
to the adductor fossa and ventral to the anterior aspect of
the ectocondylar flange, the surangular forms the foramen
auriculotemporalis (Fig. 11G). Although the area of the
fossa Meckelii is severely damaged, a small portion of the
surangular remains preserved, showing that it formed the
posterolateral wall of the fossa. Anterodorsomedially, the
surangular forms a large dorsal surangular foramen (sensu
Evers et al. (2022); Fig. 11A), which is located just lateral
to the suture with the articular and appears to be larger
than that of Carettochelys insculpta (Rollot et al. 2024b).
Posterodorsally, the surangular forms a laterally expanded
ectocondylar flange, which forms slightly more than half
of the mandibular articular surface (Fig. 11C). Posterior to
the mandibular articular surface, the surangular borders the
retroarticular process of the articular laterally (Fig. 11C, F).

Coronoid. The two coronoids are almost completely
preserved in SMNK Pal45053 (Fig. 11A-D, F-J). Only
their most posteroventromedial aspect is slightly damaged.
The coronoid contacts the dentary anteroventrally and the
prearticular posteroventromedially (Fig. 11A-D, F-J).
Contact with the surangular was likely present postero-
ventrolaterally, but damage to the latter bone prevents
assessment (see Surangular above). The coronoid forms
a process anteromedially that extends over the dentary
medially and forms the posteromedial corner of the tritu-
rating surface (Fig. 11C, D, F). The coronoid also forms
the most dorsal aspect of the adductor fossa (Fig. 11G, I).
The coronoid process is tall and slightly recurved poste-
riorly (Fig. 11G-]), as in Carettochelys insculpta (Evers
et al. 2022; Rollot et al. 2024b), but unlike Anosteira
maomingensis, where the anterior margin of the coronoid
is vertically oriented (Tong et al. 2010). A weak coronoid
notch is present in SMNK Pal45053 (Fig. 11G-J), again
as in Carettochelys insculpta (Evers et al. 2022; Rollot et
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Figure 11. Three-dimensional renderings of the segmented mandible of Allaeochelys crassesculpta (SMNK Pal45053). A. Dorso-
lateral view; B. Ventrolateral view; C. Dorsal view of left ramus; D. Dorsal view of reconstructed mandible; E. Ventral view of re-
constructed mandible; F. Dorsal view of right ramus; G. Lateral view of right ramus; H. Medial view of right ramus; 1. Lateral view
of left ramus; J. Medial view of left ramus. Abbreviations: add, adductor fossa; an, angular; art, articular; con, coronoid notch; cor,
coronoid; den, dentary; dsf, dorsal surangular foramen; fat, foramen auriculotemporalis; pctf, posterior chorda tympani foramen;
pre, prearticular; secf, ectocondylar flange of the surangular; sur, surangular.

al. 2024b). On its lateral surface, the coronoid of SMNK Prearticular. The prearticular is heavily damaged on
Pal45053 forms a shallow depression, similar to that of  both sides in SMNK Pal45053 (Fig. 11A-F, H, J). The
Carettochelys insculpta (Evers et al. 2022; Rollot et al.  preserved bony contacts of the prearticular are with the
2024b), albeit larger than in the latter as it expands on  surangular anteroventrally, the angular ventrally, and the
almost all the lateral surface of the element (Fig. 11G, I).  articular laterally (Fig. 11A-F, H, J). On the right side,
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several small and thin pieces of bone were segmented and
attributed to the prearticular, based on their morphology
and position on the medial and posteromedial side of the
mandible. The most anterodorsal of these plates slightly
contacts the coronoid anterodorsally and likely represents
the most anterior portion of the anterodorsal process of the
prearticular (Fig. 11H), as seen in Carettochelys insculpta
(Evers et al. 2022; Rollot et al. 2024b). The small plates of
bone on the right side of SMNK Pal45053, identified as
belonging to the prearticular, thus also form the medial wall
of the fossa Meckelii and the medial margin of its dorsal
foramen. A posterior chorda tympani foramen seems to be
preserved on the left prearticular and is located just medial
to the prearticular-articular suture and ventral to the anterior
extent of the ectocondylar flange of the articular (Fig. 11J).

Angular. The angular is nearly completely preserved
on both sides in SMNK Pal45053 (Fig. 11A, B, E, F,
G-J). The angular is small and elongate and forms the
posteroventromedial aspect of the mandible (Fig. 11E).
The anterior half of the angular is developed as a medio-
laterally thin sheet of bone, whereas the posterior half of
the element is mediolaterally more expanded and almost
as wide as tall. The angular contacts the dentary anteriorly
and anterolaterally, the surangular laterally and postero-
laterally, the prearticular dorsomedially, and the articular
dorsally and posterodorsally (Fig. 11A, B, E, F, G-J).

Splenial. The splenials are absent in SMNK Pal45053,
as in Carettochelys insculpta (Evers et al. 2022; Rollot et
al. 2024b) and, likely, Anosteira maomingensis (Tong et
al. 2010).

Articular. The articular is nicely preserved on both
sides of SMNK Pal45053 and only shows minor signs of
damage surficially along the retroarticular process (Fig. 11).
The articular contacts the prearticular anteromedially, the
angular ventrally and ventromedially, and the surangular
laterally (Fig. 11). As the articular is dorsally expanded
and tightly sutured to the surangular and prearticular along
the entire height of the latter two bones, it forms a tall wall
that structures the posterior margin of the fossa Meckelii,
which is posteriorly completely enclosed by bone as in
adult Carettochelys insculpta (Rollot et al. 2024b). The
articular of SMNK Pal45053 also forms the medial portion
of the mandibular articular surface, which represents
slightly less than half of the entire surface, most of it being
shaped by the surangular (Fig. 11C, F). Posteriorly, the
articular forms the retroarticular process (Fig. 11C, F, H,
J). Between the mandibular articular surface and distal
part of the retroarticular process, the articular forms a
smooth and slightly concave surface, which corresponds
to the articular notch (Fig. 11H, J).

Shell

General comments. Allaeochelys crassesculpta is
known from more than a hundred often complete and
articulated specimens. As mentioned above (see Material
and methods), we here focus on the material housed
at HLMD and SMF, with the addition of one nicely
preserved specimen from the SMNK.

As most specimens are flattened, carapacial bones are
typically slightly displaced, often preventing accurate

assessment of the exact contacts between bones, in partic-
ular between the costals and peripherals. A few specimens,
however, at least partially preserve the original morphology
of the shell and we explicitly refer to those in the following
sections when needed. We otherwise describe the shell
morphology of Allaeochelys crassesculpta without
specific reference to individual specimens because of the
great number of specimens studied herein (Figs 12-29).
Likewise, concerning intraspecific variation, reference to
single specimens is only made when such variation can
confidently be identified among our sample.

The shell of Allaeochelys crassesculpta is covered
by the typical surface ornamentation of carettochelyids
consisting of thick ridges separated by equally-sized
grooves. As in all carettochelyids, the carapace has a
midline keel, a nuchal, ten peripherals, a single supra-
pygal, and a pygal (Waite 1905; Walther 1922; Havlik
et al. 2014; Joyce 2014). The plastron of Allaeochelys
crassesculpta resembles that of other carettochelyids by
having a triangular entoplastron, large epiplastra, and
plastral kinesis (Havlik et al. 2014; Joyce 2014). The cara-
pace of Allaeochelys crassesculpta notably differs from
that of Kizylkumemys spp. and Anosteira spp. by lacking
carapacial scutes (Leidy 1873; Clark 1932; Zangerl 1947;
Chow and Liu 1955; Nessov 1977; Tong et al. 2005) and
from that of Carettochelys insculpta by having an unin-
terrupted neural series (Walther 1922; Joyce 2014). The
plastron of Allaeochelys crassesculpta differs from the
earliest branching representatives Kizylkumemys schultzi
and Anosteira spp. by having a larger posterior plastral
lobe (Leidy 1873; Gilmore 1931; Clark 1932; Zangerl
1947; Chow and Liu 1955; Nessov 1977), which is similar
in width to that of other Allaeochelys species (Broin
1977; Carbot-Chanona et al. 2020; Rollot et al. 2025), but
narrower than that of Carettochelys insculpta (Waite 1905;
Walther 1922; Joyce 2014). The plastron of Allaeochelys
crassesculpta also differs from Kizylkumemys schultzi by
lacking plastral scutes (Nessov 1977), a similar condition
to that observed in other carettochelyids (Leidy 1873;
Gilmore 1931; Clark 1932; Zangerl 1947; Chow and Liu
1955; Young and Chow 1962; Broin 1977; Hutchison et
al. 2004; Carbot-Chanona et al. 2020; Rollot et al. 2025).

Nuchal. The nuchal forms the anterior margin of the
shell. The shape of the anterior margin shows minor vari-
ation and is either completely straight (HLMD Mel461,
Fig. 14, HLMD Mel3721, Fig. 18; SMF Me6l11,
Fig. 21; SMF Mel794, Fig. 22; SMNK Pal986, Fig. 29)
or slightly concave (HLMD Bel58, Fig. 12; HLMD
Bel59, Fig. 13; SMF Me3783, Fig. 27), but this may be a
taphonomic artefact. A straight anterior carapace margin
is also observed in Kizylkumemys schultzi (Nessov
1977), Kizylkumemys khoratensis (Tong et al. 2005), and
Carettochelys insculpta (Waite 1905; Walther 1922), but
differs from Anosteira mongoliensis (Gilmore 1931),
Anosteira ornata (Leidy 1873) and, perhaps, Anosteira
pulchra (Clark 1932), where a pronounced anterior emar-
gination can be observed. The nuchal of Allaeochelys
crassesculpta is wider than long and contacts peripheral I
laterally, costal I posterolaterally, and neural I posteriorly.
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Figure 12. HLMD Bel58, a nearly complete skeleton of A/laeochelys crassesculpta. A. Photograph in dorsal view; B. Interpretive

line drawing in dorsal view. Abbreviations: co I, costal I; ne I, neural I; nu, nuchal; pe I, peripheral I; py, pygal; spy, suprapygal.

On its ventral surface, the nuchal forms paired nuchal
processes, which are particularly visible in specimen
SMF Me2449 (Fig. 23).

Neurals. Among our sample of A/laeochelys crasses-
culpta, the neural series is usually damaged, incomplete,
or hidden from view in many specimens, but a few indi-
viduals preserve the entire intact series (HLMD Bel59,
Fig. 13; HLMD Mel461, Fig. 14, HLMD Me7429,
Fig. 17; SMF Me611, Fig. 21; and SMF Mell418,
Fig. 28), showing that Allaeochelys crassesculpta has an
uninterrupted series of seven neurals. An uninterrupted
series of neurals is observed in all carettochelyids (Leidy
1873; Clark 1932; Zangerl 1947; Broin 1977), except
Carettochelys insculpta, in which the neural series is
interrupted by midline contacts between pairs of costals
(Waite 1905; Walther 1922; Joyce 2014). In Allaeochelys
crassesculpta, the first neural is four-sided, whereas
neurals II to VI are hexagonal, with short anterolateral and
long posterolateral sides. Neural VII is hexagonal, too,
albeit much smaller than the other neurals and about as
wide as long. Neurals I to III are elongate and much longer
than wide. Neural V and perhaps sometimes neural IV
(e.g., HLMD Bel158, Fig. 12; and SMNK Pal986, Fig. 29)
appear to be somewhat slightly wider than neurals I-II1. It
is nevertheless clear that a progressive decrease in length
of the neurals can be observed from neural V to VIL
Neural I contacts the nuchal anteriorly, costal I laterally,
and neural II posteriorly. Neurals II to VII each contact
two pairs of costals: costals I-II, TI-III, III-IV, IV-V, V-
VI, and VI-VII, respectively. The outlines and contacts of
the neurals appear to be nearly identical in most caretto-
chelyids (Leidy 1873; Zangerl 1947; Broin 1977; Nessov
1977; Tong et al. 2005), but three deviations to the common
neural arrangement can be observed. In Anosteira pulchra,
neurals II and III are four-sided and only contact one pair
of costals, costals I and III, respectively (Clark 1932). In
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Allaeochelys liliae, neural VII is a fairly robust element
that is relatively larger than in other carettochelyids and
also much longer than wide (Carbot-Chanona et al. 2020).
Finally, in Carettochelys insculpta, the neural series is
interrupted by midline contacts of several pairs of costals
(Waite 1905; Walther 1922; Joyce 2014). The carapace of
Allaeochelys crassesculpta forms a midline keel to which
several neurals may contribute. There appears to be varia-
tion to the neural on which the keel anteriorly commences,
but caution is required when interpreting this feature, as the
shells studied herein show different amounts of crushing
and because the keel of carettochelyids generally forms
gradually. In our sample of Allaeochelys crassesculpta,
the keel seems to commence anteriorly at either neural II
(HLMD Mel461, Fig. 14; HLMD Me7593, Suppl. mate-
rial 1: fig. S1.8), neural III (HLMD Me4282, Fig. 15),
neural [V (SMF Me3783, Fig. 27; SMNK Pal986, Fig. 29),
neural V (HLMD Me7429, Fig. 17; HLMD Mel5012,
Fig. 19; SMF Mel11418, Fig. 28), or even more posteriorly
along costal pair VII or VIII (SMF Me611, Fig. 21; SMF
Mel794, Fig. 22).

Costals. Eight pairs of costals are present in the cara-
pace of Allaeochelys crassesculpta. Costals I and 1I are
recurved towards the anterior, costal III is nearly straight,
and costals I'V to VIII are recurved towards the posterior,
with the degree of curvature progressively increasing
from costal IV to VIII. The mediolateral width of costals
IV to VIII also progressively decreases towards the back
of the carapace, with costal IV being the widest element
and costal VIII the narrowest. Costal I is the largest
costal and contacts the nuchal anteromedially, periph-
eral I anterolaterally, peripheral II laterally, peripheral III
posterolaterally, neural I medially, neural II posteromedi-
ally, and costal II posteriorly. Costals II to VI each contact
two pairs of neurals: neurals II-I11, II-1V, IV-V, V-VI,
and VI-VII, respectively. Costal VII contacts neural VII
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Figure 13. HLMD Bel59, a nearly complete skeleton of Allaeochelys crassesculpta. A. Photograph in dorsal view; B. Interpretive

line drawing in dorsal view; C. Photograph in ventral view; D. Interpretive line drawing in ventral view. Abbreviations: co I, costal

I; ento, entoplastron; epi, epiplastron; hyo, hyoplastron; hypo, hypoplastron; ne I, neural I; nu, nuchal; pe I, peripheral I; py, pygal;

spy, suprapygal; xiphi, xiphiplastron.

anteromedially and its counterpart medially, while costal
VIII medially only contacts its counterpart. Laterally, the
contacts of the costals with the peripherals are difficult
to assess due to crushing and flattening of most speci-
mens that slightly displaced most carapacial bones. This

prevents us from unequivocally determining morpho-
logical variation, as apparent differences in contacts
might be the result of crushing, not intraspecific varia-
tion. We nevertheless tentatively identify the most likely
contacts between costals and peripherals by reference to
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Figure 14. HLMD Me1461, one of three syntypes, a nearly complete shell of Allaeochelys crassesculpta. A. Photograph in dorsal
view; B. Interpretive line drawing in dorsal view. Abbreviations: co I, costal I; ne I, neural [; nu, nuchal; pe I, peripheral 1.

single specimens (sometimes even on one side only) that
show the least crushing and displacement in the areas of
interest. The lateral aspect of costal II is best preserved
on the left side of SMF Me3018, where it contacts
peripherals III and IV (Fig. 24). For costal III, genuine
lateral contacts are preserved in SMF Me3018 and SMF
Mel1418, in which it contacts peripheral V for most of
its length and peripheral VI posterolaterally for a very
short distance (Figs 24, 28). A brief contact with periph-
eral IV might have occurred anterolaterally, but remains
hypothetical because of crushing. For costal IV, contacts
are best preserved in SMF Mel794 and SMF Me3018,
which show an elongate suture of this bone joining with
peripheral VI laterally and, perhaps, a short contact with
peripheral VII posterolaterally (Figs 22, 24). HLMD
Me7429 and SMF Mel794 best preserve the lateral
aspect of costal V, which mostly contacts peripheral VII
laterally and, likely, also peripheral VIII posterolaterally
(Figs 17, 22). The morphology of costal VI is particularly
well-preserved in numerous specimens, including HLMD
Bel58 (Fig. 12), HLMD Me7429 (Fig. 17), SMF Me1794
(Fig. 22), SMF Me3783 (Fig. 27), and SMF Mel1418
(Fig. 28), in which the bone mostly contacts peripheral
VIII and also has a short contact posterolaterally with
peripheral IX. For costal VII, contacts are best visible
in HLMD Bel158 (Fig. 12), HLMD Mel461 (Fig. 14),
HLMD Me7429 (Fig. 17), HLMD Me14920 (Suppl.
material 1: fig. S1.21), and HLMD Mel15012 (Fig. 19), in
which costal VII only contacts peripheral IX. However,
in SMF Mel1794, an additional contact with peripheral
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X is visible posterolaterally on both sides, which appears
to reflect the actual bony arrangement in the area rather
than being the result of crushing, highlighting possible
intraspecific variation for this feature (Fig. 22). Although
many specimens seem to nicely preserve costal VIII, a
close look reveals that minor damage or displacement
prevents us from being certain of the lateral contacts
of costal VIII. In specimens HLMD Me7428 (Fig. 16),
HLMD Me7429 (Fig. 17), and HLMD Me14920 (Suppl.
material 1: fig. S1.21), costal VIII mostly contacts periph-
eral X, but also has an extremely short contact with
peripheral IX posterolaterally.

