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Abstract

The small-bodied stem catarrhine Pliobates cataloniae (Pliopithecoidea: Crouzeliidae), from the Miocene (11.6 Ma) of
the Vallés-Penedés Basin (NE Iberian Peninsula), combines catarrhine symplesiomorphies and several crown hominoid-
like features that are interpreted as convergent. The most obvious modern ape-like traits of Pliobates are found in the
forelimb, particularly in the wrist and elbow joints. In the humerus, these include the lack of an entepicondylar foramen,
a well-developed zona conoidea, and a globular capitulum. To quantitatively assess the degree of convergence between
Pliobates and extant hominoids, we compare their distal humeral shape with a comparative sample including extant and
extinct anthropoid primates. Shape is analyzed using landmark-based, 3D geometric morphometric techniques, while the
locomotor repertoire of Pliobates and other extinct species is inferred using two-block partial least squares regression
between shape and locomotor percentages. Our results indicate that the locomotor repertoire of Pliobates would have been
dominated by orthograde behaviors such as climbing/clambering and suspension, in agreement with its ape-like humero-
radial joint (which is functionally related to enhanced prono-supination). Nevertheless, the humeroulnar joint of Pliobates
lacks the stabilization mechanisms that are characteristic of extant hominoids and necessary for frequently engaging in
suspensory behaviors. We conclude that, while suspension was probably part of the locomotor repertoire of Pliobates,
this taxon did not perform the acrobatic suspensory behaviors characteristic of the similarly-sized, extant hylobatids.
Consequently, we interpret the ape-like humeroradial joint of Pliobates as an adaptation for climbing rather than modern
ape-like suspensory behaviors.
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Introduction

Pliopithecoids constitute a clade of stem catarrhines from
Eurasia that is first recorded in the Early Miocene of Asia
(19—-18 Ma; Harrison and Gu 1999; Begun 2002, 2017; Har-
rison 2013; Harrison et al. 2020). Among stem catarrhines,
they are considered to be more derived than propliopithe-
coids from Afro-Arabia, but less so than some other extinct
catarrhines from the Miocene of East Africa, such as den-
dropithecids (Andrews et al. 1996; Harrison 2005, 2013;
Urciuoli et al. 2021, 2026; Bouchet et al. 2024b). Here we
follow Bouchet et al. (2024b) in recognizing three plio-
pithecoids families (Dionysopithecidae, Pliopithecidae, and
Crouzeliidae), with the last one subdivided into two sub-
families (Anapithecinae and Crouzeliinae)—see Harrison et
al. (2020), and references therein, for an alternative system-
atic scheme. Pliopithecoids are mostly recorded by dento-
gnathic remains and, hence, the three partial skeletons of the
Middle Miocene pliopithecid Epipliopithecus vindobonen-
sis (Zapfe and Hiirzeler 1957; Zapfe 1958, 1961) were until
recently the main reference for the postcranial body plan of
the whole clade (e.g., Begun 2002; Harrison 2005, 2013).
This situation recently changed with the discovery and anal-
ysis of the partial skeleton of the small-bodied catarrhine
Pliobates cataloniae (Alba et al. 2015; Bouchet et al. 2021,
2024a, 2024b; Raventds-Izard et al. 2025). Pliobates is
known from two roughly coeval localities (11.6 Ma) of the
Abocador de Can Mata (ACM) macrosite (Alba et al. 2017,
2022), in the Valles-Penedés Basin (NE Iberian Peninsula).
Even though it was originally interpreted as a stem hominoid
(Alba et al. 2015), it has been most recently reinterpreted as
a crouzeliid pliopithecoid closely related to other, poorly-
known small-bodied crouzeliines from Europe (Bouchet
et al. 2024a, 2024b, 2025). Previous cladistic analyses had
reached similar, but less detailed conclusions (Nengo et al.
2017; Gilbert et al. 2020a, 2020b; Ji et al. 2022), but the
description of new diagnostic dental material by Bouchet et
al. (2024a) conclusively show the possession of crouzeliid
synapomorphies. The crouzeliine status of Pliobates was
further confirmed by a cladistic analysis based on cranio-
dental characters (Bouchet et al. 2024b, 2025), as well as
morphometric comparisons of molar endostructural shape
(Bouchet et al. 2024a, 2025). Accordingly, these authors
concluded that the postcranial similarities with hominoids
are homoplastic.

Based on the postcranial anatomy of Epipliopithecus
(Zapfe 1958, 1961; Bacon 1994; Rein et al. 2011, 2015;
Senut 2012; Arias-Martorell et al. 2015), pliopithecoids have
been customarily characterized as retaining multiple plesio-
morphic features relative to crown catarrhines, including,
among others, the presence of an entepicondylar foramen in
the distal humerus and a hinge-like carpometacarpal joint at
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the thumb (Szalay and Delson 1979; Harrison 1987, 2013;
Andrews et al. 1996; Begun 2002, 2017; but see Alba and
Moya-Sola 2014). The locomotor repertoire of Epipliopithe-
cus has been generally reconstructed as an arboreal quadru-
ped with some degree of suspensory behaviors (Fleagle 1983;
Rein et al. 2011, 2015; Harrison 2013; Arias-Martorell et al.
2015). The postcranial material available for Pliopithecus
is much more restricted, overall being suggestive of semi-
terrestrial quadrupedalism and slow climbing abilities with
no evidence of suspensory adaptations (Senut 2012; Alba
and Moya-Sola 2014; Arias-Martorell et al. 2015). Among
anapithecines, the femora and phalanges of Anapithecus are
indicative of a higher reliance on suspensory behaviors than
in Epipliopithecus (Begun 1988, 1993; Kordos and Begun
1999, 2001). A proximal manual phalanx attributed to the
anapithecine Laccopithecus (Meldrum and Pan 1988; Begun
2002; Harrison and Rein 2016: SOM fig. S2) was also inter-
preted as indicative of hylobatid-like suspensory behaviors,
but was recently reinterpreted as more likely belonging to
a sivaladapid (Harrison 2025). Finally, for crouzeliines, the
proximal radius of Barberapithecus evinces better climbing
abilities than in pliopithecids (Arias-Martorell et al. 2021),
while the calcaneus and talus of Crouzelia have been inter-
preted as indicative of semiterrestrial quadrupedalism (Senut
2012). Overall, this evidence suggests that pliopithecoids
exhibited a considerable diversity of locomotor behaviors,
ranging from semiterrestrial quadrupedalism to arboreal
quadrupedalism and climbing, and even some degree of
suspensory behaviors (particularly in anapithecines; Arias-
Martorell et al. 2015, 2021). The partial skeleton of Plio-
bates, however, most clearly suggests that this crouzeliine
displayed a varied locomotor repertoire, given the combi-
nation of primitive (stem catarrhine-like) postcranial fea-
tures with other, more derived (crown hominoid-like) ones
(Alba et al. 2015; Bouchet et al. 2024b; Ravent6s-Izard et al.
2025). This mosaic of features is evident at the elbow joint,
where evidence from the ulna (Raventds-Izard et al. 2025)
and the radius (Arias-Martorell et al. 2026) shows that the
humeroulnar articulation is much more plesiomorphic than
the radioulnar one, which is in turn interpreted as convergent
with that of crown hominoids (Bouchet et al. 2024b).

From a morphofunctional viewpoint, elbow and wrist
shape indicate that the forearm of Pliobates displayed a wide
pronation-supination range, compatible with slow above-
branch quadrupedalism and cautious eclectic climbing with
non-stereotypical postures—but not with hylobatid-like
brachiation, despite the likely possession of a suspensory
component in its locomotor repertoire (Alba et al. 2015;
Raventos-Izard et al. 2025; Arias-Martorell et al. 2026).
Given the convergences with crown hominoids, the com-
bination of locomotor behaviors inferred for Pliobates—
without a clear living analog—is potentially informative
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about the emergence of orthograde behaviors during ape
evolution (Bouchet et al. 2024b; Raventds-Izard et al. 2025,
Arias-Martorell et al. 2026). This supports the likelihood
of an early stage emphasizing cautious climbing (Cartmill
and Milton 1977; Sarmiento 1995; Alba et al. 2015; Daver
and Nakatsukasa 2015) that would have preceded the sub-
sequent acquisition of specific suspensory adaptations in
various lineages (e.g., Larson 1998; Moya-Sola et al. 2004,
2005; Almécija et al. 2009; Alba 2012). Here we describe
the partial humerus of Pliobates and compare it with that
of extant and extinct anthropoids (with emphasis on other
stem catarrhines and fossil apes) to better assess the degree
of convergence with extant hominoids at the elbow joint.
Besides qualitative comparisons, we perform a quantitative
analysis of distal humeral shape using 3D geometric mor-
phometrics. We also use the results of this analysis to esti-
mate the locomotor repertoire of Pliobates based on a partial
least squares regression between distal humeral shape and
quantitative locomotor data extracted from the literature.
Based on morphofunctional considerations, we discuss the
implications of the distal humeral morphology of Pliobates
for understanding locomotor diversity in extinct catarrhines
and the emergence of modern ape-like locomotor behaviors.

