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Abstract

Oreopithecus bambolii, from the Tusco-Sardinian archipelago, is the latest-known European Miocene ape and a longstand-
ing evolutionary enigma, owing to its mosaic morphology. Its systematic position has been intensely debated, resulting
in a broad spectrum of hypotheses, ranging from a dryopithecine great ape to a nyanzapithecid stem hominoid, a giant
hylobatid, or even a pliopithecoid. We reassess these competing hypotheses based on new data from the bony labyrinth
and teeth of a partial cranium (Bac 62) from Baccinello (8.3—7.7 Ma). Diffeomorphic deformation analysis of the semi-
circular canals (SCs) and vestibule, dental tissue proportions, and enamel-dentine junction shape were used to compare
Oreopithecus with a sample of extant and extinct anthropoids. Our results confirm that the SCs and vestibule of Oreo-
pithecus combine some derived crown hominoid synapomorphies and crown hylobatid-like characters with the retention of
anthropoid symplesiomorphies that preclude a straightforward classification. In turn, the enamel-dentine junction shape of
the upper molars markedly differs from that of dryopithecines and extant hominoids but only shows some similarities with
that of pliopithecoids, while the analysis of tooth tissue proportions reveals thick enamel. Our results, combined with pre-
vious evidence based on cranial morphology, strongly argue against a close phylogenetic relationship with Miocene apes
from Europe and do not particularly support a close relationship with hylobatids. Instead, they are more consistent with
Oreopithecus being a derived stem hominoid, although the scarce available data for nyanzapithecids precludes adequately
testing this hypothesis and some similarities with pliopithecoids remain intriguing and deserve further investigation.
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Introduction

Oreopithecus in the framework of Miocene ape
evolution

Within the complex picture of hominoid (ape and human)
evolution, Oreopithecus bambolii Gervais, 1872a stands out
as a particularly enigmatic taxon. Recorded from Late Mio-
cene deposits of the Tusco-Sardinian Paleobioprovince—a
paleoarchipelago encompassing parts of modern Tuscany
and Sardinia in Italy—dated to ~8.3—-6.7 Ma (Abbazzi et al.
2008; Casanovas-Vilar et al. 2011; Rook et al. 2011; Rook
2016), it represents the latest known non-cercopithecoid
catarrhine from Europe. Furthermore, despite having been
described more than 150 years ago (Gervais 1872a, b) and
being one of the most completely preserved Miocene apes
from Europe, a consensus has yet to be reached regarding its
systematic position (see review in Alba et al. 2024).

The phylogenetic controversy about Oreopithecus stems
from the contrasting evidence provided by different ana-
tomical regions. The cranium appears more plesiomorphic
than that of hominids (great apes and humans), showing
many similarities with stem catarrhines (pliopithecoids),
stem hominoids (particularly, nyanzapithecids), and hylo-
batids (Alba et al. 2024). Some previous authors recognized
a few cranial synapomorphies of crown hominids in Oreo-
pithecus (Andrews et al. 1996; Harrison and Rook 1997;
Moya-Sola and Kohler 1997; Alba et al. 2001b; Rook et al.
2004)—including Salvador Moya-Sola, to whom this article
is dedicated (see further details in the following subsection).
However, the short and low face of Oreopithecus, coupled
with its relatively small neurocranium, are more likely to
represent the plesiomorphic condition for hominoids and
even catarrhines (Harrison 1987, 1989; Jungers 1987,
Begun and Kordos 2004; Alba 2010; Alba et al. 2015). The
inner ear semicircular canals (SCs) and vestibule—encasing
the organs for gaze stabilization and acceleration perception
(see below for further anatomical details)}—show some (but
not all) crown hominoid synapomorphies and no crown-
hominid synapomorphies other than the thick canals—prob-
ably independently acquired—otherwise retaining a more
plesiomorphic condition (Urciuoli et al. 2020, 2021a, b).
On the other hand, the dentition of Oreopithecus is highly
distinctive and seemingly derived, superficially resembling
in several features the occlusal pattern of cercopithecoids
(Old World monkeys)—particularly regarding the nearly
transverse arrangement of the molar cusps (Delson 1979;
Szalay and Delson 1979; Harrison 1987; Harrison and
Rook 1997). Several authors have noted more detailed
dental similarities with nyanzapithecids from Africa (Har-
rison 1986, 1987, 1991; Rossie and Cote 2022; Alba et al.
2024), as supported by recent cladistic analyses (Nengo
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et al. 2017; Gilbert et al. 2020), which would imply their
joint inclusion in a single family Oreopithecidae—as done
by multiple authors over the years (Schwalbe 1915; Leakey
1967, 1968; Harrison, 1986, 1991; Benefit and McCrossin
2001; Pugh et al. 2025). However, a preliminary analysis of
endostructural lower molar shape revealed similarities with
pliopithecoids (Zanolli et al. 2022a), thereby supporting the
similarities in occlusal morphology previously noted by Hill
et al. (2013)—see discussion in Alba et al. (2024). Lastly,
the postcranium of Oreopithecus exhibits orthograde traits
that closely resemble those of crown hominoids and have
been used to interpret this taxon as close to the hylobatid—
hominid divergence or even as a stem hominid (Harrison
1987, 1991; Sarmiento 1987; Harrison and Rook 1997,
Moya-Sola et al. 1997). Given the contradictory evidence
provided by the craniodental and postcranial evidence, it is
currently considered that such crown-hominoid similarities
are more likely the result of evolutionary convergence (i.c.,
homoplasies) rather than homologies reflecting common
descent with crown hominoids (Pugh 2022; Almécija et al.
2021; Urciuoli and Alba 2023; Alba et al. 2024).

Salvador Moya-Sola and the study of Oreopithecus

Given that this work belongs to a collection of papers in
honor of Salvador Moya-Sola, it is worth briefly review-
ing the role played by him and his collaborators from the
1990s onward in the current understanding of Oreopithe-
cus (see a review in Alba 2025). Moya-Sola first inspected
fossils of Oreopithecus when visiting the Naturhistorisches
Museum Basel (Switzerland) in 1986, before extensively
devoting himself to the study of fossil primates (Alba 2025).
However, it was not until a decade later, after discovering a
partial skeleton of the Miocene ape Hispanopithecus from
Can Llobateres in Spain showing an orthograde body plan
(Moya-Sola and Kohler 1996), that he became seriously
engaged in the study of Oreopithecus—which merged his
two main research interests, namely Miocene apes and
evolution under insularity conditions (Alba 2025). In col-
laboration with Meike Kohler, he first advanced the hypoth-
esis that Oreopithecus represents an insular descendant of
European dryopithecines (Moya-Sola and Koéhler 1997)—
published in parallel to Harrison and Rook’s (1997) book
chapter that reached similar conclusions. This view not
only implied a great ape status for Oreopithecus but further
favored a European origin for this taxon, with Moya-Sola
and Kohler (1997) specifically advocating a pedomorphic
hypothesis to explain differences in cranial morphology (see
also Alba et al. 2001a, b). The same year, Kohler and Moya-
Sola (1997) revived the controversy about the locomotor
repertoire of Oreopithecus, supporting a significant compo-
nent of a unique form of terrestrial bipedalism that would
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have evolved as a result of insularity-related selection pres-
sures. Their views, further supported by some subsequent
studies coauthored by Moya-Sola (Rook et al. 1999), chal-
lenged the prevailing consensus that Oreopithecus was a
primarily arboreal (climbing and suspensory) ape (Harrison
1987, 1991; Sarmiento 1987) and were not particularly well
received (Alba 2025). Even more controversial was Moya-
Sola et al.’s (1999) proposal that the Oreopithecus hand had
human-like proportions and was capable of precision grasp-
ing, which they interpreted as a result of being freed from
locomotor demands (due to the adoption of bipedal locomo-
tion) in an insular context (see also Moya-Sola 2000; Moya-
Sola and Koéhler 2000, 2003; Kohler and Moya-Sola 2003).
Finally, a pioneering study of the Oreopithecus inner ear
bony labyrinth, in which Moya-Sola participated as coau-
thor, supported its great ape status based on the SCs (Rook
et al. 2004).

Most of the interpretations supported by Moya-Sola
and colleagues during the late 1990s and early 2000s were
controversial or, at least, not generally accepted (Alba
2025)—vparticularly regarding bipedalism (Russo and Sha-
piro 2013; Hammond et al. 2020) and precision grasping
(Susman 2004, 2005; but see Moya-Sola et al. 2005), but
also in regards to its purported close phylogenetic relation-
ships with dryopithecines and its great ape status overall
(Nengo et al. 2017; Gilbert et al. 2020; Urciuoli and Alba,
2023; Alba et al. 2024). More recent analyses, in which
Moya-Sola participated, rather suggested that the manual
proportions (Almécija et al. 2014), torso morphology (Ham-
mond et al. 2020), and SCs (Urciuoli et al. 2020, 2021a,
b) of Oreopithecus are plesiomorphic as compared with the
hominid condition. The same probably applies to its cranial
morphology (Alba et al. 2024), thereby supporting the view
that Oreopithecus is probably a stem hominoid postcranially
convergent with modern apes due to the independent acqui-
sition of orthograde features (Pugh 2022; Urciuoli and Alba
2023; Alba et al. 2024). Yet, the work performed by Moya-
Sola and colleagues more than two decades ago played a
pivotal role in reinvigorating the interest on Oreopithecus by
placing it at the center of the debate and prompting further
research. Oreopithecus epitomizes the challenge of postcra-
nial homoplasy in hominoid phylogenetics and undoubtedly
remains as a key taxon for disentangling the many uncer-
tainties that still remain about the evolutionary history of
apes (Urciuoli and Alba 2023; Alba et al. 2024). As noted
by Alba et al. (2024), more confidently resolving the phy-
logenetic relationships of Oreopithecus offers the prospect
of better clarifying those of hominoids as a whole, given
the suspicion that postcranial homology between hylobatids
and hominids might be causing a problem of long-branch
attraction in cladistic analyses (Urciuoli and Alba 2023).
Of particular interest are some dental similarities between

Oreopithecus and pliopithecoids (Hill et al. 2013; Zanolli et
al. 2022a; Alba et al. 2024), particularly in the light of the
fact that some of the latter further independently acquired
crown hominoid-like postcranial features (Alba et al. 2015;
Bouchet et al. 2024b).