Peripherals. Ten pairs of peripherals contribute to
the carapacial rim in Allaeochelys crassesculpta. As the
contacts between the peripherals and costals are diffi-
cult to identify and were discussed in detail above (see
Costals), we here only list the most certain contacts of
each peripheral with the neighboring costals. According
to our observations, the peripherals have the following
contacts: peripheral I with the nuchal medially, costal I
posteriorly, and peripheral II posterolaterally; peripheral
IT with peripheral I anteromedially, costal I posterome-
dially, and peripheral III posterolaterally; peripheral III
with peripheral II anteriorly, costal I anteromedially,
costal II posteromedially, and peripheral IV posteriorly;
peripheral IV with peripheral III anteriorly, costal II
medially, and with peripheral V posteriorly; peripheral
V with peripheral IV anteriorly, costal III medially, and
peripheral VI posteriorly; peripheral VI with periph-
eral V anteriorly, costal III anteromedially, costal IV
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Figure 15. HLMD Me4282, a nearly complete skeleton of Allaeochelys crassesculpta. A. Photograph in dorsal view; B. Interpretive
line drawing in dorsal view; C. Photograph in ventral view; D. Interpretive line drawing in ventral view. Abbreviations: co I, costal
[; ento, entoplastron; epi, epiplastron; hyo, hyoplastron; hypo, hypoplastron; ne I, neural I; nu, nuchal; pe I, peripheral I; py, pygal;

spy, suprapygal; xiphi, xiphiplastron.

medially, and peripheral VII posteriorly; peripheral
VII with peripheral VI anteriorly, costal V medially,
and peripheral VIII posteromedially; peripheral VIII
with peripheral VII anteriorly, costal VI medially, and

peripheral IX posteromedially; peripheral IX with
peripheral VIII anterolaterally, costal VI anteromedially,
costal VII medially, and peripheral X posteromedially;
peripheral X with peripheral IX anterolaterally, costal
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Figure 16. HLMD Me7428, posterior half of a carapace of Allaeochelys crassesculpta. A. Photograph in dorsal view; B. Interpre-
tive line drawing in dorsal view. Abbreviations: co IV, costal IV; ne V, neural V; pe VIII, peripheral VIIL; py, pygal; spy, suprapygal.
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Figure 17. HLMD Me7429, a nearly complete carapace of Allaeochelys crassesculpta. A. Photograph in dorsal view; B. Interpre-

tive line drawing in dorsal view. Abbreviations: co I, costal I; ne [, neural [; nu, nuchal; pe I, peripheral I; py, pygal; spy, suprapygal.

VIII anteromedially, the suprapygal medially, and the
pygal posteromedially. Peripherals IV to VII contribute
to the formation of the bridge, which is particularly
well-preserved in specimens HLMD Me7593 (Suppl.
material 1: fig. S1.8), HLMD Me9722 (Suppl. material
1: fig. S1.12), HLMD Me13484 (Suppl. material 1: fig.
S1.19), HLMD Mel15012 (Fig. 19), HLMD Mel5956
(Fig. 20), SMF Mel794 (Fig. 22), SMF Me3018
(Fig. 24) and SMF Me3566 (Fig. 25). Peripherals IV
to VII are V-shaped in cross-section and their ventro-
medial edge forms a series of sockets for articulation
with the hyo- and hypoplastron. The bridge anteriorly
starts at about one third to half of the anteroposterior
length of peripheral IV and posteriorly ends along the
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anterior aspect of peripheral VII, which only contributes
its anterior third. The extent of the bridge in juveniles
seems to be similar (see below). The posterior peripheral
elements (i.e. peripherals VII to X and the pygal) form
a continuous lip along their visceral side, as in other
carettochelyids (Leidy 1873; Dollo 1886; Nessov 1977;
Joyce 2014; Rollot et al. 2025).

Suprapygal. A single suprapygal is present in
Allaeochelys crassesculpta, as in other carettoche-
lyids (Leidy 1873; Dollo 1886; Waite 1905; Walther
1922; Chow and Liu 1955; Broin 1977; Nessov 1977,
Carbot-Chanona et al. 2020; Rollot et al. 2025). The
suprapygal is pentagonal with short posterolateral sides,
making it mostly triangular. The suprapygal is about
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Figure 18. HLMD Me13721, a nearly complete skeleton of Allaeochelys crassesculpta. A. Photograph in dorsal view; B. Interpre-
tive line drawing in dorsal view. Abbreviations: co I, costal I; ne [, neural [; nu, nuchal; pe I, peripheral I; py, pygal; spy, suprapygal.

as wide as long, as in Kizylkumemys schultzi (Nessov
1977), Allaeochelys delheidi (Dollo 1886), Allaeochelys
parayrei (Broin 1977), Allaeochelys liliae (Carbot-
Chanona et al. 2020), and Allaeochelys meylani (Rollot
et al. 2025), which likely contrasts with Allaeochelys
magnifica (Hutchison et al. 2004), where the suprapygal
is slightly longer than wide. The suprapygal contacts
costal VIII anteriorly and laterally, peripheral X postero-
laterally, and the pygal posteriorly. A sutural articulation
to the pygal only occurs along the dorsal half of the latter,
as its ventral part forms a continuous lip with peripherals
VII to X. The midline keel crosses the full length of the
suprapygal, which is also visible in the juveniles.

Pygal. The pygal is a single element that forms the
posterior margin of the carapace. It is slightly longer than
wide and contacts the suprapygal anteriorly and periph-
eral X laterally. The pygal forms a relatively thick lip on
its visceral side that is continuous with peripherals VII to
X, as in other carettochelyids (Leidy 1873; Dollo 1886;
Nessov 1977; Joyce 2014; Rollot et al. 2025). The keel that
extends anteroposteriorly along the midline of the cara-
pace ends on the pygal, very close to the posterior margin
of the carapace, in both adult and juvenile individuals.

Epiplastron. The epiplastron of Allaeochelys crasses-
culpta is a relatively large element, that, along with its
counterpart, forms most of the anterior plastral lobe and
the anterior and anterolateral margin of the plastron. The
anterior plastral lobe is similar to that of Allaeochelys

parayrei (Broin 1977), broader than that of Kizylkumemys
schultzi (Nessov 1977), and slightly narrower than that of
Carettochelys insculpta (Waite 1905; Walther 1922; Joyce
2014). The epiplastron is notably broad as in Allaeochelys
parayrei (Broin 1977) and similar to that of Carettochelys
insculpta (Waite 1905; Walther 1922; Joyce 2014), but
broader than in Kizylkumemys schultzi (Nessov 1977) and
Anosteira manchuriana (Zangerl 1947). The epiplastron
of Allaeochelys crassesculpta contacts its counterpart
anteromedially, the entoplastron posteromedially, and the
hyoplastron posteriorly. The midline suture of the epiplas-
tron that is shared with its counterpart is about as long as
or slightly longer than the length of the entoplastron, as
in Carettochelys insculpta (Waite 1905; Walther 1922;
Joyce 2014). This differs from Kizylkumemys schultzi
(Nessov 1977) and Anosteira manchuriana (Zangerl
1947), in which the midline suture between the epiplastra
is clearly shorter than the length of the entoplastron. As
in other carettochelyids, the epiplastra form a unit with
the entoplastron that is ligamentously connected to the
remainder of the plastron along a sinuous contact that
allows for some kinesis. For this reason, these two bones
are usually found disarticulated.

Entoplastron. The entoplastron of Allaeochelys
crassesculpta forms the central part of the anterior plas-
tral lobe. The shape of the entoplastron is that of a nearly
perfect equilateral triangle, with straight anterolateral
sides and a subtly convex posterior side. The shape and
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Figure 19. HLMD Me15012, a nearly complete skeleton of A/laeochelys crassesculpta. A. Photograph in dorsal view; B. Interpre-
tive line drawing in dorsal view; C. Photograph in ventral view; D. Interpretive line drawing in ventral view. Abbreviations: co I,

costal I; ento, entoplastron; epi, epiplastron; hyo, hyoplastron; hypo, hypoplastron; ne I, neural I; nu, nuchal; pe I, peripheral I; py,

pygal; spy, suprapygal; xiphi, xiphiplastron.

dimensions of the entoplastron are very similar to that of
Allaeochelys parayrei (Broin 1977) and Carettochelys
insculpta (Waite 1905; Walther 1922; Joyce 2014), but
clearly different from that of Kizylkumemys schultzi
(Nessov 1977) and Anosteira manchuriana (Zangerl
1947), in which the entoplastron is an elongate element
with clearly longer anterolateral sides. The entoplastron
of Allaeochelys crassesculpta contacts the epiplastron
anteriorly and laterally and the hyoplastron posteriorly.
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Hyoplastron. The hyoplastron is relatively short
anteroposteriorly and forms the anterior aspect of the
plastral bridge. The medial third of the anterior margin of
the hyoplastron forms a dorsoventrally expanded surface
that serves as an articular facet for kinetic contact with
the epiplastron anteriorly and entoplastron anteromedi-
ally. This surface is slightly convex and laterally ends in
a well-defined notch. The morphology of the hyoplas-
tron is similar to that of Allaeochelys lingnanica (Young
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Figure 20. HLMD Me15956, a nearly complete skeleton of Allaeochelys crassesculpta. A. Photograph in dorsal view; B. Interpre-
tive line drawing in dorsal view; C. Photograph in ventral view; D. Interpretive line drawing in ventral view. Abbreviations: co I,
costal I; ento, entoplastron; epi, epiplastron; hyo, hyoplastron; hypo, hypoplastron; ne I, neural I; nu, nuchal; pe I, peripheral I; py,

pygal; spy, suprapygal; xiphi, xiphiplastron.

and Chow 1962) and Allaeochelys parayrei (Broin
1977), but it is more robust and more anteroposteriorly
expanded than that of Kizylkumemys schultzi (Nessov
1977), Anosteira manchuriana (Zangerl 1947), Anosteira
maomingensis (Chow and Liu 1955), Anosteira mongo-
liensis (Gilmore 1931), Anosteira ornata (Leidy 1873)
and Anosteira pulchra (Clark 1932), but less so than
in Carettochelys insculpta (Waite 1905; Walther 1922;

Joyce 2014). Laterally, the hyoplastron of Allaeochelys
crassesculpta forms a series of short processes that artic-
ulate with the carapace, inserting into the sockets formed
by peripherals IV and V. The hyoplastron also contacts
its counterpart medially and the hypoplastron posteriorly.

Hypoplastron. The hypoplastron is the largest element
of the plastron and forms the posterior part of the plastral
bridge and the anterior half of the posterior plastral lobe.
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Figure 21. SMF Me611, a nearly complete skeleton of Allaeochelys crassesculpta. A. Photograph in dorsal view; B. Interpretive

line drawing in dorsal view. Abbreviations: co I, costal I; ne I, neural I; nu, nuchal; pe I, peripheral I; py, pygal; spy, suprapygal.

Laterally, the hypoplastron forms short processes that
articulate with the carapace and insert into sockets formed
by peripherals V, VI, and VII. The hypoplastron other-
wise contacts the hyoplastron anteriorly, the xiphiplastron
posteriorly, and its counterpart medially. The shape of
the suture between the hypo- and xiphiplastron varies in
Allaeochelys crassesculpta and can be either straight or
wavy. This difference was already noted by Joyce et al.
(2012) and interpreted as sexual dimorphism, with males
having the akinetic, wavy suture and females the straight
suture, which likely allowed for limited kinesis during
oviposition (Fig. 26). In addition, females are about 20%
larger than males and have proportionally shorter tails.
Xiphiplastron. The xiphiplastron forms the most poste-
rior extent of the plastron and the posterior half of the
posterior plastral lobe. The posterior plastral lobe is rela-
tively large and notable differences can be observed with
other carettochelyids, based on the morphology of the xiphi-
plastron. In Allaeochelys crassesculpta, the xiphiplastron is
moderately large and has straight, anteroposteriorly oriented
margins for at least half of its length, similar to that of
Allaeochelys parayrei (Broin 1977) and Allaeochelys liliae
(Carbot-Chanona et al. 2020). This morphology contrasts
with that of Kizylkumemys schultzi (Nessov 1977), in which
the posterior plastral lobe and xiphiplastron are extremely
narrow and that of Anosteira manchuriana (Zangerl
1947), Anosteira maomingensis (Chow and Liu 1955), and
Anosteira mongoliensis (Gilmore 1931), where the poste-
rior plastral lobe and xiphiplastron are slightly narrower and
the lateral margin of the xiphiplastron is inclined postero-
medially for most of its length. The morphology observed
in Allaeochelys crassesculpta also differs from that of
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Carettochelys insculpta, which has a much broader posterior
plastral lobe and xiphiplastron than any other carettochelyid
(Waite 1905; Walther 1922; Joyce 2014). The xiphiplastron
contacts the hypoplastron anteriorly, along a suture that can
be either straight (females) or wavy (males) as described
above (see Hypoplastron and Joyce et al. (2012)).

Appendicular skeleton

General comments. The left fore- and hindlimb of
SMF Me611 were segmented and reconstructed and,
therefore, serve as a primary base for the description of
the limbs of Allaeochelys crassesculpta, unless stated
otherwise by explicit reference to other specimens. The
left forelimb is complete and although some damage
and displacement may affect the bones individually, the
general anatomy of most elements is apparent (Fig. 30).
The left hindlimb, however, is incomplete, as the femur
is not preserved and the tibia and fibula are damaged.
Preliminary descriptions of the femur, tibia and fibula
are nevertheless provided to the extent possible, with the
addition of supplementary insights, based on other spec-
imens included in our study that preserve these bones.