Materials and methods
Studied and comparative sample

The studied material includes a partial left humerus
(IPS58443.15; Fig. 1) that belongs to the holotype partial
skeleton of P. cataloniae, recovered from locality ACM/
C8-A4 (els Hostalets de Pierola, Catalonia, Spain) and
attributed to a female individual (Alba et al. 2015). This
specimen was only preliminarily reported by Alba et al.
(2015: figs. SA-D, 6A-D) and is first described in detail and
analyzed here. It is housed in the Institut Catala de Paleon-
tologia Miquel Crusafont (ICP; Sabadell, Spain). The fossil
was pnCT-scanned at the facilities of the Centro Nacional
de Investigacion sobre la Evolucion Humana (CENIEH;
Burgos, Spain) with a high-resolution X-ray uCT scanner
model Phoenix V|Tome|X s 240 (GE Sensing & Inspec-
tions Technologies). The uCT acquisition was carried out
at 150 kV with a current of 125 pA, obtaining an isotropic
voxel size of 24.9 um. The X-ray beam was filtered by a
0.2 mm-thick copper absorber. A 3D high quality surface
model was generated from the uCT scan using Avizo v. 6.3
(Thermo Fisher Scientific, Waltham, USA) and is openly
available from the MorphoSource digital repository (https:/
/doi.org/10.17602/M2/M768930).

The extant comparative sample includes 140 3D models
from 15 anthropoid genera (Table 1) corresponding to 29
species (Online Resource 1: Table S1). In turn, the fossil
comparative sample includes nine additional distal humeri
of anthropoid primates, from propliopithecoids (4egypto-
pithecus) and pliopithecoids (Epipliopithecus), to dendro-
pithecids from East Africa (Dendropithecus and Simiolus),
fossil cercopithecoids (Microcolobus) and atelids (Cai-
pora), and both stem and crown hominoids (Ekembo and
Sivapithecus, respectively; Table 2).

Three-dimensional models of right humeri from the com-
parative sample were mirrored using Avizo so they could
be analyzed together with left humeri. The models obtained
by the authors (Online Resource: Table S1), including those
of fossils, were produced using a NextEngine surface laser
scanner (NextEngine, Inc., Santa Monica, USA) and two
different high-resolution uCT scanners (Online Resource
1: Table S1): an industrial uCT scanner ACTIS 225/300
(BIR, Inc., Lincolnshire, USA), located in the Department
of Human Evolution, Max Planck Institute for Evolution-
ary Anthropology (Leipzig, Germany) and a pCT scanner
Nikon XT 225 ST (Nikon Corporation, Tokyo, Japan),
located in the Cambridge Biotomography Centre, Depart-
ment of Zoology, University of Cambridge (UK). Samples
scanned with the NextEngine laser scanner were obtained
with a resolution of > 10,000 points per square inch; individ-
uals were scanned in two or more positions (vertically and
horizontally oriented) with 6 to 12 partitions and merged
using ScanStudio HD PRO software v. 1.3.2 (NextEngine,
Inc., Santa Monica, USA). The isotropic voxel size range
for the uCT scan sample is 21.9-51.5 um. 3D models pro-
duced with the laser scanner were processed (mesh irregu-
larity cleaning, hole filling, among others) using Geomagic
Wrap 2017 (3D Systems, Inc., Morrisville, USA) and Avizo
software. The 3D models of fossil specimens were obtained
from high quality casts housed at the ICP except in the case
of KNM-RU2036 AK (Ek. heseloni) and KNM-RU 2097
(D. macinnesi), which were scanned from the original spec-
imens by JAM at the National Museums of Kenya (KNM,
Kenya) with a surface laser scanner. KNM-NA 47916 A was
scanned also at the KNM with a structured light scanner by
L. Pallas and shared with the authors with permission from
M. Nakatsukasa. The CT scan of DPC 8702 (Aegyptopithe-
cus zeuxis) was downloaded from MorphoSource (https://n
2t.net/ark:/87602/m4/M37077) from the collections of the
Duke Lemur Center Museum of Natural History. Details of
the type of scanner used for the extant sample obtained from
MorphoSource can be found in Online Resource 1: Table
S1, in MorphoSource, and, when indicated, in Almécija et
al. (2024).
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Fig. 1 Left partial humerus
(IPS58443.15) of Pliobates |
cataloniae in posterior (a), lateral |
(b), anterior (c), medial (d), and TR '
distal (e) views. Scale bar equals ‘ i) /
to2 cm “*, "% &

Geometric morphometric analyses

The shape affinities of the distal humerus of P. cataloniae
were evaluated using a protocol of 30 landmarks (Table 3;
Fig. 2). The specimen is missing part of the most anterior
point of the medial margin of the trochlea (Fig. 1), so that
the protocol was designed to capture the preserved areas
(i.e., no landmarks were placed on the parts of the trochlea
damaged in Pliobates). Both type I and II landmarks (i.e.,
homologous landmarks as defined in Bookstein 1991 and
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O’Higgins 2000) were used to better capture the local fea-
tures of the distal humerus. Some of the landmarks included
in the protocol were used in previous research, such as those
distributed along the lateral edge of the capitulum, at the
projections of the epicondyles, and at the deepest point of
the olecranon fossa and in its surroundings (Bacon 2000;
Halenar 2011). Additional landmarks were added to the
entire trochlea, to capture its depth and margins, because
they are characteristic aspects that differentiate hominids
from platyrrhines, cercopithecoids, and fossil catarrhines
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Table 1 Extant primate comparative sample used in this study. See
abbreviations in the main text

Genus n  Sex Side  Repositories
(F/M/?) (L/R)
Alouatta 10 2/2/6 4/6 AMNH, USNM, ZMB,
ZMS, MS
Ateles 18 2/2/14  8/10 AMNH, USNM, ZMB,
MS
Cebus 6 222 4/2 AMNH, USNM, MS
Colobus 5 2/3/0 5/0 AMNH, USNM
Gorilla 22 7/4/11  13/9 AMNH, USNM, RMCA,
PC, CMNH, MS
Hoolock 2 1/1/0 2/0 AMNH
Hylobates 4 2/2/0 2/2 AMNH, NMNH
Lagothrix 2 0/0/2 0/2 USNM, MS
Macaca 6 222 4/2 AMNH, USNM, ZMB
Nasalis 3 2/1/0 2/1 AMNH, USNM
Nomascus 3 1/2/0 3/0 AMNH, NMNH
Pan 24 7/5/12  17/7 AMNH, USNM, RMCA,
SBU, MPI, YPM, MS
Papio 6 2/2/2 4/2 AMNH, USNM, ZMB
Pongo 21 5/6/10  13/8 AMNH, USNM, MS

Symphalangus 8 172/5 4/4 AMNH, ZMB, NMNH,

UWBM, MS

(McHenry and Corruccini 1975). Landmarks were also
added to the supracondylar crest because of its known rela-
tionship with locomotor muscle development and its varia-
tion among species (DeSilva et al. 2013; Monroy-Cendales
et al. 2020).

All statistical analyses were performed in R v. 4.2.2 (R
Core Team 2021). We used generalized Procrustes analy-
sis (GPA) to translate, rotate, and scale to unit centroid size

Table 2 Fossil sample used in this study

(CS) landmarks coordinates using the Morpho v. 2.10 pack-
age (Schlager et al. 2022). Missing landmarks in the slightly
damaged Aegyptopithecus humerus DPC 8702—specifi-
cally, L6 in the trochlea and L22 in the capitulum (Table 3;
Fig. 2)—were estimated using the function estimate.missing
in the Geomorph v. 4.0.4 package (Adams et al. 2022). We
applied the thin-plate spline approach, as it provides more
robust estimates for fossil specimens and reduces the risk
of overfitting in studies with relatively small sample sizes
(Gunz et al. 2009). A between-group principal compo-
nent analysis (bgPCA; Mitteroecker and Bookstein 2011)
was performed on the GPA-transformed coordinates of the
extant anthropoid sample, using major clades (platyrrhines,
cercopithecines, colobines, hylobatids, and hominoids) as a
grouping factor to identify the main patterns of shape varia-
tion in the sample. The fossil specimens were projected a
posteriori onto the morphospace generated by the bgPCA
and the bgPCs that accounted for more than 5% of the vari-
ance were kept for subsequent analyses. Bivariate scatter
plots between bgPCs were performed to assess group dis-
tribution, as well as to visualize shape changes along each
bgPC. Shape configurations at the extremes of each bgPC
were warped onto the distal humerus of an individual of the
extant sample identified as the closest to the mean configu-
ration of the morphospace using the function findmeanspec
in Geomorph.

A cross-validated bgPCA was computed to compare its
results with those of the bgPCA and with raw shape coor-
dinates, to rule out potentially spurious grouping structure
(Bookstein 2019; Cardini and Polly 2020). Differences

Catalogue No. Species (family)

Site (country)

References

IPS58443.15 Pliobates cataloniae (Crouzeliidae)

Abocador de Can Mata Alba et al. (2015: figs. 5A -E, 6A)

(Spain)
DPC 8702 Aegyptopithecus zeuxis Fayum (Egypt) Johnes (2004: table M-2)*
(Propliopithecidae)
Individual I NHMW  Epipliopithecus vindobonensis Devinska Nova Ves Zapfe (1958: pl. 1 A, 1961: fig. 51)
1970/1397/0003) (Pliopithecidae) (Slovakia)
KNM-RU 2097 Dendropithecus macinnesi Rusinga Island Le Gros Clark and Thomas (1951: pl. 4 fig. 8),
(Dendropithecidae) (Kenya) Andrews and Simons (1977: fig. 3B), Senut

KNM-MO 17022 A Simiolus enjiessi (Dendropithecidae)

Moruorot (Kenya)