The inner ear bony labyrinth and teeth of
Oreopithecus

All anatomical structures are potentially subject to homo-
plasy and, hence, susceptible to providing a misleading
signal in phylogenetic inference. However, recent analyses
have shown that structures that develop during early ontoge-
netic stages and do not undergo subsequent remodeling are
a good source of phylogenetically informative characters
(Skinner et al. 2008). This is the case of the inner ear bony
labyrinth in mammals (Ekdale 2013). Composed of a set of
fluid-filled cavities located within the petrous portion of the
temporal bone, it houses the sensory organs of balance (the
three semicircular ducts and otolith organs; Rabbitt 2019)
and hearing (the cochlea; Heffner 2004), which are consti-
tuted of delicate, fluid filled membranes where the sensory
epithelia are found. The bony labyrinth (Fig. 1) is composed
of three—anterior (ASC), posterior (PSC), and lateral
(LSC)—almost orthogonal SCs that are located posterolat-
erally, the vestibular recesses (anteromedially attached to the
SCs), and the cochlea (found anteriomedially and connected
to the vestibular recesses). The ASC and PSC merge before
reaching the vestibule, forming a single canal termed com-
mon crus (CC). The spatial relationship between the bony
labyrinth and the encased membranes varies among species
(especially for the SCs and ducts; Ramprashad et al. 1986)
and is the focus of ongoing research (Smith et al. 2023; Hus-
sain et al. 2023). Furthermore, despite the close spatial and
ontogenetic relationship of the organs encased by the bony
labyrinth, its shape (especially that of the SCs) embeds a
strong phylogenetic signal (Morimoto et al. 2020; Urciuoli
et al. 2020, 2021a, b; del Rio et al. 2021; Zhang et al. 2024).
Previous analyses showed that several features of the SCs
are pertinent to the phylogenetic debate about Oreopithecus.
In particular, this taxon shows a large vestibule, and thick
and small (particularly the LSC) SCs, more similar to those
of extant hominids than to the larger, slenderer SCs of plat-
yrrhines, stem catarrhines, cercopithecoids, and hylobatids,
which likely retain the plesiomorphic anthropoid condition
(Rook et al. 2004; Urciuoli et al. 2021b). Oreopithecus also
displays several bony labyrinth synapomorphies of crown
hominoids—a vertically compressed anterior canal and
short common crus (CC)—coupled with an additional simi-
larity (an anterosuperiorly projecting anterior canal) specifi-
cally with extant hylobatids and orangutans (Urciuoli et al.
2020, 2021a, b). This mosaic morphology of Oreopithecus
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Fig. 1 a—c. Photograph (a) and virtual renderings (b—c) of the partial
cranium of Oreopithecus bambolii Bac 62, in inferior (a-b) and right
lateral (c) views. The bone in panels b—c is semitransparent, showing
the SCs, the vestibule, and the teeth. d. right semicircular canals and
vestibule in posterolateral (left), superolateral (middle), and postero-
medial (right) views; e-h. right cheek teeth in occlusal (e, g) and buc-

cannot be easily reconciled with any of the competing phy-
logenetic hypotheses mentioned above without assuming
some degree of homoplasy (convergence and/or reversal).
In particular, the LSC of Oreopithecus lacks the marked
superiorly bending of the ampullary portion found in crown
hominoids, supporting the stem hominoid status of the for-
mer, even if its vertically compressed anterior canal and
short CC are potentially synapomorphic with crown homi-
noids (Urciuoli et al. 2021a). However, if Oreopithecus is
a stem hominoid, the large vestibule and stout SCs of this
taxon must be interpreted as convergences with hominids,

@ Springer
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anteromedlal

superlor supenor

anterolateral anterolateral posterolateral

cal (f, h) views, medial to right, displaying the external morphology
(red; e—f), and EDJ (yellow; g-h). The segmented teeth in e-h were
isolated and reoriented to account for specimen deformation. Abbre-
viations: ASC, Anterior semicircular canal; LSC, Lateral semicircular
canal; PSC, Posterior semicircular canal. Scale bars equal 1 cm (a—c)
and 5 mm (d-h)

or else as crown-hominoid synapomorphies subsequently
reversed in hylobatids (Urciuoli et al. 2021a). It is, how-
ever, noteworthy that fossil evidence for the bony laby-
rinth is often meager (in the case of Oreopithecus, a single
specimen had been analyzed so far), which hinders a proper
evaluation of intraspecific variation, potentially biasing the
results.

Another anatomical structure that is formed during early
ontogenetic stages (both prenatally and soon after birth) is
the enamel-dentine junction (EDJ) of molars (particularly,
the first and second molars). The EDJ is a highly genetically
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constrained structure, whose shape is regarded as highly
informative from a taxonomic viewpoint and useful to
distinguish among extinct and extant primate taxa (Skin-
ner et al. 2008; Pan et al. 2020; Zanolli et al. 2022a, 2023;
Bouchet et al. 2024a). The EDJ shape also holds a strong
phylogenetic signal that can be analyzed to reconstruct evo-
lutionary relationships among catarrhines using geometric
morphometrics (Zanolli et al. 2022b). At the level of the
outer enamel surface, the lower molars of Oreopithecus dis-
play similarities with those of nyanzapithecids (Rossie and
Cote 2022), but the presence of multiple secondary cusps
and crests makes the recognition of homologies subject to
interpretation (see discussion in Alba et al. 2024), with some
crests topologically resembling the mesial and distal arms
of the pliopithecine triangle characteristic of pliopithecoids
(Hill et al. 2013). Given the taxonomic and phylogenetic
significance of the EDJ, preliminary analyses of the lower
molar EDJ shape of Oreopithecus were conducted by Zanolli
et al. (2022a). The results showed that the lower molars of
Oreopithecus differ from those of extant great apes, dryo-
pithecines, and two nyanzapithecid specimens (which are
rather dryopithecine-like), and more closely resemble the
pliopithecoid pattern. Similar analyses, however, have yet
to be conducted based on the upper molar EDJ shape. Such
studies are currently ongoing, and the teeth here reported
will be included in future 3DGM analyses based on addi-
tional material available for Oreopithecus.

Aims of this study

To further evaluate the phylogenetic relationships of Oreo-
pithecus based on the two aforementioned anatomical struc-
tures, here we rely on an unpublished, crushed and partial
cranium (Bac 62) of O. bambolii, for which only M2 dental
wear had been previously assessed (Galbany et al. 2006).
Using microcomputed tomography (nCT) techniques, we
describe in detail the SCs and vestibule, as well as the upper
cheek teeth, and compare them with those of extant and
other extinct anthropoids, both qualitatively and quantita-
tively using morphometric analyses. Based on these com-
parisons, we assess the plausibility of various competing
phylogenetic hypotheses for Oreopithecus—namely, the
pliopithecoid (stem catarrhine), the nyanzapithecid (stem
hominoid), and the stem hylobatid hypotheses.

Materials and methods

Studied specimen

The studied specimen is a partial and crushed cranium
(Bac 62) of O. bambolii housed in the collection of the

Naturhistorisches Museum Basel, Switzerland. It was
recovered from the coal mines of Baccinello (Tuscany,
Italy) by Johannes Hiirzeler during the 1950-1960s (Hiir-
zeler 1958; Engesser 2000). No precise location of the find-
ing is recorded but it is considered to be roughly coeval with
other Oreopithecus remains from the V1 faunal assemblage,
which is dated to 8.3—7.7 Ma (Rook 2016) and further yielded
the specimen Bac 183 (an Oreopithecus petrosal bone pCT
scanned and described in Rook et al. 2004). The uCT scan
of Bac 62 was performed at the Department of Paleontol-
ogy of the University of Zurich, Switzerland, using an XT
H 225 ST Nikon Metrology microtomographic scanner with
the following scanning parameters: voltage=121 kV, cur-
rent=197 pA, and no filter. The resulting isometric voxel
size was 57.8 um. Due to preservation, only the left vestibu-
lar system bony labyrinth could be segmented in Avizo 9.0.1
software (FEI Visualization Sciences Group). Most of the
upper postcanine dentition is preserved, including the two
left premolars and all the upper molars. All dental elements
were segmented in Avizo, although due to the lack of com-
parative data, morphological comparisons of the EDJ are
limited to the upper molars. The 3D models of the vestibular
system bony labyrinth, as well as those of the outer enamel
surface and enamel/dentine junction of the upper molars are
available from MorphoSource (www.morphosource.org).

Inner ear bony labyrinth
Comparative sample for the bony labyrinth

The comparative sample for the three-dimensional geo-
metric morphometric (3DGM) analyses of the SCs and
vestibule was selected to provide a broad phylogenetic con-
text for interpreting the shape of Oreopithecus. The extant
anthropoid sample comprised the pCT scans of 230 crania
and temporal bones belonging to 36 species and 31 genera
of anthropoid primates, including a wide selection of plat-
yrrhines, cercopithecoids, and all extant hominoid genera
(Online Resource 1: Table S1). We also analyzed 22 fos-
sil specimens belonging to 15 extinct anthropoid species
(Online Resource 1: Table S2) to adequately assess the
phylogenetic affinities of Bac 62. These comprised another
individual of O. bambolii (previously, erroneously reported
as Bac 208; Rook et al. 2004; Urciuoli et al. 2020, 2021a,
b), the stem anthropoid Parapithecus grangeri (Bush et
al. 2004); the stem platyrrhines Dolichocebus gaimanen-
sis (Kay et al. 2008), Homunculus patagonicus (Fulwood
et al. 2016), and Tremacebus harringtoni (Fulwood et al.
2016); the early stem catarrhines Aegypfopithecus zeuxis
(Simons et al. 2007), Saadanius hijazensis (Zalmout et al.
2010, 2020), Epipliopithecus vindobonensis (Urciuoli et al.
2021a), and Pliobates cataloniae (Urciuoli et al. 2022a), the
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two last species included in the Pliopithecoidea (Bouchet et
al. 2024b); the stem cercopithecoid Victoriapithecus macin-
nesi (Urciuoli et al. 2022a); the stem hominoids Ekembo
heseloni (Urciuoli et al. 2022a) and Nacholapithecus kerioi
(Kunimatsu et al. 2019); the stem hominids Hispanopithe-
cus laietanus (Urciuoli et al. 2021b) and Rudapithecus
hungaricus (Urciuoli et al. 2021b); and the hominins Aus-
tralopithecus africanus (Beaudet 2019) and Homo erectus
(Urciuoli et al. 2022b). The scans were accessed through
different sources listed in Online Resource 1: Table S2.