Humerus. The left humerus of SMF Me611 is slightly
damaged and lacks most of its medial process and a
substantial part of its distal end, with the capitellum and
radial epicondyle mostly missing (Fig. 31A-F). Overall,
the humerus of Allaeochelys crassesculpta is similar to that
of Carettochelys insculpta (Walther 1922; Hermanson et
al. 2024). The proximal end of the humerus of Allaeochelys
crassesculpta consists of a large humeral head, which seems
proportionally larger than that of Carettochelys insculpta
(Hermanson et al. 2024), and a greatly reduced lateral
process. Although the medial process is broken near its base
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Figure 22. SMF Mel1794, a nearly complete shell of Allaeochelys crassesculpta. A. Photograph in dorsal view; B. Interpretive line
drawing in dorsal view; C. Photograph in ventral view; D. Interpretive line drawing in ventral view. Abbreviations: co I, costal I;
ento, entoplastron; epi, epiplastron; hyo, hyoplastron; hypo, hypoplastron; ne I, neural I; nu, nuchal; pe I, peripheral [; py, pygal;

spy, suprapygal; xiphi, xiphiplastron.

in SMF Meo611 (Fig. 31B, D), it is perfectly preserved in
HLMD Bel59 (Fig. 13C, D) and SMF Me3566 (Fig. 25A,
B), showing that it is well-developed in Allaeochelys
crassesculpta, similar to that of Carettochelys insculpta
(Hermanson et al. 2024). In Allaeochelys crassesculpta,
on the radial side of the humeral head, the humerus forms
areduced shoulder (Fig. 31B). The shoulder seems slightly
better developed in Allaeochelys crassesculpta than in
adult Carettochelys insculpta (Hermanson et al. 2024), as
the area between the shoulder and humeral head is slightly
more concave and the shoulder forms a low ridge on the
capitular side of the humerus, which extends proximally

for a short distance towards the humeral head, albeit not
joining it. As in Carettochelys insculpta (Hermanson et
al. 2024), the proximal limit of the lateral process is posi-
tioned much more distally than the proximal border of the
humeral head (Fig. 31C). In Allaeochelys crassesculpta,
the medial and lateral processes are separated from one
another by a shallow intertubercular fossa (Fig. 31D). Just
next to the lateral process, immediately distal and radial
to the intertubercular fossa, the humerus forms a small,
narrow, but well-defined and oval-shaped pit, which is
also present in Carettochelys insculpta, where it has been
interpreted as a possible secondary intertubercular fossa
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Figure 23. SMF Me2449, a nearly complete pair of skeletons of Allaeochelys crassesculpta preserved in vicinity to each other.
A. Photograph in ventral view of female; B. Interpretive line drawing in ventral view of female; C. Photograph in ventral view of male;
D. Interpretive line drawing in ventral view of male. Abbreviations: co I, costal I; ento, entoplastron; epi, epiplastron; hyo, hyoplastron;

hypo, hypoplastron; nu, nuchal; pe I, peripheral I; py, pygal; xiphi, xiphiplastron. Black arrowheads indicate the paired nuchal processes.

(Hermanson et al. 2024). A subcapitular fossa is present
in Allaeochelys crassesculpta and visible on the capit-
ular side of the humerus, within the proximal third of the
element (Fig. 31B). The distal expansion of the humerus
starts more proximally along the length of the element
and distal ulnar-radial width is not greatly expanded rela-
tive to shaft, as in Carettochelys insculpta (Hermanson
et al. 2024). The humerus of Allaeochelys crassesculpta
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exhibits minimal shaft curvature and is essentially
straight (Fig. 31A, C), again as in Carettochelys insculpta
(Hermanson et al. 2024). In Allaeochelys crassesculpta,
the distal end of the humerus of SMF Me611 is damaged
(Fig. 31B-D, F). The ulnar epicondyle and trochlea are
almost completely preserved, but the capitellum is heavily
damaged and the radial epicondyle is almost completely
missing (Fig. 31B, D, F). It is nevertheless clear that the
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Figure 24. SMF Me3018, a nearly complete skeleton of Allaeochelys crassesculpta. A. Photograph in dorsal view; B. Interpretive
line drawing in dorsal view; C. Photograph in ventral view; D. Interpretive line drawing in ventral view. Abbreviations: co I, costal

I; epi, epiplastron; hyo, hyoplastron; hypo, hypoplastron; ne IV, neural IV; nu, nuchal; pe I, peripheral I; py, pygal; spy, suprapygal;
xiphi, xiphiplastron.

fr.pensoft.net



646 Yann Rollot et al.: Osteology, paleoecology, and phylogenetic relationships of Allaeochelys crassesculpta

B

Figure 25. SMF Me3566, a nearly complete pair of skeletons of Allaeochelys crassesculpta preserved in vicinity to each other.

A. Photograph in ventral view of female; B. Interpretive line drawing in ventral view of female; C. Photograph in ventral view of

male; D. Interpretive line drawing in ventral view of male. Abbreviations: ento, entoplastron; epi, epiplastron; hyo, hyoplastron;

hypo, hypoplastron; nu, nuchal; pe I, peripheral I; py, pygal; xiphi, xiphiplastron.

trochlea is located more proximally than the capitellum
(Fig. 31D), as in Carettochelys insculpta and unlike most
turtles (Walther 1922; Hermanson et al. 2024), and that an
intercondylar groove is present that separates the trochlea
from the capitellum (Fig. 31D, F). Despite damage in the
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area, it seems that a shallow fossa or depression is present
between the distal end of the ulnar epicondyle and ulnar
side of the trochlea, which contrasts with the morphology
of the humerus in Carettochelys insculpta, where this area
is straight (Hermanson et al. 2024). The ectepicondylar
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Figure 26. Close-up on the posterior plastral lobe of SMF Me3566. A. Photograph in ventral view of female; B. Interpretive line
drawing in ventral view of female; C. Photograph in ventral view of male; D. Interpretive line drawing in ventral view of male.
Abbreviations: hypo, hypoplastron; xiphi, xiphiplastron.
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Figure 27. SMF Me3783, a partial skeleton of Allaeochelys crassesculpta. A. Photograph in dorsal view; B. Interpretive line
drawing in dorsal view. Abbreviations: co I, costal I; ne I, neural [; nu, nuchal; pe VIII, peripheral VIII; py, pygal; spy, suprapygal.
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Figure 28. SMF Mel1418, a nearly complete skeleton of Allaeochelys crassesculpta. A. Photograph in dorsal view; B. Interpretive
line drawing in dorsal view. Abbreviations: co I, costal I; ne I, neural I; nu, nuchal; pe I, peripheral I; py, pygal; spy, suprapygal.
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Figure 29. SMNK Pal986, a nearly complete skeleton of Allacochelys crassesculpta. A. Photograph in dorsal view; B. Interpretive
line drawing in dorsal view. Abbreviations: co I, costal I; ne I, neural I; nu, nuchal; pe I, peripheral I; py, pygal; spy, suprapygal.
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Figure 30. Three-dimensional renderings of a segmented left forelimb of Allaeochelys crassesculpta (SMF Me611). A. Dorsal
view; B. Reconstructed dorsal view; C. Reconstructed ventral view; D. Interpretive line drawing of the left forelimb of Carettoche-
lys insculpta in ventral view (redrawn from Walther (1922): pl. XXII, fig. 19). Abbreviations: di-ca I, distal carpal I; di-ca V, distal
carpal V; hu, humerus; mc I + phx 1, fused metacarpal [ and first phalanx of digit I; mc V, metacarpal V; phx, phalanx; pi, pisiform;
ra, radius; ul, ulna. The red bones are the intermedium and ulnare, the ulnare being the larger of the two and in contact with the
pisiform and ulna.
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foramen is not preserved in SMF Me611 of Allaeochelys
crassesculpta, but undoubtedly visible in HLMD
Mel5012 (Fig. 19C, D) and SMF Mel794 (Fig. 22C, D),
in which it appears to be in a similar position as that of
Carettochelys insculpta (Hermanson et al. 2024), although
it is perhaps slightly smaller. The humerus of Allaeochelys
crassesculpta also appears to form a very shallow suprae-
picondylar fossa, which is visible on the intertubercular
fossa proximal to the trochlea.

Radius. The proximal end of the radius is subcir-
cular with a slightly oval outline (Fig. 31M). It is only
slightly larger mediolaterally than it is at midshaft, but is
expanded to a greater degree dorsoventrally. The prox-
imal articulation surface is oval and concave, serving
for articulation with the capitellum of the humerus.
Ventrolateral and just distal to the proximal end, the
radius forms a tuberosity that expands distally, nearly
reaching the midshaft. (Fig. 31K, L), which might corre-
spond to the attachment site of the superior radio-ulnar
ligament (Haines 1946; Gaffney 1990). In Carettochelys
insculpta (specimen MAGNT R35037), the radius also
forms a low ridge along its medial side, just distal to
the proximal end, which extends for about one third
of the length of the radius. Such a ridge is not visible
in the radius of Allaeochelys crassesculpta specimen
SMF Meo611, but this could also be a preservation arte-
fact. Likewise, dorsolaterally at about mid-shaft, the
radius of Carettochelys insculpta forms a very low and
short ridge that is not visible in specimen SMF Me611
of Allaeochelys crassesculpta. The ventral aspect of the
distal half of the radius is developed as a relatively low,
but broad ridge (Fig. 31K, L), on which two low bumps
can be identified. The most proximal bump is located at
about the level of midshaft, while the most distal one is
visible just proximal to the distal end of the radius. In
Carettochelys insculpta (specimen MAGNT R35037),
no bumps are visible and the ventral aspect of the radius
is more ventrally expanded and forms a mediolater-
ally flattened shelf that extends distally to the sigmoid
process. The distal part of the radius of Allaeochelys
crassesculpta broadens mediolaterally, but remains only
weakly expanded dorsoventrally (Fig. 31K, L, N). The
medial edge is nearly straight, whereas the lateral edge
forms a process with a lateral surface that is developed as
a triangular tuberosity, which seems to be slightly larger
in Carettochelys insculpta (specimen MAGNT R35037)
than in Allaeochelys crassesculpta. Distomedially, the
styloid process of the radius of A/laeochelys crassesculpta
is well-developed and expanded distally (Fig. 31K). The
distal articulation surface is elongate and oval, forming
a shallow depression, but the articulation facets are not
completely preserved (Fig. 31N). Light damage and
erosion of the bony surface prevent the facets from being
clearly observed or distinguished from one another.
Nevertheless, we infer that two facets were present by
reference to other turtles (Gaffney (1990); Sterli et al.
(2007); Joyce et al. (2014); Szczygielski and Piechowski
(2023)), with the most proximolateral facet corresponding
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to the intermedium and the most distomedial one associ-
ated with the first distal carpal.

Ulna. The proximal end of the ulna is about twice as
large as the midshaft and about as broad as tall (Fig. 31G,
H). The olecranon is likely located on the proximodorsal
side of the proximal end, by reference to Carettochelys
insculpta (specimen MAGNT R35037), but the area is
damaged in Allaeochelys crassesculpta specimen SMF
Me611 (Fig. 311I). The proximal articulation surface (i.e.,
the sigmoid notch) is subdivided into two parts: one nearly
flat ventromedial facet, which is dorsoventrally elon-
gate and forms slightly more than one third of the entire
articulation surface, and one ventrolateral facet, which
forms nearly two thirds of the sigmoid notch (Fig. 311).
In Carettochelys insculpta (MAGNT R35037), similar
facets are present and the ventrolateral facet is gently
concave. Despite damage to the ulna of Allaeochelys
crassesculpta specimen SMF Me611, the preserved
portion shows that the morphology of the proximal end
was likely similar to that of Carettochelys insculpta. In
Allaeochelys crassesculpta, the ulnar midshaft is not flat-
tened and is approximately as broad as tall. The shape of
the midshaft in cross-section is diamond-shaped, with four
well-defined sides (Fig. 31G, H). The edges between sides
are quite abrupt, which slightly differs from Carettochelys
insculpta (MAGNT R35037), in which the midshaft is
slightly more circular and the limits between faces are
smoother. In Allaeochelys crassesculpta, the distal end of
the ulna is mediolaterally expanded, about twice as broad
as the midshaft, flattened, and has a distal margin that is
sinusoidal in shape in dorsal view (Fig. 31G, H, J). In
distal view, the distal articulation surface is about twice as
broad as tall and has a semilunar, curved shape (Fig. 31J).
The distal articulation surface was originally preserved as
slightly compressed against the intermedium, ulnare, and
radius, resulting in minor surface damage that obscures
the articular facets and prevents their accurate descrip-
tion. However, the general morphology of the distal end of
the ulna greatly resembles that of Carettochelys insculpta
(MAGNT R35037) and we, therefore, base most anatom-
ical insights on the latter. In Carettochelys insculpta, the
distal articulation surface is subdivided into two facets.
The ventromedial facet is the smallest, forming about one
third of the entire articulation surface; it is circular, gently
concave, and articulates with the intermedium (Fig. 31J).
The lateral facet is the largest, forming about two thirds
of the entire articular surface; it is triangular, approxi-
mately twice as broad as tall, with the dorsal and ventral
margins being the longest, and it articulates with the
ulnare (Fig. 31J). The surface of the lateral facet is quite
complex. The most dorsomedial portion forms a shallow
depression, while the most lateral and ventrolateral part is
nearly flat and the area between the two is slightly domed.
Dorsomedially, between the ventromedial and lateral
facets, the ulna forms a short, blunt process that separates
the two facets along their dorsal half and likely inserted
between the intermedium and ulnare. It is unclear if such a
process is present in A/laeochelys crassesculpta as the area
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is damaged in SMF Me611. In Carettochelys insculpta, the
lateral side of the distal process forms a moderately deep
notch, which is also visible in A/laeochelys crassesculpta,
albeit slightly less deep than in the latter (Fig. 31G, H). In
Carettochelys insculpta, the area distolateral to the notch
is slightly expanded and, on the lateral side, forms another
facet between the lateral notch and distal articulation
surface. In lateral view, this facet has a straight distoventral
margin, but is otherwise rounded and as broad as tall, artic-
ulating with the pisiform. In A/laeochelys crassesculpta,
the morphology of the ulna suggests that a similar facet
was also likely present, as the distolateral aspect of the
ulna is slightly expanded just distal to the notch (Fig. 31G,
H). In Carettochelys insculpta, the ventromedial aspect of
the ulna, immediately proximoventral to the distal articular
surface, forms an elongate, rough surface that is about three
times longer than tall, likely corresponding to a tuberosity.

Carpus and manus. The carpus of Allaeochelys
crassesculpta has a reduced number of elements, as in
Carettochelys insculpta (Harrassowitz 1922; Walther
1922), which are the intermedium, ulnare, pisiform, and
distal carpals -V (Fig. 30A—C). Proximodistal compres-
sion of the forelimb has produced minor damage and
localized surface erosion on several elements, introducing
some uncertainty in the reconstruction and orientation of
the distal carpals.

The intermedium is a small bone that is nearly square,
except for its distomedial edge, which is developed as a
short but stout process (Fig. 30B, C). The distal surface of
the process forms a round and very gently concave artic-
ular surface, which likely joins with distal carpal I. The
lateral half of the distal side is straight and flat and contacts
distal carpal II. A point contact with the radius might
have been present proximomedially, as in Carettochelys
insculpta (Walther 1922), but remains hypothetical in
Allaeochelys crassesculpta because of the deformation of
the forelimb. The proximal side of the intermedium forms
a gently concave articular surface for the ulna. The lateral
side of the intermedium is subdivided into two parts: one
flat distal surface that is oriented proximodistally and one
flat proximal surface that is slightly inclined proximome-
dially. Both surfaces contact the ulnare.