(1989: pl. IX), Rose et al. (1992: fig. 4D)
Rose et al. (1992: fig. 5); Rose (1997), Rossie et

al. (2012)
KNM-WK 17009 A Simiolus enjiessi (Dendropithecidae) Kalodirr (Kenya) Leakey and Leakey (1987: fig. 3); Rose et al.
(1992: fig. 1)
KNM-NA 47916 A Microcolobus sp. (Cercopithecidae) Nakali (Kenya) Nakatsukasa et al. (2010: fig. 4b,d,f)
KNM-RU 2036 AK Ekembo heseloni (Proconsulidae) Rusinga Island Napier and Davis (1959: figs. 7a, 8a, 9a, pl. 3 figs.
(Kenya) 12 -14, pl. 4 figs. 16, 17); Senut (1989: pl. VI)
GSP 30730 Sivapithecus indicus (Hominidae) Potwar Plateau Pilbeam et al. (1990: figs. 1F, 2F); Kelley (2002:
(Pakistan) fig. 21.5A-B)
IGC-UFMG605 Caipora bambuiorum (Atelidae) Toca da Boa Vista Cartelle and Hartwig (1996: fig. 5A); Aristide et
(Brazil) al. (2019)

*DPC 8702 has not been formally described but is here assigned to the propliopithecoid (stem catarrhine) Aegyptopithecus zeuxis, as catalogued

on its digital source (https:/n2t.net/ark:/87602/m4/M37077)
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Table 3 Landmark protocol used in this study. The landmarks are all type I or II (Bookstein 1991; O’Higgins 2000)

Landmark No. Description

Epicondyle

L1 Most lateral point on the lateral epicondyle

L2 Medial projection of the medial epicondyle

L3 Posterior point on the lateral epicondyle

Trochlea

L4 Proximomedial extreme of the trochlea (posterior)

LS Most distal point on the medial margin of the trochlea

L6 Proximomedial extreme of the trochlea (anterior)

L7 Proximal extreme on the posterior surface of the trochlear groove
L8 Distal extreme of the trochlear groove

L9 Most anterior point on the trochlear groove

L10 Proximal extreme on the anterior surface of the trochlear groove
L1l Proximolateral extreme of the trochlea (posterior)

L12 Most distal point on the lateral margin of the trochlea

L13 Most anterior point on the lateral margin of the trochlea

L14 Proximolateral extreme of the trochlea (anterior)

Conoid zone

L15 Most distal point on the conoid zone

L16 Most anterior point on the conoid zone

L17 Superior margin of the conoid zone

Capitulum

L18 Posteroinferior margin of the capitulum

L19 Most anteriorly protruding point on the capitulum

L20 Superior margin of the capitulum

L21 Distolateral margin of the capitulum

L22 Lateral margin of the capitulum

L23 Proximolateral margin of the capitulum

Olecranon fossa

L24 Deepest point within the olecranon fossa

L25 Most lateral point on the lateral margin of the olecranon fossa
L26 Most medial point on the medial margin of the olecranon fossa
L27 Most proximal point on the proximal margin of the olecranon fossa

Supracondylar crest
L28
L29
L30

Point of inflection just proximal to the lateral epicondyle, on supracondylar crest
Point of inflection just proximal to the medial epicondyle, on the supracondylar crest

Deepest point in excavation of the outer medial trochlea (posterolateral to the groove for the ulnar nerve)

d

L9 L13 L19_ L22

Fig.2 Landmark protocol used in this study, illustrated on a 3D model of the left distal humerus fragment of Pliobates cataloniae (IPS58443.15),
in anterior (a), medial (b), posterior (¢), lateral (d), and distal (e) views. A description of the landmarks (L) can be found in Table 3
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among group means were then tested by means of a per-
mutational analysis of variance (PERMANOVA), based
on Euclidean distances between the means (1000 permuta-
tions). In particular, the Z scores and R* for group differ-
ences were computed in the shape data, the bgPCA, and the
cross-validated bgPCA using the RRPP package v. 1.2.3 for
R (Collyer and Adams 2022). To assess the affinities of each
fossil specimen with the a priori defined groups, we com-
puted their typicality probabilities using the function typ-
probClass in Morpho based on the bgPCA.

To assess potential allometric effects, the correlation
between bgPC scores (accounting for >5% variance) and
log-transformed (with natural logarithms) centroid size
(In CS) was assessed through phylogenetic generalized
least squares (PGLS) regression (Grafen 1989; Adams
2014) using Geomorph. This methodology modifies lin-
ear regression to explore the relationship between pre-
dictor and response variables while accounting for the
non-independence of species data due to shared ancestry,
by incorporating the expected covariance structure derived
from a phylogenetic tree (Symonds and Blomberg 2014).
The PGLS regressions were computed based on a time-
calibrated phylogenetic tree (Online Resource 1: Fig. Sla)
downloaded from the 10kTrees v. 3 website for extant
taxa (Arnold et al. 2010; https://10ktrees.nunn-lab.org/).
Using the same phylogenetic tree, the phylogenetic signal
embedded in the shape of the distal humerus among extant
anthropoids was computed using Blomberg’s K (Blom-
berg et al. 2003) statistic. Blomberg’s K was calculated for
the bgPCs accounting for >5% of variance as well as the
landmark configurations after GPA (landmark configura-
tions) using Phytools v. 1.0-3 package (Revell 2022) in R:
it tests the null hypothesis of no phylogenetic signal (that
closely related species do not resemble each other more
than distant species do) by comparing the distribution of
the observed data with the distribution expected under a
Brownian motion (BM) model of evolution (Blomberg et
al. 2003; Kamilar and Cooper 2013). K=0 implies a model
of evolution that closely resembles that expected under BM;
for K<1, the variance accumulates within the clades, and
closely related taxa resemble each other less than expected,
signaling independent evolution (i.e., homoplasy); finally,
when K> 1, taxa (particularly non-closely related taxa) are
more similar than expected under a BM model of evolution,
implying that the variance accumulates among clades (e.g.,
as the result of stabilizing selection). Additionally, we cal-
culated the phylogenetic signal of the sample, including the
fossils, to observe the differences in signal between the two
sets of tests. Extinct species were added to the phylogenetic
tree (Online Resource 1: Fig. S1b) based on their phylo-
genetic relationships, as inferred by recent cladistic analy-
ses and reviews (Gilbert et al. 2020b: fig. 4; Pugh 2022:

fig. 5; Urciuoli and Alba 2023; Bouchet et al. 2024b: fig. 5).
Their divergence times were arbitrarily set 1 Ma before the
estimated divergence age of the next derived node (e.g.,
Almécija et al. 2013). Tip age estimates for the fossils were
as follows: Caipora bambuiorum, 0.1 Ma (faunal correla-
tion age of the site Toca da Boa Vista; Cartelle and Hartwig
1996); Epipliopithecus vindobonensis, 14.15 Ma (average
of the maximum and minimum age ranges for MN6 in cen-
tral Europe; van der Meulen et al. 2011); Simiolus enjiessi,
17.2 Ma (average of the ages of Kalodirr [16.7 Ma] and
Moruorot [17.7 Ma]; Rose et al. 1992); Dendropithecus
macinnesi, 17.8 Ma (age of locality R3a from the Hiwegi
Formation of Rusinga Island; Drake et al. 1988; Senut 1989;
Peppe et al. 2009); Ekembo heseloni, 17.8 Ma (age of the
Kulu Formation of Rusinga Island; Peppe et al. 2009); Siv-
apithecus indicus, 10.8 Ma (age of the locality Y67 in the
Chinji Formation; Pilbeam et al. 1990); Aegyptopithecus
zeuxis, 30.2-29.2 Ma (age of quarries I and M from the
Jebel Qatrani Formation; Seiffert 2006); and Microcolobus
sp. 9.8-9.9 Ma (age of the Nakali Formation; Nakatsukasa
et al. 2010).

Locomotor repertoire analysis

Previous studies indicated that it is possible to distinguish
between main locomotor modes and substrate preferences
using the shape of postcranial bones, as well as using this
information to infer the locomotor behavior of fossil pri-
mates (e.g., Manfreda et al., 2006; Piischel et al. 2018,
2020). Many of these studies discretized locomotor cat-
egories or substrate preferences into a limited number of
classes to enable the application of different classification
algorithms. Although certainly valuable, these approaches
have limitations that arise from the fact that any classifi-
cation scheme is a simplification of the actual behavior
observed in animals, as a result of shoehorning their diverse
locomotor repertoires into a limited number of categories.
As an alternative to overcome this limitation, other studies
have applied two-block partial least squares analysis (2B-
PLS) to assess the major patterns of covariation between a
given shape data matrix (e.g., humeral shape) and a locomo-
tor behavior data matrix (e.g., Almécija et al. 2015; Piischel
et al. 2017). These studies have shown that it is possible to
find strong covariation patterns between shape and locomo-
tor data, thus indicating that the shape of certain skeletal
elements can be potentially used to infer locomotor and
postural behaviors. However, these works only focused on
extant species and did not try to infer the locomotor rep-
ertoire of extinct species based on their fossil remains. In
addition, the standard version of the 2B-PLS analysis in
the morphometric literature corresponds to a symmet-
ric analysis that, in its classic formulation, does not allow
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the prediction of new data (Zelditch et al. 2012). There is,
however, a type of analysis more comparable to regression,
known as PLS-regression (PLSR), which permits the gen-
eration of predictive models (Wold et al. 2001). Some recent
studies have successfully applied such an approach to infer
the locomotor repertoire (i.c., the percentage of locomotor
behaviors) in fossil primate taxa (e.g., Moncliis-Gonzalo et
al. 2023, 2025a, 2025b). Therefore, here we applied a PLSR
approach to infer the locomotor repertoire of Pliobates.

