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Abstract

Objectives: The shape of the trapezium and first metacarpal (Mcl) markedly
influence thumb mobility, strength, and the manual abilities of extant hominids.
Previous research has typically focused solely on trapezium-Mc1 joint shape. Here
we investigate how morphological integration and shape covariation between the
entire trapezium (articular and non-articular surfaces) and the entire Mc1 reflect
known differences in thumb use in extant hominids.

Materials and Methods: We analyzed shape covariation in associated trapezia and
Mc1ls across a large, diverse sample of Homo sapiens (n = 40 individuals) and other
extant hominids (Pan troglodytes, n = 16; Pan paniscus, n = 13; Gorilla gorilla gorilla,
n = 27; Gorilla beringei, n = 6; Pongo pygmaeus, n = 14; Pongo abelii, n = 9) using a
3D geometric morphometric approach. We tested for interspecific significant differ-
ences in degree of morphological integration and patterns of shape covariation
between the entire trapezium and Mc1, as well as within the trapezium-Mc1 joint
specifically.

Results: Significant morphological integration was only found in the trapezium-Mc1
joint of H. sapiens and G. g. gorilla. Each genus showed a specific pattern of shape
covariation between the entire trapezium and Mc1 that was consistent with different
intercarpal and carpometacarpal joint postures.

Discussion: Our results are consistent with known differences in habitual thumb use,
including a more abducted thumb during forceful precision grips in H. sapiens and a
more adducted thumb in other hominids used for diverse grips. These results will

help to infer thumb use in fossil hominins.

KEYWORDS
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1 | INTRODUCTION

Unlike other extant hominids (great apes), the increased reliance on

bipedal locomotion over the past six million years of human evolution
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facilitated the evolution of enhanced dexterity in Homo sapiens (Bardo

et al., 2017; Crast et al., 2009; Marzke, 1997; Napier, 1993). Modern

human manipulative abilities are traditionally linked to specific mor-

phological features of the hand, such as short fingers with broad fin-
ger tips, proximodistally-aligned radiocarpal joints, and a mobile and
powerful thumb, all of which are considered beneficial for forceful
precision grips, particularly between the palmar pads of the thumb
and one or more fingers (Almécija et al., 2010; Almécija et al., 2015;
Karakostis et al., 2021; Marzke, 1997, 2009; Marzke et al., 1992;
Napier, 1956). This morphology and enhanced dexterity are linked to
the evolution of increasingly complex tool technologies within the
hominin clade, particularly stone tool-related behaviors (Kivell, 2015;
Marzke, 1997; Napier, 1960; Susman, 1998; Tocheri et al., 2008). In
contrast, although other hominids are dexterous relative to most
other non-human primates (Fragaszy & Crast, 2016; Heldstab
et al, 2016; Torigoe, 1985; but see Gumert et al., 2009; Tan
et al., 2015; Truppa et al., 2019), they must also use their hands for a
variety of locomotor behaviors. Thus, non-human great ape hand mor-
phology may be described as a compromise between the functional
requirements of terrestrial and arboreal locomotion and manipulation
(Dunmore et al., 2019; Dunmore, Bardo, et al., 2020; Kivell, 2015;
Marzke, 2013; Preuschoft & Chivers, 2012; Tuttle, 1969).

Within this context, several studies have investigated the func-
tional morphology of hominoid hand bones with regards to both loco-
motion (Begun & Kivell, 2011; Bird et al., 2021; Dunmore et al., 2019;
Tuttle, 1967; Vanhoof et al, 2021) and manipulative behaviors
(Dunmore, Bardo, et al., 2020; Kivell, 2015; Lewis, 1989; Skinner
et al., 2015; van Leeuwen et al., 2019) to make more informed recon-
structions of hand use from the fossil record (Dunmore, Skinner,
2020; Galletta et al., 2019; Marchi 2017,
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Niewoehner, 2001; Rose, 1992; Susman, 1998; Tocheri et al., 2003;
Trinkaus, 1989). A strong focus of this research has been on thumb
morphology as its opposition to the fingers plays a crucial role in
human manipulation (Almécija et al, 2010; Hamrick et al., 1998;
Marchi et al., 2017; Marzke et al., 2010; Napier, 1952; Susman, 1998;
Tocheri et al., 2003; Tocheri et al., 2005; Trinkaus, 1989). The degree
of mobility at the trapeziometacarpal (TMc) joint between the distal
trapezium (i.e., trapezium's Mc1 facet) and proximal base of the first
metacarpal (Mc1) (i.e., Mc1's trapezium facet) has received substantial
attention (e.g., Lewis, 1977; Marzke et al., 2010; Napier, 1955;
Rose, 1992) (Figure 1), but other morphological aspects of these two
bones are comparatively understudied. Here, we use a 3D geometric
(GM)

non-articular morphology of the entire trapezium and the entire

morphometric approach to quantify the articular and
Mc1 - hereafter named, the trapeziometacarpal (TMc) complex - in
extant hominids to investigate if they are morphologically integrated
and how their shapes covary, with the aim of examining the potential
link between thumb use and phenotypic trait covariance.

Napier (1961) was among the first to comparatively investigate the
morphology of the TMc joint among primates, focusing on the reciprocal
concavo-convex articular surfaces and the level of their congruence.
Napier (1961) concluded that only catarrhines are capable (to varying
degrees) of thumb opposition, a combined movement of abduction, flex-
ion and ulnar rotation (see also Jouffroy & Lessertisseur, 1959). Rafferty
(1990) showed that the TMc joint is generally saddle-shaped in all
anthropoid primates and that the lack of congruence in the radioulnar
aspect of the surfaces, which allows the ulnar rotation necessary for
thumb-finger opposition, is present only in catarrhines. In extant homi-
nids, the trapezium's Mc1 facet is dorsally extended to permit a greater
range of extension of the Mcl (Rafferty, 1990) and, from the joint

(b)
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Human hand morphology and thumb motion. (a) Radiograph of a human left hand in dorsal view showing the location of the

trapezial-Mc1 (TMc) joint and other hand bones of the radiocarpal region and thumb. (b) An illustration of TMc joint motion (following Halilaj

et al., 2014) in humans. The bones are shown in neutral position and the directions of joint motion are labeled as adduction (Add+) and abduction
(Abd—), as well as flexion (Flex+) and extension (Ext—) (Not depicted is the axial rotation caused by the incongruence between the two articular
facets of the TMc joint). The strong complex of ligaments and tendons is not considered in this illustration.
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morphology, Rose (1992) estimated greater abduction-adduction and
rotation than in non-hominid primates. Moreover, Rose (1992) estimated
a greater range of flexion/extension and abduction/adduction in humans
than in the other great apes, while Tuttle's (1969) measurements from
cadaveric specimens found a greater range of extension and adduction in
Pongo than in the other non-human great apes. Perhaps due to this larger
range of motion in hominids, including humans, the TMc joint is also sur-
rounded by a strong complex of ligaments and tendons that stabilize the
thumb as it opposes the fingers (Bettinger et al, 1999; Lewis, 1977,
1989; Nanno et al., 2006; Scheuer & Black, 2000; Schwarz &
Taylor, 1955; van Leeuwen et al., 2018; van Leeuwen et al., 2019).