The ulnare is an octagonal bone that is slightly larger
than the intermedium (Fig. 30B, C). The distal half of the
element is flat, albeit slightly dorsoventrally expanded
along its distal end, whereas the proximal half is clearly
thickened. The proximal half of the ulnare is cone-shaped
in lateral view and its proximal surface forms a large,
circular, and very gently concave surface that serves
for the articulation with the ulna. The lateral side of the
ulnare is subdivided into two surfaces: the proximal
surface, which constitutes about half of the lateral side,
is gently concave and oriented proximodistally, whereas
the distal surface is gently convex and slightly oriented
distalomedially. Both surfaces contact the medial side of
the intermedium. Distally, the ulnare is also subdivided
into two surfaces that are equally sized, gently concave
and positioned 130° from one another. The medial

surface contacts distal carpal III, while the lateral surface
contacts distal carpal IV. A contact of the ulnare with
distal carpal II was reported in Carettochelys insculpta
(Walther 1922), but is not evident in Allaeochelys
crassesculpta. The distolateral edge of the ulnare forms a
small, flat surface that is almost circular. According to our
reconstruction of the forelimb, this surface might repre-
sent an articular surface for distal carpal V, but there is no
such contact in Carettochelys insculpta (Walther 1922).
Alternatively, this surface could form a short contact
laterally with the pisiform. The lateral side of the ulnare
of Allaeochelys crassesculpta is much less expanded
dorsoventrally than the medial side. It is developed as a
curved, smooth and very gently concave surface, but does
not resemble an articular surface. Point contacts with the
pisiform were perhaps present proximally and/or distally,
but an expanded contact — such as the broad articulation
between the ulnare and distal carpals III-IV — was likely
absent, as in Carettochelys insculpta (Walther 1922). This
is also supported by the morphology of the pisiform, as its
medial surface, which faces the ulnare, is concave.

The pisiform of Allaeochelys crassesculpta is the
largest element of the carpus (Fig. 30B, C). The lateral
half of the element is heavily damaged, but nevertheless
shows that the pisiform is laterally greatly expanded,
forming a flat and thin process, as in Carettochelys
insculpta (Walther 1922). In Allaeochelys crassesculpta,
only the most medial aspect of the pisiform is moder-
ately thickened. The medial side of the pisiform forms a
curved, smooth and concave surface that faces the ulnare.
The distomedial edge of the pisiform forms a broad and
oval-shaped articulation surface, which is about two times
broader than tall and contacts distal carpal V. The most
distomedial aspect of this surface might have contacted
the ulnare, but such a contact remains hypothetical (see
ulnare section above). The proximomedial edge of the
pisiform forms a circular and very gently concave surface
that serves for articulation with the ulna. This articular
surface is slightly inclined distoventrolaterally. The
most medial aspect of the articulation surface perhaps
contacted the most proximolateral part of the ulnare, but
remains hypothetical (see ulnare section above).

Five distal carpals are preserved in the carpus of
Allaeochelys crassesculpta (Fig. 30B, C). The taphonomic
compression of the forelimb was relatively minimal, butall
distal carpals were nevertheless displaced and damaged,
which complicated their identification and reconstruc-
tion. Although we provide detailed descriptions in the
following section, our insights into the identification and
anatomy of the distal carpals should be taken with caution
because of this displacement and damage. Distal carpal
I is a relatively large element, which is slightly taller
than wide. Its general shape is quite irregular and each
side forms surfaces that are either convex or concave. As
preserved and reconstructed, distal carpal I contacts the
radius proximomedially, the fused metacarpal and first
phalanx of digit I distally, distal carpal II laterally and,
perhaps, the intermedium proximolaterally. Distal carpal
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IT is a relatively large and columnar element, of which
a substantial portion of its ventral part is damaged and
missing. The dorsal half of the element is more elongate
proximodistally, whereas the ventral half is more elon-
gate mediolaterally. The dorsal surface of distal carpal II
is eroded. The proximal and lateral sides form concave
surfaces, which serve for articulation with the interme-
dium and distal carpal III, respectively. The medial and
distal sides seem to have more complex morphologies,
but are also affected by damage, which hinders detailed
descriptions. The distal side is perhaps subdivided into
two facets, with a centrally located fossa separating the
two, while the medial side might be subdivided into two
nearly equally-sized facets, facing mediodorsally and
medioventrally. Distal carpal III is a small element, of
which we estimate about half is missing. As reconstructed
and oriented, we are able to identify four sides of distal
carpal III: dorsal, proximal, lateral, and distal. The dorsal
side is concave and laterally and medially bordered by low
ridges, which gives this ‘fossa’ a gutter-like morphology
with a proximodistal orientation. This side could also,
perhaps, correspond to an articular surface for contact
with metacarpal III, in which case the element would be
falsely oriented in our reconstruction by 90° towards the
ulnare. The distal side is incomplete, but appears to have
been largely flat, except for its lateralmost portion, which
curves to merge with the lateral surface and forms the
articulation with metacarpal III. The lateral side is incom-
plete too and forms a convex surface that articulates
with distal carpal IV. The proximal side likely preserves
only its dorsal half, which is flat and contacts the ulnare.
Distal carpal IV is a columnar element, of which all sides
appear to be damaged. As currently oriented, only parts
of the proximal, medial and ventral surfaces seem to be
preserved. The proximal surface is flat and contacts the
ulnare, the medial side is flat and contacts distal carpal III,
and the ventral surface is convex and smooth and faces
ventrally. Distal carpal V is incomplete and was rotated
laterally by about 45° to fit in our reconstruction of the
forelimb. The proximal side forms a concave surface that
seems to fit for articulation with metacarpal V. The most
distal aspect of the medial side forms a flat surface that
contacts distal carpal IV. The lateral side appears to be
mostly preserved, forming a very gently concave surface
that serves for articulation with the pisiform.

The manus of Allacochelys crassesculpta has a digital
formula of 2-3-3-3-3 (Fig. 30B, C), as Carettochelys
insculpta (Walther 1922; Delfino et al. 2010). The
first digit of Allaeochelys crassesculpta is the shortest,
followed by digit II and digit V. Digits III and IV are
the longest, about twice the length of digits I and II.
The length of the digits relative to one another is very
similar to that of Carettochelys insculpta (Walther 1922).
Phalanges 2 and 3 of digits Il and IV of Allaeochelys
crassesculpta are notably elongate. Metacarpal I is fused
to the first phalanx of digit I, again as in Carettochelys
insculpta (Walther 1922). The metacarpal portion of
the fused element is slightly longer than the phalangeal
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one. Metacarpal I is the shortest, but thickest among the
metacarpals, forming a robust rod that proximally artic-
ulates with distal carpal 1. Metacarpal II of Allaeochelys
crassesculpta is slightly longer and more slender than
metacarpal I and its proximal end is more expanded
than the distal one. Metacarpal II articulates with distal
carpal II proximally and the fused phalanges 1 and 2
distally. Harrassowitz (1922) noted that metacarpal II
was fused with phalanges 1 and 2 of the second digit
in HLMD Mel461 (his ‘Exemplar 6’; see Harrassowitz
(1922), pl. 4.3), but we are not able to confirm the iden-
tification of the bones made by Harrassowitz (1922) nor
establish if fusion exists between the bones of interest.
In SMF Me611, it is unambiguous that only the first two
phalanges are fused and that metacarpal II remains an
isolated element. The same observation can be made in
the two individuals preserved in SMF Me3566 (Fig. 25).
However, variation in this feature seems to occur in
Carettochelys insculpta and might, therefore, also be
present in Allaeochelys crassesculpta. Indeed, Walther
(1922) described metacarpal II of Carettochelys insculpta
as being fused to the phalanges 1 and 2, although
remnants of the articulation between metacarpal II and
the first phalanx remain visible. Radiographs provided by
Delfino et al. (2010) likely show a partial fusion between
phalanges 1 and 2 of digit II and also possibly the begin-
ning of fusion with metacarpal II, as the articulation of
the latter with the first phalanx is faint in the image, which
contrasts with other articulations in the manus. Finally,
personal observations of KU H158563 (juvenile) show
a complete fusion between metacarpal II and phalanges
1 and 2. It is, therefore, possible that similar variation
occurs in Allaeochelys crassesculpta. Metacarpal 111 of
Allaeochelys crassesculpta is longer and more slender
than metacarpal II and appears, along with metacarpal IV,
to be the longest. Metacarpal III articulates with distal
carpal III proximally and the first phalanx of digit III
distally. Metacarpal IV has a very similar morphology
to that of metacarpal III and is as long as the latter. The
proximal and distal ends of metacarpal IV are perhaps
slightly less expanded than those of metacarpal III, but
that could be the result of damage. They articulate with
distal carpal IV and the first phalanx of digit IV, respec-
tively. Metacarpal V is shorter than metacarpal III and IV,
slightly more robust than the latter, and about the same
length as metacarpal II. Metacarpal V is distinctly curved,
with the concave surface facing medially. On its lateral
side at mid-length, metacarpal V forms a low, but distinct
swelling that expands for nearly one third of the proxi-
modistal length of the element.

Digit I consists of two phalanges, of which the first
one is tightly fused to metacarpal 1. Phalanx 1 was the
smallest bone of the first digit and is slightly shorter
than phalanx 2, which is claw-like. Digit II consists of
three phalanges, of which the first and second are fused.
Phalanges 1 and 2 were likely equally sized, but the
former was more robust. Phalanx 3 is claw-like and about
as long as phalanges 2 and 3. Digit III is elongate and
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Figure 31. Three-dimensional renderings of a left humerus, ulna, and radius of Allaeochelys crassesculpta (SMF Me611). A. Humerus
in ulnar view; B. Humerus in capitular view; C. Humerus in radial view; D. Humerus in intertubercular view; E. Humerus in prox-
imal view; F. Humerus in distal view; G. Ulna in dorsal view; H. Ulna in ventral view; 1. Ulna in proximal view; J. Ulna in distal
view; K. Radius in dorsal view; L. Radius in ventral view; M. Radius in proximal view; N. Radius in distal view. Abbreviations:
cap, capitellum; f-dca I, facet for articulation with distal carpal I; f-int, facet for articulation with intermedium; f-ulnare, facet for ar-
ticulation with ulnare; hh, humeral head; icg, intercondylar groove; if, intertubercular fossa; Ip, lateral process; mp, medial process;

scf, subcapitular fossa; sh, shoulder; sty-pro, styloid process; tro, trochlea; uep, ulnar epicondyle.

much longer than digits I and II. The three phalanges
are clearly elongate. The longest phalanx is the second,
which is slightly longer than the entire digit II. Phalanges
2 and 3 are similar in length and each is slightly longer
than the fused phalanges 1 and 2 of digit II. Digit IV is
elongate and as long as digit III, although the proportions
of the phalanges differ from those of digit III. The first
phalanx of digit I'V is slightly shorter than that of digit III,
whereas the second phalanx is clearly longer than that of
digit ITI. Phalanx 3 is the shortest of the three, albeit only
slightly shorter than phalanx 1 and clearly shorter than
phalanx 3 of digit II. Digit V is the third longest digit and

slightly longer than digit II, but clearly shorter than digits
IIT and IV. The first phalanx of digit V is as long as meta-
carpal V and only slightly shorter than phalanx 2. Phalanx
2 is the longest, whereas phalanx 3 is greatly reduced and
the smallest phalanx of the manus.

Femur. The left femur is not preserved in SMF Me611
(Fig. 32). Other specimens, which were not scanned,
preserve femora and allow us to provide some preliminary
albeit limited anatomical insights on its anatomy. A femur
is preserved in HLMD Bel59 (left side; Fig. 13C, D),
exposing its ventral side, in SMF Me2449 (right side of
male; Fig. 23C, D), where it shows its anterior side, in SMF
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Me3018 (Fig. 24C, D), where it shows its dorsal side on the
right and its ventral side on the left, and in SMF Me3566
(Fig. 25), in which the femur is preserved on both sides in
both specimens, revealing either its anterior or ventral side.
The proximal portion of the femur forms the trochanter
major, the trochanter minor, and the femoral head. The
femoral head is not clearly visible in any specimen. It can be
recognized as such on the right side of SMF Me2449, but is
greatly eroded (Fig. 23C, D). The trochanter major is visible
in HLMD Bel59 (Fig. 13C, D), in which its proximal aspect
seems damaged, and in SMF Me3566 (Fig. 25), in which
it seems complete. The trochanter major is well-developed
and proximally extends far beyond the proximal level of
the femoral head, similar to that of Carettochelys insculpta
(MAGNT R35037), but different from other turtles (Zug
1971; Walker 1973; Gaftney 1990; Sterli et al. 2007;
Marzola 2019; Szczygielski and Piechowski 2023). The
trochanter minor is visible in SMF Me2449 (Fig. 23C, D), in
which its proximal extent is greatly reduced to the trochanter
major and just reaches about mid-height of the femoral
head, as in Carettochelys insculpta (MAGNT R35037).
The anteroproximal edge of the trochanter minor seems
to be smooth and curved, whereas that of Carettochelys
insculpta (MAGNT R35037) forms a somewhat ovoid and
flat platform. In ventral view, the intertrochanteric fossa is
broad and C-shaped. The shaft is likely nearly straight for
most of its length, as is the case in Carettochelys insculpta
(MAGNT R35037), which contrasts with that of other
turtles, in which it bends more strongly ventrodistally
(Zug 1971; Walker 1973; Gaftney 1990; Sterli et al. 2007;
Marzola 2019; Szczygielski and Piechowski 2023). The
distal end of the femur is anteroposteriorly expanded. On its
anterior side, the distal end forms a low and proximodistally
elongate protuberance, which is visible in SMF Me2449
(Fig. 23C, D) and in Carettochelys insculpta specimen
MAGNT R35037 where it likely corresponds to an ante-
rior epicondyle. The fibular and tibial condyle can hardly be
differentiated from one another because of damage, but the
popliteal fossa appears to be shallow.

Tibia. Mostofthelefttibiais preservedin SMF Me611 but
damaged (Fig. 32A—C). The proximal articulation surface
is eroded and damage locally affects the more distal aspect
of the proximal end on all sides. The tibia is also broken at
about two thirds of its proximodistal length, where some of
the bone is missing. The proximal end of the tibia is greatly
expanded, and its mediolateral width is at least twice that of
the shaft. The proximal articular surface is mostly eroded,
which prevents assessment of its general shape, but some
margins remain preserved nearly intact. The dorsal and
lateral margins appear to be straight and are oriented nearly
perpendicular to one another. The most medial aspect of
the dorsal margin is slightly convex. The dorsomedial part
of the articular surface is slightly projected proximally
and forms the highest point of the tibia. The ventromedial
portion of the articulation is inclined medially. Dorsally, the
tibia forms a low cnemial crest that extends proximodis-
tally from slightly distal to the proximal articular surface to
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beyond the midshaft. Damage to the distal part of the tibia
prevents assessing the exact distal end of the cnemial crest
and we are not able to identify it dorsally along the distal
end of the tibia. On the ventral surface of the tibia, along its
proximal end, the tibia seems to form a low and blunt, but
relatively broad ridge that separates the ventral surface into
two gently concave areas. The distal articulation surface
is well-preserved. The central part of the surface has the
shape of a shallow gutter that is oriented dorsoventrally.
The lateral portion of the surface is slightly raised relative
to the gutter and is also gently convex. The medial edge of
the articular surface is projected distally, forming a short
but relatively broad process and is greatly convex in medial
view. Ventrally, along the distal aspect of the distal end, the
tibia forms a ridge that extends proximodistally. This ridge
subdivides the ventral surface of the tibia into two very
gently concave areas and distally joins the edge of the artic-
ular surface, separating the latter into two distinct edges.
The ventromedial edge of the articular surface is rounded
and gently concave and slightly upturned, forming a low lip
that is particularly visible in ventral view. The ventrolateral
edge is slightly rounded and convex.

Fibula. Only the distal part of the fibula is preserved in
SMF Me611, though it is slightly damaged (Fig. 32A—C).
The distal part is triangular in shape, with nearly equal-
ly-expanded sides. The medial edge of the fibula is notably
flattened. The dorsomedial and ventromedial sides of the
fibula are gently concave, whereas the lateral side is flat.
The distal articular surface is convex, but it is not possible
to determine how many facets were present. The lateral
side is almost completely straight except along its most
dorsal and ventral aspects, which are gently convex. The
dorsomedial edge is straight and the ventromedial edge is
concave. The three sides are approximately equal in length,
but a small piece of the articular surface is missing ventro-
laterally and the lateral edge was perhaps the longest.

