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ABSTRACT
Objectives: The morphology of the hominoid scaphoid has played a key role in functional and evolutionary hypotheses related to 
the emergence of hominin bipedalism and tool use. However, the scaphoid's complex morphology is challenging to comparatively 
analyze via traditional 2D linear measurements. This study quantifies scaphoid morphology utilizing 3D geometric morphomet-
rics (3D GM) in African apes, humans and extinct hominins to provide a more holistic functional understanding of scaphoid 
morphology.
Materials and Methods: We use 3D GM, including anatomical and sliding semi-landmarks, to quantify scaphoid morphology 
in a comparative sample of African apes (Gorilla, Gorilla beringei, Pan paniscus and Pan troglodytes) (N = 54), extant and fossil 
Homo sapiens (N = 20) and nine fossil hominin scaphoids from Australopithecus sp., Australopithecus sediba, Homo naledi and 
Neandertals.
Results: Principal component analysis indicates that extant species can be distinguished by differences in scaphoid shape that 
are consistent with variation in hand use during locomotion and manipulation. The australopith scaphoids plot between the 
African ape and modern human distributions, whereas H. naledi falls between Gorilla and human distributions.
Discussion: Results confirm previous studies describing differences between extant African apes and modern human scaphoids 
that were interpreted as advantageous for knuckle-walking and forceful manipulation, respectively. However, we highlight 
greater variation between Pan and Gorilla than previously recognized. The fossil hominin scaphoids present differing mosaics of 
joint orientation and shape, creating a distinct overall morphology in each hominin species. This may reflect differing functional 
pressures acting upon hominin wrists resulting from disparate combinations of locomotor and manipulative behaviors.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any 
medium, provided the original work is properly cited and is not used for commercial purposes.
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RESUMEN
Objetivos: La morfología del escafoides de los hominoideos ha desempeñado un papel clave en las hipótesis funcionales y evo-
lutivas relacionadas con la aparición del bipedismo y el uso de herramientas. Sin embargo, la compleja morfología del escafoides 
representa un desafío para su análisis comparativo mediante mediciones lineales tradicionales en 2D. Este estudio cuantifica la 
morfología del escafoides utilizando morfometría geométrica en 3D (3D GM) en simios africanos, humanos y homininos extintos, 
con el fin de proporcionar una comprensión funcional más integral de su morfología.
Materiales y Métodos: Utilizamos morfometría geométrica en 3D, incluyendo puntos de referencia anatómicos(landmarks) 
y semi-landmarks de referencia, para cuantificar la morfología del escafoides en una muestra comparativa de simios africanos 
(Gorilla gorilla, Gorilla beringei, Pan paniscus y Pan troglodytes) (N = 54), humanos modernos y fósiles (Homo sapiens) (N = 20) y 
nueve escafoides fósiles de homínidos de Australopithecus sp., Australopithecus sediba, Homo naledi y Neandertales.
Resultados: El análisis de componentes principales indica que las especies actuales pueden distinguirse por diferencias en la 
forma del escafoides, las cuales son consistentes con la variación en el uso de la mano durante la locomoción y la manipulación. 
Los escafoides de los australopitecos se sitúan entre las distribuciones de simios africanos y humanos modernos, mientras que H. 
naledi se posiciona entre Gorilla y H. sapiens.
Discusión: Los resultados confirman estudios previos que describen diferencias entre los escafoides de simios africanos actuales 
y los humanos modernos, interpretadas como ventajosas para la marcha sobre los nudillos y la manipulación con fuerza, respec-
tivamente. Sin embargo, destacamos una mayor variación entre Pan y Gorilla de la que se había reconocido anteriormente. Los 
escafoides fósiles de homininos presentan diferentes mosaicos de caracteres en la orientación y forma de las articulaciones, lo que 
da lugar a una morfología general distinta en cada especie. Esto podría reflejar distintas presiones funcionales que actúan sobre 
las muñecas de los homininos, como resultado de combinaciones dispares de comportamientos locomotores y manipulativos.

RÉSUMÉ
Objectifs: La morphologie des scaphoïdes des hominoïdes a joué un rôle clé dans les hypothèses fonctionnelles et évolutionnaires 
liées à l'émergence de la bipédie et de l'utilisation d'outils chez les hominines. Cependant, la morphologie complexe du scaphoïde 
rend difficile son analyse comparative à l'aide de mesures linéaires 2D traditionnelles. Cette étude quantifie la morphologie du 
scaphoïde à l'aide de la morphométrie géométrique 3D (3D GM) chez les grands singes africains, les humains et les hominines 
éteints afin de fournir une compréhension fonctionnelle plus holistique de sa morphologie.
Matériels et Méthodes: Nous utilisons de la morphométrie géométrique 3D, comprenant des points anatomiques de références 
(landmarks) et des semi-landmarks de références (sliding semi-landmarks), afin de quantifier la morphologie du scaphoïde dans 
un échantillon comparatif de grands singes africains (Gorilla gorilla, Gorilla beringei, Pan paniscus et Pan troglodytes) (N = 54), 
d'Homo sapiens actuels et fossiles (N = 20) et de neuf scaphoïdes fossiles d'hominines appartenant aux espèces Australopithecus 
sp., Australopithecus sediba, Homo naledi et Néandertaliens.
Résultats: L'analyse en composantes principales indique que les espèces actuelles peuvent être différenciées par des différences 
dans la forme du scaphoïde, qui correspondent à des variations dans l'utilisation de la main lors de la locomotion et de la manip-
ulation. Les scaphoïdes des australopithèques se situent entre les distributions morphologiques des grands singes africains et des 
humains anatomiquement modernes, tandis que H. naledi se situe entre les distributions des gorilles et des humains.
Discussion: Les résultats confirment les études précédentes décrivant des différences entre les scaphoïdes des grands singes 
africains actuels et des humains modernes, qui ont été interprétées comme avantageuses, respectivement, pour la marche sur les 
phalanges (et la manipulation avec force). Cependant, nous soulignons une plus grande variation entre Pan et Gorilla que ce qui 
avait été reconnu auparavant. Les scaphoïdes des hominines fossiles présentent différentes mosaïques de caractères en termes 
d'orientation et de forme des articulations, créant une morphologie globale distincte pour chaque espèce d'hominines. Cela peut 
refléter différentes pressions fonctionnelles exercées sur les poignets des hominines, résultant de combinaisons disparates de 
comportements locomoteurs et manipulateurs.