The blocks of data consisted of: (1) distal humeral shape
averaged by species; and (2) locomotor mode percentages
(LMPs; i.e., the percentage time a species spends perform-
ing a certain type of locomotor behavior). A dataset of
LMPs for the 32 extant species in the comparative sample
was compiled from the literature (Online Resource 1: Table
S2). Five different locomotor modes were considered,
which were extracted from the standardized descriptions of
Hunt et al. (1996) and have been used previously (some-
times with minor modifications) in other studies (Piischel et
al. 2018, 2020; Moncluas-Gonzalo et al. 2023, 2025a, 2025b;
Raventos-Izard et al. 2025; Arias-Martorell et al. 2026):
quadrupedalism (QWR), which includes the locomotor
modes arboreal quadrupedal walking, bounding, and run-
ning; climbing (CL), which includes climbing, clambering,
and vertical climbing (CL); leaping (L), including leaping,
dropping, and hopping; and forelimb-dominated suspension
(S), which includes bridging, brachiation (including rico-
chetal brachiation), and other types of suspensory locomo-
tion (such as arm-swinging and non-acrobatic brachiation).
Because the LMPs came from different literature sources,
and not all behaviors reported in the original studies were
considered, we rounded the LMPs to ensure that they add
up to 100% for each species. In addition, to ensure that our
locomotor estimates were between 0 and 100%, we first
converted the percentages to proportions by dividing the
percentages by 100, and then we applied a logit transfor-
mation to the resulting LMP proportion. The logit transfor-
mation of proportion data can be defined as In (p / 1 — p),
where p is a proportion. This transformation was done prior
to carrying out the PLSR to avoid nonsensical results (e.g.,
LMPs higher than 100% or lower than 0%; e.g., Rein et al.
2011). Since In (0) is undefined, we added 0.1% to any LMP
value equal to zero and then we rounded up again the LMPs
to ensure again that they added up to 100% before carrying
out the logit transformation.

The PLSR is based on the same basic machinery as the
standard 2B-PLS, which means that it finds latent vari-
ables that maximize covariation between two sets of vari-
ables by means of decomposing the covariance matrix of
the two blocks into two sets of eigenvectors (one for each
set of variables) and eigenvalues, using a singular value
decomposition to generate a matrix of singular values (the
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square-roots of the eigenvalues), a matrix of eigenvectors
for the first set of variables and the transpose of the matrix
of eigenvectors for the second set of variables (Rohlf and
Corti 2000). We carried out this step by using the two.b.pls
function of the Geomorph package, and we ran 9999 itera-
tions for significance testing. Then, instead of regressing the
first block of variables (i.e., LMPs) on the second (i.c., dis-
tal humeral shape), the PLSR works by regressing the first
block of variables on the vector obtained from the scores for
the second block of variables (i.e., the LMPs were regressed
on the distal humeral shape values that were projected
onto the obtained singular vectors). This step was done
using the procD.Im function of the same package (9999
iterations were used). To obtain LMP predictions, the dis-
tal humeral shape values were projected onto the obtained
singular vectors and then multiplied by a matrix consist-
ing of the linear model coefficients. This process was done
with the humeral shape data of Pliobates and other extinct
species to infer their locomotor repertoire. Since, prior to
the PLSR, the LMPs were subjected to a logit transforma-
tion, the obtained predictions were transformed back into
percentages by applying an inverse logit transformation
defined as: f(x)=exp(x)/(1+exp(x)), where x corresponds
to a logit transformed value. The predictions obtained were
then rounded up again to ensure that they added to 100%.
To assess the PLSR predictive performance, we performed
a leave-one-out cross-validation (LOOCYV), which means
that separate analyses were carried out for each one of the
predictions excluding the individual for which the predic-
tion was being calculated (Kuhn and Johnson 2013). Using
these cross-validated results, we computed the mean abso-
lute error (MAE,; i.e., the arithmetic average of the absolute
errors) for the overall analysis and for each locomotor type,
as well as the MAE per each species in the analyses, and
per each locomotor behavior, to assess our prediction results
using the extant sample (Willmott and Matsuura 2005).

Abbreviations

Institutional abbreviations: AMNH, American Museum
of Natural History, New York, USA; CENIEH, Centro
Nacional de Investigacion sobre la Evolucion Humana,
Burgos, Spain; CMNH, Cleveland Museum of Natural His-
tory, Cleveland, USA; DPC, Duke Primate Center, Durham,
USA; GSP, Geological Survey of Pakistan, Baluchistan,
Pakistan; IGC-UFMG, Instituto Geociéncias Universi-
dade Federal de Minas Gerais, Belo Horizonte, Brazil; ICP,
Institut Catala de Paleontologia Miquel Crusafont, Sabadell,
Spain; IPS, acronym of the collections of the ICP (formerly,
Institut de Paleontologia de Sabadell); KNM, National
Museums of Kenya, Nairobi, Kenya; MPI, Max Planck
Institute for Evolutionary Anthropology, Leipzig, Germany;
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NHMW, Naturhistorisches Museum Wien, Vienna, Austria;
PC, Powell-Cotton Museum, Birchington, UK; RMCA,
Royal Museum for Central Africa, Tervuren, Belgium;
SBU, Stony Brook University, New York, USA; USNM/
NMNH, Smithsonian National Museum of Natural History,
Washington D.C., USA; ZMB, Museum fiir Naturkunde -
Leibniz Institute for Evolution and Biodiversity Science,
Berlin, Germany;, ZMS, Zoologische Staatssammlung
Munchen, Munich, Germany; UWBM, University of Wash-
ington Burke Museum, Washington D.C., USA; YPM, Yale
Peabody Museum, New Haven, USA. Other abbrevia-
tions: bgPC, between-group principal component; bgPCA,
between-group principal component analysis; BI, bipedal
walking; CL, clambering and vertical climbing; CS, cen-
troid size; F, female; GPA, generalized Procrustes analy-
sis; L, leaping, dropping, and hopping; Le, left; LMP,
locomotor mode percentages; LOOCYV, leave-one-out
cross-validation; M, male; MAE, mean absolute error; MS,
MorphoSource; PERMANOVA, permutational analysis of
variance; PGLS, phylogenetic generalized least squares;
PLSR, partial least squares regression; QWR, arboreal
quadrupedal walking, bounding, and running; Ri, right;
r-PLS, correlation coefficient from 2-block partial least
squares analysis; S, bridging, brachiation, and suspensory
locomotion; pCT, microcomputed tomography; 2B-PLS,
two-block partial least squares analysis; ?, unknown sex.

Results
Description

The partial left humerus IPS58443.15 (Figs. 1 and 3a) mea-
sures 15.2 cm in total length (see additional measurements
in Table 4). The humerus is preserved in three loosely fitting
pieces and it is nearly complete, only lacking the humeral
head. The distal epiphysis is broken above the medial and
lateral supracondylar ridges, and the shaft is broken into
two additional fragments, at approximately one third of
the length proximally. The distal humeral fragment is well
preserved except for two areas that show slight abrasion:
the anterior part of the medial margin of the trochlea and
the posteroinferior margin of the zona conoidea, behind the
posteroinferior and distolateral margin of the capitulum.
Both shaft fragments exhibit additional minor transverse
cracks (Fig. 1).

The shaft is anteriorly straight and somewhat proximally
retroflexed; it is round in cross section and becomes some-
what subtriangular proximally as there is a well-defined and
flat deltoid insertion with a gracile deltoid crest; both the
shaft and the humerus more broadly are relatively gracile
overall. At the distal articular surface, the trochlea does

not protrude distally; it is flat and lacks a trochlear groove.
The medial keel is poorly developed and does not distally
protrude significantly, while the lateral keel is only slightly
distally protruding, which makes the overall trochlea not
spool-shaped. The zona conoidea is well developed, with
a moderately globular capitulum that does not expand pos-
terolaterally and does not exhibit a capitular tail. There is
no entepicondylar foramen. The radial fossa is deep and
expanded both proximodistally and lateromedially. In
contrast, the coronoid fossa is shallow, separated from the
radial fossa by a slightly prominent ridge and with a slightly
marked ulnar groove on its medial aspect. The medial epi-
condyle is proximodistally long and anteroposteriorly deep,
while the lateral epicondyle is small and protrudes slightly
laterally, being nearly aligned with the midpoint of the
capitulum along the proximodistal axis. The most proximal
end of the olecranon fossa is not clearly visible, and the
proximal margin is not well defined. Nevertheless, the pre-
served portion does show a shallow fossa with no extension
of the articular surface onto it.

Qualitative comparisons

The humeral shaft of Pliobates (Fig. 1) resembles that of
cebids (Senut 1986; Rose 1994; McCrossin et al. 1998;
Harrison 2010), as well as Pliopithecus, Epipliopithecus
(Rose 1993a, 1994, 1997; Arias-Martorell et al. 2015), and
Dryopithecus (from Saint-Gaudens; Lartet 1856; Pilbeam
and Simons 1971; Begun 2009; Alba et al. 2011) in terms
of slenderness, displaying a rounded cross section and a
slight proximal retroflexion, while being anteriorly straight.
It is also similar in the minimal shaft medial concavity to
Sivapithecus indicus (Pilbeam et al. 1990: figs 1, 2), while
being quite different from that of Aegypropithecus (Fleagle
and Simons, 1982; Gebo 1993)—which is overall quite
robust—Microcolobus and Dendropithecus, all with antero-
posteriorly compressed shafts (particularly at the distal end
for the latter; Fig. 3b,d,i; Rose 1994, 1997; Harrison 2010,
2013; Nakatsukasa et al. 2010). The anteriorly straight shaft
of Pliobates also differs from the condition exhibited by the
latter fossil taxa, which display a marked concavity of the
shaft in anterior view. It also differs from those of homi-
noids, atelids, and Caipora (Fig. 3g—h, m—n; Cartelle and
Hartwig 1996; Alba et al. 2011), all of which display rela-
tively straight to somewhat anteroflexed shafts. The slight
shaft retroflexion of Pliobates differs from the condition
of Si. indicus, in which retroflexion is seemingly absent
(Moya-Sola and Kohler 1996; Kohler et al. 2001; Alba et al.
2011)—although the shaft is crushed and retroflexion in the
Si. indicus GSP 30730 specimen is thus difficult to ascer-
tain (Richmond and Whalen 2001). The humeral shaft of
Pliobates (and Si. indicus) is also quite different from that
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Fig. 3 Left distal humerus of Pliobates cataloniae compared with
selected fossil and extant anthropoids in anterior (top left), posterior
(top right), and distal (bottom) views: a. P. cataloniae, IPS58443.15;
b. Aegyptopithecus zeuxis, DPC 8702; ¢. Ekembo heseloni, KNM-RU
2036 AK; d. Dendropithecus macinnesi, KNM-RU 2097; e. Simiolus
enjiessi, KNM-MO 17022 A; f. S. enjiessi, KNM-WK 17009 A; g.
Epipliopithecus vindobonensis, NHMW 1970/1397/0003 (Individual
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10); h. Sivapithecus indicus, GSP 30730; i. Microcolobus sp., KNM-
NA 47916 A; j. Caipora bambuiorum, IGC-UFMG 05; k. Ateles sp.,
ZMB 45255; 1. Colobus guereza, AMNH 52223; m. Papio anubis,
USNM 384235; n. Hylobates klossii, AMNH 103344; o. Pan troglo-
dytes, MPI-EVA 11778. The figured specimens are from the left side
and are not to scale
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Table 4 Linear measurements (in mm) of the left partial humerus of
Pliobates cataloniae (IPS58443.15)