Tarsus and pes. The tarsus is not complete in SMF
Me611, but likely consists of at least five elements: the
astragalocalcaneum, which is not preserved, and distal
tarsals [-IV, which are preserved (Fig. 32A—C). The
astragalocalcaneum seems to be preserved in HLMD
Mel15956 (Fig. 20C, D) and SMF Me3566 (left side of
female; Fig. 25A, B), but is badly crushed, precluding
anatomical description. As was the case for the carpus,
most elements were slightly displaced and some of them
are, therefore, damaged and eroded. Thus, some uncer-
tainty also remains here regarding the reconstruction and
orientation of the distal tarsals. Harrassowitz (1922) identi-
fied only two tarsals in Allaeochelys crassesculpta, but our
reconstruction of the hindlimb of SMF Me-611 shows that
four distal tarsals are present, as in Carettochelys insculpta
(TMM M18053). In specimen SMF Me611 of Allaeochelys
crassesculpta, distal tarsal I is damaged, but appears to be
a relatively broad element, clearly wider than long with a
concave anterior surface that articulates with metatarsal I.
The morphology of distal tarsal II is uncertain because of
damage, which is quite substantial along its distal, medial,
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Figure 32. Three-dimensional renderings of a segmented left hindlimb of Allaeochelys crassesculpta (SMF Me611). A. Dorsal
view; B. Reconstructed dorsal view; C. Reconstructed ventral view; D. Interpretive line drawing of left hindlimb of Carettochelys
insculpta (redrawn from Walther (1922): pl. XXIIIL, fig. 24). Abbreviations: di-ta I, distal tarsal I; fe, femur; fi, fibula; mt I + phx 1,
fused metatarsal I and fist phalanx of digit I; mt V, metatarsal V; phx, phalanx; ti, tibia.
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and ventral sides as currently oriented. The proximal side of
distal tarsal IT is deeply concave. The medial side is clearly
convex, forming a bump that is punctured by a fossa dist-
odorsally. Distal tarsal I1I is the smallest bone of the tarsus.
Distal tarsal III is dorsoventrally quite elongate, moder-
ately broad, but proximodistally reduced. It is medially,
medioventrally and ventrally damaged. The dorsal side of
distal tarsal III is convex, whereas the preserved portions of
its proximal and distal sides are flat. Distal tarsal IV is the
largest of the four distal tarsals, but its morphology is also
uncertain as several parts of the element are eroded. Distal
tarsal IV appears to be as tall as broad as long, with convex
medial and lateral sides. The dorsal part of its distal side
forms a triangular fossa that, perhaps, serves as a contact
or articulation facet with distal tarsal III.

The pes of Allaeochelys crassesculpta consists of five
metatarsals and five digits (Fig. 32B, C). The pes of SMF
Me611 only preserves phalanges 1 and 2 for digits IV and V,
but three phalanges are present in those digits in specimens
SMF Me-2449 (female) and SMF Me-3566 (female). Thus,
the digital formula is 2-3-3-3-3, as in the manus and as in the
pes of Carettochelys insculpta (Walther 1922). However,
it seems that all digits of the pes of Allaeochelys crasses-
culpta are slightly shorter than those of Carettochelys
insculpta (Walther 1922). The first pes digit of Allaeochelys
crassesculpta is perhaps the smallest, but the incomplete-
ness of digit V prevents certainty regarding which of the
two is smallest. Digit II is the third smallest digit and digits
IIT and IV are the longest, but determining which is the
longest is not possible as the third phalanx is missing in
digit IV. Metatarsal I is fused to the first phalanx, which
also occurs in Carettochelys insculpta (Walther 1922). In
Allaeochelys crassesculpta, the metatarsal portion of the
fused element is slightly longer than the phalangeal one
and appears to be slightly thicker than metatarsals 1I-IV
and it contacts distal tarsal I. Metatarsal II is as long as
metatarsal I, albeit slightly more slender, and it articu-
lates with distal tarsal II proximally and the first phalanx
distally. Metatarsal III is slightly longer than metatarsal II
and is the longest along with metatarsal IV. Metatarsal III
articulates with distal carpal III proximally and phalanx
1 distally. Metatarsal IV is as long as metatarsal III and
slightly curved, with its concave surface facing laterally,
and it contacts distal carpal III proximomedially and meta-
tarsal V proximolaterally. Metatarsal V is slightly damaged
and its most proximal aspect is missing. Metatarsal V has a
peculiar morphology as it is not elongate as the other meta-
tarsals, but rather rectangular and blocky, bearing a distinct
and rounded process distodorsally. Metatarsal V is dorso-
ventrally curved with a dorsal convex surface and a ventral
concave surface. The lateral side of metatarsal V is dorso-
ventrally expanded and nearly as tall as wide, forming a
gently concave surface that contacts distal tarsal IV. The
medial side of metatarsal V is relatively thick, albeit
clearly less expanded than the lateral surface, and forms
a slightly convex surface that represents the distomedial
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limit of the pes. The distal side of metatarsal V is gently
concave and topped by a large process that protrudes dist-
odorsally. The distal end of this process forms a rounded
surface that articulates with phalanx 1 of digit V distome-
dially and metatarsal IV distolaterally. Digit I consists of
two phalanges and the first is fused to metatarsal I. Phalanx
1 is likely the smallest bone of the first digit as it appears
slightly shorter than phalanx 2, which is claw-like. Digit I
consists of three phalanges which are nearly equally long,
with phalanx 2 being slightly shorter than the other two and
phalanx 1 likely slightly longer than phalanx 3. Phalanx
3 is claw-like. Digit III is elongate and much longer than
digits I and II. The three phalanges are clearly elongate
and longer than the respective phalanges on digits I and
II. The longest phalanx is the second. Although the distal
end of phalanx 3 is missing, most of the element seems to
be preserved and it was likely slightly shorter than phalanx
1. Digit IV is elongate, but phalanx 3 is not preserved. The
first phalanx appears identical in shape and size to that
of digit III, whereas the second phalanx is slightly more
slender than that of digit III, which is notably visible at
about mid-length and perhaps also slightly shorter. Digit V
is also incompletely preserved, as phalanx 3 is completely
missing and the distal end of phalanx 2 is damaged. The
first phalanx of digit V is as long as that of digit IV, but is
slightly thinner. The preserved portion of phalanx 2 appears
to be slightly more gracile than phalanx 2 of digit IV and it
was, therefore, at least slightly shorter than the latter.

Insights into the anatomy of juveniles of
Allaeochelys crassesculpta

In addition to a large sample of skeletally mature spec-
imens, Messel Pit has also yielded numerous juvenile
turtles (Smith et al. 2018), of which some can be assigned
to Allaeochelys crassesculpta. While the identification of
various hard-shelled species known from Messel is diffi-
cult since the available juveniles insufficiently document
the shell characters used for their identification, diag-
nosing juvenile A/laeochelys crassesculpta is surprisingly
simple, as they clearly display the morphology of adults
in miniature. The most notable characteristics include the
shell ornamentation typical of carettochelyids, the pres-
ence of a pygal and peripherals (absent in the trionychid
“Trionyx” messeliana [Reinach 1900; Cadena 2016]), a
notably short tail that barely extends beyond the carapa-
cial margin (long tail present in the common geoemydid
Palaeoemys messeliana [Cadena et al. 2018]), and the
absence of plastral buttresses (present in Palaeoemys
messeliana [Cadena et al. 2018] and the podocnemidid
Neochelys franzeni [Schleich 1993; Cadena 2015]). Using
these features, we were able to identify five specimens
as juvenile Allaeochelys crassesculpta (HLMD Bel69,
IRSNB MeR007, IRSNB MeR015, SMF Mel1381, and
FHM 46; Fig. 33, Suppl. material 1: fig. S1.39). We also
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Figure 33. Juvenile specimens of Allaecochelys crassesculpta. A. HLMD Bel69, dorsal view; B. SMF Mel1381, ventral view;
C. IRSNB MeR007, dorsal view; D. IRSNB MeR007, ventral view; E. IRSNB MeR015, dorsal view; F. IRSNB MeRO015, ventral
view. Scale bars are 1 cm. The coin in C and D is a one Euro coin with a diameter of 23.25 mm.
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measured the carapace length of a selection of juveniles
and adults to generate a rough estimate of juvenile body
size relative to that of adults. The carapace length and
length ratio relative to that of adults could be estimated
in HLMD Be169, IRSNB MeR007 and FHM 46 and the
results are shown in Table 4.

Only minimal insights can be obtained regarding
the craniomandibular anatomy of the juveniles, as
all skulls are flattened. It nevertheless appears from

Table 4. Measurements of carapace length in juveniles and length
ratios relative to carapace length of adults. Measurements were
taken along the midline of the carapace, i.e. from the anterior
margin of the nuchal to the posterior margin of the pygal, in spec-
imens that fully preserve this area. Carapace length of adults was
measured in specimens HLMD Bel58, HLMD Bel159, HLMD
Me4282, HLMD Me13721, HLMD Me15012, HLMDMe15956,
SMF Me611, SMF Mel1794, SMF Me2449, SMF Me3018, SMF
Me3566 (male and female), SMF Me3783, SMF Mel1418, and
SMNK Pal986. The ratio of carapace length in juveniles relative
to that of adults was calculated by using the mean value of all
measurements obtained from the adults, which is 18.67 cm.

Ratio relative to

Specimen Carapace length (cm) carapace length of adults
HLMD Bel69 4 21.4%
IRSNB MeR007 5 26.8%
FHM 46 7.5 40.2%

HLMD Bel69 and FHM 46 that the general shape of
the cranium resembles that of the adults, the orbits are
laterally oriented, and the upper temporal emargination
is deep (Fig. 33A; Suppl. material 1: fig. S1.39). Scute
sulci are not discernible in any juvenile specimen, as is
the case in the adults.

The carapace consists of a nuchal, 10 peripherals,
8 costals, a suprapygal, and a pygal, as in the adults
(Fig. 33A, C, E). The number of neurals cannot be
ascertained. The nuchal forms the anterior margin of
the carapace and forms a nuchal notch (Fig. 33E; Suppl.
material 1: fig. S1.39), which appears to be absent in the
adults (see Nuchal section above). All juveniles show the
presence of a midline keel that seems to extend from the
anterior portion of the carapace, likely from neural I or II,
to the posterior quarter of the pygal (Fig. 33A, C, E). The
peripherals have a wavy medial margin, with the central
aspect of the margin forming a distinct notch (Fig. 33E).
This contrasts with the morphology observed in adults,
where the anterior peripherals have a straight medial
margin. Carapacial fontanelles seem to be absent in all
juvenile specimens.

The plastron is particularly well-preserved in IRSNB
MeRO15, which serves as the basis for our descriptive
insights about the anatomy of juveniles (Fig. 33F). The
plastron consists of a pair of epiplastra, a single entoplas-
tron, and paired hyo-, hypo-, and xiphiplastra (Fig. 33F).
The entoplastron is triangular with equilateral sides, as
in the adults. The most anterior socket that serves for
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the articulation of the hyoplastron with the carapace is
located at mid-length of the peripheral IV, which differs
from adults, where it is generally located along the
anterior third of peripheral IV (although intraspecific
variation occurs among adults; Fig. 33F). The most poste-
rior socket that serves to articulate the hypoplastron with
the carapace is located along the anterior third of periph-
eral VII, as in adults (Fig. 33F). The posterior plastral
lobe is relatively broad, but might be slightly narrower
than in adults (Fig. 33F). The hypo-xiphiplastral suture is
well-preserved in IRSNB MeRO15 and distinctly sinuous,
suggesting this individual was a male by reference to the
morphology of this area as documented in adult individ-
uals (Joyce et al. 2012).

Some insights can be provided about the fore-
limb anatomy of juveniles, which are at least partially
preserved in HLMD Bel69, IRSNB MeR007, IRSNB
MeRO015, and FHM 46. The hindlimbs cannot be studied
in any specimen. A nearly complete humerus is preserved
on the left side of IRSNB MeR007 in intertubercular
view (Fig. 33D). The humerus forms a large and tall
medial process, like that of adults. Parts of the manus are
preserved in HLMD Bel69, IRSNB MeR007, and FHM
46 (Fig. 33A, C; Suppl. material 1: fig. S1.39). Although
damage prevents precisely assessing the relative size and
proportion of the manus relative to the rest of the body,
the preserved phalanges in IRSNB MeR007 and FHM 46
show that the phalanges were clearly elongate (Fig. 33C;
Suppl. material 1: fig. S1.39). Comparison of the manus
of IRSNB MeR007 with the humerus from that same
specimen also suggests that the manus is longer than
the humerus, providing evidence that the forelimb was
likely developed as a flipper in juveniles of Allaeochelys
crassesculpta, as is the case in juveniles of Carettochelys
insculpta (Heaphy 1990).

Discussion
Alpha-taxonomy

The fossil record of carettochelyids is moderately rich,
with 21 species known from the Early Cretaceous to
the Middle Miocene. One of the major difficulties with
this record is the overall scarcity or incompleteness
of the remains that were reported until present. Most
taxa considered valid are either known by incomplete
specimens, relatively complete but single shells, or
collections of fragmentary material, which prevents
assessing their anatomy in detail and hinders a detailed
reconstruction of the evolutionary history of the group.
A few taxa, however, are known from more complete
material that provides key insights into some general
evolutionary trends among the group, such as the
progressive loss of plastral and carapacial scutes during
its evolutionary history and the likely origin of the group
in Asia during the Late Jurassic (Joyce 2014; Thomson
etal. 2021; Kim et al. 2025). Allaeochelys crassesculpta
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stands out among the fossil record of carettochelyids by
being known by more than a hundred specimens, most
of which are nearly complete, articulated, though flat-
tened skeletons. However, Allaeochelys crassesculpta
only benefited from brief descriptive insights provided
more than a hundred years ago by Harrassowitz (1922),
who identified two carettochelyid taxa from the middle
Eocene Messel Pit of Germany, namely Anosteira
crassesculpta and Anosteira gracilis. Anosteira gracilis
was synonymized later with Anosteira crassesculpta
(Gramann 1956), before this single taxon was referred
to Allaeochelys (Nessov 1976). Of the available mate-
rial, only some were collected while the oil shales were
mined at Messel (1859-1971), including those serving
as the basis for the study of Harrassowitz (1922).
These specimens are often preserved somewhat three
dimensionally as they originate from concretions. The
majority of specimens now available for study were
collected after mining had ceased and after methods
had been developed that allow preserving the fragile
skeletons found in the actual oil shales using synthetic
polymers (Smith et al. 2018). As the present contri-
bution is the first detailed description and review of
known material from the main collections that house
Allaeochelys crassesculpta specimens, we provide
detailed comparisons with all carettochelyid taxa we
consider valid in the sections below.