Shape analysis of the bony labyrinth

The shape of the SCs and vestibule was analyzed using a
landmark-free, deformation-based 3DGM technique termed
diffeomorphic deformation analysis (DDA; Beaudet 2025),
also known as diffeomorphic surface matching (e.g., Dumon-
cel et al. 2014; Beaudet et al. 2016; Zanolli et al. 2023). This
approach does not rely on geometrical landmarks but instead
examines the geometrical correspondence between contin-
uous surfaces (Durrleman et al. 2012a; Bone et al. 2018).
The method relies on the computational construction of a
sample-average surface model (a template) and then quanti-
fies the deformation required to match this template to each
individual target surface in the analysis (Glaunés and Joshi
2006; Durrleman et al. 2012a, b). Prior to the analysis, the
unscaled 3D surfaces were aligned using the ‘Align Surface’
module of Avizo v. 9.0.1 (FEI Visualization Sciences Group,
Houston), which minimizes the distances between the faces
of each surface through rigid translation, rotation, and uni-
form scaling (Urciuoli et al. 2021b).

The transformations between surfaces are mathematically
modeled as diffeomorphisms—one-to-one deformations of
the 3D space that are smooth, invertible, and have a smooth
inverse (Durrleman et al. 2012a). The final output of this
process is a set of high-dimensional vectors, or ‘momenta,’
which represent the flow of deformations from the control
points on the template to the target shape, thus describing
both the direction and magnitude of shape change (Bone
et al. 2018). Due to the high computational power required
for these analyses, the diffeomorphisms and momenta were
computed using the open-source software Deformetrica v.
4.3 (Bone et al. 2018) on the high-performance computing
cluster DeepFry (LOEWE Centre for Translational Biodi-
versity Genomics, Frankfurt am Main, Germany).

Statistical analysis of the bony labyrinth shape data
The sets of vectors (momenta) generated by the deforma-
tion analysis were used as shape variables for subsequent

statistical analyses. The data were analyzed in Rstudio v.
2023.9.0.463 (RStudio Team 2023) for R v. 4.3.1 (R Core
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Team 2023) using the RToolsForDeformetrica v. 0.1 pack-
age (Dumoncel 2021). Major patterns of interspecific shape
variation were explored using a between-group principal
components analysis (bgPCA) performed on the deforma-
tion fields (the raw shape data) with the ‘groupPCA’ func-
tion of the Morpho v. 2.8 package for R (Schlager 2017),
considering major clades (i.e., platyrrhines, cercopithecoids,
hylobatids, and hominids) as a priori grouping factors. Fos-
sil specimens, including Bac 62, were projected a posteriori
onto the resulting morphospace to assess their affinities
without influencing the main axes of variation. The mor-
phological affinities of fossil specimens to the extant groups
were further quantified by computing typicality probabili-
ties of group membership using the ‘fypprodb’ function of
Morpho package for R (Schlager 2017). An interactive
HTML 3D plot of the first three bgPCs was generated using
the R package plotly v. 4.10.4 (Sievert et al. 2021). The
extreme conformation shape for the bgPCs was obtained by
rotating the bgPC scores back into the raw shape space to
obtain the corresponding set of momenta. These were then
used to perform a “shooting” (i.e., an iterative deformation
of the sample mean toward the targeted momenta) using the
‘compute’ function of Deformetrica. The deformations from
the sample mean were rendered by means of a continuous
pseudocolor scale obtained using the ‘add_colormap_shoot-
ing’ python script (Dumoncel 2021). We also computed
local maximal displacements using the ‘add local maxi-
mal_momenta shooting’ python script (Dumoncel 2021)
and visualized them as vectors (indicating magnitude and
amount of deformation) in Paraview 5.6.0 (Kitware).

To ensure that the observed grouping structure was not
spurious, the bgPCA results were compared to those obtained
using a cv-bgPCA (Cardini and Polly 2020). The group
mean differences were assessed using a permutational analy-
sis of variance (PERMANOVA, with 1000 permutations)
performed on the Euclidean distances between the means.
We also used the vegan v. 2.5 package (Oksanen et al. 2019)
in R to compute Z-scores and determination coefficients (R’,
denoting the amount of variance accounted by group differ-
ences) for the raw shape data and the bgPCA scores, both
standard and cross-validated (Cardini and Polly 2020).

Phylomorphospace and phylogenetic trees

To visualize the direction and magnitude of morphological
evolution, we employed a phylomorphospace approach (Sid-
lauskas 2008). This method involves projecting a phylogenetic
tree onto the morphospace derived from the bgPCA performed
on the DDA shape data. The positions of the internal nodes,
representing the last common ancestors (LCAs), were esti-
mated using a maximume-likelihood method implemented via
the ‘fastAnc’ function in the phytools v. 0.6e60 package for R
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(Revell 2012). The tips of the tree branches correspond to the
centroid scores for each genus, whereas branch lengths reflect
the phylogenetic relationship among the considered genera
and time-distances from the ancestral nodes.

To consider the debate about the systematic position of
Oreopithecus, we repeated the analyses using three alterna-
tive cladogram topologies, each one reflecting one of the
main phylogenetic hypotheses previously advocated for this
taxon (Online Resource 1: Fig. S3), namely: a pliopithecoid
(stem catarrhine), a stem hylobatid, or a nyanzapithecid
(stem hominoid). The phylogeny for extant taxa was based
on the comprehensive molecular data from Kuderna et al.
(2023), with the divergence age for Symphalangus syndac-
tylus specifically informed by Shao et al. (2023). Extinct
species were subsequently integrated into this tree based on
their phylogenetic position as inferred from previously per-
formed cladistic analyses (Seiffert 2012; Kay 2015; Fulwood
et al. 2016; Nengo et al. 2017; Gilbert et al. 2020) and cor-
responding to the three aforementioned hypotheses (Online
Resource 1: Fig. S3). Their divergence was arbitrarily set to
1 Myr prior to the next successive node and their tip ages
defined by their currently accepted chronostratigraphic
age. To create visual representations of the ancestral mor-
phologies, the estimated bgPC scores for each LCA were
rotated and translated back from the morphospace into the
deformation field space using the RToolsForDeformetrica
package for R. This process generated a set of momentum
vectors, which were then used in Deformetrica to warp the
sample template surface into the predicted 3D shape of the
target LCA. The shape distance between Oreopithecus and
the selected estimated LCAs (namely, the crown hominoid,
crown hylobatid, and pliopithecoid LCAs) was eventually
quantified by calculating the Euclidean distances between
the LCA bgPC scores and the Oreopithecus centroid using
the ‘dist’ function from the base stats package in R.

Teeth
Description and measurements of occlusal shape

Dental measurements of mesiodistal length (MD) and buc-
colingual breadth (BL) were digitally taken from the outer
enamel surface (OES) models to the nearest 0.1 mm. For
the molars, BL was measured separately at the mesial
(BLm) and distal (BLd) lobes. To quantify crown propor-
tions, a breadth/length index was computed (in percent-
age) as BLI=maximum BL/MD x 100. The descriptions of
the OES were based on the fossil specimen with the aid of
surface models, whereas the EDJ shape of the molars was
compared with that of other Miocene hominoids and plio-
pithecoids available from the literature (Fortuny et al. 2021;
Bouchet et al. 2024a). The tooth tissues (enamel, dentine,

and pulp) were segmented in Avizo using a semi-automatic,
threshold-based method. The volumes of the dental tissues
were computed using the same software.

Tooth tissue proportions

The 3D tooth tissue proportions of the upper molars of Bac
62 were compared with those of other Miocene and extant
non-cercopithecoid catarrhines. We followed Olejniczak et
al. (2008) to cut the crown along the cervical plane, taking
the mid-plane between the plane showing the last points of
enamel and that showing a complete enamel ring. Follow-
ing measurements of enamel volume (V,, in mm?®), crown
dentine and pulp volume (Vg4,, in mm?®) and surface area
of the enamel-dentine junction (Sgp;, in mm?), we com-
puted three indices. Three-dimensional average enamel
thickness (3DAET; in mm) and three-dimensional relative
enamel thickness (3DRET; dimensionless) were computed
as follows (Olejniczak et al. 2008): 3DAET=V,/Sgp; and
3DRET=3DAET x 100/V,4,'”. Given that 3DAET is a
metrical variable (and, thus, correlated with tooth size), it is
not suitable to compare species of different size. 3DRET, in
contrast, is standardized by the cube root of VCdp and, hence,
a dimensionless shape index, more suitable for comparisons
among taxa (Olejniczak et al. 2008). The recently developed
ratio of enamel-thickness to dentine-thickness (3DRED;
dimensionless) was also computed based on the follow-
ing formula (Yi et al. 2021): 3DRED=10* (3DAET/(V 4,/
Sep))'” =10 X (V/V4,)". The latter index is less sensitive
to differences in scanning parameters (especially in voxel
size disparity) and, like 3D RET, represents an additional
size-standardized variable to assess the taxonomic value of
enamel thickness in primate teeth (Yi et al. 2021). We com-
pared the tissue proportions of Bac 62 upper molars with
those of Pierolapithecus catalaunicus, Anoiapithecus brevi-
rostris, Dryopithecus fontani, Hispanopithecus crusafonti,
Hispanopithecus laietanus, Pongo pygmaeus, Pan troglo-
dytes, Gorilla gorilla, Hylobates muelleri and Hylobates
sp., and Symphalangus syndactylus (Olejniczak et al. 2008;
Zanolli et al. 2019; Fortuny et al. 2021; Sineo et al. 2024).
Abbreviations: 3DAET, Three-dimensional average
enamel thickness; 3DGM, three-dimensional geometric
morphometrics; 3DRED, ratio of enamel-thickness to den-
tine-thickness; 3DRET, three-dimensional relative enamel
thickness; AMNH, American Museum of Natural History,
New York, USA; ASC, anterior semicircular canal; Bac,
Baccinello collection at the Naturhistorisches Museum
Basel, Switzerland; bgPC, between-group principal com-
ponent; bgPCA, between-group principal component anal-
ysis; BL, maximum buccolingual breadth; BLI, breadth/
length index; BLm, BL at the mesial lobe; BLd, BL at the
distal lobe; CC, common crus; ¢v-bgPCA, cross-validated
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bgPCA; DDA, diffeomorphic deformations analysis; EDJ,
enamel-dentine junction; IPS, acronym of the collections of
the Institut Catala de Paleontologia Miquel Crusafont (for-
merly, Institut de Paleontologia de Sabadell), Barcelona,
Spain; LCA, last common ancestor; LSC, lateral semicir-
cular canal; MCZ, Museum of Comparative Zoology, Har-
vard University, Cambridge, USA; MD, mesiodistal length;
MFN, Museum fiir Naturkunde Berlin, Germany; MGSB,
Museu Geologic del Seminari Conciliar de Barcelona, Spain;
MGUP TOS, Museo di Geologia Gemmellaro Universita di
Palermo, Italy; pCT, microcomputed tomography; MSNT,
Museo di Storia Naturale of Trieste;, PERMANOVA, per-
mutational analysis of variance; PSC, posterior semicircu-
lar canal; SCs, semicircular canals; SSgp;y, surface area of
the enamel-dentine junction; V 4, crown dentine and pulp
volume; V, enamel volume