1   |   Introduction

The scaphoid is a carpal bone on the radial side of the wrist that 
spans both the proximal and distal rows of the carpus. In African 
apes and modern humans, as well as some strepsirrhines, the 
os centrale is fused to the scaphoid and articulates distoradially 
with the trapezium and trapezoid, distally to the capitate, proxi-
mally to the radius, and ulnarly with the lunate (Kivell and Begun 
2007; Kivell 2016). The scaphoid plays a key functional role in 

dissipating forces across the wrist accrued from both locomotor 
and manipulative behaviors (Kauer and de Lange 1987; Caley M. 
Orr 2018; Wolfe et al. 2006) and, together with its associated soft 
tissues, contributes to stability and range of motion within the 
radial carpus (Berger 1997; Moggi-Moojen et al. 2003). Scaphoid-
centrale fusion is considered a synapomorphy of the African 
ape and human clade (Begun  2004; Kivell and Begun 2007; 
Sarmiento 1988). This fusion is often interpreted as a functional 
adaptation for ameliorating mechanical loads experienced in 
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knuckle-walking behaviors in African apes (Püschel et al. 2020; 
Tocheri  2007) and considered a possible phylogenetic vestige 
(Richmond and Strait  2001) or exaptation to withstand shear 
stresses accrued during manipulative activities (Marzke 1971). 
As such, variation in external morphology of the scaphoid has 
featured prominently in hypotheses about the origin of homi-
nin bipedalism (Begun 2004; Kivell and Schmitt 2009; Caley M. 
Orr  2005; Richmond et  al.  2001; Püschel et  al.  2020) and the 
evolution of hominin tool-related behaviors (Marzke 1971, 2013; 
Tocheri 2007; Tocheri et al. 2008; Kivell, Rosas, et al. 2018). To 
date, scaphoid morphology has primarily been studied using 2D 
approaches (Trinkaus 1989; Hamrick  1997; Kivell et  al.  2011; 
Kivell et  al.  2015; Kivell, Churchill, et  al.  2018; Kivell, Rosas, 
et al.  2018) or using basic 3D approaches (Tocheri 2007; Kibii 
et al. 2011). However, given the complexity of scaphoid morphol-
ogy, 3D geometric morphometric methods are ideal and have yet 
to be applied. This study conducts a comprehensive examination 
of the external morphology of the African ape, modern human 
and fossil hominin scaphoid to understand its functional mor-
phology and to inform the evolution of wrist and hand use in 
Plio-Pleistocene hominins.

1.1   |   Functional Morphology of African Ape 
Scaphoids

In African apes, the most frequent form of locomotion is knuckle-
walking alongside varying frequencies of arboreal locomotion de-
pending on the habitat type, species and sex (D. M. Doran 1993, 
1996, 1997; Drummond-Clarke et  al. 2022; Drummond-Clarke 
et al. 2024; Hunt 1991; Remis 1995; Sarringhaus et al. 2014; van 
Lawick-Goodall 1968). Knuckle-walking requires the wrist to be 
in slight extension (Finestone et al. 2018; Thompson 2020) with 
the forces acting on the scaphoid being mainly generated from 
compressive loads running distoproximally via the long axis of 
the second or third metacarpal depending on the hand posture 
adopted (Matarazzo 2013; Wunderlich and Jungers 2009; Samuel 
et  al.  2018; Thompson  2020). During arboreal activities, apes 
will grasp the substrate with both an adducted and abducted 
thumb and the wrist posture will vary depending on the size of 
the substrate and activity, ranging from highly flexed to extended 
(Neufuss et al. 2017; Sarmiento 1988). In addition, non-human 
apes engage in manipulative behaviors using precision grips, 
power grips, and interdigital braces that can recruit the thumb 
in both adducted and abducted positions, potentially altering 
the stress experienced by the scaphoid (Bardo et al. 2017; Boesch 
and Boesch 1990; Christel 1993; Marzke et  al.  2015; Neufuss 
et al. 2019). It is assumed that loads incurred by the scaphoid, and 
hand overall, during manipulation are lower than those incurred 
during locomotion, although manipulative loads have not been 
quantified in African apes (reviewed in Kivell et al. 2023).

Aspects of African ape scaphoid morphology are considered 
advantageous to limiting extension at the radiocarpal and 
midcarpal joints, providing greater stability during knuckle-
walking (e.g., Begun 2004; Jenkins and Fleagle 1975; Richmond 
et al. 2001; Thompson 2020; Püschel et al. 2020). Some of these 
morphological features include the presence of a scaphoid beak 
along the dorsal edge of a large radial facet that is thought to 
help dissipate unidirectional compressive loads, as well as a 

‘closed’ distoulnar border of the capitate facet that facilitates 
close-packing of the scaphoid's centrale portion with the capi-
tate and trapezoid to reduce shear stress experienced during 
knuckle-walking (Begun  2004; Corruccini  1978; Caley M. 
Orr 2018; Richmond et al. 2001; Sarmiento 1988; Tallman 2012; 
Tocheri  2007). Furthermore, kinematic analyses in Pan show 
that the scaphoid is part of the “screw-clamp mechanism” of the 
carpus that allows the proximal and distal carpal rows to rotate 
in unison, creating an overall structure that is relatively more 
stable than that of Pongo (Caley Michael Orr  2010). African 
apes also generally share a palmarly-projecting tubercle and 
distopalmarly-oriented trapezium-trapezoid facet that reflect a 
deep carpal tunnel for powerful wrist and digit flexor muscles 
(Taverne et al. 2018; R. H. Tuttle 1969). However, many of these 
morphological features are variable in their presence or degree 
of expression across different African ape species or are found in 
other primates, and thus their functional significance, if any, re-
mains unclear (Lewis 1989; Kivell 2007; Kivell and Begun 2007; 
Kivell and Schmitt 2009).

1.2   |   Functional Morphology of the Human 
Scaphoid

Most modern humans rarely use their hands for locomotor be-
haviors (but see Kraft et  al.  2014) and instead typically grasp 
and manipulate objects using a variety of (forceful) pad-to-pad 
precision grips, power grips, including power-squeeze grips, and 
in-hand manipulation (Key and Dunmore 2015; Key et al. 2017; 
Marzke 1997; Napier 1956). The thumb is larger and capable 
of generating greater force and torque than that of other hom-
inoids, which facilitates opposition to the fingers (Marzke 
et  al.  1992; Marzke et  al. 1999; Napier 1960). Compared with 
African apes, the human scaphoid is oriented in a more supi-
nated position, as part of an overall reorientation of the radio-
carpal complex (Orr et al. 2013; Tocheri 2007, Kivell 2015). The 
human scaphoid has a shorter, more buttressed tubercle, broader 
trapezium-trapezoid articulation that extends onto a more radi-
ally projecting scaphoid tubercle, and an open distoulnar border 
to the capitate facet (Kivell 2016; Orr et al. 2013; Tocheri 2007). 
Together, these changes have been interpreted as better accom-
modating high radioulnar loading and shear forces from force-
ful and frequent thumb use in manipulative behaviors (Tocheri 
et al. 2003; Tocheri 2007).

1.3   |   Fossil Hominin Scaphoids

Relative to other hand bones, there are few hominin scaphoids 
discovered thus far in the Plio-Pleistocene fossil record. There are 
currently only three known australopith scaphoids; we include 
two in our study while the third, associated with StW 573, re-
mains unpublished (Crompton et al. 2018). StW 618 is a complete 
scaphoid discovered at Sterkfontein (Member 4), South Africa, 
dating to 2.0–2.6 Ma (Pickering and Herries 2020; but see Granger 
et  al.  2022) and is currently attributed to Australopithecus sp. 
(Kibii et al. 2011). The initial analysis of its morphology, includ-
ing a 3D analysis of facet orientation and surface area, describes 
it as primitive in overall morphology, lacking the shared derived 
features of Neandertals and modern humans. Instead, it is most 
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similar to that of African apes in having, for example, a distally 
“closed” capitate border and a trapezium-trapezoid facet that 
does not expand radially and palmarly onto the tubercle (Kibii 
et al. 2011). The associated right hand of A. sediba MH2 from 
Malapa, South Africa (1.98 Ma; Pickering et al. 2011) includes a 
complete scaphoid (U.W. 88-158), missing only a small fragment 
from the tip of its tubercle (Berger et al. 2010; Kivell et al. 2011). 
The MH2 scaphoid is described as having a mosaic morphology, 
with a more ape-like ‘closed’ distoulnar border of the capitate 
facet but a human-like trapezium facet that extends onto the tu-
bercle (Kivell et al. 2011; Kivell, Churchill, et al. 2018).