The concavo-convex curvature of the TMc joint as well as the com-
plexity of radiocarpal articulations, in which the trapezium articulates
with the scaphoid (or os centrale), trapezoid, and capitate, makes this
anatomical region challenging to quantify using traditional linear mea-
surements. Three-dimensional approaches have recently been applied to
the TMc joint (Marzke et al., 2010; Tocheri, 2007), the radiocarpal articu-
lations (Orr et al., 2010; Tocheri et al., 2003, 2005), the Mc1's trapezium
surface alone (Marchi et al., 2017; Niewoehner, 2005), the non-articular
Mc1 body alone (Bowland et al., 2021; Morley et al., 2022), the distal
(phalangeal) Mc1 surface alone (Galletta et al., 2019), and the overall
shape of the Mc1 including a focus of its entheses (Kunze et al., 2022).
For example, using mathematical modeling, Marzke et al. (2010) quanti-
fied variation in the 3D curvature of both surfaces of the TMc saddle-
shaped joint, showing that the human joint surfaces are flatter, both
dorsopalmarly and radioulnarly, than in other extant hominids. This
human morphology is thought to facilitate forceful precision and power
gripping during human manipulative activities by distributing large axial
loads to the trapezium over a large surface area, with a joint curved
enough to limit mobility and provide stability (Marzke et al., 2010). Using
3D GM, Marchi et al. (2017) showed that, in comparison to other homi-
nids, the modern human Mc1 facet for the trapezium is less curved and
radially extended, suggesting a greater range of abduction. They also
showed that Gorilla have greater radioulnar and dorsopalmar curvature
associated with a more projecting palmar beak compared with Pan and
Pongo, which they suggest may facilitate forceful food processing (Marchi
et al., 2017), such as counter pressure by the thumb when pulling vegeta-
tion held within the mouth (Byrne et al., 2001; Neufuss et al., 2019).

A similar GM analysis of the Mc1s distal articulation with the pollical
proximal phalanx found that, in comparison to other hominids, modern
humans have a flatter articular facet, a larger epicondyle surface area
and a larger radial palmar condyle, suggesting a lower range of motion at
the thumb metacarpophalangeal (MCP) joint that would better resist
loads associated with forceful precision grips (Galletta et al., 2019). They
also found that Pongo have a relatively round and domed thumb MCP
joint with smaller epicondyles and palmar condyles compared to African
apes, suggesting higher motion at this joint (Galletta et al., 2019). This
increased MCP joint mobility may help to balance some of the functional
constraints of a short thumb (Almécija et al., 2015) and more limited
TMc joint motion in Pongo (Rafferty, 1990).

Tocheri and colleagues (Tocheri et al, 2003, 2005) used 3D
watershed-based hybrid segmentation method to quantify variation in
the size and orientation of trapezium and trapezoid joints (radiocarpal
joints) among hominids. They showed that the trapezoid has relatively
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larger articular surfaces for the scaphoid and Mc2 in non-human homi-

nids, whereas modern humans have larger joint surfaces for the scaph-
oid and the first metacarpal on their trapezium (Tocheri et al., 2003,
2005). In addition, the articular facets throughout the radiocarpal
region, including those of the proximal Mc2 for the trapezium and for
the capitate, are more proximodistally-oriented in modern humans than
in the other hominids, suggesting biomechanical advantages for
radioulnarly-directed load transmission in the human wrist during pow-
erful thumb use (Lewis, 1989; Tocheri, 2007; Tocheri et al., 2005).

The above studies provide valuable information about morphologi-
cal variation in the primate TMc complex but each has focused on a sin-
gle bone or joint, while the movement and loading of the thumb is in
part delimited by the interaction of the two bones of the TMc complex.
To our knowledge, the 3D quantification of the combined overall shape
of the trapezium and the Mc1 in hominids has not been investigated. As
suggested by Marzke (2005), functional inferences from isolated bones
or joints cannot accurately capture the full interaction between bones,
especially those involved in complex manipulative behaviors. Here we
use 3D surface GM and covariation analyses to test the degree of mor-
phological integration and quantify the pattern of shape covariation
exhibited between associated trapezia and Mc1s (i.e., the total TMc
complex) in each extant hominid (Pongo, Gorilla, Pan and H. sapiens).

The concepts of morphological integration and modularity in
biology are used to describe processes that underlie phenotypic trait
changes that occur during the evolution (Olson & Miller, 1958). These
morphological changes result from interactions of the biological
processes generating the phenotypic structures under investigation,
such as common functional, developmental, or genetic factors
(Cheverud, 1996; Klingenberg, 2008). Accordingly, organisms are
composed of sets of phenotypic traits that evolve with varying
degrees of independence from each other (Cheverud, 1996). Morpho-
logical integration is the tendency for specific morphological features
to significantly covary, which is the extent to which different traits are
linked to one another (strength of covariation). The pattern of this
integration describes the manner in which these traits change
together (the patterns of covariation) (Klingenberg, 2008). For exam-
ple, one might expect the TMc joint (like all joints in the skeleton)
should be strongly integrated to function effectively (i.e., the two
articular surfaces must be integrated to some degree for the joint to
work) and, particularly, given its functional importance to thumb
mobility and stability. As the TMc joint of the trapezium becomes
wider the pattern of this integration means that the opposing TMc
joint on the Mc1 might also become wider. In contrast, modularity
refers to a lack of significant morphological integration and distin-
guishes a suite of highly-integrated features within a particular
anatomical “module”) from other modules
(Klingenberg, 2009, 2010). That is, “modularity is about differences in
the degree of integration of parts within and between sets of traits”

region  (or

(Klingenberg, 2008: 116). For example, morphological integration may
be stronger within the TMc joint compared with integration across
the whole TMc complex, creating a ‘TMc joint module’ within the
TMc complex due to functional, developmental, or genetic factors.

In this study, we quantify covariance between the overall shape of
the trapezium and the Mc1, including its articular (i.e., the trapezium's
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facets for the Mc1, scaphoid, capitate and trapezoid, and the Mc1's tra-

pezium and proximal phalanx facets) and non-articular shape (including,
for example, shape variation in the trapezium's tubercle and robusticity
of Mc1 shaft). The quantification of covariance between the trapezium
and Mc1 allows us to test how strongly the two bones are integrated
and to examine the specific pattern of covariation (i.e., how the shape
of one bone is reflected in the shape of the other). We hypothesize that
strength and pattern of covariance between the trapezium and the Mc1
will reflect variation in observed thumb use and associated manipulative
abilities across taxa. We assume that the shapes and orientations of the
carpometacarpal and carpal articular facets reflect, at least in part, adap-
tations to the magnitude and trajectory of forces experienced by the
thumb and wrist during hand use (in both manipulative and locomotor
behaviors) (Lewis, 1977; Niewoehner, 2001; 2005; Tocheri et al., 2005).
Studies of the anatomy and kinematics of the human TMc joint
(e.g., Halilaj et al., 2014; Hollister et al., 1992; see as well a recent study
in bonobos, van Leeuwen et al,, 2019), demonstrate that the abduction-
adduction axis principally moves the head of the rigid first metacarpal in
a radio-ulnar direction, rolling the first metacarpal base so that different
areas of the articular surface are closest to the trapezium. Similarly, the
TMCc joint flexion-extension axis runs through the trapezium in a dorso-
palmar direction, moving and pitching the first metacarpal base palmarly
or dorsally (Buford et al., 1990; Hollister et al., 1992). Within this con-
text, we assume that specific patterns of articular facet shape covariation
will reflect, at least in part, the limit of possible thumb postures of a par-
ticular TMc morphology. In turn, these extreme thumb postures imply
force trajectories that are principally directed proximally along the rigid
long axis of Mc1 diaphysis (Rolian et al, 2011), and subsequently
through the proximal trapezial facets into the rest of the carpus. This
assumption follows a fundamental concept of solid mechanics
(i.e., normal stress in axial loading; Wallace, 2019). We assume that the
force trajectories going through large articular facets are more effectively
transmitted than through narrow facets, as for a given force as pressure
would be decreased, and therefore we assume that, this specific TMc
morphology would facilitate specific thumb postures. We acknowledge
this is a gross simplification of TMc joint biomechanics, especially in the
absence of soft tissue anatomy which is also critical to joint mobility and
stability (Cooney et al., 1981; Marzke et al., 2010; Tocheri, 2007; van
Leeuwen et al., 2019), but this approach does provide indications of joint
loading from engineering principles, in the absence of hominid wrist bio-
mechanical data not yet available (Kivell et al, 2022; van Leeuwen
et al,, 2019; van Leeuwen et al,, 2021; but see, for the range of motion
at the midcarpal joint, Orr, 2017; Orr et al., 2010). We also quantify the
covariance between the surfaces of the TMc joint alone, to test the
hypothesis that morphological integration and, hence, modularity is
greater at this joint relative to the whole TMc complex given the func-

tional importance of this articulation to thumb mobility and stability.