cdp>

Results
Description and preservation

The partial cranium Bac 62 (Fig. 1), like most Oreopithecus
specimens, is heavily crushed (in this case, in superoinferior
direction) due to diagenetic processes. These caused the col-
lapse of the braincase, as well as the breakage of most cranial
bones. Nonetheless, the cranium is fairly complete, missing
only the rostral-most portion of the premaxilla (correspond-
ing to the alveoli of the incisors, which are also missing),
the zygomatic arches, and most of the occipital and the left
temporal bone. In superior view, most of the bones are almost
completely shattered, although fragments of the frontals, pari-
etals, and (some) of the occipital are visible. In inferior view,
the specimen appears much better preserved and cranial bones
are clearly identifiable and unaffected by plastic deformation.
Particularly, the palate is almost complete and fairly well-
preserved (although a fracture between the palatine bones and
the maxillae caused a slight detachment and anti-clockwise
rotation of the former), Most of the cheek teeth are preserved
except for the right premolars. They are only slightly worn,
with very restricted dentine exposure at the apex of the premo-
lar and some molar main cusps. The canines are missing but
the left alveolus is relatively well preserved (albeit with a few
fractures), whereas the right one is almost completely crushed.
The left canine alveolus displays a round cross section and is
small (MD=6.4 mm; BL=5.6 mm) compared with the cheek
teeth, overall suggesting that the partial cranium Bac 62 likely
belongs to a female individual (Alba et al. 2001a). The sphe-
noid is also present, although both pterygoid processes and
the alisphenoid are heavily damaged. Although most of the
occipital bone (the entire left side) is missing, the right con-
dyle and the pars basilaris are well preserved.
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On the right side, the temporal bone preserves the basal
part of the temporal process and the mandibular fossa, as well
as the tubular ectotympanic (complete and protruding later-
ally) and the mastoid process (displaced and rotated medi-
ally due to the crushing). The oval and jugular foramina are
also clearly visible and well preserved, whereas the carotid
canal is missing due to extensive breakage of the anterior-
most portion of the petrous part of the temporal. Internally,
the bony labyrinth is poorly preserved, due to the collapse of
most of the cochlear bony encasing. Similarly, no ossicles
could be identified in the middle ear cavity, which was also
crushed. However, the SCs and the vestibule (encapsulat-
ing the vestibular system ducts and otolith organs) are fairly
well-preserved, with only part of the ASC broken and dis-
placed relative to the rest of the canal, although we could
place it back to its original position (Fig. 1d).

Bony labyrinth morphology
Semicircular canal and vestibule shape

The SCs of Bac 62 (Fig. 1d) show clear morphological
similarities with the SCs of the previously described speci-
men Bac 183 (Rook et al. 2004). Particularly, the ASC is
moderately large in its curvature radius and shows a marked
anterosuperior projection in its anterior-most portion (as
in Bac 183, hylobatids, and Pongo). The ASC also shows
a marked vertical compression, as in crown hominoids
except Homo, and more marked than in the stem hominoid
Ekembo. The PSC is round, as in most crown catarrhines,
and roughly of the same curvature radius as the ASC and
the LSC, differently from in the condition of Bac 183, where
the LSC is smaller than the vertical canals. The LSC is also
flat, like that of all non-hominoid anthropoids, and fairly
round. The CC is very short (as in crown hominoids and
Ekembo) and thick (as in crown and stem hominids). Unlike
in Bac 183, only the CC is markedly thick, whereas the SCs
appear moderately slender, showing an intermediate condi-
tion between those of hylobatids and hominids.

Diffeomorphic deformation analysis of the semicircular
canals

We performed a bgPCA on the deformation fields obtained
from the DDA to better assess the morphological affinities
of Bac 62 relative to the comparative sample. The obtained
bgPCs show a good separation among the four distin-
guished groups (i.e., platyrrhines, cercopithecoids, homi-
nids, and hylobatids), with only a few areas of moderate
overlap on intermediate bgPC1 to bgPC3 scores (Fig. 2;
Online Resource 2). This is confirmed by the high classifi-
cation accuracy of the bgPCA (97.4% of correctly classified
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Fig. 2 a-b. Bivariate scatter plots of the bgPCA performed on the
deformation fields (raw shape data) obtained from the diffeomorphic
deformation analysis of the SCs and vestibule: bgPC2 vs. bgPCl1 (a);
bgPC3 vs. bgPC1 (b). The variance explained by each axis is given
within parentheses. Symbols are colored based on taxonomic groups:
stem anthropoids, dark gray; stem platyrrhines, black; crown platyr-
rhines, dark green; early stem catarrhines, light gray; pliopithecoids,
fuchsia; stem cercopithecoids, navy blue; crown cercopithecoids, dark
blue; stem hominoids, dark orange; hylobatids, red; dryopithecines,

purple; crown hominids, light orange. A 3D interactive HTML plot of
bgPCl1 to bgPC3 using the same color coding can be found in Online
Resource 2. c¢—h. Not-to-scale renders of 3D models showing the
extreme conformations of shape variation for the axes shown in the
bivariate plots (from left to right, in posterolateral, superolateral, and
posteromedial views): bgPC1 maximum (¢) and minimum (d); bgPC2
maximum (e) and minimum (f); bgPC3 maximum (g) and minimum
(h). The 3D models are colored following a color gradient from blue
(no displacement) to red (1.5 mm)
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Table 1 Confusion matrix showing the classification results (percentages are within parentheses) obtained from the bgPCA performed on the SC
shape data using major clades (platyrrhines, cercopithecoids, hominids, and hylobatids) as the grouping factor and based on typicality probabilities
of group membership. Cross-validated classification results are shown in Online Resource 1: Table S3

A priori group Classification

Cercopithecoids Hominids Hylobatids Platyrrhines
Cercopithecoids 73 (97.4%) 1(1.3%) 0 (0%) 1(1.3%)
Hominids 0 (0%) 63 (98.4%) 0 (0%) 1 (1.6%)
Hylobatids 1(2.1%) 1(2.1%) 45 (95.8%) 0 (0%)
Platyrrhines 1(2.2%) 0 (0%) 0 (0%) 44 (97.8%)

individuals), which only misclassified a few individuals
(classification error<2.5% for any of the groups; Table 1).
The high accuracy is kept even after cross-validation (96.1%
of correctly classified individuals; Online Resource 1: Table
S3). Indeed, the inspection of the scatterplot of the cross-
validated bgPC scores (Online Resource 1: Fig. S1) shows
minimal differences relative to those obtained with standard
bgPCA. This is further confirmed by the Z-scores and R?,
which were computed to assess the presence of a group-
ing structure in the raw shape data (Z=9.744; R>=0.306),
bgPCA scores (Z=15.597; R*=0.699), and cv-bgPCA
scores (Z=15.869; R*=0.712). They show that, even if the
correlation between the a priori grouping factor and the
bgPC scores is higher than that with the raw shape data,
the correlation is almost identical when cross-validated and
standard bgPC scores are considered, thus allowing us to
reject that grouping structure is spurious.

Along bgPC1 (61.1% of variance; Fig. 2a—d), crown
hominids, dryopithecines, and the stem hominoid Ekembo
(negative scores) are separated from most anthropoids (pos-
itive scores) except for a few platyrrhines and one individ-
val of Hylobates agilis due to the possession of remarkably
thick SCs and CC. Negative bgPC1 scores are further indic-
ative of fairly small SCs relative to the whole vestibular sys-
tem, as well as a less round and more laterally elongate PSC.
The length of the CC and the position of the LSC relative
to the PSC are also major drivers of bgPCl1, so that species
possessing a shorter CC and well-separated LSC and PSC
planes (such as hominids) fall on negative scores. This also
explains the moderately positive scores of hylobatids, which
share with hominids a very short CC and separated LSC and
PSC, yet combined with much thinner SCs and greater SC
radii. The two Oreopithecus individuals slightly differ from
one another along bgPC1 due to the presence of somewhat
slenderer SCs in Bac 62 than in Bac 183. The bgPC2 (26.5%
of variance; Fig. 2a, e—f) is mostly driven by differences in
SC shape and relative size. This axis allows us to discrimi-
nate platyrrhines (extant and extinct), Parapithecus, and
stem catarrhines (on markedly positive scores) from other
anthropoids, albeit with some overlap. This is due to the
presence in the former of markedly superiorly elongated
ASC and PSC (only the PSC in the case of Epipliopithecus
and Pliobates), as well as a long CC (Fig. 2e—f). Homo and
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the stem hominoid Nacholapithecus also fall on moderately
positive bgPC2 scores due to the presence of large ASC and
PSC relative to the smaller LSC. Oreopithecus appears quite
variable in these features, as highlighted by the difference
in bgPC2 scores between Bac 183 (positive and close to the
range of Homo and platyrrhines) and Bac 62 (moderately
negative), which is mainly caused by the larger LSC of the
latter specimen. Hylobatids fall on positive scores for the
bgPC3 (12.4% of variance; Fig. 2b, g-h), and are somewhat
separated from most other anthropoids, except for a few
Pongo and atelid individuals, which also fall on moderate
positive scores. This is caused by the presence of an antero-
superior projection of the ASC anterior-most portion in both
hylobatids and Pongo, whereas atelids share with hyloba-
tids the possession of a mediolaterally compressed PSC. All
these taxa also show a clear separation between the PSC
plane and the LSC (Fig. 2g—h). Among fossils, only Epiplio-
pithecus overlaps with the range of hylobatids (mainly due
to the possession of a very separated LSC from the PSC
plane), although Bac 62 somewhat approaches the hyloba-
tid range of variation as a consequence of the moderately
anterosuperiorly projecting anterior portion of the ASC.