We also include in our sample fossil scaphoids from the genus 
Homo. The nearly complete right hand (Hand 1) of Homo 
naledi from the Dinaledi Chamber of the Rising Star cave 
system, South Africa (241–335 Ka; Dirks et al. 2017; Robbins 
et  al.  2021) includes a well-preserved scaphoid (U.W. 101-
1726). The Lesedi Chamber within the same cave system also 
preserves a complete right scaphoid (U.W. 102a-117), in asso-
ciation with a partial lunate and complete capitate (Hawks 
et al. 2017). Three-dimensional morphometric analyses of the 
joint orientation and surface area show that both H. naledi 
scaphoids share a large trapezium facet that extends onto the 
tubercle as in modern humans and Neandertals, but that their 
overall morphology is distinct from that of other hominins, 
occupying their own morphospace (Hawks et al. 2017; Kivell 
et al. 2015).

Both Neandertals and early Homo sapiens engaged regularly in 
a variety of complex tool-related behaviors and manipulative ac-
tivities (e.g., Aranguren et al. 2018; Abrams et al. 2024; Soressi 
et al. 2013; Arrighi et al. 2020) and are characterized by hand 
morphology that is generally similar to that of recent H. sapiens 
(Tocheri et al. 2008; Kivell et al. 2023), with Neandertals show-
ing some distinct features (e.g., Bardo et al. 2020; Niewoehner 
et al. 1997; Trinkaus 1989). Our Neandertal sample includes two 
well-preserved scaphoids (SD 258 and SD 1243) from El Sidrón 
in Asturias, Spain (~49 Ka; Wood et al. 2013). Both scaphoids 
are similar in morphology, although SD 258 preserves a distinct, 
but fused, os centrale portion along the distal border (Kivell, 
Rosas, et al. 2018). In addition, we include scaphoids from three 
Neandertal skeletons: Kebara 2, thought to be male (60 Ka; 
Schwarcz et  al.  1989), Tabun C1, considered female (~30 Ka; 
Schwarcz et  al.  1998), and Le Régourdou 1 of indeterminate 
sex (~91 Ka; Delpech  1996). Previous morphological analyses 
of these Neandertal specimens show that all exhibit typical 
Neandertal morphology, with shared derived morphology with 
H. sapiens such as a large trapezium facet, an open capitate facet, 
and a robust tubercle (Kivell, Rosas, et al. 2018; Orr et al. 2013; 
Tocheri et  al.  2008). Finally, our fossil H. sapiens sample in-
cludes two individuals that are both considered male: Arene 
Candide 2 from Finale Liguria, Liguria, Italy (11,650–11,550 
BP; Sparacello et  al.  2018, Sparacello et  al.  2021) and Barma 
Grande 2 from Balzi Rossi, Liguria, Italy (~24 Ka; Churchill and 
Formicola 1997).

This study represents a proof of concept in applying 3D GM 
methods to investigate scaphoid morphology in extant African 
apes, modern humans, and fossil hominins. It is expected 
that there will be differences in the shape and orientation 
of the scaphoid articular facets and tubercle that, based on 

previous studies, will distinguish African apes from modern 
humans, with implications that the differing morphology is 
related to functional differences between locomotor versus 
manipulative behaviors. As joint shape and orientation in-
fluence the range of motion and stability of the wrist, the in-
vestigation of scaphoid morphology in extant hominids with 
known behaviors provides a strong comparative framework 
for the functional interpretation of hominin wrist evolution. 
However, there is difficulty in assessing functional features 
of morphology utilizing solely linear measurements given that 
the scaphoid has a complex and variable shape across and 
within hominid taxa and articulates with multiple bones (Ceri 
et al. 2004; Kauer and de Lange 1987). This study utilizes 3D 
landmark-based geometric morphometrics (3D GM) to quan-
tify variation in overall scaphoid morphology, as well as dif-
ferences in articular facet shape and joint orientation, with the 
expectation that GM will provide a better discrimination of 
the shape differences across extant species than that provided 
in previous 2D (Kivell et  al.  2015, 2011; Kivell, Churchill, 
et al. 2018; Kivell, Rosas, et al. 2018) and 3D studies (Tocheri 
et  al.  2007). We expect that 3D GM will also provide better 
discrimination among African ape taxa than found in previ-
ous studies due to varying frequencies of terrestrial and arbo-
real locomotor behaviors and differences in knuckle-walking 
postures and biomechanics (see above; reviewed in Kivell 
et al. 2023). Among fossil hominins, based on previous mor-
phological descriptions, it is expected that Australopithecus 
sp. StW 618 will share morphological similarity with the 
African apes and that Neandertals will fall closest to H. sapi-
ens. We use this first 3D GM analysis of scaphoid morphology 
to shed new light on the mosaic morphologies of A. sediba and 
H. naledi.

2   |   Materials and Methods

2.1   |   Study Sample

As presented in Table 1, our extant sample comprises H. sapi-
ens (n = 20), Gorilla gorilla (n = 24), Gorilla beringei (n = 5), Pan 
troglodytes (n = 19) and Pan paniscus (n = 7), including females, 
males and specimens of unknown sex, which are curated at sev-
eral institutions outlined in Table S1. Representative individuals 
displaying the typical morphology for most taxa are displayed 
in Figure 1. All specimens are adult with no visible pathologies. 
Both right and left scaphoids are included, but only one from 
each extant individual (although both sides were included for 
fossil taxa when preserved). All non-human apes were wild 
caught and, among the Gorilla sample, none of the specimens 

TABLE 1    |    Summary of extant taxa.

Species N Male Female Unknown sex

Homo sapiens 18 2 8 8

Gorilla gorilla 24 12 8 4

Gorilla beringei 5 1 3 1

Pan troglodytes 19 9 7 3

Pan paniscus 7 2 5 —
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had a prepollex that was fused to the scaphoid tubercle, which is 
common in this taxon.

Our modern H. sapiens sample includes individuals from several 
geographical and temporal contexts (Table S1). The majority of 
our sample (n = 8) derives from a late 19th-century cemetery 
in Inden, Germany curated at Johann-Friedrich-Blumenback-
Institute for Zoology and Anthropology, Georg-August 
University, Göttingen, Germany (Grosskopf  2015). Our mod-
ern H. sapiens sample also includes two individuals from the 
Municipal Cemetery of Syracuse, Italy excavated in 1909, and 
one Yámanas individual from Tiera del Fuego, all of which are 
curated at the National History Museum, University of Florence, 
Italy (Moggi-Cecchi and Roscoe 2014). Two individuals are cu-
rated at the Musée de l'Homme Paris, France and are from the 
Democratic Republic of the Congo and the Philippines. Two in-
dividuals are from a medieval St. Gregory's priory (13th–16th 
century) excavated between 1988 and 1991 in Canterbury, UK 
and curated at the University of Kent, Canterbury, UK (Hicks 
and Hicks  2001). Finally, three individuals are curated at the 
Duckworth Collection, University of Cambridge where one 
comes from southwestern, USA and two from Chatham Islands, 
UK. All specimens derive from collections accessible for re-
search and were microCT scanned or surface scanned with per-
mission from the respective curatorial institutions.