1.1 | Predictions

The first aim of this study is to test whether morphological integration
is higher in the TMc complex or the TMc joint, across and within each
great ape species. We predict:

1. Stronger morphological integration at the TMc joint relative to the
total TMc complex across hominids given the ‘singular function’ of
this joint and the importance of functional coherence between the
complementary articular surfaces in all species (Lewis, 1977,
Tocheri, 2007; Tocheri et al., 2005).

2. Stronger morphological integration in modern humans, in both
the TMc joint and TMc complex, due their more forceful and
complex thumb postures relative to other hominids (e.g., Bardo
et al.,, 2016; Bardo et al., 2017; Crast et al.,, 2009; Elliott &
Connolly, 1984).

3. Stronger morphological integration in African apes (Pan and Gorilla)
versus orangutans (Pongo) given the enhanced manipulation of the
former, documented both in the wild (e.g., Byrne et al., 2001;
Marzke et al., 2015; Neufuss et al., 2019) and in zoo-based studies
(e.g., Bardo et al., 2016, 2017; Crast et al., 2009).

The second aim is to characterize the covarying morphology in
the TMc complex and the TMc joint of each species and how this
relates to thumb postures and grips typical for each species. We
assume that the shapes of the articular facets can reflect, at least in
part, adaptations to the range of motion, and the orientation of the
articular facets can reflect the trajectories of forces experienced by

the thumb and wrist during specific hand use.

1. We predict that: each genus will present a specific shape covaria-
tion pattern for the overall shape of the TMc complex that will
reflect observed differences in manipulative abilities and locomo-
tor grasping (e.g., Bardo et al, 2017; Byrne et al, 2001;
Christel, 1993; Feix et al.,, 2016; Gérard et al., 2022; Marzke &
Wiaullstein, 1996; Neufuss et al, 2017; Neufuss et al., 2019;
Pouydebat et al., 2009). That is, when the covarying shapes of
each species TMc complex are manually articulated, we predict a
hypothetical range of motion that facilitates thumb placement in
the most frequent postures observed in living individuals of the
species. Further, we predict that when the covarying TMc complex
is articulated in the most frequently observed thumb posture for
the taxon, the estimated trajectory of force (approximated by the
Mc1 long axis) will pass through the center of articular facets that
are arranged so that each is oriented orthogonal to the force vec-
tor. Specifically, we predict:

a. modern humans will show shape covariation within the TMc
complex facilitating greater abduction of the Mc1 than in the
other hominids (Dunmore, Bardo, et al., 2020; Tuttle, 1969),
which is a posture typically used during forceful precision grips
(D'Agostino et al., 2017; Feix et al., 2016; Marzke, 1997, 2013;
Napier, 1956). Further, we predict shape covariation in modern
humans that results in radioulnarly-oriented joint facets for the
Mc1, trapezoid, and scaphoid, which should result primarily in
distal-to-proximal compressive loading when the thumb is in an
abducted position (thereby minimizing potentially damaging
shear forces on the joints at the base of the thumb).

b. Gorilla and Pan will reflect shape covariation within the TMc
complex facilitating adduction and flexion, following previous
morphological studies (Dunmore, Bardo, et al., 2020;Rose, 1992;
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Tuttle, 1969) and what we know about their thumb use (Bardo
et al, 2017; Christel, 1993; Crast et al., 2009; Neufuss
et al.,, 2017). Further, we predict shape covariation in Gorilla
and Pan that results in obliquely-oriented (relative to the radio-
ulnar plane) joint facets for the Mc1, trapezoid, and scaphoid,
which should result primarily in distal-to-proximal compressive
loading when the thumb is in an adducted position.

c. Pongo shape covariation will reflect extension and adduction,
according to previous morphological studies (Rose, 1992;
Tuttle, 1969) and their known habitual thumb use (Bardo
et al., 2017; Christel, 1993; Pouydebat et al., 2009). Further, we
predict shape covariation in Pongo, as for African great apes,
that results in obliquely-oriented (relative to the radioulnar
plane) joint facets for the intercarpal facets, which should result
primarily in distal-to-proximal compressive loading when the
thumb is in an adducted position.

2. Finally, regarding the TMc joint specifically, we predict that mod-
ern humans will demonstrate shape covariation at the TMc joint
surfaces with more dorsopalmarly and radioulnarly extended and
flatter articular facets, which when articulated, allows for a greater
range of abduction/adduction and flexion/extension than the
other great apes (Marchi et al., 2017; Marzke et al., 2010;
Rafferty, 1990; Rose, 1992; van Leeuwen et al., 2019).

2 | MATERIALS AND METHODS

21 | Specimens

The study sample includes n = 125 individuals with an associated tra-
pezium and Mc1 across the following taxa: Homo sapiens (n = 40 indi-
viduals), Pan troglodytes (n = 16) Pan paniscus (n = 13), Gorilla gorilla
gorilla (n = 27), Gorilla beringei (n = 6), Pongo pygmaeus (n = 14) and
Pongo abelii (n = 9) (detailed in Table S1). All the specimens are adult
individuals with no obvious signs of pathology and species samples
are sex balanced as much as possible. Only the P. paniscus sample was
substantially sex-biased with more females (Table S1). All non-human
hominids were wild-caught. The modern human individuals derive
from diverse populations both geographically and temporally, includ-
ing Europe, Central Africa and North America as well as Russia and
the Chatham Islands and range from 5th century to 20th century time
periods. All trapezia and Mc1s derive from the right side to control for
any asymmetric morphology that may result from the documented
prevalence (~90%) of right-handedness across modern human popu-
lations (Annett, 1985; Perelle & Ehrman, 1994), while non-human
hominids do not show a population-level hand-preference
(Papademetriou et al., 2005).

H. sapiens samples are curated at the Musée de I'Homme in Paris
(France), Georg-August-Universitat in Gottingen (Germany), Naturhis-
torisches Museum Wien (Austria), University of Florence (ltaly), the
University of Kent in Canterbury (UK), and the University of
Cambridge (UK). The non-human hominid samples are curated at the

following institutions: Muséum National d'Histoire Naturelle (MNHN,

Paris, France), Powell Cotton Museum (Birchington, UK), Royal
Museum for Central Africa (Tervuren, Belgium), the Smithsonian
National Museum of Natural History (Washington, D.C., USA), Natur-
alis Biodiversity Center (Leiden, Netherlands), State Zoological Collec-
tion (Minich, Germany), and Naturmuseum Senckenberg (Frankfurt,
Germany) (Table S1).

2.2 | Acquisition of the 3D models

The 3D digitized bones were obtained through three different
methods (Table S1): photogrammetry, laser surface scanning, and
micro-computed tomography (uCT) and computed tomography
(CT) scanning. The 3D models from photogrammetry (pixel size
50 um) were obtained with a Nikon D5100 DSLR camera with a reso-
lution of 24 megapixels and a focal length fixed to 55 mm (Objectif
AF-S DX 18-55 mm VR ). Fifty pictures were captured on both sides
of the object from different viewpoints and the Agisoft PhotoScan
software (©2014 Agisoft LLC) was used to reconstruct the 3D
models. The laser surface scans were obtained with a NextEngine
laser scanner® (pixel size 125 um). Twelve scans were taken at differ-
ent positions on both sides of the bone and then merged using the
ScanStudio HD PRO software®. The specimens obtained via pCT
were scanned with a BIR ACTIS 225/300, Diondo D3, or a Skyscan
1172 high-resolution micro-computed tomography scanner at the
Department of Human Evolution, Max Planck Institute for Evolution-
ary Anthropology, Germany, or with the Nikon 225/XTH scanner at
the Cambridge Biotomography Centre, University of Cambridge,
UK. The specimens were scanned at 100-160 kV and 100-140 pA,
using a brass or copper filter of 0.25-0.5 mm. The reconstructed
scans were with an isometric voxel size range of 28-41 um. The
Pongo and the Gorilla specimens were CT scanned on a Siemens
Somatom Emotion CT scanner (slice thickness 1 mm, slice increment
0.1 mm, voltage 110 kV, current 70 mA, reconstructing algorithm H50
moderately sharp kernel, pixel size 600 um). Scanning artifacts or
anomalies in the polygonal mesh from all the 3D models were cor-
rected using Geomagic Wrap 2015 (3D Systems, Inc) software.
Though the sample contains data from several acquisition methods,
many studies have found that the measurement error introduced by
this approach is minor (Pietrobelli et al, 2022; Robinson &
Terhune, 2017; Tocheri et al., 2011; Waltenberger et al., 2021), and
so all imaging data were pooled.