Variable Measurement
Humerus length >152.3
Distal epiphysis (proximodistal) length 333

Distal end to midshaft (proximodistal) length 65.0

Distal humerus articular (mediolateral) width 22.6

Distal humerus maximum (anteroposterior) depth 13.3
Trochlear maximum (mediolateral) width 8.0
Trochlear maximum (anteroposterior) depth 6.3
Capitulum maximum (mediolateral) width 6.0

of Sivapithecus parvada, which besides being overall larger
and stouter is further retroflexed (with an anteriorly convex
shaft and a marked medial shaft concavity; Pilbeam et al.
1990; Moya-Sola and K&hler 1996; Kohler et al. 2001; Alba
etal. 2011).

The flat and conical humeral trochlea of Pliobates (with-
out spooling) shows similarities with that of Aegyptopithe-
cus, dendropithecids, Microcolobus and Epipliopithecus
(Fig. 3c—f), being markedly different from those of extinct
crown (e.g., Sivapithecus) and extant hominoids (Fig. 3g—h,
m-n), in which the trochlea is well developed and spool-
shaped—a trait also observed, to a lesser extent, in the
stem hominoid Ekembo (Fig. 3b)—with a deep trochlear
groove, a markedly projecting medial keel (albeit less so
in Hylobates), and a well-developed lateral keel (Bacon
2000; Alba et al. 2011; Takano et al. 2018). Pliobates has
a well-developed zona conoidea, lacks a capitular tail, and
displays a globular capitulum that does not expand postero-
laterally, resembling the condition of crown and some stem
hominoids (Fig. 3, g-h, m—n; Rose 1988; Alba et al. 2015).
Likewise, Pliobates lacks an entepicondylar foramen, as in
extant crown catarrhines (cercopithecoids and hominoids),
the extinct atelid Caipora, extant atelids, stem hominoids,
dendropithecids (Fig. 3a—e, g—n; Fleagle and Simons 1982;
Rose 1997) and Pliopithecus (Alba and Moya-Sola 2014),
but unlike Epipliopithecus (Fig. 3f, Begun 2002) and
Aegyptopithecus (Fleagle and Simons 1982; Gebo 1993).
The radial fossa morphology of Pliobates generally resem-
bles that of Aegyptopithecus, cercopithecoids (including
Microcolobus), dendropithecids, and Ekembo (Fig. 3b—e,
k-1; Fleagle and Simons 1982; Gebo 1993; Nakatsukasa
et al. 2010; Alba et al. 2011; Takano et al. 2018) by being
relatively deep and expanded, while being dissimilar to the
reduced radial fossa and more developed (larger, rounder
and deeper) coronoid fossa of extinct and extant crown
hominoids (Fig. 3g—h, m—n; Rose 1997; Nakatsukasa and
Kunimatsu 2009; Alba et al. 2011).

The long and deep medial epicondyle of Pliobates is sim-
ilar to that of dendropithecids (Fig. 3c—e; Fleagle 1983) and
somewhat like that of Aegyptopithecus in length and projec-
tion, particularly in posterior view, but differs from the latter

and that of platyrrhines, which have a posteriorly retro-
flexed epicondyle that is more medially projecting (Fig. 3b,
i—j; Fleagle and Simons 1982; Gebo 1993; Rosenberger et
al. 2009; Tallman and Cooke 2016). The condition of Plio-
bates is also dissimilar from that of hominids, which have
a large and medially projecting medial epicondyle; hylo-
batids, which display more projection than Pliobates but
less so than hominids (Fig. 3h, m—n); and cercopithecoids
(including the fossil colobine Microcolobus), which display
areduced and posteromedially oriented (to varying degrees)
medial epicondyle (Fig. 3i, k-1; McHenry and Corruccini
1975; Senut 1986; Feldesman 1982; McCrossin et al. 1998;
Bacon 2000; Nakatsukasa et al. 2010). The lateral epicon-
dyle of Pliobates is similar to that of Ateles (small and only
slightly laterally projecting; Fig. 3j) and differs from that of
hominoids, in which the epicondyle is well developed and
laterally protruding (Rosenberger and Strier 1989; Bacon
2000; Youlatos et al. 2015; Zelazny 2019). The olecranon
fossa of Pliobates displays a similarly shallow condition
to that of non-atelid platyrrhines, Aegyptopithecus, Micro-
colobus, Epipliopithecus, and dendropithecids (Fig. 3c—f;
Fleagle and Simons 1982; Gebo 1993; Nakatsukasa et al.
2010; Tallman and Cooke 2016; Bouchet et al. 2024b), but
differs from that of hominoids and atelids, which display
deep fossae with sharp and well defined margins and with an
articular surface that extends onto the fossa laterally (Rose
1997; Alba et al. 2011; Bouchet et al. 2024b).

Geometric morphometric analysis

The bgPCA based on the distal humerus discriminates
among extant hominoids, cercopithecoids, and platyrrhines
(Fig. 4). The analysis correctly classifies 100% of the extant
specimens (98.6% after cross-validation) into the five pre-
viously defined groups (platyrrhines, colobines, cercopithe-
cines, hylobatids, and hominids). The PERMANOVA results
indicate that group differences are significant at p<0.05 for
the landmark configurations, the bgPCA, and the cross-
validated bgPCA. The Z-scores and R? values, as expected,
are higher for the bgPCA (Z=18.27; R*=0.81) than for
the raw data (Z=8.59; R>=0.41), but are very similar to
the cross-validated bgPCA (Z=17.72; R*=0.80)—over-
all indicating that grouping structure is not spurious. The
first three bgPCs together account for 97% of the variance
(Fig. 4), whereas the bgPC4 was not considered because it
only accounts for 3% of the variance. Phylogenetic signal
for the raw data when fossils are considered is significant
but with K<1 values, contrary to when only extant taxa are
considered (K>1; Table 5). The bgPC1 (62% of the vari-
ance) is not significantly correlated with In CS (p=0.104)
and embeds significant phylogenetic signal, being also K> 1
when extant taxa are considered and K <1 when fossils are
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Fig. 4 Results of the bgPCA for the distal humerus, as represented by
a bivariate plot of bgPC2 (a) and bgPC3 (b) vs. bgPC1. The percent-
age of variance is depicted within parentheses for each axis. The shape
configurations at the end of each axis are depicted in anterior (top
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Table 5 Phylogenetic signal (as measured by Blomberg’s K, with sig-
nificance within parentheses) embedded by the first three bgPCs and
the landmark configurations (after GPA) resulting from the bgPCA of
distal humeral shape, based on the extant comparative sample only and
further including the fossil specimens projected a posteriori

bgPC

Only extant taxa Extinct and extant taxa

K@ K@
bgPCl 2.92 (<0.001)  0.65(<0.001)
bgPC2 1.65 (<0.001) 1.11 (<0.001)
bgPC3 1.85(<0.001)  0.69 (<0.001)
Landmark configurations 1.37 (<0.001) 0.40 (<0.001)

included (Table 5). This axis clearly discriminates the a pri-
ori distinguished groups, with extant hominoids generally
displaying positive scores and monkeys displaying nega-
tive scores with few exceptions (Fig. 4). There is, however,
considerable overlap between hylobatids and hominids
(particularly, Symphalangus and Pan), as well as between
cercopithecines, colobines, and platyrrhines (particularly
Ateles). The bgPCl1 is driven by differences in the shape of
the trochlea, the medial epicondyle and, to a lesser extent,
the capitulum. Taxa with more positive scores (hominoids)
exhibit a marked elevation of the medial keel of the troch-
lea, a well-defined lateral keel and a deeper zona conoidea, a
medially projecting medial epicondyle, and a more rounded
capitulum. In contrast, taxa with negative scores display a
less pronounced or reduced elevation of the medial keel of
the trochlea, a somewhat less defined lateral keel and a shal-
lower zona conoidea, and a distally projecting and narrower
capitulum. Pliobates shows a negative bgPC1 score, driven
by the less projecting medial keel and medial epicondyle,
thus overlapping with platyrrhines and the lower variation
range of cercopithecoids. This condition also closely resem-
bles Simiolus (KNM-WK 17009) and Epipliopithecus, and,
to a lesser extent, Caipora, Microcolobus, Dendropithecus,
Aegyptopithecus, and the other Simiolus specimen (KNM-
MO 17022), which are relatively close to Pliobates. In
contrast, the two extinct hominoids analyzed overlap with
extant hominoids, with Ekembo displaying a mildly posi-
tive score most similar to that of hylobatids (due to the less
marked projection of the medial keel), and Sivapithecus
resembling both hylobatids and hominids (thus exhibiting
a crown hominoid-like morphology of the trochlea, medial
epicondyle, and capitulum).