The fossil hominin specimens, as described above, include a 
geographically- and temporally diverse sample, including early 
australopiths, H. naledi and Neandertals (Table 2). We include 

the two fossil H. sapiens specimens (Arene Candide 2 and Barme 
Grande 2) within our extant H. sapiens sample.

2.2   |   Micro-Computed Tomography, Surface 
Scanning and Surface Models

The digital data for our sample derives primarily from high-
resolution microCT scanning at different institutions, with a 
resolution range of 0.035–0.048 mm, using a voltage of 100–
160 kV and 100–140 μA with a 0.2- to 0.5- mm brass or copper fil-
ter. A few extant specimens and the Le Régourdou 1 Neandertal 
specimen derived from surface laser scans using a high-quality 
resin cast of the original specimen and a desktop laser digitizer 
(Cyberware Model 15). We outlined the details of the curatorial 
institution, samples and methods of scanning with Table S2.

Surface models were generated from an isosurface derived 
from microCT and surface scan data using Avizo 6.3 (FEI 
Visualization Sciences Group, Berlin, Germany). Any internal 
bone structure was removed using a custom script in Meshlab 
(Cignoni et al. 2008). The surface models were then cleaned in 
Geomagic Wrap 2021 (3D Systems Inc., United States), where 
minor deformities on the surface such as small pits were re-
moved using the defeature tool, and holes on the surface 
were filled using the hole fill tool on all specimens (Figure 2). 
Despite different methods of scan acquisition, previous studies 
have demonstrated minimal effects of scanning modality on 
3D morphometric analyses (e.g., Tocheri et al. 2011; Robinson 

FIGURE 1    |    MicroCT-derived surface models of extant taxa and fossil hominins shown in distal (top), proximal (middle) and dorsal (bottom) 
views. For reference, the articular facets are labeled on the Gorilla specimen, indicating the capitate (C), lunate (L), radius (R), and trapezium-
trapezoid (T). The unusual os centrale (O) portion of the El Sidrón SD 258 specimen is highlighted. All specimens are shown to scale. Representative 
individuals for each extant taxon are University of Florence 4865 (H. sapiens), MPI-TC 11781 (P. troglodytes), MRAC 29045 (P. paniscus) and PC MER 
300 (G. gorilla).
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and Terhune 2017; Shearer et al. 2017; Waltenberger et al. 2021; 
Bowland et al. 2021).

Two fossil specimens were not completely preserved and there-
fore multiple reconstructions of the unpreserved morphology 
were manually generated using the sculpt knife tool on the 
available facets or features in Geomagic Wrap 2021 (3D Systems 
Inc., United States). These were reconstructed following the 
Freeform modeling protocol in (Loeffelbein et  al.  2015). The 
H. naledi scaphoid associated with Hand 1 from the Dinaledi 
Chamber (U.W. 101-1726) is missing the palmar tip of the tu-
bercle and the base of the tubercle is eroded. For this specimen, 
reconstruction of the missing morphology was based on the 
complete H. naledi scaphoid from the Lesedi Chamber (U.W. 

102a-117). By superimposing the two scaphoids, the surface of 
the incomplete U.W. 101-1726 scaphoid was manually added and 
deformed, whilst toggling the visibility of the Lesedi U.W. 102a-
117 material off and on. The U.W. 101-1726 trapezium-trapezoid 
facet was extended palmarly and the base of the tubercle was 
made more robust to match the Lesedi specimen. A second re-
construction of U.W. 101-1726 was made with a more extended, 
ape-like tubercle, with minimal changes to the trapezium-
trapezoid facet (Figure S1).

The Tabun C1 scaphoid is missing a small portion from the pal-
mar region of the tubercle. For this specimen, we reconstructed 
the tubercle in two different ways based on the morphology 
of the other Neandertal specimens, with one reconstruction 

TABLE 2    |    Summary of fossil sample.

Species N Specimen Institution Side

Homo naledi 2 U.W. 101-1726*, U.W. 102a-117 UW R

Neandertals 5 SD 258, SD 1243, Kebara 2, 
Tabun C1*, Le Régourdou 1

CSIC, TAU, MPP, MNP L

Australopithecus sp. 1 StW 618 UW L

Australopithecus sediba 1 U.W. 88-158 UW R

Homo sapiens 2 Arene Candide
Barma Grande

MAF
MNPBR

R, L
R, L

Note: ‘*’ indicates part of the morphology was reconstructed.
Abbreviations: CSIC, Museo Nacional de Ciencias Naturales; L, left; MAF, Museo Archeologico del Finale; MNP, Musée national de Préhistoire; MNPBR, Museo 
Nazionale Preistorico dei Balzi Rossi; MPP, Museum Perigord Perigueux; R, right; TAU, Sackler School of Medicine, Tel Aviv University; UW, University of the 
Witwatersrand.

FIGURE 2    |    Methodological steps to scaphoid shape analysis. (1) a surface model of the external shape is created from either microCT or surface 
scans; (2) when required, the surface is smoothed or holes are filled to create (3) a surface model appropriate for landmarking; (4) Main anatomical 
landmarks (red) and curve semilandmarks (yellow) are placed on each specimen individually, while surface semilandmarks (blue), are placed on a 
template specimen before being projected on to the other specimens.
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having a slightly more robust and more extended tubercle than 
the other (Figure S2).

2.3   |   Data Collection

The morphology of the scaphoid was captured using 10 main an-
atomical landmarks (detailed in Table 3), 182 curve sliding semi-
landmarks and 217 surface sliding semi-landmarks (Figure 3). 
Curve semilandmarks were selected to outline the articular 
facets of the scaphoid; however the trapezium and trapezoid 
facets were grouped together due to difficulty in distinguishing 
the boundary between these two facets. A boundary tracing the 
scaphoid waist was selected to encompass the tubercle excluding 
the dorsal sulcus. The dorsal sulcus was not landmarked due to 
the natural morphology of the structure, which is porous in na-
ture, and thus not relevant for this analysis of scaphoid shape. 
Fixed and curve landmarks were placed manually on surface 
models for each specimen, while surface landmarks were placed 
on a reference specimen. Landmarking was done in Avizo 6.3, 

and all landmarks were checked on all specimens by NS and two 
co-authors (M.M.S. and T.L.K.).