Byeoljubuchelys yeosuensis is known by a nearly
complete shell and some elements of the appendicular
skeleton from the Early Cretaceous of South Korea
(Kim et al. 2025), which provide comparative insights
with the shell and limbs of Allaeochelys crassesculpta.
The shell of Allaeochelys crassesculpta resembles that
of Byeoljubuchelys yeosuensis (following Kim et al.
(2025)) in the absence of scute sulci on the plastron.
Allaeochelys crassesculpta differs from Byeoljubuchelys
yeosuensis in its much greater size, the presence of
paired nuchal processes, neural reversal on neural I
(neural II in Byeoljubuchelys yeosuensis), a midline
keel that extends onto the neurals (restricted to the
suprapygal in Byeoljubuchelys yeosuensis), absence on
scutes sulci on the carapace (present on costals I[V-VII
in Byeoljubuchelys yeosuensis), location of the most
anterior socket for articulation of the hyoplastron with
peripheral IV on the anterior third of peripheral IV (at
the middle third of peripheral IV in Byeoljubuchelys
yeosuensis), location of the most posterior socket for
articulation of the hyoplastron with peripheral VII on
the anterior third of peripheral VII (at mid-length of
peripheral VII in Byeoljubuchelys yeosuensis), an equi-
lateral entoplastron (lateral sides longer than posterior
side in Byeoljubuchelys yeosuensis), a wider posterior
lobe of the plastron, a medial process of the humerus that
extends far over the humeral head, a moderate twisting
of the proximal end of the humerus (reduced twisting in
Byeoljubuchelys yeosuensis), and a more extended and
prominent lateral process of the humerus that is slightly
separated distally from the humeral head.

Only little comparative insights can be provided for
Kizylkumemys khoratensis as it is only known by a partial
carapace that includes the nuchal, neurals I-1V, and the
medial aspects of peripherals I and costals -V, and a
handful of isolated and damaged shell elements from
the Early Cretaceous of Thailand (Tong et al. 2005).
Following Tong et al. (2005), Allaeochelys crassesculpta
shares with Kizylkumemys khoratensis a neural reversal
at neural I, but differs from the latter by the absence of
carapacial scute sulci, a midline keel that extends onto the
neurals (likely only on the suprapygal in Kizylkumemys
khoratensis), an equilateral entoplastron (lateral sides
longer than posterior side in Kizylkumemys khoratensis),
and a wider posterior plastral lobe.

The Late Cretaceous Kizylkumemys schultzi is mostly
known by isolated shell elements, although a partial
cranium and partial mandible were also reported by
Nessov from Uzbekistan (Nessov 1977, 1986, 1987).
Despite the fragmentary nature of the known fossils,
dozens of elements were reported by Nessov (1977,
1986, 1987) that allow extensive comparisons with
Allaeochelys crassesculpta. Allaeochelys crassesculpta
resembles Kizylkumemys schultzi by the presence of an
anterior margin of the cavum tympani formed by the
quadratojugal, presence of a large antrum postoticum,
absence of a ventral enfolded ridge of the pterygoid, a
foramen posterius canalis carotici interni located near
midlevel of the parabasisphenoid, a small quadrate fossa,
a deep adductor fossa, and presence of paired nuchal
processes. Allaeochelys crassesculpta differs from
Kizylkumemys schultzi by having an anteroposteriorly
continuous mandibular triturating surface, a midline keel
on the carapace not developed as a dorsal shark-like fin,
a most anterior socket for articulation of the hyoplastron
with the carapace located on the anterior third of periph-
eral IV (middle third of peripheral 1V in Kizylkumemys
schultzi), absence of carapacial and plastral scute sulci,
and a much wider posterior plastral lobe.

Anosteira ornata is known by a nearly complete shell
and many isolated shell elements from the early to middle
Eocene (Bridgerian) of Wyoming, USA (Leidy 1873; Hay
1906, 1908), which allows comparisons with the shell of
Allaeochelys crassesculpta. Allaeochelys crassesculpta
resembles Anosteira ornata by a midline keel that likely
extends onto the neurals and absence of plastral scute
sulci. Allaeochelys crassesculpta differs from Anosteira
ornata by a straight anterior margin of the carapace (cara-
pace margin forms a slight emargination in Anosteira
ornata), absence of carapacial scute sulci, an equilateral
entoplastron (lateral sides longer than posterior side in
Anosteira ornata), a more anteroposteriorly expanded
hyoplastron, and a wider posterior plastral lobe.

The middle Eocene (Uintan) Anosteira pulchra
from Utah, USA is known by a nearly complete, albeit
crushed cranium and several partial shells (Clark 1932;
Joyce et al. 2018; Adrian et al. 2020), allowing extensive
comparisons to be made with Allaeochelys crasses-
culpta. Allaeochelys crassesculpta resembles Anosteira
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pulchra by having a longer than wide rectangular dorsal
plate of the prefrontal, a large contribution of the frontal
to the orbit margin, presence of an ophthalmic slit, an
anteroposteriorly short postorbital, a contribution of the
quadratojugal to the margin of the cavum tympani, a large
antrum postoticum, a straight labial margin on the maxilla,
a foramen posterius canalis carotici interni located at
midlevel of the parabasisphenoid, absence of an enfolded
ridge that ventrally covers the pterygoid fossa, a moder-
ately deep quadrate fossa, two foramina nervi hypoglossi,
and absence of plastral scute sulci. Allaeochelys crasses-
culpta differs from Anosteira pulchra by lacking a
contact between the parietal and opisthotic, presence of a
maxilla-quadratojugal contact that also prevents the jugal
from contributing to the ventral margin of the cranium,
absence of a contact between the quadratojugal and squa-
mosal, absence of a contribution of the squamosal to the
margin of the cavum tympani, a deeper pterygoid fossa,
a smaller exposure of the parabasisphenoid on the ventral
surface of the cranium, elongate tubercula basioccipi-
tale (short tubercula in Anosteira pulchra), a flat ventral
surface of the basioccipital (slightly concave in Anosteira
pulchra), a straight anterior margin of the carapace
(slightly emarginated in Anosteira pulchra), a midline
keel not developed as a dorsal shark-like fin, absence of
carapacial scute sulci, a more anteroposteriorly expanded
hyoplastron, and a wider posterior plastral lobe.

Anosteira crowcreekensis from the late Eocene of
Arkansas, USA is known by three isolated bones: a neural
IV, a left peripheral VII, and a partial costal (Hutchison
and Westgate 2024). Comparisons with Allaeochelys
crassesculpta are, therefore, extremely limited, but
Allaeochelys crassesculpta clearly differs from Anosteira
crowcreekensis by lacking a midline keel of the carapace
that is developed as a shark-like dorsal fin and absence of
carapacial scutes.

Little information is available for Anosteira manchu-
riana, which is known only by a single partial shell from
the late Eocene of Liaoning, China that comprises a partial
nuchal, neurals I-VII, incomplete portions of the costals,
and a complete, albeit dislocated plastron (Zangerl 1947).
Allaeochelys crassesculpta resembles Anosteira manchu-
riana by a midline keel that extends onto the neurals and
the absence of plastral scute sulci. Allaeochelys crasses-
culpta differs from Anosteira manchuriana by lacking
carapacial scute sulci, an equilateral entoplastron (lateral
sides longer than posterior side in Anosteira manchu-
riana), a more anteroposteriorly expanded hyoplastron,
and a wider posterior plastral lobe.

The fossil record of Anosteira maomingensis from the
late Eocene of Guangdong, China is quite rich compared
to other carettochelyids as it consists of a nearly complete
cranium (Danilov et al. 2017a), a complete mandible
(Tong et al. 2010), and several partial shells (Chow and
Liu 1955; Tong et al. 2010). Allaecochelys crassesculpta
shares with Anosteira maomingensis a large contribution
of the frontal to the orbit, a contribution of the quadra-
tojugal to the anterior margin of the cavum tympani, a
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straight labial margin of the maxilla, a deep pterygoid
fossa, absence of an enfolded ridge that ventrally covers
the pterygoid fossa, a moderately deep quadrate fossa, a
deep adductor fossa, a midline keel that extends onto the
neurals, and absence of plastral scute sulci. Allaeochelys
crassesculpta differs from Anosteira maomingensis by the
absence of a contact between the parietal and opisthotic, an
anteroposteriorly short postorbital, a smaller jugal, pres-
ence of a contact between the quadratojugal and maxilla
that prevents the jugal from contributing to the ventral
margin of the cranium, a shallow cheek emargination in
the form of a small notch (large and deep emargination in
Anosteira maomingensis), a posterior half of the triturating
surface that is only slightly expanded (strongly expanded
in Anosteira maomingensis), a more elongate contact
between the quadratojugal and postorbital, absence of
contact between the quadratojugal and squamosal, a larger
antrum postoticum, absence of a squamosal contribution
to the cavum tympani, a foramen posterius canalis carotici
interni located at midlevel of the parabasisphenoid (located
more posteriorly along the posterior end of the paraba-
sisphenoid in Anosteira maomingensis), a flat ventral
surface of the basioccipital (slightly concave in Anosteira
maomingensis), two foramina nervi hypoglossi (single
foramen in Anosteira maomingensis), lack of a posterior
subdivision of the triturating surface of the mandible, a
coronoid anterior margin oriented posteriorly (vertically
oriented in Anosteira maomingensis), presence of a poste-
rior process of the dentary that slightly overhangs the
foramen auriculotemporalis, absence of carapacial scute
sulci, an equilateral entoplastron (lateral sides longer than
posterior side in Anosteira maomingensis), a slightly more
anteroposteriorly expanded hyoplastron, and a slightly
wider posterior plastral lobe.

Anosteira mongoliensis is only known by a partial
shell and a few isolated elements from the late Eocene
of Inner Mongolia, China (Gilmore 1931), which greatly
limits comparisons with Allaeochelys crassesculpta.
Allaeochelys crassesculpta seems to resemble Anosteira
mongoliensis by the absence of plastral scute sulci, but
differs from the latter by its greater size, a most anterior
socket for articulation of the hyoplastron and carapace
located at the anterior third of peripheral IV (located at
anterior third of peripheral V in Anosteira mongoliensis),
a more anteroposteriorly expanded hyoplastron, and a
wider posterior plastral lobe.

Similar to the case mentioned above for Anosteira
mongoliensis, very few anatomical insights are avail-
able for Anosteira shantungensis from Shandong, China,
as the latter is only known by two highly fragmentary
and incomplete specimens (Cheng 1961). Allaeochelys
crassesculpta resembles Anosteira shantungensis by
having a midline keel that extends onto the neurals, but
differs from the latter by the absence of carapacial scute
sulci and a reversal of neural I (reversed neural II in
Anosteira shantungensis).

The Paleocene Allaeochelys lingnanica from
Guangdong, China (Young and Chow 1962) is only known
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by asingle, partial shell that consists of an incomplete ante-
rior half of the carapace and the left bridge area, including
the most lateral aspect of the left hyo- and hypoplastron.
It appears that Allaeochelys crassesculpta may share a
lack of carapacial and plastral scutes with Allaeochelys
lingnanica, although we are not able to assess this feature
with confidence. However, Allaeochelys crassesculpta
clearly differs from the latter by the location of the most
anterior socket for articulation of the hyoplastron with the
carapace on the anterior third of peripheral IV (located in
the middle of peripheral IV in Allaeochelys lingnanica)
and the location of the most posterior socket for articula-
tion of the hypoplastron with the carapace on the anterior
third of peripheral VII (located at mid-length of peripheral
VII in Allaeochelys lingnanica).

Allaeochelys rouzilhacensis is known by a nearly
complete, albeit crushed cranium and a few isolated shell
fragments from the middle Eocene (MP10-11) of France
(Godinot et al. 2018). While the shell material is too frag-
mentary to compare with Allaeochelys crassesculpta, we
are able to provide some comparisons with the cranial
material reported by Godinot et al. (2018). The cranium of
Allaeochelys crassesculpta resembles that of Allaeochelys
rouzilhacensis by having a large contribution of the
frontal to the orbit margin, an elongate suture between the
postorbital and quadratojugal, a straight labial margin of
the maxilla and, perhaps, the absence of an anterior fossa
on the triturating surface, a posterior half of the triturating
surface of the maxilla only lightly expanded, presence
of an ophthalmic slit, and a deep antrum postoticum.
The only difference that can be identified between
Allaeochelys crassesculpta and Allaeochelys rouzilha-
censis is the size of the quadrate fossa, which Godinot
et al. (2018) described as being larger in Allaeochelys
rouzilhacensis. As these coeval taxa originate from the
same landmass north of the Alps and because our phylo-
genetic analysis recovers them as closely related (nearly
identical in their character scores; see below), we suggest
revising Allaeochelys rouzilhacensis in light of a possible
synonymy with Allaeochelys crassesculpta.

Eulalichelys labarrerei is known by a single, nearly
complete, uncrushed cranium and two isolated cara-
pace fragments of the carapace from the early Eocene
(MP8-9) of France (Godinot et al. 2018). Only the
cranium is sufficiently complete to allow compari-
sons with Allaeochelys crassesculpta. Allaeochelys
crassesculpta resembles Eulalichelys labarrerei by the
presence of a contact between the maxilla and quadra-
tojugal that prevents the jugal from contributing to the
ventral margin of the cranium and the presence of an
ophthalmic slit. Allaeochelys crassesculpta differs from
Eulalichelys labarrerei by having a posterior surface of
the triturating surface of the maxilla that is only lightly
expanded (greatly expanded in Eulalichelys labarrerei),
the presence of a light cheek emargination in the form
of a small notch (cheek emargination likely completely
absent in Eulalichelys labarrerei), a foramen poste-
rius canalis carotici interni located at midlevel of the

parabasisphenoid (likely located more posteriorly in
Eulalichelys labarrerei), a low quadrate below the cavum
tympani (tall in Eulalichelys labarrerei) and absence of a
squamosal contribution to the cavum tympani.

Allaeochelys delheidi is based on a posterior half of a
carapace reported by Dollo (1886) from the early Eocene
of Belgium, but Joyce (2014) expanded the hypodigm
to include early Eocene material from France, Spain,
and the UK, reported by Lydekker (1889), Jiménez
Fuentes (1971, 1992), Broin (1977), Alonso Santiago
and Alonso Andrés (2005) and Alonso Santiago et al.
(2008), including fairly complete shells and skulls.
Most of this material still awaits detailed revision and
descriptions, but we here provide some comparisons,
based on the illustrations available in the aforemen-
tioned studies. Allaeochelys crassesculpta resembles
Allaeochelys delheidi by having a large contribution of
the frontal to the orbit margin, a posterior surface of the
triturating surface of the maxilla that is lightly expanded,
the absence of carapacial scute sulci, a neural reversal
located on neural I, an equilateral entoplastron, and a
wide posterior plastral lobe. Allaeochelys crassesculpta
differs from Allaeochelys delheidi by its smaller size, a
thin margin of the external nares (the external nares are
greatly thickened in Allaeochelys delheidi), an anteropos-
teriorly short postorbital, and a midline keel that extends
onto the neurals (only extends on to the pygal and supra-
pygal in Allaeochelys delheidi).

Allaeochelys parayrei is only known by a few incom-
plete shells from the late Eocene of France (Noulet 1867;
de Stefano 1902; Bergounioux 1931; Broin 1977). The
shell of Allaeochelys crassesculpta greatly resembles that
of Allaeochelys parayrei in its proportions, the absence
of carapacial and plastral scutes, a reversal of neural I, an
equilateral entoplastron, an anteroposteriorly expanded
hyoplastron, and a wide posterior plastral lobe. The only
notable difference we are able to identify is the extent of
the midline keel, which is extended onto the neurals in
Allaeochelys crassesculpta, whereas it only reaches the
pygal and suprapygal (and, perhaps, costals VII and VIII)
in Allaeochelys parayrei.

Allaeochelys magnifica is known by an assemblage
of isolated shell fragments from the late middle Eocene
of Myanmar (Hutchison et al. 2004). Although those
elements only document a limited portion of the shell
anatomy of this taxon, they notably highlight its large
size, perhaps the greatest among known carettochelyid
species. The fragmentary nature of the remains allows
only minimal additional comparative insights with
Allaeochelys crassesculpta. Allaeochelys crassesculpta
might share with Allaeochelys magnifica a wide posterior
plastral lobe, but differs from the latter by the proportions
of the suprapygal, which is more anteroposteriorly elon-
gate in Allaeochelys magnifica.