When the three bgPCs are simultaneously considered
(Online Resource 2), the two Oreopithecus individuals
fall outside the convex hulls of all the considered groups,
in a portion of the morphospace that is devoid of other
specimens. This is reflected in the typicality probabilities
based on the bgPC scores (Table 2). They show that Bac
62 represents an outlier for platyrrhines (p<0.05) but not
for all the remaining groups (with slightly greater affinities
with cercopithecoids). Conversely, the bgPC scores of Bac
183 fit best with the distribution of platyrrhines and repre-
sents an outlier for both hylobatids and cercopithecoids.
In turn, the analyzed stem anthropoid and stem catarrhines
show greatest affinities and fall within the variation range
of extant platyrrhines; stem hominoids and stem hominids
match the variation of extant hominids and show greatest
affinities with them (except for Nacholapithecus, which
shows greater affinities with cercopithecoids); finally,
the only analyzed stem cercopithecoid (Victoriapithecus
macinnesi) shows clear affinities with extant cercopithe-
coids, although it does not represent an outlier for extant
platyrrhines either.
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Table 2 Typicality probability of group membership based on the bgPCA scores of selected fossil specimens. Non-significant probabilities
(p>0.05), implying that the individual does not represent an outlier for the distribution of the group bgPC scores, are in bold

Species Catalog No. Cercopithecoids Hominids Hylobatids Platyrrhines
Oreopithecus bambolii Bac 62 0.096 0.075 0.081 0.006
Oreopithecus bambolii Bacl83 0.048 0.050 <0.001 0.246
Parapithecus grangeri CGMS85785 0.002 <0.001 <0.001 0.623
Aegyptopithecus zeuxis DPC18651 0.138 <0.001 <0.001 0.207
Aegyptopithecus zeuxis DPC12081 0.009 <0.001 <0.001 0.801
Tremacebus harringtoni FMI619 0.167 <0.001 <0.001 0.278
Dolichocebus gaimaensis MACN-14128 0.058 <0.001 <0.001 0.698
Homunculus patagonicus MP-MPV-3501 0.051 <0.001 <0.001 0.612
Homunculus patagonicus MP-MPV-3502 0.012 <0.001 <0.001 0.940
Homunculus patagonicus MP-MPV-3503 0.066 0.006 <0.001 0.283
Epipliopithecus vindobonensis NHMW-1970/1397/0003 0.003 0.003 0.079 0.092
Epipliopithecus vindobonensis NMB-OE-303 L 0.023 0.001 0.019 0.455
Epipliopithecus vindobonensis NMB-OE-303 R 0.041 0.001 0.005 0.683
Pliobates cataloniae IPS58443 0.024 0.025 0.001 0.464
Victoriapithecus macinnesi KNM-MB-29100 0.391 0.002 <0.001 0.133
Ekembo heseloni KNM-RU-2036al 0.049 0.231 <0.001 0.001
Nacholapithecus kerioi KNM-BG-42744 0.191 0.007 <0.001 0.052
Hispanopithecus laietanus IPS18000 <0.001 0.352 <0.001 <0.001
Rudapithecus hungaricus RUD200 <0.001 0.836 0.001 <0.001
Rudapithecus hungaricus RUD77L 0.007 0.523 0.003 0.010
Rudapithecus hungaricus RUD77R 0.013 0.475 0.001 0.022

Phylomorphospace of the semicircular canals

The phylogenetic trees corresponding to the alternative
phylogenetic hypotheses evaluated in this work for Oreo-
pithecus were projected onto the morphospace by means
of a phylomorphospace approach (Fig. 3). Overall, the
bgPCA scores of the LCAs were minimally affected by
the different tree topologies, with the only exception of
the estimated LCA of crown hylobatids (Fig. 3d—e; Online
Resource 1: Fig. S2d—f). Not surprisingly, when Oreo-
pithecus is considered as a stem hylobatid, the shape con-
figuration estimated for the crown hylobatid LCA appears
less derived and more dissimilar from that of extant hylo-
batids (the anterior portion of the ASC does not project
anterosuperiorly). Under the other two phylogenetic
hypotheses (namely, the stem hominoid and pliopithecoid
stem catarrhine ones), the hylobatid LCA shows a LSC
that is well separated from the plane of the PSC and a
moderately anterosuperiorly projecting anterior portion of
the ASC. Overall, this LCA also shares clear similarities
with cercopithecoids, due to the presence of slender and
large SCs. The ancestral morphology for crown hominoids
(Fig. 3c; Online Resource 1: Fig. S2a—c) is reconstructed
as showing similarly-sized, round SCs, a fairly short CC,
and moderately thick SCs (being closest to the morphol-
ogy shown by Ekembo, although without the vertically

compressed ASC of the latter). The absence of older and
more basal pliopithecoids in the analysis is problematic
for node calibration and, thus, the LCA reconstructed for
this group should be interpreted with caution. Based on
available data, their inferred ancestral shape is intermedi-
ate between that of platyrrhines, the stem cercopithecoid
Victoriapithecus, and the stem hominoid Nacholapithecus
(although closer to Victoriapithecus and cercopithecoids),
showing a long CC, vertically elongate ASC and PSC,
and a small LSC relative to the other SC (Fig. 3; Online
Resource 1: Fig. S2g—i).

The similarity of Oreopithecus with the LCAs recon-
structed for the aforementioned groups was assessed by
means of Euclidean distances based on bgPCA scores
(Table 3). These show a closest similarity (i.e., a short-
est distance) between the Oreopithecus average and
the crown hominoid LCA (independently of the phy-
logenetic hypothesis considered), whereas the plio-
pithecoid LCA and, even more so, the crown hylobatid
LCA are markedly less similar. Closer similarities with
the crown hominoid LCA are also found when the dis-
tances are computed separately for the two Oreopithe-
cus individuals (Table 3), although similarities are less
marked and Bac 62 (unlike Bac 183 and the Oreopithe-
cus average value) is more similar to hylobatids than to
pliopithecoids.
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Fig. 3 a—b. Phylomorphospace based on the bgPC score genus aver-
ages obtained from the bgPCA shown in Fig. 2: bgPC2 vs. bgPCl1
(a); bgPC3 vs. bgPC1 (b). The internal nodes and branches are col-
ored based on the phylogenetic hypothesis used to estimate the LCA
shape: pliopithecoid (stem catarrhine) hypothesis, blue; stem hyloba-
tid hypothesis, red; nyanzapithecid (stem hominoid) hypothesis, black.
Symbol colors are based on taxonomy as in Fig. 2. e—f. Shape esti-

mates for the SCs and vestibule of selected LCAs in posterolateral
(left), superolateral (middle), and posteromedial (right) views, were
based on the nyanzapithecid (stem hominoid) hypothesis (¢, d, f) and
the stem hylobatid hypothesis (e). Results based on different phyloge-
netic hypotheses are provided in Online Resource 1: Figure S2. The
3D models are colored following a color gradient from blue (no dis-
placement) to red (1.5 mm)

Table 3 Euclidean distances based on the bgPCA scores between Oreopithecus bambolii (both average and the two specimens separately) and the
estimated last common ancestors (LCA) of crown hominoids, crown hylobatids, and pliopithecoids. The distances are given for the three phy-
logenetic tree topologies used for the phylomorphospace (Fig. 3; Online Resource 1: Fig. S3): tree 1, pliopithecoid stem catarrhine; tree 2, stem
hylobatid; tree 3, nyanzapithecid stem hominoid. The shortest distance for each combination is in bold

Crown hominoid LCA Crown hylobatid LCA Pliopithecoid LCA
Average (Tree 1) 0.839 3.814 2.449
Average (Tree 2) 0.614 3.822 2.507
Average (Tree 3) 0.806 3.822 2.507
Bac 62 (Tree 1) 2.068 2.538 3.449
Bac 62 (Tree 2) 2.084 2.547 3.513
Bac 62 (Tree 3) 2.031 2.547 3.513
Bac 183 (Tree 1) 1.834 5.130 2.080
Bac 183 (Tree 2) 1.587 5.136 2.106
Bac 183 (Tree 3) 1.834 5.136 2.106
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Tooth morphology
Outer enamel surface and enamel-dentine junction shape

The cheek tooth measurements are provided in Table 4. The
premolars (Fig. 1) display an oval (P3) to elliptical (P4)
occlusal contour that is broader than long and has mark-
edly rounded corners, although the P3 is more asymmetrical
(mesiobuccally protruding). They show two tall, voluminous
and inflated cusps that are joined by two (mesial and dis-
tal) crests. The mesial crest (hypoparacrista) is transversely
aligned toward the protocone in the P3 and more mesially
directed toward the preprotocrista in the P4. Together with
the obliquely oriented preprotocrista and the shorter pre-
paracrista, the hypoparacrista delimits a restricted mesial
fovea. In both premolars (but more clearly in the P4) the
thick postprotocrista appears to bifurcate along its course,
with one end joining the distal marginal ridge and the other
curving buccally to join the distal aspect of the paracone
base; the latter distally encloses the talon basin, which is
restricted (but less so than the mesial fovea). In contrast, a
distinct postparacrista, shorter than the postprotocrista, can
only be discerned in the P4, separating the buccal cingu-
lum from the distal marginal ridge. The lingual cingulum
is very wide in both premolars and extends from the mesial
to the distal aspects of the crown until the ends of the pre-
protocrista and postprotocrista. The buccal cingulum is only
similarly developed in the P4, whereas in the P3 it is thin-
ner and distally continuous with the marginal ridge (Fig. 1).
Both premolars have three roots, the two lingual ones being
slenderer than the buccal.