2.4   |   Shape Variation and Statistical Analyses

GM analyses were carried out in R 4.4.0 (R Core Team 2021) 
using the packages Morpho 2.1.2 (Schlager  2017), Geomorph 
4.0.7 (Adams et al. 2021; Baken et al. 2021) and princurve 2.1.6 
(Cannoodt and Bengtsson 2019). A smooth curve was fit through 
the curve landmark sets using a cubic spline function, and the 
fixed landmarks were projected on to these curves to divide them 
into sections. A fixed number of equidistantly spaced landmarks 
were then placed along each section of these curves (Figure 3). 
Surface landmarks from the template specimen were then pro-
jected on to the remaining sample and relaxed against the tem-
plate. Curve semi-landmarks were then allowed to slide along 
tangents to their curves, and surface semilandmarks along tan-
gent planes to the surface, in order to minimize the bending energy 
of the thin-plate spline interpolation function calculated between 
each specimen and the Procrustes average for the sample (Gunz 
and Mitteroecker 2013). The sliding procedure was performed 
twice, and landmarks were projected back on to their curves/sur-
faces following each step, after which the semi-landmarks were 
considered to be geometrically homologous. Next, the landmarks 
were converted into shape coordinates using generalized least 
squares Procrustes superimposition, removing the scale, location 
and orientation information from the coordinates (Gower 1975; 
Rohlf and Slice 1990; Goodall 1991; Dryden and Mardia 1998).

Principal components analysis (PCA) was carried out in shape 
space using the package Morpho (Schlager  2017), with the 
Procrustes coordinates of each specimen. The shape changes 
were visualized using surface warps generated in R, via Thin-
Plate Spline mapping of 3D coordinates saved as a (.tps) file. The 
analyzed landmarks were then visualized on the surface warps, 
which show the extremes (1.5 standard deviations) of each PC 
to understand the shape deformation that occurred. The species 
means represent the average shape of all specimens within a 
group, calculated from Procrustes-aligned landmark coordinates 
and visualized using surface warps. Size differences were calcu-
lated using the logarithm of centroid size and subsequently visu-
alized using box-and-whisker plots. Permutational ANOVA tests 
were carried out solely on the extant sample due to small fossil 
sample sizes. Permutational tests using 10,000 permutations were 
done using Procrustes coordinates to assess shape differences 
using the permudist function after a general Procrustes analy-
sis within the Morpho 2.1.2 package (Adams et al. 2021; Baken 
et al. 2021; Schlager 2017). To test for allometric effects on shape, 
we performed a Procrustes ANOVA using residual randomization 
in a permutation procedure (RRPP) with 10,000 iterations, re-
gressing shape coordinates against centroid size. The analysis was 
conducted using the ProcDlm function within the geomorph 4.0.7 
package. Pairwise comparisons were then carried out using both 
Procrustes coordinates and centroid size in R, with a Bonferroni 
post hoc correction shown as comparisons of group variances 
and distances between group means for Procrustes coordinates, 
and distances between variances for centroid size. Intraobserver 
tests were run on both the anatomical landmarks and curve slid-
ing semi-landmarks on three P. troglodytes specimens with each 
landmark being repeated five times with intervals of at least 3 days 

TABLE 3    |    Geometric morphometric main anatomical landmark 
positions. Also see Figure 3.

Landmark Description

Capitate 0: Dorsal most point on the 
capitate articular surface 
bordering the trapezium/

trapezoid facet

1: Palmar most maximum 
point on the capitate articular 

surface bordering the 
trapezium/trapezoid facet

2: Dorsal most point on the 
capitate articular surface 
bordering the lunate facet

3: Palmar most point on the 
capitate articular surface 
bordering the lunate facet

Radius 4: Dorsal most point on 
the radial articular surface 
bordering the lunate facet

5: Palmar most point on the curve 
of the radial articular facet

Trapezium/Trapezoid 6: Palmar most point on the 
trapezium/trapezoid articular 

surface bordering the capitate facet

7: Dorsal most point on the 
trapezium/trapezoid articular 

surface bordering the capitate facet

Tubercle 8: Dorsal most point on the 
non-articular surface bordering 
the trapezium/trapezoid facet

9: Palmar most point on the 
non-articular surface bordering 

the lunate and radial facets
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between each landmarking process. Assessment of intraobserver 
variation was visualized using a PCA. Interobserver tests were 
run on the same three P. troglodytes specimens, with both the an-
atomical landmarks and curve sliding semi-landmarks completed 
by another individual shown in a darker shade on the PCA.

3   |   Results

3.1   |   Scaphoid Shape and Size Variation in 
Extant Taxa

All great apes are significantly different (p < 0.001) from hu-
mans in scaphoid shape, and pairwise comparisons were not 
significantly different between all taxa except between G. go-
rilla, G. beringei and P. troglodytes (Table 4). Potential intraspe-
cific sex differences could not be tested due to small sample sizes 
or unknown sex in some taxa.

Centroid size explains a small proportion of shape varia-
tion (Rsq = 0.0166) and this relationship was not statistically 

significant (F = 1.23, Z = 0.69, p = 0.245). These results suggest 
that, across the pooled sample, size does not significantly influ-
ence shape variation. Statistical pairwise comparisons of cen-
troid sizes across the extant sample indicate that G. gorilla is 
significantly larger than H. sapiens and P. troglodytes (p < 0.01) 
(Table  S3). A box-and-whisker plot of log centroid size depicts 
the variation in scaphoid size across the extant and fossil sam-
ples (Figure 4). Among the fossil hominins, Neandertals have a 
similar mean centroid size to H. sapiens, A. sediba and H. naledi 
are the smallest within our sample, and StW 618 is larger than 
A. sediba and H. naledi.

3.2   |   Inter- and Intraspecific Variation in 
Landmark Configuration

The intraobserver error test, performed on both anatomical 
landmarks and curve sliding semi-landmarks, showed clear de-
lineation among the three P. troglodytes individuals. Principal 
component analysis demonstrated that repeated trials clustered 
tightly within each specimen's convex hull, indicating that the 

FIGURE 3    |    A right sided Gorilla surface model with the main (red), curve (yellow) and articular (blue) sliding semi-landmarks configuration 
annotated in the table indicating the number of landmarks within each curve segment present within the image.

TABLE 4    |    Permutation tests for significant differences in scaphoid shape, including distances between means and p-values in parentheses.

G. beringei P. troglodytes P. paniscus H. sapiens

G. gorilla 0.096 (1.00) 0.120 (0.001) 0.111 (0.068) 0.131 (0.001)

G. beringei 0.153 (0.001) 0.149 (0.064) 0.160 (0.001)

P. troglodytes — 0.078 (1.000) 0.161 (0.001)

P. paniscus — — 0.155 (0.001)

Note: Bold indicates p < 0.05. Gray-shaded cells indicate comparisons within the same species; no differences were expected in these cases.
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landmarking protocol was highly repeatable by a single ob-
server (Figure  S3). Similarly, the interobserver error test, per-
formed on scaphoid anatomical and curve sliding landmarks on 
the same three P. troglodytes specimens, showed a comparable 
pattern. The landmarking conducted by a second observer (ST) 
(Figure  S4) clustered closely with the first observer's results, 
confirming high reproducibility between observers.