Carettochelys niahensis is only known by its holo-
type, which consists of a partial cranium from the Late
Oligocene of Malaysia (White et al. 2023). Allaeochelys
crassesculpta resembles Carettochelys niahensis by its
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thin margin of the external nares, a large contribution
of the frontal to the orbit, a large sulcus olfactorius,
a slightly expanded posterior half of the triturating
surface of the maxilla, a large contribution of the
jugal to the orbit margin, and a contact between of the
maxilla and quadratojugal that prevents the jugal from
contributing to the ventral margin of the cranium. The
cranium of Allaeochelys crassesculpta differs from
that of Carettochelys niahensis by the presence of an
ophthalmic slit (presence of an ophthalmic foramen in
Carettochelys niahensis), a straight labial margin (wavy
in Carettochelys niahensis) and, perhaps, an anteroposte-
riorly shorter postorbital.

Allaeochelys liliae is known by a single specimen
from the Early Miocene of Mexico that consists of the
posterior part of a shell (Carbot-Chanona et al. 2020),
which greatly limits the comparisons that can be made
with Allaeochelys crassesculpta. Allaeochelys crasses-
culpta is nevertheless similar to Allaeochelys liliae by
the absence of carapacial and plastral scutes, an antero-
posteriorly expanded hyoplastron and a wide posterior
plastral lobe, but differs from the latter by a midline
keel that extends onto the neurals (limited to the pygal
and suprapygal in Allaeochelys liliae) and its likely
smaller size.

The Early Miocene Allaeochelys meylani from
Egypt is based on a partial cranium and a collection
of shell elements is also referred, allowing the partial
documentation of its shell anatomy (Rollot et al. 2025).
Allaeochelys crassesculpta shares with Allaeochelys
meylani the presence of a contact between the maxilla
and quadratojugal that prevents the jugal from contrib-
uting to the ventral margin of the cranium, the absence
of contact between the quadratojugal and squamosal
above the cavum tympani, a lightly expanded poste-
rior half of the triturating surface of the maxilla, a deep
pterygoid fossa, the presence of a precolumellar fossa
in the cavum tympani, a shallow dorsal embayment of
the common crus, the absence of carapacial and plastral
scutes, and a wide posterior plastral lobe. Allaeochelys
crassesculpta differs from Allaeochelys meylani by a
thin margin of the external nares, a larger contribution
of the frontal to the orbit margin, the presence of an
ophthalmic slit (presence of an ophthalmic foramen in
Allaeochelys meylani), a larger contribution of the jugal
to the orbit margin, a larger sulcus olfactorius, a straight
labial margin of the maxilla (wavy in Allaeochelys
meylani), an anteroposteriorly shorter postorbital,
a more elongate suture between the postorbital and
quadratojugal, a shallow cheek emargination (emargi-
nation absent in Allaeochelys meylani), a low quadrate
height below the cavum tympani (tall quadrate in
Allaeochelys meylani), the absence of a contribution of
the squamosal to the cavum tympani, the absence of an
additional fossa on the anterior portion of the triturating
surface (present and large in Allaeochelys meylani), the
absence of an enfolded ridge of the pterygoid, a foramen
posterius canalis carotici interni located at mid-level of
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the parabasisphenoid (located posterior to the poste-
rior border of the parabasisphenoid in Allaeochelys
meylani), a contribution of the quadratojugal to the
margin of the cavum tympani, a deep antrum postoticum
(absent in Allaeochelys meylani), a small quadrate fossa
(large fossa in Allaeochelys meylani), the absence of an
accessory ridge on the posterior surface of the quadrate,
a foramen oropharyngeale formed by the opisthotic
(formed by the opisthotic and pterygoid in Allaeochelys
meylani), a flat ventral surface of the basioccipital
(concave in Allaeochelys meylani), two foramina nervi
hypoglossi (one in Allaeochelys meylani), and the
absence of a medial process of peripheral II.

Allaeochelys libyca is known by a partial cranium and
a few, isolated fragments from the Middle Miocene of
Libya that represent two partial hypoplastra, three periph-
erals and an incomplete supraoccipital (Havlik etal. 2014).
Our comparisons with Allaeochelys crassesculpta, there-
fore, only pertain to the cranial anatomy, although the
preserved hypoplastra suggest that A/laeochelys crasses-
culpta and Allaeochelys libyca share the absence of at
least plastral scute sulci. The cranium of Allaeochelys
crassesculpta is similar to that of Allaeochelys libyca
by having a broad sulcus olfactorius, the absence of
a contact between the parietal and opisthotic, a contri-
bution of the quadratojugal to the margin of the cavum
tympani, the absence of a contact between the quadra-
tojugal and squamosal, the absence of a contribution of
the squamosal to the margin of the cavum tympani, a
deep pterygoid fossa, elongate tubercula basioccipitale, a
wide sulcus that separates the two facets of the mandib-
ular condyle, and two foramina nervi hypoglossi. The
cranium of Allaeochelys crassesculpta differs from that
of Allaeochelys libyca by a longer than wide dorsal plate
of the prefrontal, a larger contribution of the frontal to
the orbit margin, the presence of an ophthalmic slit (pres-
ence of an ophthalmic foramen in Allaeochelys libyca),
an anteroposteriorly more elongate postorbital, a large
antrum postoticum (small in Allaeochelys libyca), the
absence of an enfolded ridge on the ventral surface of
the pterygoid, a flat ventral surface of the basioccipital
(concave in Allaeochelys libyca), a foramen oropharyn-
geale formed by the opisthotic (formed by the opisthotic
and pterygoid in Allaeochelys libyca), the presence of
precolumellar fossa, and a moderately deep quadrate
fossa (deep in Allaeochelys libyca).

Allaeochelys crassesculpta resembles the extant
Carettochelys insculpta (following Joyce (2014); Rollot
et al. (2024b)) by a longer than wide dorsal plate of the
prefrontal, the presence of an ophthalmic slit, a broad
sulcus olfactorius, contact between the maxilla and
quadratojugal that prevents the jugal from contributing
to the ventral margin of the cranium, a thin margin of
the external nares, a large contribution of the jugal to the
orbit margin, a contribution of the quadratojugal to the
anterior margin of the cavum tympani, a shallow cheek
emargination in the form of a small notch, the absence
of a contact between the quadratojugal and squamosal, a
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low quadrate below the cavum tympani, the absence of a
contribution of the squamosal to the margin of the cavum
tympani, a deep pterygoid fossa, elongate tubercula
basioccipitale, a foramen oropharyngeale formed by the
opisthotic, two foramina nervi hypoglossi, an anteropos-
teriorly continuous triturating surface of the mandible,
a posteriorly inclined anterior margin of the coronoid,
the absence of carapacial and plastral scute sulci, an
equilateral entoplastron, a broad posterior plastral lobe
(albeit broader in Carettochelys insculpta than in any
other carettochelyid), a straight shaft of the humerus,
a well-developed medial process of the humerus, a
moderate twisting of the proximal end of the humerus
relative to its distal end, a lateral process slightly distally
separated from the humeral head, and a more proxi-
mally located trochlea of the humerus relative to the
capitellum. Allaeochelys crassesculpta differs from the
extant Carettochelys insculpta by a larger contribution
of the frontal to the orbit margin, an anteroposteriorly
shorter postorbital, a deep antrum postoticum (absent in
adult Carettochelys insculpta), a straight labial margin
of the maxilla (wavy in Carettochelys insculpta), the
absence of an additional fossa on the anterior part of the
triturating surface of the maxilla, absence of an enfolded
ridge on the ventral surface of the pterygoid, location of
the foramen posterius canalis carotici interni at midlevel
of the parabasisphenoid (located posterior to the posterior
end of the parabasisphenoid in Carettochelys insculpta),
the presence of a precolumellar fossa, a moderately
deep quadrate fossa (deep in Carettochelys insculpta), a
wider sulcus separating the two facets of the mandibular
condyle, a shallow dorsal embayment of the common
crus (deep in Carettochelys insculpta), the presence of a
posterior ramus of the dentary that slightly overhangs the
foramen auriculotemporalis, the absence of a posterolat-
eral accessory coronoid ridge, a continuous neural series
(disrupted by mid-line contacts between pairs of costals
in Carettochelys insculpta), a most posterior socket for
articulation with the hypoplastron located at the anterior
third of peripheral VII (located at midlength of peripheral
VII in Carettochelys insculpta), a slightly less anteropos-
teriorly expanded hyoplastron, and a somewhat better
developed shoulder of the humerus.

Paleoecology and locomotor mode

Carettochelys insculpta is unique among extant fresh-
water turtles as the only species to have its limbs
developed into flippers, similar to those of sea turtles
(Walther 1922). The convergence with sea turtles also
applies to the kinematics of the fore flipper during swim-
ming, as the motion of the two forelimbs is synchronous
while swimming (Rivera et al. 2013; Krahl 2021; Krahl
and Werneburg 2023). Detailed studies have shown,
however, that the forelimb kinematics of Carettochelys
insculpta are more similar to those of rowing freshwater
turtles, such as Apalone ferox, than to the flapping of

sea turtles, though closest to the flapping of sea turtles
amongst all freshwater turtles studied (Rivera et al. 2013).
Major differences in forelimb kinematics pertain to the
movement of the humerus, as Carettochelys insculpta
exhibits significantly more anteroposterior humeral
motion and protraction and significantly less dorsoventral
humeral motion and depression than sea turtles (Rivera
et al. 2013). Rivera et al. (2013), therefore, suggested
Carettochelys insculpta should be termed a ‘synchronous
rower’ or ‘hybrid rower-flapper.” Krahl and Werneburg
(2023) identified a series of similarities in the osteology of
the limbs between sea turtles and Carettochelys insculpta.
In Carettochelys insculpta, the humerus closely resem-
bles that of sea turtles: it is broader and straighter than
in most other turtles, the long axis of the humeral head
is less oblique relative to the shaft, the medial process
is enlarged and extends proximally beyond the humeral
head, and the lateral process is displaced distally. Further
similarities with sea turtles also include a similarly angled
lower arm and an enlarged pisiform. In addition to these
osteological features, differences in forelimb propor-
tions (i.e. length of the humerus vs. ulna vs. manus) are
known to reflect the ecology of turtles, with sea turtles
and Carettochelys insculpta possessing particularly elon-
gate hands relative to the rest of the forelimb (Joyce and
Gauthier 2004).

Kim et al. (2025) recently pointed out several
differences in the morphology of the humerus of
Byeoljubuchelys yeosuensis, the earliest branching caret-
tochelyid, relative to that of Carettochelys insculpta and
Allaeochelys crassesculpta, suggesting that the peculiar
locomotor mode of Carettochelys insculpta is not shared
by all carettochelyids and that ‘synchronous rowing’
evolved at a later time in carettochelyid evolution. While
the kinematics of the forelimb can obviously not be
studied in Allaeochelys crassesculpta, the morphology
of the forelimb and of the humerus can be studied in
detail as several specimens among our sample nicely
preserve these body parts. In the following section, we
provide several lines of evidence that support the infer-
ence that Allaeochelys crassesculpta likely swam like
Carettochelys insculpta.

The shape and proportions of the left forelimb of SMF
Me611 resemble the fore flipper of Carettochelys insculpta
(Walther 1922), as previously noted (Harrassowitz 1922;
Joyce 2014). The manus represents more than 50% of the
entire length of the forelimb (see Table 2), similar to that
of Carettochelys insculpta and chelonioids, suggesting
that this taxon lived in open bodies of water (Joyce and
Gauthier 2004, Fig. 34).

The morphology of the humerus of A/laeochelys crasses-
culpta is close to that of Carettochelys insculpta and suggests
adaptation to a similar style of swimming. The humerus
of Allaeochelys crassesculpta shares with Carettochelys
insculpta and sea turtles a flattening of the shaft, which is
generally seen in secondarily aquatic-adapted amniote groups
(Evers et al. 2019; Motani and Vermeij 2021; Hermanson
et al. 2024). The humerus of Allaeochelys crassesculpta
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also exhibits a distally displaced lateral process and a large,
columnar medial process that extends far above the humeral
head. These are features observed in both Carettochelys
insculpta and sea turtles that anchor hypertrophied muscles
involved in swimming (Walker 1973; Hendrickson 1980;
Krahl et al. 2020; Hermanson et al. 2024).

Another striking feature of Allaeochelys crasses-
culpta that suggests a high degree of adaptation to an
aquatic lifestyle is present in the cranium. The pCT
datasets that we used for the present study reveal that
the cranium of Allaeochelys crassesculpta is highly
porous, which is similar to the condition observed in
cranial bones of sea turtles (see Scheyer et al. (2014)
for other turtle body parts). This extreme bone porosity
is clearly apparent in SMF Me3004, the cranium we
fully reconstructed, particularly in the frontal, parietal,
opisthotic, pterygoid, squamosal and basioccipital-exo-
ccipital complex (Fig. 35).

The morphological, anatomical, and morphometric
features presented above provide strong evidence that
Allaeochelys crassesculpta was well-adapted to aquatic
environments and to active swimming, likely similar to
that seen in Carettochelys insculpta. As such an adap-
tation to swimming appears to be absent in the Early
Cretaceous carettochelyid Byeoljubuchelys yeosuensis,
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the synchronous rowing of extant carettochelyids may
have evolved somewhere between the Late Cretaceous
and Paleocene.

The likely capability for “synchronous rowing” in
Allaeochelys crassesculpta suggests that this turtle lived
in the surface waters of the lake at Messel, searching its
surface for edible morsels. It is also near the surface of the
lake that this turtle may have encountered mates, which
have been preserved during copulation when sinking into
deeper strata poisoned by volcanic gases (Joyce etal. 2012).
The rare occurrence of juveniles of varying size, however,
suggests that Messel was not a systematic death trap for
mating pairs, but rather supported a viable population.

The preference of Allaeochelys crassesculpta for alacus-
trine habitat is likely the reason why this turtle dominates the
Messel fauna. Although sampling is certainly not random,
Allaeochelys crassesculpta is the most common turtle at
Messel, followed by the aquatic geoemydid Palaecoemys
messeliana (Hervet 2004; Claude and Tong 2004; Cadena
et al. 2018; Ascarrunz et al. 2021), the trionychid “7rionyx”
messeliana (Reinach 1900; Cadena 2016), the podoc-
nemidid Neochelys franzeni (Schleich 1993; Cadena 2015)
and an unnamed ptychogasterid known from a single plas-
tral fragment (Ascarrunz and Joyce 2024). This stands in
stark contrast to the roughly coeval turtle fauna of nearby
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A

Figure 35. Selection of uCT slices highlighting the great degree of porosity in the cranium of Allaeochelys crassesculpta (SMF

Me3004). A. Three-dimensional rendering of the cranium SMF Me3004, showing the location of the uCT slices in the cranium;

B. uCT slice 2151; C. uCT slice 1818; D. uCT slice 907. Abbreviations: bex, basioccipital-exoccipital complex; fr, frontal; op,

opisthotic; pa, parietal; pt, pterygoid; sq, squamosal.

Geiseltal, which consists of the tortoise Pelorochelon/
Hadrianus eocaenica, the terrestrial ptychogasterid
Geiselemys ptychogastroides, the aquatic geoemydid
Palaeoemys messeliana, and rare occurrences of “Trionyx”
messeliana (Krumbiegel 1962; Krumbiegel et al. 1983;
Hervet 2004; Ascarrunz and Joyce 2024). Allaeochelys
crassesculpta is completely absent, suggesting absence of
permanent bodies of water at Geiseltal.