The three molars (Fig. 1) display the same occlusal pat-
tern and a similarly elongated and subrectangular occlu-
sal contour that is much longer than broad. The M1 is the
smallest molar and the M3 the largest (both in length and
width), although differences are small and the proportions
very similar, with the M1 being slightly narrower in relative
terms than the other molars (Table 4). There are four tall
and voluminous main cusps in a very median (non-periph-
eral) position on the occlusal surface, the lingual ones being

Table 4 Dental measurements (in mm) and proportions for the upper
dentition of Bac 62. Side is given within parentheses

Tooth MD BL BLm BLd BLI
P3 (right) 6.3 7.8 123.8
P4 (right) 6.1 8.0 131.1
MI (right) 8.2 6.6 5.9 6.6 80.5
M1 (left) 8.4 6.7 6.1 6.7 79.8
M2 (right) 9.1 7.6 7.0 7.6 83.5
M2 (left) 9.4 8.0 6.8 8.0 85.1
M3 (right) 9.6 8.4 8.0 8.4 87.5
M3 (left) 9.7 8.3 7.3 8.3 85.6

located slightly more distally than the buccal cusps. The
preprotocrista and the shorter preparacrista are obliquely
oriented and converge on the mesial marginal ridge, while
the more transversely oriented hypoparacrista joins the for-
mer at about its midway. Together, these three crests delimit
a pit-like mesial fovea that is located toward the buccal half
of the crown. A well-developed and centrally located pro-
toconule (=paraconule) is present at the end of the preprot-
ocrista on the mesial ridge (more clearly ascertainable in the
M3 probably due to the lack of wear), lingually flanking the
mesial fovea. There are no distinct crests linking the mesial
and the distal cusps except for the well-developed crista
obliqua, which displays a small but distinct (particularly, in
the M2 and M3) metaconule (=centroconule) at about its
midway, where the prehypocrista joins the crista obliqua.
There are no distinct crests linking the distal cusps with the
distal marginal ridge, but a poorly developed crest origi-
nates in distolingual direction from the metacone toward the
hypocone, delimiting a small distal fovea from the rest of
the talon basin. A small and centrally located hypoconule
is present on the distal marginal ridge (more marked in M3
than in the other molars, probably due to wear). In the right
M3, there is small but distinct secondary cuspule on the dis-
tolingual aspect of the protocone base, but a similar struc-
ture cannot be discerned on the other molars. The lingual
cingulum is well developed and extends from the hypocone
to the protoconule, progressively becoming wider (except at
the base of the protocone, where it is very restricted or even
interrupted) until becoming ledge-like at the mesiolingual
corner of the crown. The buccal cingulum is more restricted
and discontinuous (interrupted at the base of the two main
cusps) but particularly well developed on the mesiobuccal
aspect of the paracone and especially along most of the dis-
tal crown margin (but not surrounding the distal aspect of
the hypocone).

The EDJ of the upper molars (Figs. 1 and 4a) shows
the same pattern as the OES, except that some details are
not well visible due to the moderate resolution of the scan.
Nonetheless, the resolution is sufficient to detect the main
features of the EDJ and to compare them with those of other
Miocene specimens (Fig. 4). The EDJ morphology of Bac
62 M2 is consistent with that of MGUP TOS 001 (Fig. 4b;
Sineo et al. 2024), with only minor differences, such as
the less peripheral dentine horns, the more marked meta-
conule, and the hypoparacrista more transversely aligned
toward the protocone in the latter. Their crest pattern may
be summarized as follows: (a) obliquely oriented preprot-
ocrista and preparacrista that merge on the mesial marginal
ridge close to the centrally located protoconule, and trans-
versely oriented hypoparacrista delimiting a pit-like and
centrally located mesial fovea; (b) diagonally oriented crista
obliqua that displays a centroconule at the junction of the

@ Springer



6 Page 14 of 24

Journal of Mammalian Evolution (2026) 33:6

Fig. 4 Enamel-dentine junction of left M2s of selected hominoids
and pliopithecoids, mesial toward the top: a. Oreopithecus bambolii
(Bac 62); b. Oreopithecus bambolii (MGUP TOS 001); ¢. Dryopithe-
cus fontani (IPS35026); d. Pierolapithecus catalaunicus (IPS21350);
e. Anoiapithecus brevirostris (IPS43000); f. Hispanopithecus cru-
safonti (IPS1820); g. Hispanopithecus laietanus (IPS58339); h. Bar-

postprotocrista and hypometacrista, and obliquely oriented
prehypocrista that joins the crista obliqua at about the level
of the metaconule; (c) lack of postparacrista and premetac-
rista, and presence of a transverse crest that originates from
the metacone and is directed toward the hypocone base or
the prehypocrista.

Taken overall, this pattern is rather unique, as multiple
of the aforementioned features differ from pliopithecoids,
dryopithecines, and extant hominoids (namely, the cen-
trally located protoconule, the pit-like mesial fovea, the
obliquely oriented preparacrista, the metaconule, the pre-
hypocrista directed toward the crista obliqua instead of the
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berapithecus huerzeleri (IPS1724e); i. Anapithecinae indet. from Sant
Quirze-Trinxera del Ferrocarril (MGSB48874); j. Pliobates catal-
oniae (IPS94888); k. Symphalangus syndactylus (AMNH M-106583);
1. Hylobates muelleri (MFN 7828); m. Pongo pygmaeus (MSNT) n.
Gorilla gorilla (MCZ-20089); o. Pan troglodytes (AMNH-51204).
Scale bar equals 5 mm

protocone, the lack of postparacrista and premetacrista).
Furthermore, the molar EDJ of Oreopithecus displays a
higher relief (both the dentine horns and crown walls), a
more elongate occlusal contour (particularly compared
with pliopithecoids, but also most hominoids, which further
display a more asymmetric, subtrapezoidal contour), and
less peripheral and more crowded dentine horns and crests
(resulting in very restricted foveae on the central part of the
crown). The presence of a transverse crest subdividing the
talon basin is also frequent in dryopithecines, but in the lat-
ter it originates from the hypocone and is directed toward
the metacone or postmetacrista, whereas in Oreopithecus
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it originates from the metacone and is directed toward the
hypocone or prehypocrista, which in turn is directed toward
the crista obliqua, resulting in a very different occlusal pat-
tern. Similarly, the well-developed cingula of Oreopithecus
more closely resemble the well-developed cingula of plio-
pithecoids (which is the plesiomorphic condition for anthro-
poids) than the reduced cingula of dryopithecines and extant
hominoids (which is derived), but Oreopithecus differs by
the lack of a clear separation between the trigon basin and
the buccal cingulum (due to the lack of crests linking the
paracone and metacone). Coupled with the more obliquely
oriented prehypocrista, this reflects the unique tendency of
Oreopithecus to increase the peripheral ‘basins’ (at the EDJ
level) at the expense of reducing the central ones. While
there are no particular similarities between Oreopithecus
and either dryopithecines or extant hominoids, the for-
mer resembles pliopithecoids in a couple of features: the
more transverse orientation of the hypoparacrista (directed
toward the preprotocrista rather than the protoconule); and
the oblique orientation of the prehypocrista, which in plio-
pithecoids similarly joins the crista obliqua instead of the
protocone, even though this is more marked in Oreopithecus
and the straight course of its crista obliqua is more similar
to that of hominoids than to that of pliopithecoids (where
the postprotocrista originates more distally and progres-
sively curves until merging with the hypometacrista). The
lack of upper molar EDJ data precludes comparisons with
nyanzapithecids.

Tooth tissue proportions

The results of tooth tissue proportions are summarized in
Table 5. In terms of 3DAET, M1s tend to have lower values
than M2s and M3s, and Oreopithecus is within the range
of comparative samples of extinct and extant hominids.
The molars of Bac 62 show relatively thin enamel in the
Mls (3DRET=12.9-15.4), and thicker enamel in the M2s
(3DRET=16.7-17.2) than in the M3s (3DRET=15.9-
16.5). This pattern is consistent with the variation observed
in other catarrhine primates, even if hylobatids seem to
exhibit the relatively thickest enamel in M3s (Table 5). The
M2 values of Bac 62 are comparable to those of the Oreo-
pithecus M2 MGUP TOS 001 (3DRET=17.3). On average,
for each molar position, Oreopithecus has thicker enamel
than the dryopithecines and the extant hominoids, except for
the M3s of hylobatids. In contrast, for 3DRED, Oreopithe-
cus displays high values for all molar positions (8.5-9.3),
which are within the range of dryopithecines, exceeding
those of extant great apes, and are generally lower than in
hylobatids. The comparison of 3DRED and 3DAET indices
is shown in Fig. 5. Along the 3DAET axis, Oreopithecus
is in the overlapping area between the dryopithecines (with

generally smaller values) and the extant great apes (with
higher values). In the 3DRED values, Bac 62 and MGUP
TOS 001 exceed most of the comparative samples, except
for one Anoiapithecus specimen in for the M1 (Fig. 5a), all
specimens but a few hylobatids and Anoiapithecus in the
M2 (Fig. 5b), whereas Oreopithecus M3s display a mod-
erately high 3DRED, falling within the range of dryopith-
ecines and below that of most hylobatids (Fig. 5c). The
comparison of 3DRED and 3DAET indices thus indicates
that Oreopithecus M1s and M2s have a thick enamel (as
estimated by the former index) compared to their moderate
tooth size (as attested by the latter index), but not the M3.