2.3 | Geometric morphometrics

Due to the shape complexity of the trapezium and Mc1, we quantified
shape covariation using a GM approach (Zelditch et al., 2012) with
both 3D anatomical landmarks and 3D sliding semi-landmarks on
curves and surfaces (Gunz & Mitteroecker, 2013). 3D sliding semi-
landmarks allow one to accurately describe anatomical zones of high
biological interest (e.g., joint surfaces) that are devoid of anatomical
landmarks (Cornette et al., 2013).
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First, we created a template of landmarks for both bones

(Figure 2 and Table 1), taking into consideration the variation in mor-
phology in all hominids in our sample. Anatomical landmarks and slid-
ing semi-landmarks on curves and surfaces were manually placed on
the surface meshes, without texture, in IDAV Landmark software
(Wiley et al., 2005) following Cornette et al. (2013). Nine type Il ana-
tomical landmarks (Bookstein, 1991) were defined on each bone
(Table 1). Curves were defined at the margins of articular surfaces and
were bordered by anatomical landmarks as recommended by Gunz
et al. (2005). The curve length was 3-8 landmarks (Table 1). Surface
sliding semi-landmarks were placed at a high spatial density with
approximately equidistant spacing. The number of anatomical land-
marks, sliding semi-landmarks on curves and on surfaces for each
bone surface are listed in Table 1.

To assess intra-observer error, the set of anatomical and curve
landmarks were placed six times on one individual of each genus
(i.e., Homo, Gorilla, Pan, and Pongo) over several days (Fernandez
et al., 2015). General Procrustes Analysis (GPA) produced Procrustes
co-ordinates for all of the repeat specimens, which were then subject
to Principal Component Analyses (PCAs). The differences in shape
between repeated landmark sets on single bones were significantly
smaller than those between bones in each species (Figure S1) as
assessed via a MANOVA on the first two principal components
(p < 0.001).

Second, anatomical landmarks and sliding semi-landmarks on
curves were digitized manually on all specimens following the tem-
plates described above. Next, surface sliding semi-landmarks were
projected from a thin plate spline deformation of the template onto
the bone surfaces (Gunz & Mitteroecker, 2013) using the “Morpho”
package (Schlager, 2017). Then, configuration of the semi-landmarks
on surfaces and curves were relaxed onto each surface of both bones
(Mc1 and trapezium) by minimizing bending energy (Schlager, 2017).
A sliding procedure was then performed using the “Morpho” package
(Botton-Divet et al., 2015; Schlager, 2017) by minimizing the Procrus-
tes distance (Gunz et al, 2005; Gunz & Mitteroecker, 2013). This
sliding step allows the placement of geometrically homologous
semi-landmarks on curves and surfaces (for details see Gunz
et al., 2005; Gunz & Mitteroecker, 2013). After sliding, a GPA (Rohlf &
Slice, 1990) was performed with all the specimens and for each bone
with the “geomorph” package (Adams et al., 2020). Bone size was
measured using centroid size (Bookstein, 1991). After this step, all
landmarks and sliding semi-landmarks were then analyzed as tradi-
tional 3D landmarks. The same procedure was followed for the

trapezial-Mc1 joint surfaces landmark data set.

24 | Statistical analysis

Two-Block Partial Least Squares (2B-PLS) analyses on Procustes co-
ordinates (Rohlf & Corti, 2000), implemented in “geomorph”
(Adams et al., 2020), were used to investigate the degree of mor-
phological integration and patterns of shape covariation between

the trapezium and the Mc1 (i.e., the TMc complex), and between

the facets of the TMc joint. This method reduces the covariance
between two data matrices—in this case Procrustes co-ordinates of
the trapezium and Mc1 (Cornette et al., 2013; Polly, 2008)— to a
few variables (PLS axes) that explain most of the covariance
between both shapes. To quantify the degree of morphological inte-
gration between the trapezium and the Mc1, we performed the
“integration.test” from the geomorph package (Adams et al., 2020)
that used a 2B-PLS analysis. However, as the partial least-squares
coefficient (rPLS) is dependent on both the number of specimens
and number of variables (Adams & Collyer, 2016), the levels of inte-
gration between species showing a significant effect were also com-
pared using the Z-score generated by the “compare.pls” function in
geomorph (Adams et al., 2020). These tests were performed on both
the overall data set representing shape covariation between the
whole trapezium and the whole Mc1 (trapeziometacarpal complex),
and on the data set representing just the trapezio-Mc1 joint sur-
faces (trapeziometacarpal joint).

We tested for significant inter-specific differences in the pattern
of shape covariation by comparing mean species PLS scores via omni-
bus and pairwise one-way permutational MANOVAs (1000 permuta-
tions) on the Euclidean distance matrices of the first two PLS axes
scores, independently (each accounting for more than 10% of the
total variance). As the assumption of multivariate homogeneity of var-
jance was violated for the first axis of the PLS of the TMc joint
(p < 0.01) we used non-parametric (permutational) tests for all ana-
lyses, and Bonferroni correction was applied to all pairwise results, to
ensure valid comparisons. These permutational MANOVAs were run
using the “Vegan” (Oksanen et al., 2018) and “RVAideMemoire”
(Hervé & Hervé, 2020) packages.

To visualize the shape deformations associated with the extremes
of the PLS axes, the “Morpho” package was used (Schlager, 2017).
The coordinates computed for each extreme of the axes were then
used to compute a Thin Plate Spline deformation of the bone tem-
plate (Schlager, 2017). All analyses were performed in the R environ-
ment (R Core Team, 2019).

Both deformed shapes (i.e., the entire Mc1 and trapezium) are
generated separately and not in articulation. Moreover, the TMc
complex is surrounded by a complex of ligaments that constrain and
stabilize movement at the TMc joint but which are not assessed in
this study. Therefore, accurately illustrating the range of motion at
the TMc joint based on shape deformation obtained via the 2B-PLS
analyses is not possible. Instead, we illustrate anatomically coherent
close-packed manual articulations of the quantitatively covarying
TMc joint, in adduction/abduction thumb postures following a pre-
vious study in humans (Halilaj et al., 2014). This articulation then
permits visualization of the possible trajectories of forces through
the shape deformations associated with the extremes of the PLS
axes, as we assume that force (without considering the soft tissues)
is assumed to be principally directed proximally along the long axis
of Mc1 diaphysis. We visualize only the abduction/adduction pos-
tures and potential associated force trajectories as these are mod-
eled to variously pass through the covarying proximal articular

surfaces of the TMc complex, whereas the flexion/extension force
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TABLE 1

Definition of the anatomical landmarks (Lm) and sliding semi-Lm on curves of the trapezium and the Mc1 following Marchi et al.

(2017), Galletta et al. (2019) and Dunmore, Bardo, et al. (2020). Curves are bordered by anatomical Lm with the first number corresponding of the
initial anatomical Lm and the second of the terminal anatomical Lm, or initiated and terminated with the same anatomical Lm. The trapezium
contains 145 sliding semi-Lm on surfaces and the Mc1 138. The distal joint of the trapezium and the proximal joint of the Mc1 contains the exact
same number of Lm: 4 anatomical Lm, 20 sliding semi-Lm on curves, and 24 sliding semi-Lm sliding on surfaces.