Like the bgPCl1, the bgPC2 (22% of the variance) is not
correlated with In CS (p=0.312) and embeds high (K<1)
and significant phylogenetic signal with and without fossils
(Table 5). This axis discriminates cercopithecoids (with the
most negative scores) from both platyrrhines and hominoids
(with moderately negative to positive scores), with only
slight overlap between some colobines and the lower range
of variation of hominoids (Fig. 4a). The bgPC2 is driven
by the shape of the trochlea and the capitulum. Thus, in

specimens with more positive scores the trochlea is some-
what spool-shaped (i.e., there is a slight trochlear groove
and some projection of the medial keel—although not as
much as in the positive extreme of bgPCl, corresponding
to the morphology exhibited by hominoids alone) and the
capitulum is globular and mediolaterally expanded. In con-
trast, in specimens with negative scores, the medial keel is
projected, the trochlea is narrower mediolaterally and the
zona conoidea is narrower; the capitulum is narrower and
distally projecting. Pliobates displays moderately positive
bgPC2 scores, similarly to the remaining fossil specimens
(except for Caipora and Epipliopithecus, which show more
extreme positive values, and Microcolobus, which displays
more negative values, thus overlapping with the distribution
of hominoids and platyrrhines). Most taxa fall around zero
or positive values in bgPC2, while cercopithecoids, and
papionins in particular, display the most negative scores—
due to the markedly projecting medial keel of papionins
(Fig. 3m), which is particularly pronounced in Papio (which
has the most negative scores; Fig. 4a).

The bgPC3 (13% of the variance) is not correlated with
In CS either (p=0.165) and embeds significant phylogenetic
signal both with and without fossils (Table 5), with high
K>1 when the analysis is done without fossils and K<1
when fossils are included. The bgPC3 axis mainly discrimi-
nates hylobatids, which display the most positive scores,
from great apes and monkeys, which all overlap and have
a wide distribution between positive and negative scores.
The bgPC3 is driven by differences in trochlear, medial
epicondyle and capitulum shape. In particular, humeri with
most positive scores (corresponding to hylobatids) exhibit a
wider capitulum and a more marked projection of the lateral
epicondyle than those at the negative end. In contrast, those
displaying the most negative scores (platyrrhines, hominids,
and cercopithecoids) show a shorter trochlea in the superior-
inferior direction, an anterior projection of the medial keel,
and a more rounded capitulum. Most of the fossils, includ-
ing Pliobates, are placed around zero or in positive scores,
although none of them approach hylobatids. Pliobates and
Epipliopithecus fall in close proximity, overlapping mainly
with Ateles, while one Simiolus (KNM-MO 17022), Micro-
colobus and Ekembo display scores around zero. The other
Simiolus (KNM-WK 17009) and Caipora have slightly neg-
ative scores, although still close to zero, whereas the humeri
of Aegyptopithecus and Sivapithecus display the most nega-
tive scores.

When bgPC2 and bgPC1 are considered simultaneously
(Fig. 4a), Pliobates most closely resembles the Simiolus
from Kalodirr, falling well within the area of the morpho-
space occupied by extant platyrrhines, overlapping with
Ateles but not far from specimens of the remaining platyr-
rhine genera analyzed. When bgPC3 is further considered
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(Fig. 4b), Pliobates mainly overlaps with platyrrhines as
well as cercopithecoids (closer to colobines than to papio-
nins), alongside other fossils to the exception of Ekembo,
and Sivapithecus (which lay close by or overlap with homi-
nids but not hylobatids). The overall closer similarities of
the distal humerus of Pliobates with that of platyrrhines is
confirmed by typicality probabilities (Table 6), which fur-
ther show Aegyptopithecus, Epipliopithecus, dendropithe-
cids and Caipora as having closest morphological affinities
with platyrrhines—albeit one of the Simiolus specimens,
together with Aegyptopithecus and Epipliopithecus fall out-
side the extant platyrrhine variation at p<0.05 (and thus are
outliers for that group). Microcolobus shows affinities with
both cercopithecines and colobines, but falls outside of the
variation of both (p<0.05). In any case, Pliobates clearly
differs from the extinct hominoids analyzed (including the
stem hominoid Ekembo), which show affinities with homi-
nids and fall within their extant range of variation.

Locomotor repertoire inference

The covariation between humeral shape and locomotor
behavior is significant and strong (r-PLS=0.82; p<0.001).
The first axis (PLS1) explains 83.97% of the covariance
between the blocks (Fig. 5a), while the second axis (PLS2)
explains 10.05%; both are significant (p<0.001). The sub-
sequent three axes each explain less than 5% of the covari-
ance between blocks and, thus, are not considered further.
The PLS1 distinguishes between clambering and leaping
behaviors (positive end) and quadrupedalism (negative end;
Fig. 5b). At the positive end, hylobatids display the most
positive scores on the shape axis, whereas the two Papio
(and cercopithecoids more broadly) occupy the negative
extreme. The PLS2 distinguishes between quadrupedalism
and climbing (positive end) and leaping and suspension
(negative end). Great apes and papionins (except Macaca
mulatta) fall at the negative end, whereas some platyr-
rhines and colobines (and M. mulatta) occupy the positive
extreme, with most hylobatids and atelids displaying val-
ues around zero or moderately positive or negative ones

(Online Resource 1: Fig. S2). Due to the relatively low
covariance percentage and the equivocal taxa distribution
and associated locomotor loadings (e.g., leaping/suspen-
sion in Papio and Macaca species), PLS2 was not used to
estimate LMPs for the fossils and was not considered fur-
ther. The MAE after LOOCYV is 11.7%, indicating that our
predictions are reasonably accurate (see Online Resource
1: Table S3 for details on the predictions of the extant and
fossil taxa). Cross-validated errors computed per locomo-
tor type indicate higher MAE for quadrupedalism (16.8%)
and climbing (15.1%) and lower errors for leaping (7.6%)
and suspensory (7.5%) behaviors. The MAE computed per
species and across locomotor types (Online Resource 1:
Table S4) indicate that great apes accumulate error in the
QWR and CL categories, with QWR overall contributing
the most with extreme MAE values for some taxa (African
great apes, Pongo and hylobatids, and some cercopithecoids
to a lesser extent). The CL and L locomotor types errors are
high across different species, ranging from Gorilla beringei
(44%) to Macaca arctoides (7%) or Lagothrix lugens (26%).
The L and S categories per taxa are moderately high in some
cases, such as Colobus guereza for L (with the highest error
at 20%) and Hylobates agilis for S (with 32%). The species
with lower error across categories are Hylobates klossi, with
very low error across all locomotor types, Alouatta palli-
atta, Cebus capucinus and Papio anubis, and the analysis
performs better for species with more generalized or ste-
reotypical locomotor repertoires, such as non-atelid platyr-
rhines and cercopithecoids.

The estimated LMPs for the fossil sample are reported
in Fig. 6 and in Online Resource 1: Table S3. The estimated
locomotor repertoire for Pliobates includes a high propor-
tion of suspensory behaviors (S=37%), vertical climbing/
clambering (CL=24%), and leaping (L=33%), with a com-
paratively minor quadrupedal component (QWR=6%). The
fossils with an estimated higher component of quadrupe-
dalism (71-45%) are (in descending order) Microcolobus,
Aegyptopithecus, Ekembo, Sivapithecus, Simiolus, and Cai-
pora. Dendropithecus and Epipliopithecus are inferred to
engage in moderately high amounts of climbing (>30%).

Table 6 Typicality probabilities of group membership based on the bgPCA. Highest non-significant typicality probability for each taxon is in bold

Species (Catalog No.) Cercopithecines Colobines Hominids Hylobatids Platyrrhines
Pliobates cataloniae (1IPS58443) <0.001 0.001 <0.001 <0.001 0.192
Aegyptopithecus zeuxis (DPC-8702) <0.000 <0.000 <0.000 <0.000 0.016
Cairpora bambuiorum (1GC-UFM605) <0.001 <0.001 <0.001 <0.001 0.060
Dendropithecus macinnesi (KNM-RU 2097) <0.001 <0.001 <0.001 0.006 0.059
Ekembo heseloni (KNM-RU 2036AK) <0.001 <0.001 0.156 0.006 <0.001
Epipliopithecus vindoboniensis (NHMW 1970/1397/0003) <0.001 <0.001 <0.001 <0.001 0.017
Microcolobus sp. (KNM-NA 47916 A) 0.002 0.001 <0.000 <0.000 <0.000
Simiolus enjiessi (KNM-MO 17022 A) <0.001 0.001 0.001 0.004 0.022
Simiolus enjiessi (KNM-WK-17009) <0.001 <0.001 <0.001 <0.001 0.743
Sivapithecus indicus (GSP 30730) <0.001 <0.001 0.847 <0.001 <0.001
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Fig.5 a. Results of the two-block a
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Fig. 6 Pie charts summarizing the estimated locomotor repertoires for the analyzed extinct taxa. See main text for abbreviations

The locomotor repertoire of Epipliopithecus (49%) includes
a high proportion of suspensory behaviors, similar, albeit to
a lesser extent, to Dendropithecus (35%)—which displays
values similar to Pliobates.