3.3   |   Analysis of Shape Variation in the Scaphoid

The first three principal components (PCs) account for 40.9% 
of the variation. In all PCs, the different reconstructed mod-
els for H. naledi U.W. 101-1726 and Neandertal Tabun C1 fall 
close to each other. PC1 clearly distinguishes modern humans 
(apart from one specimen, DCW OC 31 0 1 from Chatham 
Islands) from African apes, accounting for 17.8% of the varia-
tion (Figure 5). Modern humans have an expanded trapezium-
trapezoid facet that extends onto the scaphoid tubercle, an open 
distal border of the capitate facet, a convex, ovoid radial facet, 
and a thick, short, radially oriented tubercle. The African apes 
differ from humans in having a long, palmarly oriented tuber-
cle, radiopalmarly oriented trapezium and trapezoid facet, and a 
flatter radial facet with a scaphoid beak along the distal border. 
Along PC1, Neandertals cluster with modern humans, whereas 
Australopithecus sp. aligns more closely with Gorilla. A. sediba 
and H. naledi plot near the modern human range.

The PC2 (14.3%) separates Pan from Gorilla, as well as H. sapi-
ens and Neandertals from H. naledi (Figure  5). Pan, and par-
ticularly P. troglodytes, shows a more rectangular capitate facet 
while Gorilla has a circular radial facet with a less pronounced 
scaphoid beak. Gorilla, in particular, is driving the positive 
extreme axis of PC2, with a long, palmarly oriented tubercle, 

radiopalmarly oriented trapezium and trapezoid facet, a flatter 
radial facet with a scaphoid beak along the distal border, and a 
flatter lunar facet, oriented proximo radially. Neandertals over-
lap with most modern humans along PC2, but SD 1243 is dis-
tinct in having a more rectangular-shaped capitate facet.

The third PC (9.3%) primarily separates both H. naledi spec-
imens along the positive axis from the remaining taxa 
(Figure 5). The H. naledi specimens have a broader semilunar-
shaped lunate facet that is oriented distopalmarly, alongside a 
more proximally oriented trapezium-trapezoid facet compared 
to extant apes. A. sediba and Neandertals exhibit a smaller 
semilunar-shaped lunate facet compared with H. naledi and 
in A. sediba this facet is oriented more distopalmarly than that 
of Neandertals. The humans and extant apes are separated 
along the negative axis of this PC. A summary of the distin-
guishing morphological features for each taxon is presented in 
Figures 6–8.

4   |   Discussion

This study quantified extant African ape, H. sapiens and extinct 
hominin scaphoid shape using 3D landmark-based GM to com-
prehensively analyze inter- and intraspecific shape variation, 
and how it may relate to differences in locomotor and manip-
ulative behaviors. Given the complexity of scaphoid shape, this 
proof-of-concept study predicted that 3D GM would provide 
better discrimination in scaphoid morphology across extant 
taxa compared with previous studies (e.g., Kibii et  al.  2011; 
Kivell, Churchill, et  al.  2018; Kivell, Rosas, et  al.  2018; Kivell 
and Begun  2009; Tocheri et  al.  2007), which was supported 
by our results. Our expectations of how each fossil hominin 
scaphoid would compare morphologically to extant taxa based 

FIGURE 4    |    Box-and-Whisker plots indicating centroid size, presented as the logarithm of centroid size, separated by species. Neandertal and H. 
naledi data include all models of their reconstructed morphology.
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on previous morphological descriptions, however, were not al-
ways supported. We discuss these results in more detail below.

4.1   |   Scaphoid Shape Variation and Function in 
Extant Hominines

The morphological differences that separate humans and 
African apes are consistent with the many previous qualita-
tive and quantitative studies of scaphoid hominine morphology 
(e.g., Begun  2004; Kivell and Schmitt  2009; Kibii et  al.  2011; 
Kivell 2016). For example, African apes typically share a long, 
palmarly-oriented tubercle, radiopalmarly-oriented trapezium-
trapezoid facet, and a flatter radial facet with a scaphoid beak, 
the latter which is more prominent in Pan than in Gorilla. This 
morphology is consistent with frequent compressive loads sus-
tained during knuckle-walking (Marzke  1971; Begun  2004; 
Hamrick 1997; Sarmiento 1988; Püschel et al. 2020) as well as 
a deep carpal tunnel that accommodates well-developed wrist 
and digit flexor muscles for arboreal and manipulative behaviors 
(Taverne et al. 2018; R. H. Tuttle 1969).

We also found some discrimination in scaphoid morphology be-
tween Gorilla and Pan. Gorilla shows a more circular capitate 
facet, a larger, more circular radial facet and a less pronounced 
scaphoid beak compared with Pan (Kivell and Schmitt  2009). 
Within Pan, P. troglodytes typically has a more ovoid-shaped 
capitate facet and a more square-shaped lunate facet than P. pa-
niscus. In contrast, P. paniscus typically has a diamond-shaped 
radial facet (i.e., proximodistally longer than it is radioulnarly 
wide) and is more similar to Gorilla in having a shallower, cir-
cular capitate facet and palmarly oriented tubercle (see also 
Kivell  2007).

The slight differences in scaphoid morphology across African 
apes may reflect differences in hand use during locomotion. Pan 
is considered to use more variable hand postures than Gorilla (D. 
M. Doran 1993; van Lawick-Goodall 1968; Crompton et al. 2010; 
D. M. Doran  1996; Inouye  1994; H. Tuttle  1985; Wunderlich 
and Jungers  2009), while P. paniscus has been shown to use 
more palmigrade postures in the trees than P. troglodytes (D. M. 
Doran 1993). However, studies of hand posture, particularly in 
an arboreal environment and in wild populations are limited, 

FIGURE 5    |    Principal component analysis of scaphoid shape. Results of PC1 versus PC2 (A) and PC1 versus PC3 (B). All results of the PCAs are 
shown with associated shape changes. Articular facets are labeled for capitate (C), lunate (L), radius (R) and trapezium-trapezoid (T). Multiple data 
points for Tabun C1 and H. naledi U.W. 101-1726 represent different reconstructed morphologies (see Figures S1 and S2).
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FIGURE 6    |    Scaphoid mean species surface model images of extant African apes with key morphological features highlighted. African ape (or 
ape-like) features are in red text. All images are shown in distal (top), proximal (middle) and dorsal (bottom) views and visualized on mean models 
for extant taxa. Articular facets are labeled for capitate (C), lunate (L), radius (R) and trapezium-trapezoid (T) for right-sided specimens.

FIGURE 7    |    Scaphoid mean species surface model images of South African hominins with key morphological features highlighted. African ape 
(or ape-like) features are in red text, human (or human-like) features in black text, and distinct features are in blue text. All images are shown in distal 
(top), proximal (middle) and dorsal (bottom) views and visualized on mean models for H. naledi. Articular facets are labeled for capitate (C), lunate 
(L), radius (R) and trapezium-trapezoid (T) for right-sided specimens.
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especially in P. paniscus. Thompson  (2020) suggests that the 
more prominent scaphoid beak could be due to the increased 
frequency of arboreal locomotion in Pan, relative to Gorilla, 
rather than being an adaptation solely for knuckle-walking. 
More information is needed on positional behavior and hand use 
in wild Pan populations to understand if slight differences in 
scaphoid morphology are functionally significant or are part of 
a suite of morphological features that differ between P. paniscus 
and P. troglodytes (Zihlman and Cramer  1978; Zihlman  1984) 
but do not necessarily reflect functional (kinematic) differences 
(Druelle et al. 2018).