Landmark Definition
Trapezium Total 200 points 1 The most anterior aspect of the scaphoid articular surface
2 Most posterior aspect of the scaphoid articular surface
3 Most distal aspect of the scaphoid articular surface
4 Most distal aspect of the Mc2 articular surface
5 Most palmar aspect of the distal articular surface
6 Most radial aspect of the distal articular surface
7 Most dorsal aspect of the distal articular surface
8 Most ulnar aspect of the distal articular surface
9 Point of maximum of curvature of the tip of the tubercle of the trapezium
Curves 46 semi-Lm 1-2,2-3,3-1 3 curves around the scaphoid articular surface
1-4,4-2 2 curves around the trapezoid and the Mc2 articular surfaces
5-6,6-7,7-8,8-5 4 curves around the Mc1 articular surface (distal joint of the trapezium)
Mc1 Total 187 points 1 The point of maximum curvature on the interepicondylar ridge between Points 2 and 5
2 Most proximal point under the ulnar palmar epicondyle (anterior eminence)
3 Most ulnarly projecting point on the dorsal aspect of the distal articular surface
4 Most radially projecting point on the dorsal aspect of the distal articular surface
5 Most proximal point under the radial palmar epicondyle (anterior eminence)
6 Most palmar aspect of the proximal articular surface, the ‘tip’ of the palmar beak
7 Most dorsal aspect of the articular surface on the metacarpal base
8 Most radial aspect of the articular surface on the metacarpal base (proximal joint)
9 Most ulnar aspect of the articular surface on the metacarpal base

1-2,2-3,3-4,4-5,5-1
6-8,8-7,7-9,9-6s

Curves 40 semi-Lm

trajectories are transferred only through the trapezium-trapezoid

joint.

25 | Allometry

We assessed allometry because it may be an important influence on
morphological integration in the TMc complex and TMc joint alone, and
the pattern of shape covariation between the Mc1 and the trapezium in
each species. To visually assess the range of variation in size across our
sample, box-and-whisker plots of the log,o centroid size for each species
and bone were created. To assess the degree of morphological change
in response to size change, we performed 2B-PLS of Procrustes
co-ordinates of each bone on centroid size. If the strength of the
covariation between shape and size, in either bone, was less than the
covariation between bone shapes, as measured by the 2B-PLS above
(Adams & Collyer, 2016), we assumed allometry was not strong enough
to have a substantial effect on the results. These analyses were
performed with the geomorph package (Adams et al., 2020), following
the same process than to quantify the degree of morphological integra-

tion, and run for both the TMc complex and the TMc joint separately.

5 curves around the metacarpal head (distal joint)

4 curves around the trapezial joint surface (proximal joint)

3 | RESULTS
3.1 | Degree of morphological integration
3.1.1 | Trapeziometacarpal complex

The 2B-PLS analysis revealed significant morphological integration
between the entire trapezium and Mc1 across all species studied
(rPLS = 0.846, Z=11.6, p =0.001). No significant morphological
integration between the overall shapes of the trapezium and the Mc1
was found within each species (p > 0.05; Table 2).

3.1.2 | Trapeziometacarpal joint

The 2B-PLS analysis revealed significant morphological integration
between the trapezium's Mc1 facet and the Mc1's trapezium facet
across all species studied (rPLS = 0.82, Z = 10.1051, p = 0.001). We
found that the trapezium's Mc1 facet and the Mc1's trapezium facet
were significantly morphologically integrated for H. sapiens (p < 0.01)

and G. g. gorilla (p < 0.05; Table 2), but no significant morphological
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TABLE 2 Results of the

morphological integration tests between Whole TMc complex TMc joint

the whole TMc complex and for the TMc r-PLS Z scores P value r-PLS Z scores P value

Joint, for each species. H. sapiens 0.677 0.879 0.200 0712 2713 0.007
P. paniscus 0.872 0.769 0.210 0.810 1.338 0.090
P. troglodytes 0.863 0.814 0.220 0.784 0.590 0.280
G. g. gorilla 0.758 0.814 0.200 0.757 1.722 0.048
G. beringei 0.960 0.537 0.080 0.936 1.228 0.130
P. abelii 0.927 0.660 0.280 0.884 0.428 0.350
P. pygmaeus 0.801 0.160 0.440 0.836 1.571 0.060
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FIGURE 3 2B-PLS of shape covariation between the TMc complex across species. (a) 1st PLS axis and (b) 2nd PLS axis. The figures on the
right represent the bone shapes associated with each negative (in blue) and positive (in purple) extreme of the shape covariation axes, in different
anatomical views (right hand bones). All shapes are scaled to approximately the same length.
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integration was found in the other taxa (p > 0.05). We found no evi-

dence of significant differences in levels of integration between

H. sapiens and G. g. gorilla (p > 0.05).

3.2 | Shape covariation

3.2.1 | Trapeziometacarpal complex

The two first PLS axes cumulatively explained 96% of the total covari-
ance between the whole trapezium and the Mc1. The first PLS axis
(PLS1) explained 83% of the total covariance and separated Pongo
(negative side of this axis) from H. sapiens (positive side of this axis),
while African apes were intermediate on the PLS axis and overlapped
with each other (Figure 3). All species showed significantly different
patterns of shape covariation except between P. troglodytes and G. g.
gorilla. There were no significant differences between species of the
same genus (Table 3). The first PLS axis reflected both shape differ-
ences as well as the relative orientation of the joints. Pongo (negative
side of this axis) were distinguished by a gracile and proximodistally-
curved Mc1l shaft, a strongly domed Mc1 head which was ulnarly-
oriented relative to its base, and a Mc1's trapezium facet that is

strongly dorsopalmarly concave and radioulnarly convex with an

TABLE 3

extension of the radial border (Figure 3a). The covarying trapezium in
Pongo (negative side of this axis) was distinguished by being robust
and radioulnarly short, forming roughly a square, with a small tubercle,
and intercarpal joints that are obliquely-oriented relative to the radio-
ulnar plane, and a trapezio-Mc2 joint that is parasagittally oriented
and palmarly extended (Figure 3a). In contrast, H. sapiens (positive side
of this axis) was distinguished by a robust and proximodistally straight
Mc1 shaft, a relatively flat metacarpophalangeal facet, and a shallow
curvature to the dorsopalmarly concave and radioulnarly convex
Mc1's trapezium facet, which is radially extended with a pronounced
palmar beak (Figure 3a). The covarying trapezium in H. sapiens (posi-
tive side of this axis) was distinguished by being radioulnarly elon-
gated and proximodistally narrow, with a pronounced tubercle, a
dorsoradially elongated Mc1 facet, intercarpal joints oriented closer to
the radioulnar plane, and a more proximodistally-oriented trapezial-
Mc2 joint (Figure 3a).

The second PLS axis (PLS2) explained 13% of the total covariance
and separated Pongo (negative side of the axis) from the African apes
(positive side of this axis) (Figure 3b). H. sapiens overlapped with
P. abelii but all non-human hominids were significantly different from
H. sapiens (p < 0.01; Table 3). African apes were significantly different
from Pongo (p < 0.05). All African apes overlapped but G. g. gorilla and
P. troglodytes showed significant differences in their patterns of shape

Significant results of subsequent omnibus and pairwise one-way permutational MANOVAs on the first two PLS axes testing

differences of shape covariation between the two bones of the whole TMc complex and TMc joint across species. Table shaded rows are for
within genera analyses. All values marked in bold where significant at p < 0.05, and are reported subsequent to a Bonferroni correction for the

compa risons across species.