Discussion
New evidence from the Bac 62 partial cranium
Bony labyrinth

The new data obtained from the cranium Bac 62 helps in
understanding the intraspecific variation of O. bambolii,
while at the same time highlighting the uniqueness of this
taxon and revealing conflicting phylogenetic signals even
within a single anatomical system, as in the case of the
vestibular system. The bony labyrinth of Bac 62 is broadly
consistent with the previously studied (and roughly coeval)
specimen, Bac 183 (Rook et al. 2004; Urciuoli et al. 2020,
2021b). However, it demonstrates a considerable amount
of intraspecific variation in some features, particularly SC
thickness (slenderer in Bac 62 than in Bac 183) and LSC
proportions (relatively larger and broader in Bac 62).
Although our results indicate that Oreopithecus displays a
wider range of vestibular system shape variation than pre-
viously appreciated, the observed range variation does not
exceed that of several other inspected species (especially
when gorillas and orangutans are considered). As a result
of this variation, Bac 62 shows closer affinities with hyloba-
tids than Bac 183, although both specimens are remarkably
close to hominids, consistent with a stem hominoid status
with some superimposed convergences with the latter (Urci-
uoli et al. 2020, 2021b). Therefore, it would be preliminary
to advocate the relaxation of predation selection pressures
due to insularity for explaining the degree of variation dis-
played by the bony labyrinth of Oreopithecus—particularly
given that the current morphofunctional understanding of
the relationship between vestibular system bony labyrinth
shape and function is still a matter of ongoing research.
Previous analyses of the inner ear bony labyrinth based
on linear measurements inferred a limited locomotor agil-
ity for Oreopithecus, suggestive of slow, arboreal locomo-
tion (Rook et al. 2004; Ryan et al. 2012)—slower than in
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Table 5 Three-dimensional upper molar crown tissue proportion reported for Oreopithecus bambolii in this paper as compared with previously published
results for both Miocene and extant hominoids. When the catalogue number is available, the side is given within parentheses next to it

Taxon Catalog No. V. A SEDJ 3DAET 3DRET 3DRED Reference

Ml

Oreopithecus bambolii Bac 62 (L) 72.02 115.63 11439  0.63 12.92 8.54 This study
Oreopithecus bambolii Bac 62 (R) 83.09 111.42  111.80 0.74 15.44 9.07 This study
Anoiapithecus brevirostris 1PS43000 (L) 116.36 19321 176.52 0.66 11.40 8.45 Fortuny et al. (2021)
Anoiapithecus brevirostris 1PS43000 (R) 128.92 184.37 180.82 0.71 12.53 8.86 Fortuny et al. (2021)
Pierolapithecus catalaunicus IPS21350 (L) 12250  173.19 166.02 0.74 13.24 8.92 Fortuny et al. (2021)
Hispanopithecus crusafonti IPS1815 (L) 10891 19529 160.21 0.68 11.72 8.23 Fortuny et al. (2021)
Hispanopithecus crusafonti IPS1818 (L) 166.05 23426 188.77 0.88 14.27 8.92 Fortuny et al. (2021)
Hispanopithecus laietanus 1PS1844 (R) 139.92  198.82 169.53 0.83 14.14 8.91 Fortuny et al. (2021)
Pongo pygmaeus — 188.01 33333 203.89 0.92 13.3 8.26 Olejniczak et al. (2008)
Pongo pygmaeus — 180.76  382.33 22198 0.81 11.22 7.78 Olejniczak et al. (2008)
Pan troglodytes — 114.84 293.06 173.19 0.66 9.98 7.31 Olejniczak et al. (2008)
M2

Oreopithecus bambolii Bac 62 (L) 11597 147.77 127.74 091 17.17 9.22 This study
Oreopithecus bambolii Bac 62 (R) 117.21  149.61 132.54 0.88 16.66 9.22 This study
Oreopithecus bambolii MGUP TOS 001 (L) 143.39  178.79 14722 097 17.29 9.29 Sineo et al. (2024)
Dryopithecus fontani IPS35026 (L) 23242 387.86 26895 0.86 11.85 8.42 Fortuny et al. (2021)
Dryopithecus fontani MGSB48486 (R) 150.92  279.89 220.85 0.68 10.45 8.13 Fortuny et al. (2021)
Anoiapithecus brevirostris IPS35027 (R) 67.67 101.65 111.53  0.61 13.00 8.75 Fortuny et al. (2021)
Anoiapithecus brevirostris IPS35027 (L) 116.07 163.47 150.56 0.77 14.10 8.92 Fortuny et al. (2021)
Anoiapithecus brevirostris 1PS43000 (R) 149.70  188.06 183.29 0.82 14.26 9.28 Fortuny et al. (2021)
Anoiapithecus brevirostris 1PS43000 (L) 146.35 246.50 198.92 0.74 11.73 8.42 Fortuny et al. (2021)
Pierolapithecus catalaunicus IPS21350 (L) 187.55 247.58 199.93 0.94 14.94 9.12 Fortuny et al. (2021)
Pierolapithecus catalaunicus IPS21350 (R) 185.54 255.77 188.19 0.99 15.53 9.00 Fortuny et al. (2021)
Hispanopithecus crusafonti IPS1820 (L) 155.12  260.59 21549 0.72 11.27 8.41 Fortuny et al. (2021)
Hispanopithecus laietanus 1PS1844 139.92  198.82 169.53 0.83 14.14 8.91 Fortuny et al. (2021)
Hispanopithecus laietanus IPS58339 (L) 173.72  279.32 21827 0.80 12.18 8.55 Fortuny et al. (2021)
Hylobates muelleri MEFN 7084 31.47 39.71 58.12 0.54 15.87 9.25 This study

Hylobates muelleri MFN 7828 28.65 45.08 55.99 0.51 14.38 8.60 This study

Hylobates sp. MFN 46511 41.85 50.82 65.89 0.64 17.15 9.37 This study
Symphalangus syndactylus AMNH M-106583 70.31 106.11  97.74 0.72 15.19 8.72 This study

Pongo pygmaeus — 201.55 289.89 202.22 1.00 15.06 8.87 Olejniczak et al. (2008)
Pongo pygmaeus — 199.53 32447 184.01 1.08 15.78 8.49 Olejniczak et al. (2008)
Pongo pygmaeus — 196.42 330.50 202.01 0.97 14.06 8.40 Olejniczak et al. (2008)
Pongo pygmaeus — 193.93 33943 158.67 1.22 17.52 8.29 Olejniczak et al. (2008)
Pongo pygmaeus — 271.74  500.61 307.12 0.88 11.14 8.16 Zanolli et al. (2019)
Pan troglodytes — 147.19 31031 171.63 0.86 12.67 7.81 Olejniczak et al. (2008)
M3

Oreopithecus bambolii Bac 62 (L) 112.38 15247 13248 0.85 15.88 9.03 This study
Oreopithecus bambolii Bac 62 (R) 11721 152.86 13259 0.88 16.53 9.15 This study
Dryopithecus fontani IPS35026 (L) 24549 40473  259.15 0.95 12.81 8.47 Fortuny et al. (2021)
Anoiapithecus brevirostris 1PS43000 (R) 146.15 206.70  183.10  0.80 13.50 8.92 Fortuny et al. (2021)
Pierolapithecus catalaunicus IPS21350 (L) 128.13  136.55 137.16 0.93 18.14 9.78 Fortuny et al. (2021)
Hispanopithecus laietanus IPS1772 (L) 89.07 122.33 11559 0.77 15.52 8.99 Fortuny et al. (2021)
Hispanopithecus laietanus IPS58340 (L) 156.95 25538 205.12 0.77 12.06 8.52 Fortuny et al. (2021)
Hylobates muelleri MEFN 7814 30.31 30.61 47.04 0.64 20.60 9.97 This study

Hylobates muelleri MEN 7828 18.17 2491 38.61 0.47 16.12 9.00 This study

Hylobates sp. MFN 7826 (L) 27.34 26.51 44.88 0.61 20.43 10.10 This study

Hylobates sp. MFN 7826 (R) 27.70 30.18 44.88 0.62 19.83 9.72 This study
Symphalangus syndactylus AMNH M-106583 (L) 48.58 56.99 65.40 0.74 19.30 9.48 This study
Symphalangus syndactylus AMNH M-106583 (R) 48.50 54.68 63.78 0.76 20.03 9.61 This study

Gorilla gorilla — 446.19  950.86 35739 1.25 12.70 7.77 Olejniczak et al. (2008)
Pan troglodytes — 126.9 221.13  180.79 0.7 11.61 8.30 Olejniczak et al. (2008)
Pan troglodytes — 160.46 275 204.51 0.78 12.07 8.34 Olejniczak et al. (2008)
Pan troglodytes — 176.83  304.38 191.97 0.92 13.69 8.34 Olejniczak et al. (2008)
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Fig.5 Bivariate plots of 3DRET vs. 3DAET of Oreopithecus upper molars as compared with Miocene and extant hominoids: a. M1; b. M2; ¢. M3

proconsulids. This would be in agreement with the thick SCs,
similar to those of hominids (Urciuoli et al. 2020), although
other factors might be at play, such as allometry, as SC thick-
ness has been shown to be correlated with SC and vestibule
volume (Urciuoli et al. 2020, 2021a). Non-adaptive mecha-
nisms, such as pleiotropy or genetic drift—as recently sug-
gested for the remarkably thick SCs of Neandertals (Urciuoli
et al. 2025)—cannot be discounted either, as the intraspecific

variation here evidenced for Oreopithecus in SC thickness is
at odds with the assumption that SC shape would have been
under strong selection pressures. Furthermore, it has been
shown that very similar SC shapes may reflect markedly
different sensitivities to angular accelerations (David et al.
2022), so that a proper interpretation of SC function should
rely on rigorous biophysical models for this structure (David
et al. 2016) and possibly integrate the information from the
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other vestibular structures involved in acceleration percep-
tion (namely, the macular organs; Smith et al. 2025).

From a phylogenetic viewpoint, Bac 62 also confirms
the unique bony labyrinth morphology of Oreopithecus,
previously suggested by Bac 183 and indicates that it com-
bines features that align this taxon with different anthropoid
clades (Urciuoli et al. 2021a, b). Specifically, the presence
of a vertically compressed ASC, a very short CC, and a
large vestibule relative to the SCs (synapomorphic with
crown hominoids), coupled with the gibbon/orangutan-like
morphology of the ASC, strongly support that Oreopithecus
belongs to the ape and human clade (hominoids). However,
these derived characteristics of crown hominoids are juxta-
posed with the retention of a flat LSC, which is a symple-
siomorphy of non-hominoid anthropoids and, thus, supports
that Oreopithecus belongs to the hominoid stem lineage
rather than the crown group. This is quantitatively supported
by our multivariate analyses, which recover the two Oreo-
pithecus specimens in a region of the morphospace outside
the main clusters of extant anthropoid clades (Figs. 2 and 3),
thus highlighting its morphological uniqueness.

Dental morphology

Our 3D analysis of dental tissue proportions confirms that
Oreopithecus displays thick enamel, as previously shown
both in 2D and 3D based on the lower molars (Zanolli et al.
2016). The enamel thickness displayed by Oreopithecus is
not exceptionally high as compared with some extinct hom-
inoids, even if generally higher than in extant great apes and
dryopithecines (Fortuny et al. 2021), but further research is
required in this sense regarding both nyanzapithecids and
pliopithecoids. While it may hold taxonomic value in some
cases, enamel thickness is not a reliable proxy for inferring
phylogenetic relationships, not only due to its high intraspe-
cific (metameric) variation but especially its high evolvabil-
ity due to dietary selection pressures (Olejniczak et al. 2008;
Zanolli et al. 2017).