Discussion
Morphofunctional and phylogenetic considerations

Our results indicate that the shape of the distal humerus
embeds significant phylogenetic signal among extant
anthropoids. The high Blomberg’s K values obtained for the
first two bgPCs when including only extant taxa indicate that
the humeral distal shape tends to be conserved within the
different extant clades, as evidenced by the marked separa-
tion between them (platyrrhines, hominoids, colobines, and
cercopithecids). In this regard, the distal humerus of homi-
noids is characterized by a mediolaterally wider epiphysis,
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a rounded capitulum, and a large and spool-shaped troch-
lea, with a medially projecting medial epicondyle, as well
as a deep zona conoidea; platyrrhines show a slightly pro-
nounced medial trochlear keel, with a medial epicondyle
that is also less projecting than in hominoids, and a narrower
and more distally projecting capitulum; and, cercopithe-
coids have a mediolaterally narrow articulation, with a nar-
row and oval capitulum and a short trochlea, with a marked
development of the medial keel. However, when fossils are
included, K values drop significantly below 1 for bgPC1 and
bgPC3, although they remain around 1 for bgPC2, revealing
underlying homoplasy in the evolution of humeral traits in
catarrhines. When the phylogenetic signal is explored using
the whole shape (landmark configurations) of the distal
humerus, Blomberg’s K is also much lower, reinforcing the
notion of a degree of homoplasy at play. Even in the case
of bgPC2, and as remarked by Raventds-Izard et al. (2025),
significant phylogenetic signal with high values of Blom-
berg’s K would not be incompatible with making functional
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inferences because locomotion may also be correlated with
phylogeny; as such, we offer morphofunctional consider-
ations regarding the distal humerus of Pliobates cataloniae
below.

Our comparisons indicate that the humeral shaft and
humeroulnar articulation of Pliobates most closely resem-
bles, among extant anthropoids, the condition of platyrrhine
monkeys. The humeral shaft, in particular, is anteriorly
straight and somewhat retroflexed proximally, resembling
the morphology of Cebus and the pliopithecoid Epiplio-
pithecus (Zapfe 1958, 1961; Rose 1994, 1997; Arias-Mar-
torell et al. 2015). Contrarily, Ekembo (and Miocene apes
from Africa more broadly, including, e.g., Afropithecus,
Equatorius and Nacholapithecus, albeit all taxa display
shaft morphology differences among each other; Alba et al.
2011) displays more humeral shaft retroflexion compared
with Pliobates, with a slight flattening at its distal portion
and a triangular cross section on its proximal portion as a
result of a well-defined deltoid plane (Alba et al. 2011). At
the humeroulnar articulation, the distal humeral shape of
Pliobates is characterized by a slightly pronounced medial
keel, a poorly defined lateral trochlear keel, and the absence
of spooling at the trochlea, thus resembling extant platyr-
rhines and lacking the mechanisms for passive stabiliza-
tion during flexion and extension that are characteristic of
extant hominoids (Szalay and Dagosto 1980; Rose 1988).
Aegyptopithecus, Epipliopithecus, Dendropithecus, and
Caipora are similar to Pliobates in this regard, also exhibit-
ing the characteristics found in extant platyrrhine monkeys
(Fleagle 1983; McCrossin and Benefit 1997; Perry et al.
2018), whereas Microcolobus is unlike Pliobates and the
other stem catarrhines by exhibiting a more colobine-like
morphology of the distal humerus—with, e.g., a moderately
globular capitulum and a somewhat reduced medial keel (a
trait shared with extant colobines; Fig. 3i, I; Nakatsukasa
et al. 2010). Feldesman (1982) already suggested that the
distal humeri of Miocene stem catarrhines might resemble
quadrupedal platyrrhines with suspensory capabilities more
than extant catarrhines. On the other hand, Ekembo and Siv-
apithecus show more derived distal humeri, similar to those
of extant hominoids. Ekembo is characterized by a relatively
prominent medial trochlear keel (although not to the degree
of extant hominoids) and pronounced lateral keel (Harrison
1987; Walker 1997). The configuration of the humeroulnar
articulation of Pliobates, as inferred from distal humeral
shape, is thus in agreement with its proximal ulnar shape
(Raventos-Izard et al. 2025), which resembles that of Ateles
and stem catarrhines such as Aegyptopithecus, Dendropithe-
cus, Simiolus, and Epipliopithecus in its relatively narrow
trochlear notch, which would have made it difficult to with-
stand transverse forces during pronation-supination. There-
fore, the humeroulnar articulation of Pliobates differs from

that of hominoids (including stem hominoids), where the
wide and keeled trochlear notch (i.e., median keel) of the
ulna and the corresponding trochlear spooling (i.e., flaring
medial and lateral keels and deep trochlear groove) of the
humerus provide joint stability during flexion-extension and
pronation-supination movements (Rose 1988, 1997; Begun
1992; Alba et al. 2011).

For the radiohumeral articulation, Pliobates shows a
moderately globular capitulum and a well-defined zona
conoidea, resembling more the derived (ape-like) condition
exhibited by hominoids, contrary to the more plesiomorphic
humeroulnar joint. In this regard, Microcolobus possesses
a relatively well-defined zona conoidea and, as indicated
above, a moderately globular capitulum, similar to the stem
hominoid Ekembo. These traits are even more markedly
derived in Sivapithecus. The other stem catarrhines and Cai-
pora display varying degrees of globularity in the capitulum
(from very slight in Caipora and Simiolus, to more promi-
nent in Dendropithecus and Epipliopithecus), but all have a
smooth transition between the trochlea and the capitulum—
i.e., a poorly defined zona conoidea. The condition of Plio-
bates, Microcolobus and hominoids (and stem hominoids to
a lesser extent) is functionally linked to providing stability
to the radial head during pronation and supination move-
ments (Harrison 1987; Rose 1988; Walker 1997; Nakat-
sukasa et al. 2010; Pallas et al. 2026). Evidence from the
radius does suggest that Pliobates would have engaged in
highly efficient prono-supination, as indicated by its round
and beveled radial head (Alba et al. 2015; Arias-Martorell et
al. 2026). On the other hand, dendropithecids and Epiplio-
pithecus exhibit a more oval radial head with a lateral lip
(to varying degrees), more closely resembling the stem
catarrhine ancestral condition (Arias-Martorell et al. 2021,
2023, 2026), in agreement with the more generalized shape
of their humeral capitulum. The stem hominoids Ekembo
and Nacholapithecus (for a discussion of its phylogenetic
uncertainties, see Urciuoli and Alba 2023) show interme-
diate proximal radial morphologies (Arias-Martorell et al.
2023), indicating that their elbow might have been more
stable during pronated (weight-bearing) positions while
exhibiting enhanced prono-supination abilities.

Locomotor inferences

The low MAE of the PLSR indicates that the predictions
of the model are reasonable accurate. However, when pre-
dictions for extant taxa are compared with the percentages
compiled from the literature, there are some instances of
overestimating quadrupedalism (QWR)—e.g., in the atelid
Lagothrix and the hominid Pongo, the latter being mainly
suspensory (Online Resource 1: Tables S2 and S3). In some
taxa, quadrupedalism is also underestimated, such as in G.
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beringei and Pan troglodytes. The contrary applies to suspen-
sion, where the predicted values are much lower for Pongo
and most hylobatids (except Hylobates lar) than those com-
piled from the literature (Online Resource 1: Tables S2 and
S3). The higher MAE errors for QWR and CL (~15-17%)
and lower errors for L and S behaviors (~7-8%) suggest
that the model more reliably captures locomotor modes that
may be associated with more distinctive morphological cor-
relates, whereas more generalized behaviors are predicted
with greater uncertainty. In particular, QWR and CL likely
encompass a range of sublocomotor styles due to, e.g.,
variations in substrate use, limb loading, positional behav-
ior, etc., introducing greater heterogeneity within these
categories and reducing predictive accuracy. African great
apes accumulate the most error for QWR (Online resource
Table S3 and S4); they rely on knuckle-walking while on
the ground, which allows African great apes to retain mor-
phological features for suspensory locomotion (e.g., finger
length; Inouye 1994; Kivell and Smith, 2009; Schmitt et al.
2016)—therefore, the morphology exhibited by these taxa
does not correspond to the expected morphology of a quad-
ruped, which may destabilize the model. A comprehensive
phylogenetic coverage of locomotor diversity across pri-
mates is the ideal approach to maximize representativeness
and ameliorate some of the exposed shortcomings of the
approach. However, the nature of the locomotor data used
(which are potentially biased, e.g., if the full locomotor rep-
ertoire of a taxon is unknown, only some aspects such as
arboreal behaviors have been studied or the limited number
of species for which detailed locomotor data is available)
and the sample included in the study (from which the pre-
dictions are derived) also affect the accuracy and reliability
of the results. This is not an intrinsic limitation of the PLSR
approach itself, but rather a general constraint of any predic-
tive modelling framework. In any case, the locomotor fre-
quencies predicted for the fossils should not be interpreted
at face value but are merely indicative of general patterns.
These considerations do not preclude making inferences for
the fossils, provided that the results are critically contrasted
with functional considerations. Likewise, such inferences
should be also compared with those derived from other ana-
tomical areas, which might contribute essential information
on locomotor behaviors for which the distal humerus does
not have sufficient predictive power.