Whole TMc complex TMc joint

PLS1 PLS2 PLS1 PLS2
H. sapiens/P. paniscus 0.002 0.002 0.002 0.002
H. sapiens /P. troglodytes 0.002 0.002 0.002 0.139
H. sapiens /G. g. gorilla 0.002 0.002 0.002 0.002
H. sapiens /G. beringei 0.002 0.002 0.002 1.000
H. sapiens /P. abelii 0.002 0.002 0.002 1.000
H. sapiens /P. pygmaeus 0.002 0.002 0.002 0.002
P. paniscus/P. troglodytes 0.280 0.391 1.000 0.002
P. paniscus/ G. g. gorilla 0.010 0.078 0.002 0.010
P. paniscus/ G. beringei 0.004 1.000 0.372 0.002
P. paniscus/ P. abelii 0.002 0.002 1.000 0.002
P. paniscus/ P. pygmaeus 0.002 0.002 0.002 0.002
P. troglodytes/ G. g. gorilla 0.088 0.008 0.008 0.002
P. troglodytes/ G. beringei 0.002 1.000 1.000 1.000
P. troglodytes/ P. abelii 0.002 0.002 1.000 1.000
P. troglodytes/ P. pygmaeus 0.002 0.002 0.099 0.002
G. g. gorilla/ G. beringei 0.834 1.000 0.002 0.065
G. g. gorilla/ P. abelii 0.002 0.002 0.019 1.000
G.g. gorilla/ P. pygmaeus 0.002 0.002 0.002 1.000
G. beringei/ P. abelii 0.008 0.017 1.000 1.000
G. beringei/ P. pygmaeus 0.002 0.002 0.979 0.002
P. abelii/ P. pygmaeus 1.000 1.000 0.630 0.510
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covariation (p < 0.05). Pongo (negative side of this axis) was distin-
guished by a more radially-oriented Mc1 head relative to its base and
an elongated ulnar palmar epicondyle, the trapezium facet was more
strongly curved in the dorsopalmar direction than in the radioulnar
direction and was more obliquely oriented relative to the radioulnar
plane (Figure 3b). The covarying trapezium in Pongo (negative side of
this axis) was robust and radioulnarly short with a small tubercle, had
radioulnarly broad Mc1l and scaphoid facets that were more
obliquely-oriented relative to the radioulnar plane, and a Mc2 facet
which was oriented parasagittally and palmarly extended (Figure 3b).
In contrast, Pan and Gorilla (positive side of this axis) were distin-
guished by a robust Mc1 shaft relative to Pongo, which appears to be
driven primarily by a more well-developed crest for the insertion of
the m. opponens pollicis and a pronounced palmar beak that is slightly
ulnarly oriented relative to its head (Figure 3b). The covarying trape-
zium in Pan and Gorilla (negative side of this axis) was distinguished by
being radioulnarly elongated and dorsopalmarly narrow, resulting in
dorsopalmarly narrow intercarpal joints that were more obliquely-
oriented relative to the radioulnar plane, a Mc2 facet that was

R \1LEY |
oriented closer to the radioulnar plane, and a more pronounced tuber-
cle (Figure 3b).

Figure 4 depicts hypothetical trajectories of forces from abduc-
tion/adduction thumb postures based on the shape deformations
(Mc1 and the covarying trapezium) associated with the extremes of
PLS1 and PLS2. For the shape deformations associated with the nega-
tive side of PLS1 (Pongo), the potential force vector for the Mcl
adduction would pass through the trapezium to its trapezio-scaphoid
joint, while in Mc1 abduction, the potential force vectors would pass
through the trapezium to its trapezio-Mc2 joint. For the shape defor-
mations associated with the positive side of PLS1 (H. sapiens), the
potential force vectors for the Mc1 adduction would pass through the
trapezium to its trapezio-scaphoid joint, and for the Mc1 abduction
would pass through the trapezium to its trapezio-trapezoid joint. For
the shape deformations associated with the negative side of PLS2
(Pongo), the potential force vectors for the Mc1 adduction would pass
through the trapezium to its trapezio-scaphoid joint, and for the Mc1
abduction would pass through the trapezium to its trapezio-trapezoid
joint. For the shape deformations associated with the positive side of

PLS1 PLS2
Adduction
Distal
I—; Radial
Mc2 Mc2 Mc2
) Scaphoid
Trapezoid Trapezoid Scaphoid | Trapezoid Scaphoid Trapezoid
Scaphoid
Abduction
Distal
L Radial
Mc2 M Mc2
Scaphoid Scaphoid
. . . caphoi
Trapezoid Trapezoid ~ Scaphoid Trapezoid Scaphoid Trapezoid
FIGURE 4 lllustration of possible adduction/abduction postures of the TMc complex (following Halilaj et al., 2014) according to the shape

covariation associated with each positive (purple) and negative (blue) extremes of the first and second PLS axes. The associated hypothetical
trajectories of force vector are assumed to be principally directed proximally along the long axis of Mc1 diaphysis. For each shape configuration a
direction of force transmission from the Mc1 to the trapezium is suggested (black arrow). The illustration is not scaled.
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PLS2 (Pan & Gorilla), the potential force vectors for the Mc1 adduction

would pass through the trapezium to its trapezio-scaphoid joint, and

for the Mcl1 abduction would pass through the trapezium to its

trapezio-trapezoid joint.

3.2.2 | Trapeziometacarpal joint

The first two PLS axes explained 88% of the total covariance between
the Mc1's trapezium facet and the trapezium's Mc1 facet. The first
PLS axis (PLS1) explained 74% of the total covariance and separated
H. sapiens (negative side of this axis) from G. g. gorilla (positive side of
this axis), while the other hominids fell out as intermediate and sub-
stantially overlapped (Figure 5a). All non-human hominids showed sig-

nificant differences with H. sapiens (p < 0.01; Table 3). P. paniscus
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showed significant differences with G. g. gorilla and P. pygmaeus, while
P. troglodytes showed significant differences only with G. g. gorilla
(p < 0.01). Within genera analyses revealed that only G. g. gorilla and
G. beringei were significantly different (p < 0.01). In H. sapiens (nega-
tive side of this axis) the trapezial-Mc1 joint was distinguished by
being radially extended and having flatter dorsopalmar curvature
(Figure 5a). In contrast, G. g. gorilla (positive side of this axis) showed a
trapezial-Mc1 joint that is more curved dorsopalmarly and radioulnarly
as well as dorsally and ulnary extended, and with a pronounced palmar
beak on the Mc1 (Figure 5a).

The second PLS axis (PLS2) explained 14% of the total covariance
and separated some Pongo and G. g. gorilla (negative side of this axis)
from P. paniscus (positive side of this axis), while H. sapiens, G. beringei
and most P. troglodytes specimens fell out as intermediate along this

PLS axis (Figure 5b). P. paniscus was significantly different from all
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other species (p < 0.05; Table 3), H. sapiens and P. troglodytes were
significantly different from G. g. gorilla and P. pygmaeus (p < 0.01), and
G. beringei was significantly different from P. pygmaeus (p < 0.01).
Pongo and G. g. gorilla (negative side of this axis) were distinguished
by a radioulnarly broader and dorsopalmarly and radioulnarly curved
TMc joint, a dorsally elongated Mc1 joint of the trapezium, and with a
more pronounced palmar beak on the Mcl than P. paniscus
(Figure 5b). In contrast, P. paniscus (positive side of this axis) showed a
TMc joint that is dorsopalmarly elongated and more strongly curved

radioulnarly than dorsopalmarly (Figure 5b).

3.3 | Allometry

3.3.1 | Trapeziometacarpal complex

Different ranges of variation of the centroid size of the trapezium
were found across the study taxa with Gorilla showing a higher mean
centroid size than the other species, followed by H. sapiens, and then
Pongo and Pan (Figure S2). Both Pan species showed smaller centroid
size for the Mc1 than the other species (Figure S2).

The 2B-PLS analyses revealed significant covariation between
centroid size and shape (GPA landmark coordinates) of the trapezium
(rPLS =0.471, Z=4.1852, p =0.001) and the Mc1 (rPLS = 0.399,
Z = 3.3608, p = 0.001) (Figure S3), indicating an allometric effect for
both bones. All taxa generally follow the regression line, for both the
trapezium and Mc1, except Pongo for the trapezium (Figure S3). We
found that shape covariation between the overall trapezium and Mc1
(Figure 3) was significantly stronger than the covariation between the
shape and the centroid size for the Mc1 (Z = 5.03, p < 0.0001) and
for the trapezium (Z = 6.50, p < 0.0001).