The uniqueness of Oreopithecus is best reflected in its
occlusal pattern. The upper cheek tooth morphology of
Bac 62 is consistent with the previously described occlu-
sal pattern for this taxon (Hiirzeler 1949, 1958; Butler and
Mills 1959; Szalay and Delson 1979; Harrison 1986, 1987,
Harrison and Rook 1997; Alba et al. 2024; Sineo et al.
2024), despite some minor variations (such as the develop-
ment of the metaconule and of the transverse crest origi-
nating from the hypocone). As noted by previous authors
(Harrison 1986; Nengo et al. 2017, Pugh 2022; Alba et al.
2024; Pugh et al. 2025), the upper molar occlusal pattern of
Oreopithecus is, in several features, most similar to that of
nyanzapithecids generally (and especially Nyanzapithecus).
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Similarities include the elongate crown shape, the tall and
inflated cusps, the prehypocrista directed toward the crista
obliqua, and the pit-like and centrally located mesial fovea.
However, it is noteworthy that the two latter features are not
found together in most nyanzapithecid species (Alba et al.
2024), that some nyanzapithecid genera appear particularly
plesiomorphic (especially, Rangwapithecus), and that Oreo-
pithecus appears in contrast very autapomorphic. Similari-
ties can also be found in the upper premolars (Kunimatsu
et al. 2017), which coupled with similarities in the lower
molars (Rossie and Cote 2022; Alba et al. 2024), support
the close phylogenetic relationships between Oreopithecus
and nyanzapithecids recovered by some cladistic analyses
(Nengo et al. 2017).

As stressed in our comparisons above, one of the pecu-
liarities of Oreopithecus is the apparent lack of mesiodis-
tally oriented crests, not only the one linking the hypocone
with the protocone (due to the obliquely oriented prehy-
pocrista), but further those connecting the paracone and the
metacone (i.e., postparacrista and premetacrista), which are
similarly absent from (or poorly developed in) nyanzapithe-
cids (e.g., Harrison 1986; Kunimatsu 1997; Nengo et al.
2017). Given the thick enamel of Oreopithecus, these crests
might be simply poorly expressed at the OES and easily
obliterated by wear. However, our inspection of the EDJ,
coupled with previous results by Sineo et al. (2024), reveal
that such crests are absent altogether. In this regard, it is thus
unfortunate that the upper molar EDJ shape of any nyanzap-
ithecid has been thus far reported, as it would help to clarify
whether the similarities with Oreopithecus are homologous
or homoplastic. In any case, our comparisons at both the
OES and EDJ levels indicate that these features distinguish
Oreopithecus from pliopithecoids, dryopithecines, and
extant hominoids. Multiple features distinguish Oreopithe-
cus from dryopithecines based on the upper molar occlusal
pattern, both at the OES and EDJ levels (e.g., Fortuny et
al. 2021), substantially weakening a possible link between
them. The dental pattern of Oreopithecus is also differ-
ent from that of pliopithecoids, although it displays some
similarities. Besides the well-developed lingual cingulum (a
plesiomorphic feature secondarily reduced in crown homi-
noids, and particularly great apes), the pliopithecoid condi-
tion more closely approaches that of Oreopithecus in the
more obliquely oriented prehypocrista toward the crista
obliqua and the more transverse hypoparacrista not directed
toward the protoconule. Given that other similarities have
been preliminarily reported for the lower molars at the EDJ
level (Zanolli et al. 2022a), the aforementioned similarities
in the upper molars deserve further investigation to clarify if
they are just symplesiomorphies, as in the case of the lingual
cingulum.
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Phylogenetic implications

Taken together, the evidence from the vestibular system and
the dental morphology reported here does not provide a clear
answer to the phylogenetic uncertainties that still surround
Oreopithecus—in part, due to the lack of available CT scans
for the temporal bone and upper molars of nyanzapithecids,
which preclude quantitatively evaluating the nyanzapithe-
cid stem hominoid hypothesis (e.g., Harrison 1986; Nengo
et al. 2017). Nevertheless, this is consistent with the stem
hominoid signal obtained from the SC morphology (com-
bining hominoid synapomorphies with more plesiomorphic
features) as well as the external morphology of Bac 62
upper cheek teeth (see review in Alba et al. 2024). However,
published evidence from the bony labyrinth of Nyanzap-
ithecus (Nengo et al. 2017) indicates that this taxon already
displays the derived LSC shape of crown hominoids, con-
trasting with the more plesiomorphic condition (flat LSC) of
Oreopithecus. This weakens the possible hypothetical link
with nyanzapithecids, suggesting either that Oreopithecus
diverged before this feature evolved or that its LSC shape is
a reversal. Similarly, the anterosuperior projecting anterior-
most portion of the ASC displayed by Oreopithecus—found
in hylobatids and orangutans (Urciuoli et al. 2021a, b) but
absent from nyanzapithecids (Nengo et al. 2017) and other
anthropoids—further weakens the presence of a direct link
with nyanzapithecids.

The anterosuperior projecting ASC anterior-most por-
tion of Oreopithecus might be used in support of the stem
hylobatid hypothesis (Riitimeyer 1876), which is other-
wise weakly supported by our analyses but would be con-
sistent with closer postcranial similarities with hylobatids
than great apes (Sarmiento 1987; Hammond et al. 2020).
However, it is uncertain whether this feature is a crown
hominoid synapomorphy subsequently reversed in homi-
nines (i.e., a symplesiomorphy of hylobatids and orang-
utans) or an independently evolved features in hylobatids
and orangutans (Urciuoli et al. 2021a, b). Only the sec-
ond option would support (even if weakly) a possible link
with hylobatids, whereas the first would also be consistent
with a derived stem hominoid status for Oreopithecus. The
lack of known petrosal bones for early crown hominoids
hinders a more conclusive assessment of this character.
The SC thickness of Oreopithecus does not appear par-
ticularly informative either. Even though the possession
of thick canals is considered a hominid synapomorphy
that contrasts with the thin and slender SCs, the larger-
bodied siamangs display somewhat thicker SCs than gib-
bons, falling within the lower range of hominids and close
to Bac 183 (Urciuoli et al. 2020, 2021b). Given the mild

correlation between SC thickness and body size (Urciuoli
et al. 2020, 2021a), the moderately thick (Bac 62) or thick
(Bac183) SCs of Oreopithecus might be an allometric con-
sequence of the great ape-like body mass of this taxon, but
this would then apply irrespective of whether it evolved
from the stem hylobatid stock or from a smaller-bodied
stem hominoid. In any case, the upper molar occlusal pat-
tern of hylobatids does not show any particular similarities
with that of Oreopithecus, with the former more closely
resembling that of hominids and most clearly displaying
the opposite condition of spacious occlusal basins with
very peripheral cusps.

Based on the analysis of the Bac 62 partial cranium, the
pliopithecoid stem catarrhine hypothesis (Zanolli et al.
2022b) faces the greatest challenge, both from the vestib-
ular system bony labyrinth and dental data. While the ple-
siomorphic flat LSC is consistent with a stem catarrhine
status for Oreopithecus, this hypothesis would imply an
independent evolution of all the crown-hominoid synapo-
morphies present in Oreopithecus—from the compressed
ASC and short CC to the large vestibule—which as noted
above are compatible with a stem hominoid status. These
features are absent from the SCs and vestibule of the plio-
pithecoids Epipliopithecus and Pliobates, as well as in the
other Oligocene stem catarrhines, supporting their stem
catarrhine status, unlike in the case of Oreopithecus (Urci-
uoli et al. 2021a, 2022a). Similarly, the teeth of Bac 62 do
not show clear affinities with pliopithecoids (Bouchet et
al. 2024a) and rather present morphological features that
suggest a link with basal hominoids in the external occlu-
sal morphology (Harrison 1986, 1987, 1991; Rossie and
Cote 2022; Alba et al. 2024). The pliopithecoid hypoth-
esis, supported by preliminary results of the lower molar
EDJ (Zanolli et al. 2022b) and previously noted structural
similarities in their occlusal pattern (Hill et al. 2013; see
review in Alba et al. 2024), does not receive much sup-
port from the upper molar EDJ either. The latter indi-
cates a few closer similarities with pliopithecoids than
with crown hominoids, but not to the extent that may be
inferred from the OES of nyanzapithecid upper molars.
Indeed, our results confirm that Oreopithecus lacks
mesiodistal crests connecting the buccal cusps at the EDJ
level, which differs from the pliopithecoid condition and
reinforces instead the similarities with nyanzapithecids
at the OES. It is uncertain whether the dental similari-
ties between Oreopithecus and pliopithecoids are homolo-
gous or homoplastic, or whether in the first case they are
just symplesiomorphic. However, they are not mutually
excluding with those found with nyanzapithecids and thus
require further research.
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Conclusions

The analysis of the partial cranium Bac 62 provides new
data on the internal cranial and dental morphology of O.
bambolii but does not provide a clear answer about its phy-
logenetic relationships. The analysis of the inner ear bony
labyrinth confirms previous results indicating that the SCs
and vestibule of Oreopithecus are more derived than those
of pliopithecoids and more consistent with a stem hominoid
status, even if some features show closer resemblances with
hominids or with hylobatids and orangutans. This is most
consistent with the nyanzapithecid hypothesis, even if the
latter is not particularly well supported based on the meager
published data on the bony labyrinth of Nyanzapithecus. It
is noteworthy that the new data on the SCs and vestibule of
Oreopithecus reveal considerable intraspecific variation in
some features, with the SCs of the newly reported specimen
being slenderer and its LSC larger than in the previously
reported specimen. This variability must not be necessar-
ily interpreted in the context of insularity (as it can also be
found in some extant taxa) but cautions against functional
interpretations of SC thickness. The analysis of the OES and
EDJ of the upper molars further contradicts the crown homi-
noid status of Oreopithecus and evinces somewhat greater
similarities with pliopithecoids, while at the same time
highlighting some differences that do not apply to nyanzap-
ithecids (at least, at the OES level). All in all, the stem homi-
noid (and, in particular, nyanzapithecid) hypothesis remains
the most plausible, although it is not exempt from problems
and requires further confirmation by means of quantitative
analyses of both the vestibular system bony labyrinth and
the EDJ shape in a broad catarrhine context including plio-
pithecoids as well as members of other families of putative
stem hominoids.
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