In zoo-settings, Gorilla has been shown to use less variable 
hand postures relative to Pan, and have more equal metacarpal 
lengths that allow for a more even distribution of force across 
the metacarpals during terrestrial knuckle-walking than in Pan 
(Inouye  1994; Matarazzo  2013). In addition, wild Gorilla are 
thought to engage in lower frequencies of arboreal locomotion 
than Pan. Together these locomotor and postural differences 
may be reflected in the Gorilla scaphoid morphology. Kivell 
and Schmitt (2009) hypothesized that the limited development 
of a scaphoid beak in Gorilla, as well as other carpal features 
typically associated with limiting extension during knuckle-
walking, may reflect a more columnar wrist and forelimb pos-
ture in Gorilla compared with Pan, in which bony adaptations 
for limiting wrist extension are not necessary. However, more 
recent kinematic analyses of zoo-living animals show similar-
ity in African ape wrist and forelimb kinematics during terres-
trial knuckle-walking (Finestone et  al.  2018) and that Gorilla 
use a more, rather than less, extended wrist posture during 

arboreal knuckle-walking (Tarrega-Saunders et  al. 2021). 
Furthermore, Thompson et al. (2018) documented wild moun-
tain gorillas (G. beringei) utilizing a variety of hand postures 
on the ground, including fist-walking, modified palmigrady 
and dorsal-metacarpal weightbearing postures, in addition to 
knuckle-walking. It is also important to note that the degree of 
arboreality in Gorilla has previously been quantified in one pop-
ulation of G. beringei from the Virunga mountains, Rwanda (D. 
M. Doran  1996, 1997). Recently, Robbins et  al.  (2025) showed 
that both G. gorilla (from Loango National Park, Gabon) and a 
different population of G. beringei (from Bwindi Impenetrable 
National Park, Uganda) are more arboreal than previously 
thought. With adult females and males spending between 18% 
and 34% of their time in the trees, gorillas show levels of arboreal-
ity approaching that of male chimpanzees (Robbins et al. 2025). 
However, given the small sample sizes in the present study, we 
found minimal distinction between the two gorilla species.

The human-like features revealed by our analysis include an 
expanded trapezium-trapezoid facet that extends onto the tuber-
cle, an open distal border of the capitate facet, a convex, ovoid-
shaped radial facet, and a stout, radially oriented tubercle. These 
morphological features of the human scaphoid have been high-
lighted in previous comparative studies of hominoid scaphoid 
(e.g., Kibii et al. 2011; Kivell 2016; Kivell, Churchill, et al. 2018; 
Kivell, Rosas, et al. 2018; Tocheri 2007; Tocheri et al. 2008). For 
example, the expanded trapezium-trapezoid facet and open cap-
itate facet reflect changes in the trapezoid shape and the more 
supinated orientation of the trapezium that together are thought 
to help withstand high radioulnarly directed loads from the 

FIGURE 8    |    Scaphoid mean species surface model images of Neandertal and H. sapiens (with key morphological features highlighted. Human 
(or human-like) features in black text, and distinct features are in blue text). All images are shown in distal (top), proximal (middle) and dorsal (bot-
tom) views and visualized on mean models for H. sapiens and Neandertals. Articular facets are labeled for capitate (C), lunate (L), radius (R) and 
trapezium-trapezoid (T) for right-sided specimens.
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thumb (Tocheri  2007). The convex radial facet may facilitate 
the higher range of wrist extension found in humans relative 
to African apes (R. H. Tuttle 1969), which has been shown to 
provide a mechanical advantage when using the dart thrower's 
motion (Rohde et al. 2010; Wolfe et al. 2006). Our two fossil H. 
sapiens specimens—Arene Candide 2 and Barma Grande 2—
fell out within our recent H. sapiens distribution, indicating a 
similar morphology.

4.2   |   Scaphoid Shape Variation in Fossil Hominins

Our comparative analysis revealed that each fossil hominin 
taxon occupied a distinct position within the PCA morphospace, 
indicating a unique suite of features that could suggest differ-
ing capabilities of locomotion and manipulation. We discuss the 
functional morphology of each fossil taxon below.

As predicted, our Neandertal sample showed many morpholog-
ical similarities to H. sapiens; a result that has been recognized 
by several previous studies (e.g., Trinkaus 1983; Tocheri 2007; 
Tocheri et  al.  2008) and reflects their shared derived mor-
phology that first appeared in the fossil hominin record by at 
least 0.8 Ma (Lorenzo et  al.  1999; Tocheri et  al.  2008; Kivell, 
Churchill, et al. 2018; Kivell, Rosas, et al. 2018; Orr et al. 2013). 
However, some of our Neandertal sample fell out in separate 
morphospace, next to H. sapiens, reflecting some differences 
in scaphoid morphology that make Neandertals distinct. These 
features were a smaller lunate facet, that is oriented less dis-
topalmarly than in H. sapiens and a more ovoid capitate facet. 
The El Sidrón specimens share a trapezium facet that expands 
almost to the tip of the extremely robust scaphoid tubercle, but 
SD 1243 has a flatter dorsal portion of the trapezium-trapezoid 
facet while SD 258 is distinct in preserving a ‘os centrale’ 
portion along the distal border of its capitate facet (Kivell, 
Churchill, et al. 2018; Kivell, Rosas, et al. 2018). The Kebara 
2 specimen has a radioulnarly expanded dorsal portion of the 
trapezium-trapezoid facet that more closely resembles that of 
H. sapiens and distinguishes it from all other Neandertal spec-
imens in our sample.

Both Neandertals and early H. sapiens have been found in asso-
ciation with similar Middle Paleolithic (Mousterian) tool tech-
nologies, but subtle differences in hand morphology between 
these two taxa have been interpreted as reflecting differences 
in habitual grip use (e.g., Churchill  2001; Bardo et  al.  2020; 
Niewoehner  2001; Niewoehner et  al.  1997; Trinkaus  1983). In 
particular, robust phalanges, hypertrophied muscle attach-
ments, a more parasagittally oriented capitate-second metacar-
pal articulation, reduced third metacarpal styloid process, and 
large, projecting carpal tubercles have been interpreted as evi-
dence that power grips were more frequently used by Neandertals 
compared to contemporaneous H. sapiens (Churchill  2001; 
Niewoehner 2001; Niewoehner 2006; Trinkaus 1983). Moreover, 
the distinct articular facet shapes and orientations between the 
trapezium and first and second metacarpals in Neandertals 
suggest frequent use of extended and adducted thumb postures, 
such as grips commonly used for hafted tools (Bardo et al. 2020). 
Although Neandertal hand morphology is also consistent with 
habitual use of precision grips (Feix et  al.  2015; Karakostis 
et  al.  2018), differences we find between Neandertal and H. 

sapiens scaphoid morphology are consistent with subtle differ-
ences in habitual thumb posture and loading.