3.3.2 | Trapeziometacarpal joint

The Mc1's trapezium facet and the trapezium's Mc1 facet showed a
similar range of variation in centroid size between them for each spe-
cies, with Gorilla and H. sapiens showing higher centroid sizes than
Pongo and Pan (Figure S4).

The 2B-PLS analyses revealed significant covariation between cen-
troid size and shape of the trapezium's Mcl facet (rPLS =0.472,
7 =4.7947, p =0.001) and the Mcl's trapezium facet (rPLS = 0.588,
Z = 7.5232, p = 0.001), indicating an allometric effect at this joint in all
the species (Figure S5). We found that shape covariation between the
two facets (Figure 5) was significantly stronger than the covariation
between the shape and the centroid size for the trapezium's Mc1 facet
(Z =270, p < 0.01) and the Mc1's trapezium facet (Z = 4.48, p < 0.0001).

4 | DISCUSSION

We investigated variation in morphological integration and patterns

of shape covariation between the entire trapezium and the entire
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Mc1 (TMc complex) as well as the TMc joint alone across extant homi-

nids, to better understand how this morphology reflects known differ-
ences in habitual thumb postures and, by extension, grips used by
each taxon. We predicted that the TMc joint alone would show more
integration than the TMc complex as a whole for each genus. This
prediction was only partially supported as significant morphological
integration was only found in the TMc joint of H. sapiens and G. g.
gorilla. We predicted that H. sapiens would show stronger morphologi-
cal integration relative to African apes, and that the latter would be
more morphologically integrated than Pongo. We also predicted that
each genus would present a specific pattern of shape covariation
plausibly related to frequently observed thumb postures typical for
each species. Our results supported our prediction of interspecific dif-
ference in shape covariation, but did not entirely support our expecta-
tion that H. sapiens will be more morphologically integrated. These

results are discussed in more detail below.

4.1 | Morphological integration

We predicted stronger integration in the TMc complex for H. sapiens
compared to the other hominids but found no significant morphologi-
cal integration between the overall trapezium and Mc1l within any
species. Either soft-tissues better explain the large force dissipation in
H. sapiens than joint shape or the TMc joint is modular
(i.e., morphological integration is concentrated within the TMc joint
rather than across the whole TMc complex), or both. Our results par-
tially supported our prediction that the TMc joint alone will show
more integration than the TMc complex as a whole for each genus.
Interestingly, we found that only H. sapiens and G. g. gorilla showed a
significant morphological integration at the TMc joint. This result may
be explained by different factors. First, this result could be due to the
fact that, relative to other hominids, G. g. gorilla and H. sapiens, espe-
cially, have a relatively shorter metacarpus (Almécija et al., 2015) that
facilitates thumb opposition to the fingers in a more favoring powerful
precision grips (Feix et al., 2016) as well as a more robust Mc1 and tra-
pezium (Lewis, 1989), and reflects (H. sapiens) and suggests (G. g.
gorilla) greater loading of their thumb and TMc joint (Bardo
et al., 2018). Zoo-housed G. g. gorilla are capable of using complex
manipulation (Bardo et al., 2017). However, if this were the case, we
would expect G. beringei to show the same results, especially as they
are also capable of complex manipulation (Byrne et al., 2001; Neufuss
et al.,, 2019) and have a relatively shorter palm (i.e., more human-like)
than G. g. gorilla (Almécija et al., 2015), yet we did not find significant
morphological integration for G. beringei. This result may be influenced
by differences in sample size: H. sapiens and G. g. gorilla were the big-
ger samples in this study, while we had only six G. beringei, meaning
less statistical power to find the same integration we found in G. g.
gorilla (n = 27) (Grabowski & Porto, 2017). Smaller sample sizes may
also explain why we did not find significant morphological integration
in either species of Pan or Pongo. Second, significant morphological
integration for H. sapiens and G. g. gorilla could be influenced by meth-

odology since a constant number of landmarks will necessarily sample
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less in a larger surface or redundantly oversample a smaller surface

(Dunmore, Bardo, et al., 2020; Tocheri et al., 2005). Third, the signifi-
cant integration of the H. sapiens and G. g. gorilla TMc joint, and the

non-significant morphological integration for the whole bones, could
be related. The trapezium and the Mc1 may contain at least two dis-
tinct modules, each with different functions: (1) the total TMc com-
plex, including muscle attachment areas (i.e., entheses), that help to
dissipate and transmit force, and (2) the TMc joint itself, that dictates
(together with the associated soft tissues) the range of motion and
probably also the position of most frequent loading. This hypothesis
requires further investigation by quantifying modularity within the
TMc complex across hominids and potentially integrating the study of
muscle attachment areas (e.g., Karakostis et al., 2017) with the 3D
GM analyses (Kunze et al., 2022).

4.2 | Shape covariation and functional
interpretations
421 | Trapeziometacarpal complex

The results support our prediction that the overall shape of the TMc
complex will show significant differences in shape covariation across
taxa that are consistent with known differences in thumb use. The dif-
ferent patterns of shape covariation among hominids may result from
a variety of factors: phylogeny, genetics, development, and/or func-
tional requirements (Cheverud, 1996; Klingenberg, 2009, 2010). We
found a combination of morphological patterns (shape and relative
facet orientations) of the H. sapiens TMc complex that was clearly dis-
tinguished from that of other hominids, especially from Pongo, sup-
porting previous research (Marchi et al., 2017; Marzke et al., 2010;
Tocheri et al, 2005). The pattern of shape covariation of the
H. sapiens TMc complex included a radially extended TMc joint and
the radioulnar orientation of the trapezium's Mc1l and trapezoid
facets. This H. sapiens morphology facilitates, more than great apes,
an abducted thumb posture that would compressively load the TMc
joint in manner which would then likely mainly load the trapezoidal
facet. This facilitation is due the specific shape of the TMc joint as
well as the size of the trapezoidal facet, which would likely create
minimal shear forces, and provide a larger area for force disputation,
reducing pressure for a given force, in this thumb posture. This TMc
morphology likely effectively dissipates radioulnarly-directed load
transmission in the human wrist during powerful thumb use as pre-
dicted and previously suggested (Bardo et al., 2020; Lewis, 1989;
Tocheri et al., 2008; Figure 4). This result is consistent with the fre-
quent use of forceful precision grips in H. sapiens with the thumb
flexed and abducted in opposition to the other fingers (D'Agostino
et al., 2017; Feix et al., 2016; Marzke, 1997, 2013; Napier, 1956) and
with previous external and internal morphological analyses (Dunmore,
Bardo, et al., 2020; Marchi et al., 2017; Rose, 1992; Stephens
et al., 2018; Tocheri et al., 2003, 2005; Tuttle, 1969). In comparison,
Pongo showed shape covariation in the TMc complex that would be
advantageous for more adducted, rather than abducted, thumb

postures, with a load transmission that would pass through to their
relatively large trapezial-scaphoid articular facet. Indeed, even though
the Mc1's trapezium facet was radially elongated in Pongo, and there-
fore allowing greater abduction, their trapezial-Mc2 facet is oriented
parasagittally and extended onto the palmar portion of the trapezium.
This specific orientation would pass the potential force vector through
the Mc2 and not the wrist, constraining the use of abducted thumb
postures in Pongo and especially for precision grips. Pongo had the
largest range of radioulnar movement, especially ulnarly
(i.e., adduction), of all the non-human great apes in one study
(Tuttle, 1969). This functional interpretation is consistent with their
frequent use of the pad-to-side precision grips during manipulation
(Bardo et al., 2017; Christel, 1993), although currently there are no
studies of Pongo grip use during food processing or tool use in the
wild. Their TMc joint morphology and their short thumbs (Almécija
et al., 2015) would limit the types of precision grips that are possible,
but the torsion of their Mc1 head (i.e., rotated ulnarly relative to the
Mc1 base) may compensate the shape of their TMc complex and their
short thumb by helping to slightly opposed the thumb to the index
finger (Drapeau, 2015).