Phylogenetic analyses

Our parsimony phylogenetic analysis under equal-
weighting resulted in 34,623 most parsimonious trees
with 120 character-state transitions. Anosteira lingnanica
and Allaeochelys magnifica were identified as wildcard
taxa using the pruned tree function of TNT and removed
prior to the generation of the strict consensus tree, which
is shown in Fig. 36. The strict consensus tree is poorly
resolved. Byeoljubuchelys yeosuensis is retrieved as the
earliest branching carettochelyid, as in Kim et al. (2025),
and the next less inclusive clade groups Kizylkumemys spp.
and Anosteira spp. into a large polytomy. Allaeochelys
spp. and Carettochelys spp. are grouped together within
the latter clade forming an ‘Allaeochelys/Carettochelys’
lineage, albeit with fully unresolved ingroup relationships,
as in previous studies (Havlik et al. 2014; Danilov et al.
2017a; Carbot-Chanona et al. 2020; Kim et al. 2025). In
the strict consensus tree, Carettochelyidae is supported by
two synapomorphies: presence of a midline keel restricted
to the pygal and/or suprapygal (character 58, state 1) and
a reduced width of the posterior plastral lobe (character

63, state 1). The next less inclusive clade, which unites
all carettochelyids but Byeoljubuchelys yeosuensis, is
supported by four synapomorphies: the presence of paired
ventral processes on the nuchal (character 49, state 1), a
neural reversal occurring on neural I (character 51, state
0), the location of the most posterior socket for articulation
of the hypoplastron with the carapace on the anterior third
of peripheral VII (character 55, state 2), and a midline keel
that clearly extends onto the neurals (character 58, state
2). The ‘Allaeochelys/Carettochelys’ clade is supported by
15 synapomorphies: an elongate postorbital-quadratojugal
suture (character 5, state 2), a shallow cheek emargina-
tion in the form of a small notch (character 8, state 1), the
presence of a maxilla-quadratojugal contact (character 9,
state 1), the absence of a quadratojugal-squamosal contact
(character 10, state 0), the presence of an anterior foramen
in the maxilla for the canalis alveolaris superior (char-
acter 16, state 1), the presence of an enfolded ridge on the
ventral surface of the pterygoid that covers the pterygoid
fossa (character 25, state 1), a shallow antrum postoticum
(character 29, state 1), the presence of a large quadrate
fossa (character 31, state 2), dorsoventral thickening
of the quadrate at the level of the processus trochlearis
oticum (character 34, state 1), elongate and pointy tuber-
cula basioccipitale (character 41, state 2), the absence of a
subdivision of the triturating surface of the dentary (char-
acter 43, state 0), the presence of a midline keel, restricted
to the pygal and/or suprapygal (character 58, state 1), the
absence of carapacial and plastral scute sulci (character
59, state 3), an entoplastron with lateral sides as long as
posterior side (character 62, state 1), and a wide posterior
plastral lobe (character 63, state 0).
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In the 50% majority-rule tree, which is shown in
Fig. 37, again without Allaeochelys lingnanica and
Allaeochelys magnifica, the relationships are slightly
better resolved, as Anosteira shantungensis is retrieved
as an early branching carettochelyid in a less inclusive
position than Byeoljubuchelys yeosuensis. Kizylkumemys
schultzi, Anosteira crowcreekensis, Anosteira ornata,
Anosteira pulchra, and Anosteira mongoliensis form a
monophyletic subclade and this relationship is moder-
ately well-supported as it is recovered in 61% of the most
parsimonious trees. In this topology, Carettochelyidae are
supported by the same two synapomorphies as in the strict
consensus tree (see above). The next less inclusive clade
(i.e. uniting Anosteira shantungensis and all other caret-
tochelyids but Byeoljubuchelys yeosuensis) is supported
by a single synapomorphy, the presence of a midline keel
that extends onto the neurals (character 58, state 2). The
following less inclusive clade, which unites all caretto-
chelyids but Byeoljubuchelys yeosuensis and Anosteira
shantungensis, is also supported by a single synapo-
morphy, the location of the neural reversal on neural I
(character 51, state 0). Within the latter clade, the subclade
formed by Kizylkumemys schultzi, Anosteira crowcreek-
ensis, Anosteira ornata, Anosteira pulchra, and Anosteira
mongoliensis is supported by two synapomorphies: a
foramen posterius canalis carotici interni located near
midlevel of the parabasisphenoid (character 26, state 0) and
a strongly developed midline keel that resembles the dorsal
fin of a shark (character 58, state 3). The ‘Allaeochelys/
Carettochelys’ clade is well-supported, albeit by slightly
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fewer synapomorphies relative to the strict consensus tree.
TNT retrieved 11 synapomorphies rather than 15, in the
50% majority-rule tree: an elongate postorbital-quadra-
tojugal suture (character 5, state 2), a shallow cheek
emargination in the form of a small notch (character 8§,
state 1), the presence of a maxilla-quadratojugal contact
(character 9, state 1), the absence of a quadratojugal-squa-
mosal contact (character 10, state 0), the presence of an
anterior foramen in the maxilla for the canalis alveolaris
superior (character 16, state 1), a dorsoventral thickening
of the quadrate at the level of the processus trochlearis
oticum (character 34, state 1), elongate and pointy tuber-
cula basioccipitale (character 41, state 2), the absence
of a subdivision of the triturating surface of the dentary
(character 43, state 0), the absence of carapacial and plas-
tral scute sulci (character 59, state 3), an entoplastron
with lateral sides as long as posterior side (character 62,
state 1), and a wide posterior plastral lobe (character 63,
state 0). The only difference between the strict consensus
and 50% majority-rule trees within the ‘Allaeochelys/
Carettochelys’ subclade is the placement of Allaeochelys
crassesculpta, which is retrieved as the earliest branching
member in the 50% majority-rule tree. This slightly more
refined resolution and placement of Allaeochelys crasses-
culpta might be explained by the presence of a mosaic of
characters in the latter taxon, which seem to be typical of
either earlier branching representatives of Kizylkumemys
spp. and Anosteira spp., or more advanced carettochelyids
of the ‘Allaeochelys/Carettochelys’ lineage. Allaeochelys
crassesculpta notably shares with earlier branching
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Figure 37. 50% Majority-Rule tree obtained from the parsimony analysis. Taxa are scaled to geological time.

carettochelyids a straight labial margin of the maxilla
(wavy in ‘Allaeochelys/Carettochelys’), the absence of
an enfolded ridge on the ventral surface of the pterygoid
that covers the pterygoid fossa (present in ‘Allaeochelys/
Carettochelys’), a more anteriorly located foramen poste-
rius canalis carotici interni (generally more posteriorly
located in ‘Allaeochelys/Carettochelys’), and a deeper and
larger antrum postoticum (generally reduced or absent in
‘Allaeochelys/Carettochelys’), but shares with members
of the ‘Allaeochelys/Carettochelys’ subclade the pres-
ence of a contact between the maxilla and quadratojugal
that prevents the jugal from contributing to the ventral
margin of the cranium (contact is absent in Anosteira
maomingensis and Anosteira pulchra), the absence of
contact between the quadratojugal and squamosal above
the cavum tympani (contact is present in Anosteira
maomingensis and Anosteira pulchra), the complete
absence of carapacial and plastral scute sulci (scute sulci
remain present, to varying degrees, in Byeoljubuchelys
yeosuensis, Kizylkumemys spp., and Anosteira spp.), an
equilateral entoplastron (lateral sides longer than poste-
rior sides in Byeoljubuchelys yeosuensis and Anosteira
manchuriana, Anosteira maomingensis, and Anosteira
ornata), and a wide posterior plastral lobe (narrow or
reduced in Byeoljubuchelys yeosuensis, Kizylkumemys
spp., and Anosteira spp.).

The tip-dating Bayesian phylogenetic analysis
produced an extremely poorly resolved half compati-
bility tree. In this tree, Byeoljubuchelys yeosuensis and
Kizylkumemys khoratensis are retrieved in a polytomy

as the earliest branching carettochelyids, followed in a
less inclusive position by Kizylkumemys schultzi, which
itself is followed by a large polytomy that includes all
remaining carettochelyid taxa. As this tree is highly unin-
formative, we choose to only show the all-compatibility
tree herein, which, despite showing low support for most
internal nodes and relationships, offers at least room
for some comments and putative evolutionary insights
(the log file of the Bayesian analysis, including the half
compatibility tree, is available in Suppl. material 5). The
all-compatibility tree is shown in Fig. 38.

In the all-compatibility tree, Byeoljubuchelys yeos-
uensis is retrieved as the earliest branching carettochelyid,
followed in the next more internal node by Kizylkumemys
khoratensis, and then Kizylkumemys schultzi, so that all
Cretaceous carettochelyids are retrieved as the earliest
branching members of Carettochelyidae. Allaeochelys
lingnanica is retrieved in a less inclusive position than
Kizylkumemys schultzi and this relationship is the last
internal node with a high clade credibility value (i.e., 88).
All remaining relationships are poorly supported with
clade credibility values of 41 at most and typically only
around 10 to 30. Nevertheless, it is notable that, in this
topology, the remaining carettochelyid taxa are distributed
into two distinct subclades. All Anosteira representatives
are grouped together, forming a subclade that includes
Allaeochelys magnifica, which is retrieved as the earliest
branching representative of this subclade. The three North
American taxa, Anosteira ornata, Anosteira pulchra, and
Anosteira crowcreekensis, form a monophyletic subclade,
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with Anosteira pulchra as sister taxon to Anosteira crow-
creekensis, while all Asian taxa are grouped together
as a sister-clade to the North American Anosteira. The
placement of Allaeochelys magnifica, however, should be
taken with caution, as this taxon could only be scored for
a single character in our matrix. The second major caretto-
chelyid subclade includes all European and African taxa,
as well as Allaeochelys liliae from the Early Miocene of
North America and Carettochelys niahensis from the Late
Oligocene of Malaysia. Within this subclade, Eulalichelys
labarrerei is retrieved as the earliest branching represen-
tative, followed by Allaeochelys crassesculpta as sister
taxon to Allaeochelys rouzilhacensis.

While Eulalichelys labarrerei exhibits clear differ-
ences from Allaeochelys crassesculpta even if scored
for a reduced number of characters, such as a strongly
expanded posterior half of the triturating surface and a
tall quadrate below the cavum tympani, Allaeochelys
crassesculpta barely differs from Allaeochelys rouz-
ilhacensis and we suspect the latter might be a junior
synonym of Allaeochelys crassesculpta. In our matrix,
the scorings of these terminals differ for three characters.
In particular, following our own observations, we scored
Allaeochelys crassesculpta as having a deep antrum
postoticum. However, Allaeochelys rouzilhacensis
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was coded as having a deep or shallow antrum
postoticum since we are unable to assess the depth of
this feature in this taxon, based on the description of
Godinot et al. (2018). The second feature that differs
between Allaeochelys crassesculpta and Allaeochelys
rouzilhacensis is the depth of the quadrate fossa. The
quadrate fossa is small in Allaeochelys crassesculpta,
but is described as large in Allaeochelys rouzilhacensis
(Godinot et al. 2018). However, we cannot assess the
size of this feature in the latter taxon, based on the illus-
trations in Godinot et al. (2018) as a posterior view of the
cranium is not provided. The third feature contrasting
Allaeochelys crassesculpta and Allaeochelys rouzilha-
censis pertains to the expansion of the supraoccipital
crest. In Allaeochelys crassesculpta, the supraoccipital
crest is developed as a T-shaped expansion of bone that
forms a mediolaterally broad sheet along its ventral
aspect, extending for the entire length of the supraoc-
cipital crest. However, as this feature is damaged in
Allaeochelys rouzilhacensis, we scored this taxon as
uncertain. Godinot et al. (2018) otherwise reported that
the foramen posterius canalis carotici interni is located
in the pterygoid posterior to the mandibular condyle in
Allaeochelys rouzilhacensis, which indeed differs from
the more anteriorly located foramen posterius canalis
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carotici interni of Allaeochelys crassesculpta, but we
are not able to replicate this observation with confi-
dence in the former taxon due to damage that affects
its basicranium. So, while these two terms are scored
differently in our matrix, all reflect uncertainty. We thus
urge pCT scanning and digital segmentation of the holo-
type cranium of Allaeochelys rouzilhacensis to clarify
the matter.

The phylogenetic relationships of carettochelyids
have been studied extensively since the taxonomic
review of Joyce (2014). Based on the phylogenetic
work of Joyce (2007), Havlik et al. (2014), Danilov et
al. (2017a), Carbot-Chanona et al. (2020), and Kim et al.
(2025) conducted phylogenetic analyses to accompany
their investigation of the anatomy of several caret-
tochelyid taxa. These analyses always yielded either
poorly resolved trees, typically uniting ‘Anosteira’ and
‘Allaeochelys/Carettochelys’ taxa into distinct subclades
albeit with unresolved ingroup relationships (Havlik et
al. 2014; Danilov et al. 2017a; Carbot-Chanona et al.
2020), or phylogenetic trees with low support for most
clades retrieved (Kim et al. 2025). Unfortunately, the
phylogenetic relationships retrieved herein, despite the
assemblage of a new matrix and transcription of many
novel anatomical observations into morphological char-
acters, are as poorly resolved as previous investigations.
Although the recent use of uCT data and 3D bone-by-
bone segmentation clearly improved our understanding
of the cranial anatomy of carettochelyids, many caretto-
chelyid taxa remain exclusively known by shell material
and our studies so far only focused on members of the
‘Allaeochelys/Carettochelys’ lineage, limiting the impact
of our anatomical investigations to a subclade of advanced
carettochelyids. Furthermore, the proportion of missing
data in our morphological matrix is still remarkably high
for most taxa, with more than 70% missing data for 15 of
the 22 carettochelyids included in our study. Nearly 90%
of trait data is missing for Kizylkumemys khoratensis,

Anosteira crowcreekensis, Anosteira manchuriana,
Anosteira  mongoliensis, Anosteira  shantungensis,
Allaeochelys  lingnanica, Allaeochelys — magnifica,

Allaeochelys liliae, and Carettochelys niahensis, which
obviously greatly hinders the reconstruction of their rela-
tionships. We still believe that many of the newly created
characters accurately describe variation among caret-
tochelyids (e.g., contact between the crista cranii and
descending process of the prefrontal, additional anterior
fossa on the triturating surface, enfolded ridge of the pter-
ygoid ventrally covering the pterygoid fossa, presence
and depth of the antrum postoticum, general morphology
and anatomy of the quadrate), but that more complete
material is needed to have a better picture of carettoche-
lyid anatomy. The classic adage ‘more fossils are needed’
seems to be more than ever true for carettochelyids, as a
better understanding of the shell scute pattern, shell scute
reduction, and changes in cranio-mandibular anatomy
are crucially needed to untangle and better assess their
evolutionary history.

Conclusions

Micro-computed laminography and tomography were
used to perform the first detailed investigation of the
osteology of Allaeochelys crassesculpta from the middle
Eocene of Messel, Germany. Digital segmentations of
several specimens were used to create high-resolution 3D
reconstructions of the cranium, mandible, and fore- and
hindlimb, which serve as a basis for detailed anatomical
descriptions of this emblematic fossil turtle. The investi-
gation of the anatomy of the appendicular skeleton shows
that the forelimb of Allaeochelys crassesculpta has a
similar morphology to that of the extant pig-nosed turtle
Carettochelys insculpta and that it shares with the latter
features associated with its unique locomotor mode, i.e.
‘synchronous rowing,’ suggesting this locomotor mode
was already employed by Allaeochelys crassesculpta and
likely evolved from the Late Cretaceous to Paleocene. We
incorporated our new anatomical observations and recent
insights into carettochelyid morphology into an updated
phylogenetic matrix to evaluate their impact on caret-
tochelyid relationships, which remain poorly resolved.
Our phylogenetic analyses failed to improve topologies
compared to previous studies and we primarily attribute
these results to the great amount of missing data within our
matrix, as many carettochelyids are known by incomplete
or fragmentary material. While well-preserved fossils are
critically needed to better understand the evolutionary
history of carettochelyids, our work identifies numerous
craniomandibular features that had not been reported
previously and which document morphological varia-
tion among carettochelyids, potentially facilitating future
comparative work regarding carettochelyids.
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