The Australopithecus sp. StW 618 specimen plots near or within 
the Gorilla distribution in the first three principal components. 
This result is consistent with our predictions and the original 
description of this fossil in being more African ape-like than 
human-like (Kibii et  al.  2011). This fossil shares with Gorilla 
circular capitate and radial facets, the presence of a slight 
scaphoid beak and a long, conical-shaped and palmarly project-
ing tubercle. This morphology indicates a scaphoid that does not 
necessarily preclude dextrous manipulation, though possibly 
in a less efficient manner compared with later hominins (Kibii 
et al. 2011; Marzke and Marzke 2000). Most of the hominin ma-
terial recovered from the Member 4 deposits has been attributed 
to Australopithecus africanus (Kibii et al. 2011) but other aus-
tralopith species may be present at Sterkfontein (Clarke  1994; 
Lockwood and Tobias 2002; Crompton et al. 2021). The upper 
limb of other A. africanus specimens shows morphology that 
would facilitate arboreal locomotion, such as a superiorly ori-
ented glenoid fossae (Susan G. Larson 2009; Vrba 1979) and low 
humeral torsion (S. G. Larson 1996) in this bipedal hominin.

A. sediba MH2 scaphoid plots between African apes and hu-
mans in our comparative analysis. This result reflects its mix of 
ape-like features, such as a radiopalmarly-oriented trapezium-
trapezoid facet, a more closed distal border of the capitate facet, 
a human-like radial facet, and intermediate features, such as a 
smaller tubercle compared to that of extant apes but that is less 
radially projecting than that of humans. Together this morphol-
ogy suggests the loading of the scaphoid during both locomotion 
and manipulation, in which the latter may have been at a greater 
frequency and/or dextrous ability than earlier australopiths (e.g., 
StW 618) but less than later Homo. Although A. sediba has not 
yet been found in association with tools (Berger et al. 2010), its 
thumb length is longer than that of modern humans, suggesting 
pad-to-pad precision grasping was possible (Kivell et  al.  2011; 
Kivell, Churchill, et  al.  2018; Kivell, Rosas, et  al.  2018; Bardo 
et  al.  2018). The associated MH2 upper limb shows several 
ape-like features consistent with climbing behaviors, such as 
cranially-oriented glenoid fossa and scapular spine, increased 
attachment area for the supraspinatus muscle on the scapula, 
low humeral torsion and an increased brachial index (Churchill 
et al. 2013). The internal bone structure of the MH2 metacarpals 
also indicates a mosaic pattern of both locomotor and manipula-
tive behaviors, suggesting orangutan-like grasping by the fingers 
and human-like loading of the thumb (Dunmore et al. 2020).

Our analysis shows that the H. naledi scaphoids share with 
Gorilla more circular radial and capitate facets and an elon-
gated, conical-shaped tubercle that projects more palmarly 
compared to humans and Neandertals. These Gorilla-like fea-
tures may reflect habitual climbing in H. naledi, as suggested 
by the well-developed longitudinal curvature (Kivell et al. 2015) 
and cortical bone distribution of the manual phalanges (Syeda 
et al. 2025) and ape-like features of the upper limb (Feuerriegel 
et al. 2017, 2019). The H. naledi scaphoids also exhibit a human-
like, strongly convex radial facet, which is consistent with 
other human-like features of the Hand 1 carpus, such as a ro-
bust first metacarpal and human-like hand proportions (Kivell 
et al. 2015).
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4.3   |   Limitations

This study applies geometric morphometric techniques to a 
sample comprising both extant and fossil specimens span-
ning a range of geographical and temporal contexts. While the 
landmark-based approach provides high-resolution shape data, 
the sample sizes in our study are a limiting factor. Small sample 
sizes can restrict the statistical power of multivariate analyses, 
increase the influence of individual variation, and limit the gen-
eralizability of observed patterns (Cardini et al. 2015). In addi-
tion, sample imbalance restricted our ability to assess sex-based 
shape variation, meaning that sexual dimorphism may contrib-
ute to some of the observed differences. To mitigate these effects, 
landmark configurations were carefully standardized, speci-
mens with incomplete or poorly preserved morphology were 
excluded, and reconstructions were performed using validated 
comparative methods where necessary. Nonetheless, all results 
should be interpreted with caution, and future studies incor-
porating larger, sex-balanced samples will be essential for test-
ing the robustness of the morphological trends identified here, 
alongside the inclusion of other fossil scaphoid samples such as 
that of Ardipithecus ramidus (Lovejoy et al.  2009) and Middle 
Pleistocene Homo from Sima de los Huesos (Sala et al. 2024).

5   |   Conclusion

Shape is an important component of carpal function, as it dic-
tates stability and range of motion. The use of 3D GM to quantify 
scaphoid shape allows for a whole bone approach that better cap-
tures shape (and size) variation across extant hominines, includ-
ing subtle differences between Gorilla and Pan and within Pan, 
than has been demonstrated previously by other 3D (Tocheri 
et  al.  2007) and 2D methods (Kivell and Begun  2009; Kivell 
et al. 2011). Our analysis also highlights morphological differ-
ences between Neandertal and H. sapiens, and distinct morphol-
ogies of the scaphoid in all three South African fossil hominins. 
In contrast to previous studies (Kivell et al. 2011, 2015; Kivell, 
Churchill, et  al.  2018; Kivell, Rosas, et  al.  2018), our analysis 
suggests that A. sediba, at 1.98 Ma (Pickering et  al.  2011), has 
more human-like scaphoid morphology than H. naledi, at ~300 
Ka (Robbins et al. 2021). The functional significance, if any, of 
this difference, as well as subtle variation between some ex-
tant (e.g., P. paniscus and P. troglodytes) and fossil taxa (e.g., 
Neandertals and H. sapiens), remains unclear and should be 
considered within the context of articulating hand bones and 
overall morphology of the carpus. Our study demonstrates the 
value of using 3D GM to quantify the complex morphology of the 
scaphoid that can be applied to other carpal (and tarsal) bones 
to reveal morphological variation between closely related taxa.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Table  S1: Specimens included in 
extant study sample. Table  S2:. Summary of scanning methods for 
sample. Table S3:. Permutation tests for centroid size, with distances 
between variances shown. Bold indicates (p values) of (p < 0.05). 
Abbreviations are Gg (Gorilla gorilla), Pp (Pan paniscus), Pt (Pan trog-
lodytes), Hs (Homo sapiens). Figure S1:. Original and reconstructed 
surface models of H. naledi U.W. 101-1726 scaphoid tubercle. The U.W. 
101-1726 trapezium-trapezoid facet was extended palmarly and the base 
of tubercle was made more robust to match the Lesedi specimen. A sec-
ond reconstruction of U.W. 101-1726 was made with a more extended, 
ape-like tubercle, with minimal changes to the trapezium-trapezoid 
facet. Figure S2:. Original and reconstructed surface models of 
Neandertal Tabun C1 scaphoid tubercle. We reconstructed the tubercle 
in two different ways based on the morphology of the other Neandertal 
specimens, with one reconstruction having a slightly more robust and 
more extended tubercle than the other. Figure S3:. PCA plot of intraob-
server error test of both the anatomical landmarks and curve sliding 
semi-landmarks repeated five times on three P. troglodytes specimens. 
Figure S4:. PCA plot of interobserver error test of scaphoid main and 
curve sliding landmarks on three P. troglodytes specimens, with the 
landmarks carried out by another individual denoted in a darker shade. 
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