Our prediction that the pattern of shape covariation found in
Gorilla and Pan will be different from the pattern of shape covariation
in Pongo was partially supported. The second axis of the PLS explained
a small part of the total covariance (13%) and separated Pongo from
the African apes. Adduction seemed more advantageous with the
shape covariation associated with Pongo, especially their broad
trapezio-scaphoid facet could allow more optimally load transmission
from the Mc1 to the trapezium and the other bones of the wrist com-
pared to narrow trapezio-scaphoid facet in Pan and Gorilla. These
results are consistent with behavioral studies showing more thumb
opposition movements during food/tool manipulation in Pan and
Gorilla than in Pongo (Bardo et al., 2017; Byrne et al, 2001;
Christel, 1993; Marzke et al., 2015; Neufuss et al., 2019; Pouydebat
et al., 2009; Pouydebat et al., 2011). It is interesting that P. troglodytes,
which engage in more tool use in the wild (e.g, Boesch &
Boesch, 1993; Goodall, 1964; Inoue-Nakamura & Matsuzawa, 1997;
McGrew, 2010; Sanz & Morgan, 2013), is not separated from other
African apes. However, all non-human hominids have been shown to
use tools in zoo environments with diverse grips involving different
thumb postures (Bardo et al., 2016, 2017), though never with an
abducted thumb, which seems to be specific H. sapiens posture (Bardo

etal., 2017).

422 | Trapeziometacarpal joint

We expected that H. sapiens would show shape covariation at the
TMc joint consistent with a greater range of thumb postures (adduc-
tion/abduction and flexion/extension) than the other great apes
(Marchi et al., 2017; Marzke et al., 2010). Our predictions were par-
tially supported. We found for the first axis of the PLS there was a
clear separation between H. sapiens and the other hominids, in

accord with Rose (1992) who found higher range of motion for
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humans than great apes. We found significant differences between
H. sapiens and G. g. gorilla but few differences between non-human
hominids. The shape covariation analysis showed that the TMc joint
of H. sapiens and G. g. gorilla covary in significantly different ways,
consistent with their disparate thumb postures and use (Bardo
et al,, 2017; Byrne et al.,, 2001; Feix et al., 2016; Marzke, 1997,
2013; Neufuss et al., 2019). The specific shape of the TMc joint of
H. sapiens (radially extended) would be more advantageous for an
abducted thumb posture than G. g. gorilla. This result is consistent
with forceful opposition of the thumb against the pads of the fin-
gers in H. sapiens (D'Agostino et al, 2017; Dunmore, Bardo,
et al., 2020; Feix et al., 2016; Marchi et al., 2017). However, the pat-
tern of shape covariation found in humans did not appear more
advantageous for flexion and extension compared to the other great
apes. In contrast, G. g. gorilla showed a TMc joint that was more dor-
sally and ulnary extended than H. sapiens and would be more advan-
tageous for an adducted and extended thumb posture. Gorilla has
been observed using a variety of hand grips during food proceeding
(Byrne et al., 2001; Christel, 1993; Neufuss et al., 2019), tool use
(Bardo et al, 2017), as well as during locomotion (Neufuss
et al., 2017), which is consistent with their hand proportions and
thumb morphology allowing a theoretically larger kinematic work-
space and forceful grips compared to the other non-human homi-
nids (Almécija et al., 2015; Bardo et al., 2018; Dunmore, Bardo,
et al., 2020; Feix et al., 2015; Galletta et al., 2019). However, their
pronounced palmar beak at the Mc1's trapezium facet, and their tra-
becular bone distribution, may support a “screw-home” mechanism
of the TMc joint during ulnar rotation (pronation) of the Mc1 as is
found in H. sapiens (D'Agostino et al., 2017), generating less flexed
position than the other hominids (Dunmore, Bardo, et al., 2020). In
summation, this clear separation in the pattern of shape covariation
between H. sapiens and G. g. gorilla, is consistent with variation in
their observed thumb postures and use (Bardo et al., 2017; Feix
et al., 2016). Although our small sample of G. beringei did not show a
similar significant pattern of shape covariation, it is important to
note that all the studies of wild Gorilla hand use are on G. beringei
(Byrne et al., 2001; Neufuss et al., 2017, 2019) and we currently
have no information about G. g. gorilla dexterity in their natural
environment. Therefore, we do not know if and how hand use
between these taxa may differ.

Interestingly, even if the second PLS axis of the shape covariation
at the TMc joint explained a small part of the total covariance (14%),
we found a clear separation between P. paniscus and both Pongo and
G. g. gorilla. While Pongo and G.g. gorilla show a pattern of shape
covariation that would be more advantageous for extension (dorsally
elongated Mc1 facet of the trapezium), P. paniscus has a TMc joint
with a flatter dorsopalmar curvature which would be advantageous
for larger loads distributed to the trapezium, providing more joint sta-
bility such as in humans (Marzke et al., 2010; Momose et al., 1999).
Bonobos and humans were shown to have a similar overall TMc kine-
matics, but with humans exhibiting a higher range of motion in thumb

extension than bonobos (van Leeuwen et al., 2019).

e WILEY- L
4.3 | Allometric effects on trapeziometacarpal
complex covariation

We found a significant allometric effect in the shape of the trapezium
and Mc1 but this effect was weaker than shape covariation between
the two bones, indicating that variation in size alone cannot explain
the differences shape covariation patterns found between species.
Interestingly, Pongo was unique in our sample in showing no relation-
ship between centroid size and shape for the trapezium (Figure S3),
indicating a distinct lack of influence of size on shape in Pongo com-
pared with other hominids. This may reflect the specific cuboidal
shape of the trapezium in Pongo compared to a more radioulnarly-
elongated trapezium for other hominids. Future analyses on potential
allometric effects on hominid trapezia, as well as other carpals, is
needed to determine if this is a common pattern across the Pongo car-
pus or if it reflects a specific allometric influence related to thumb size
or use. Furthermore, although our sample sizes were not large enough
to statistically test for differences between sexes in each genus, sex-
related size differences may have an important influence on shape
covariation, especially in taxa with strong sexual dimorphism

(i.e., Gorilla and Pongo), that are worth exploring in future analyses.

5 | CONCLUSION

We found no significant morphological integration between the over-
all shapes of the trapezium and the Mc1 in hominids, but did find sig-
nificant integration at the TMc joint in H. sapiens and G. g. gorilla. The
shape covariation analysis revealed that these H. sapiens and G. g.
gorilla thumbs covary in significantly different ways, which is consis-
tent with variation in their observed thumb postures and use. More-
over, the lack of morphological integration in other species in TMc
complex and TMc joint may suggest that the TMc joint is not just
functionally integrated but is also a module in H. sapiens and G. g.
gorilla. However, it is not yet understood why G. beringei does not
show a similar pattern of morphological integration as its generic
counterpart. The shape covariation analysis for the overall TMc com-
plex showed different species-specific patterns that clearly distin-
guished H. sapiens from other extant hominids. Our results are
consistent with a more abducted thumb used during forceful precision
grips in H. sapiens and with a more adducted thumb in non-human
hominids used for diverse grips. Moreover, the morphology of the
TMc complex of Pongo appears to favor more thumb adduction than
that of African apes, consistent with what we currently know about
thumb use in each species. Although our understanding of hand and
thumb use and biomechanics is well described for H. sapiens (Braido &
Zhang, 2004; Bullock & Dollar, 2011; Elliott & Connolly, 1984,
Exner, 1992), our knowledge in non-human hominids remains limited
(e.g., Bardo et al., 2016, 2017; Byrne et al., 2001; Crast et al., 2009;
Marzke et al., 2015). Future studies of hand and thumb use in extant
hominids, particularly in natural environments, may provide more

accurate information about the morpho-functional requirements of
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some manual abilities and improve our inferences of hand function

from fossil remains (Kivell, 2015).
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