The results for the locomotor frequency analysis of the
distal humerus indicate that the locomotor repertoire of
Pliobates would have included an important proportion of
suspension, climbing/clambering, and leaping, while dis-
playing a very small proportion of quadrupedalism (Fig. 7).
These results are in moderate agreement with previous esti-
mates (Raventds-Izard et al. 2025) regarding the amount
of suspension, while diverging in the higher leaping and
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lower quadrupedalism frequencies inferred. In particular,
based on distal humeral shape we infer 33% of leaping
behaviors, while they were quite low (1-15%) based on
both proximal and distal ulnar and radial shape (Raventos-
Izard et al. 2025; Arias-Martorell et al. 2026). Quadrupe-
dalism, on the other hand, is estimated in low percentages
(7%), while they were high for the proximal ulna (47%)
and distal radius (35%), but not for the distal ulna (0%)
or the proximal radius (2%; Raventos-Izard et al. 2025;
Arias-Martorell et al. 2026). The estimated percentages of
suspension (35%) and climbing (21%), in turn, are not very
different from those inferred from the ulna (29% and 38%,
respectively), but differ widely from those inferred for the
proximal (50%) and distal (14%) radius (Arias-Martorell
et al. 2026).

Our findings support previous inferences for the fos-
sils Caipora, Dendropithecus, and Epipliopithecus, which
have been likened to suspensory atelids—Caipora to Ateles
(Halenar 2011), and Dendropithecus and Epipliopithecus
to Lagothrix (Arias-Martorell et al. 2015, 2021; Rein et al.
2015). The propliopithecoid Aegyptopithecus displays some
affinities to the platyrrhines but it is an outlier for the shape
variation of the group; its inferred locomotor repertoire—
with high frequency of quadrupedalism (64%) combined
with climbing (22%)—agrees well with previous inferences,
which characterized Aegyptopithecus as a slow-moving
arboreal quadruped and climber (Fleagle and Simons, 1982;
Simons, 1995). The locomotor repertoire of Microcolobus
has been inferred as including flexed-elbow quadrupedal-
ism (for running and bounding) and lacking specialized sus-
pensory adaptations (Nakatsukasa et al. 2010; Pallas et al.
2026), which agrees with the locomotor frequencies found
in this study (71% quadrupedalism and 4% suspension).
Regarding the stem hominoid Ekembo, the locomotor rep-
ertoire here inferred for this taxon (53% of quadrupedalism)
also generally agrees with previous inferences, indicative
of arboreal, powerful-grasping pronograde quadrupedalism
without suspension (Kelley 1997; Rose 1997; Ward 1993,
1998, 2015; Daver and Nakatsukasa 2015). The locomo-
tor inferences for Si. indicus, indicative of quadrupedalism
combined with climbing and clambering, are also broadly
in agreement with previous inferences (Pilbeam et al. 1990;
Moya-Sola and Koéhler 1996; Richmond and Whalen 2001).
Its humerus is more gracile overall than that of the larger Si.
parvada, and more similar to that of Hispanopithecus and
orangutans, thus probably being more adapted for arboreal
behaviors such as climbing (Moya-Sola and Kéhler 1996).
In contrast, Si. parvada might have engaged in more ter-
restrial quadrupedalism according to the morphology of the
humeral shaft (with more marked humeral shaft retroflexion
and medial convexity, like in terrestrial quadrupedal pri-
mates; Pilbeam et al. 1990; Richmond and Whalen 2001).
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Fig. 7 Reconstruction of the locomotor repertoire exhibited by Plio-
bates cataloniae, based on previous papers and our results for the
humerus presented in this paper. The presence of a tail in Pliobates (as

However, our results suggest that Si. indicus would have
also engaged in quadrupedalism to some extent.

Regarding suspension in Pliobates, the length of the
humerus (relative to the breadth of the distal end) and its
gracile shape, combined with a relatively long radius and the
carrying angle of the elbow (9.8 degrees; Alba et al. 2015)
are consistent with the use of suspensory behaviors in this
taxon. However, due to the more plesiomorphic condition
of its humeroulnar joint compared with extant hominoids, a
reliance on forelimb-dominated suspensory behaviors may
be discounted for this taxon. This is most evident regarding
hylobatid-like brachiation—i.e., a locomotor mode using
bimanual strides where the full body weight is borne by the
forelimbs without hindlimb or tail aid (Cant et al. 2001).
This is because the Pliobates elbow lacks passive stabili-
zation mechanisms such as the medial keel of the humeral
trochlea (and its counterpart, the median keel of the ulna;
Raventds-Izard et al. 2025). In contrast, Pliobates exhib-
its a derived (ape-like) condition of the humeroradial joint
(Arias-Martorell et al. 2026), which is functionally related

well as its length and aspect) is currently unknown, although its stem
catarrhine status suggests it would have had one. Artwork by JG

to enhanced prono-supination capabilities of the forearm
(Rose 1983, 1988, 1993a, 1993b, 1997; Arias-Martorell
et al. 2023). The ape-like humeral capitulum of Pliobates,
instead of representing an adaptation to forelimb-dominated
suspension, might be the result of selection pressures related
to other arboreal behaviors that also required enhanced
prono-supination, such as climbing and clambering (Fig. 7;
Arias-Martorell et al. 2026: fig. 7). In hominoids, greater
reliance on forelimb prono-supination has been linked to
loss of external tail (Kelley 1997; Ward et al. 1991; Drapeau
2008; Nakatsukasa et al. 2003, 2004). No caudal vertebral
remains have been found for any pliopithecoid to date, and
Zapfe (1958, 1961) concluded that Epipliopithecus lacks
and external tail based on the morphology of the sacrum.
Subsequent authors (Ankel 1965; Russo 2016), however,
disputed such conclusions, in agreement with its stem catar-
rhine status. There are no caudal or sacral remains of Plio-
bates to date, but as a stem catarrhine, it is best hypothesized
as possessing an external tail. Thus, we have reconstructed
the tail of Pliobates as being moderate in length given our
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results and previous inferences about its locomotor reper-
toire (Fig. 7).

The high leaping frequency estimated for Pliobates
based on the distal humeral shape is surprising, because it
is not found for any of the other extinct taxa analyzed (next
highest leaping taxon is Microcolobus, at 15%) or estimated
based on the proximal ulna (Raventoés-Izard et al. 2025) or
radius (Arias-Martorell et al., 2026). Gibbons exhibit non-
negligible frequencies of leaping (>15%) combined with
ricochetal brachiation and climbing/clambering behaviors,
alongside a virtual absence of quadrupedal locomotion
(Fleagle 1976; Channon et al. 2010). The suspensory atelids
similarly engage in moderate amounts of leaping behaviors
(Mittermeier and Fleagle 1976; Mittermeier 1978; Cant et al.
2001) alongside some cercopithecoids (e.g., Nasalis; Napier
and Napier 1967; Byron and Covert 2004; Su and Jablon-
ski 2009). The fossil Microcolobus has also been inferred to
engage in (non-specialized) leaping behaviors based on its
femoral morphology (Nakatsukasa et al. 2010). However,
the locomotor repertoire estimated for Pliobates based on
the distal humerus does not fit well with any of these extant
or fossil primates, differing from hylobatids in the higher
reliance on leaping and orthograde behaviors other than sus-
pension, from atelids in the higher reliance on leaping and
suspensory behaviors (at the expense of quadrupedalism),
and from leaping cercopithecoids (including Microcolobus)
in the higher amounts of climbing and clambering. There is
some evidence of forelimb and, particularly, humeral shaft
features functionally related to leaping in primates gener-
ally, such as humeral diaphyseal strength (e.g., Ruff 2002;
Ruff et al. 2019). However, primate leaping adaptations are
mostly found in the hindlimbs (Walker 1974; Jouffroy and
Lessetieur 1979; Jungers 1979; Preuschoft 1990; Ruff and
Runestad 1992; Godfrey et al. 1995; Rafferty and Ruff 1994,
Channon et al. 2010; Monclus-Gonzalo et al. 2025b). In this
regard, the analysis appears to interpret as leaping correlates
some elbow features that are functionally related to other
behaviors, such as climbing, even if compatible with leap-
ing. This is the case of the ape-like humeroradial joint (and
associated musculature anatomy and recruitment pattern),
which result in efficient prono-supination—useful for rotat-
ing the forearm during climbing, suspension, and leaping
alike (Szalay and D’Agosto 1980; Rose 1983, 1988; Stern
and Larson 2001; Vanhoof et al. 2020, 2021). This is sup-
ported by the fact that the leaping percentages of hylobatids
and, especially, Nasalis and atelids are overestimated by our
analyses (Online Resource 1: Tables S2 and S3). Therefore,
a detailed analysis of the hindlimb remains of Pliobates
would be needed to more conclusively ascertain the leaping
frequencies displayed by this taxon.

@ Springer

Conclusions

The left distal humerus of Pliobates is morphologically more
similar to the distal humeri of platyrrhines and stem catar-
rhines but further displays some features (such as a globu-
lar capitulum) that indicate a higher mobility of the elbow
joint. The locomotor repertoire of Pliobates inferred from
the distal humerus does not have any clear extant analog
and does not compare directly to any other fossil catarrhines
included in the analyses. Based on the combined evidence
from the whole elbow joint, Pliobates might have mostly
relied on arboreal climbing and clambering, further com-
bining these behaviors with quadrupedalism, non-acrobatic
suspension, and, maybe, some degree of leaping (Fig. 7).
The distal humeral features associated with leaping are also
functionally related to climbing, clambering, and suspen-
sion, so that further studies of the hindlimb remains would
be required to confirm that leaping was a non-negligible
component of the Pliobates locomotor repertoire. Finally,
some degree of forelimb-dominated suspension cannot be
entirely discounted for Pliobates. However, the great range
of prono-supination at the humeroradial joint might alter-
natively be related to other locomotor behaviors that also
benefit from efficient prono-supination, such as climbing
and clambering. In any case, given the lack of ape-like sta-
bilizing mechanisms at the elbow joint in Pliobates, such
forelimb-dominated behaviors (if present) would have dif-
fered from the acrobatic suspension displayed by atelids and
hylobatids.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s10914-026-09828-0.
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