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Abstract

The human hand, a tool of utmost importance in our everyday activities, is
markedly distinct from other extant and fossil primates. The evolution of hand bone
morphology, how it was used in manipulative and locomotor activities, and the
emergence of human-like hand wuse are therefore of great interest to
Paleoanthropologists. This dissertation aims to contribute to our growing knowledge
about isolated and associated hand bones of hominids and hominins. It contains
three case studies applying virtual methods to analyze the morphology of hand bones

with a particular focus on functional morphology.

The first case study focuses on an intermediate phalanx associated with the
Miocene ape Ouranopithecus macedoniensis. The specimen (RPI-87) was previously
identified as a hand bone based on a comparative analysis of linear measurements.
To reassess this anatomical allocation, a morphological investigation of the phalanx
was conducted using three-dimensional geometric morphometrics, thereby allowing
for a more detailed comparison of shape differences. The results contradict the
previous assessment and instead suggest that RPI-87 was likely a foot bone from the
second or fifth ray. The comparison with phalanges of extant primates also highlights
morphological similarities with the terrestrial primates Gorilla and Papio. This study,
therefore, tentatively supports a primarily terrestrial locomotion for O.

macedoniensis, agreeing with evidence from other disciplines.

The second and third studies aim to reconstruct habitual manual activity in
early hominins. Study II combines the multivariate analysis of muscle attachment
site (entheseal) patterns of the first metacarpal with a multivariate analysis of overall
bone shape, thereby addressing habitual activity and mechanical efficiency within
the same framework. We investigated a comparative sample of later Homo, including
Homo sapiens and Homo neanderthalensis, and different recent great ape species.
The early fossil hominin sample includes Homo naledi, Australopithecus sediba,
Australopithecus afarensis, Australopithecus africanus, and SK84, an early hominin
from Swartkrans with disputed species attribution. According to the results, later
Homo and great apes differ clearly in their attachment site proportions of the first
dorsal interosseus, a muscle heavily involved in tool-related behaviors. All early
hominins, except for A. africanus, present entheseal patterns characterized by a
relatively large attachment site of this muscle, supporting human-like hand use and,

potentially, tool use in these species. Importantly, A. sediba and A. afarensis combine
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human-like entheseal patterns with an ape-like morphology of the first metacarpal.
This study highlights that, despite their limited manual dexterity (as shown by
metacarpal shape), some hominins as early as A. afarensis habitually used their
thumb similarly to humans and potentially engaged in tool-related behaviors.
Consequently, our results suggest that biomechanical adaptations for increased
manual dexterity on the hand skeleton occurred long after the emergence of human-

like hand use.

The third study builds upon these results and expands the analysis of
entheseal patterns to more hand muscles, focusing on the Australopithecus sample.
The analysis shows that later Homo and the extant great apes differ in entheseal
patterns. Like in Study II, the later Homo group shows a proportionally large
attachment site of the first dorsal interosseus. Additionally, individuals of this group
are characterized by large attachment sites on the fifth finger. The muscles in this
pattern are involved in behaviors that play important roles in everyday human-like
hand use, such as power grasping, in-hand stabilization and manipulation of objects.
Among the australopiths, A. sediba and A. afarensis show similar, although not
identical, attachment site proportions to later Homo. Our results thereby support a
human-like hand use in these species that heavily relies on the muscles on the
margins of the hand and, notably, the fifth finger. The fifth ray of A. afarensis, in
particular, had previously been assessed as too inefficient and limited in movement
to allow for the production of Lomekwian stone tools. These contradicting results
once again highlight the need to differentiate between bone morphology that is
behaviorally plastic and morphology that represents biomechanical adaptations. In
contrast to the other australopiths, the entheseal pattern of A. africanus is unlike
both that of later Homo and the extant great apes, suggesting that it engaged in a
unique range of manual activities. In summary, this study produces evidence for
human-like hand use in some Australopithecus specimens and emphasizes the value

of activity reconstruction for human-evolutionary studies.

Altogether, this dissertation uses virtual methods to investigate hand (and foot)
bone morphology to address manual and locomotor behaviors in the hominid and
hominin fossil records. It also adapts these methods to allow a meaningful

examination of isolated bones frequently occurring in the fossil record.
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Zusammenfassung

Die menschliche Hand, ein Werkzeug von gréfster Bedeutung in unserem
Alltag, unterscheidet sich deutlich von der anderer lebender und fossiler Primaten.
Die morphologische Entwicklung von Handknochen, wie die Hand flir Manipulation
und in der Fortbewegung genutzt wurde und wann eine menschendhnliche
Benutzung der Hand zuerst aufgetreten ist, sind daher wichtige Aspekte in der
Paldoanthropologie. Diese Dissertation soll zu unserem wachsenden Wissen Uber
isolierte und zusammenhdngende Handknochen von Hominiden und Hominini
beisteuern. Sie enthdalt drei Fallstudien, die, mit einem spezifischen Fokus auf
funktionelle Morphologie, virtuelle Methoden zur Analyse von

Handknochenmorphologie anwenden.

Die erste Fallstudie behandelt eine mittlere Phalanx, die dem miozadnen Affen
Ouranopithecus macedoniensis zugeschrieben wird. Der Knochen (RP1-87) war zuvor
basierend auf einer vergleichenden Analyse mit linearen Messungen als
Handknochen identifiziert worden. Um diese anatomische Ansprache neu
einzuschatzen, untersucht diese Studie die Morphologie der Phalanx anhand von
dreidimensionaler geometrischer Morphometrie. Dieser Ansatz erlaubt einen
detaillierteren Vergleich der Formunterschiede. Die Ergebnisse widersprechen der
zuvorigen Einschitzung und deuten stattdessen darauf hin, dass RPI-87 vermutlich
einen Fuffknochen vom zweiten oder flinften Zeh darstellt. Der Vergleich mit Knochen
von lebenden Primaten hebt auflerdem Ahnlichkeiten in der Knochenform mit Gorilla
und Papio hervor. Diese Studie schldgt daher vorsichtig eine grofitenteils
terrestrische Fortbewegung flir O. macedoniensis vor, was mit Beweisen aus anderen

Disziplinen Ubereinstimmt.

Die zweite und dritte Fallstudie beschéaftigen sich mit der Rekonstruktion von
Handnutzung von frihen Homininen. Studie II kombiniert die multivariate Analyse
von Muskelansatzstellen (Enthesen) des ersten Mittelhandknochens mit einer
multivariaten Analyse der Knochenform, wodurch sie sowohl gewohnheitsméfSige
Aktivitat, als auch mechanische Effizienz untersucht. Die Analyse wurde mit zwei
Vergleichsgruppen durchgefihrt — spaterer Homo, was Homo sapiens und Homo
neanderthalensis beinhaltet, und verschiedene Spezies rezenter Menschenaffen. Zu
den fossilen Hominini gehdéren Homo naledi, Australopithecus sediba,
Australopithecus afarensis, Australopithecus africanus und SK84, ein Knochen aus

Swartkrans mit umstrittener Spezieszuweisung. Das Ergebnis zeigt eine klare
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Differenzierung zwischen den beiden Gruppen in der proportionellen Auspragung der
Muskelansatzstelle des ersten dorsalen interosseus, ein Muskel der stark in
Steinwerkzeug betreffende Ativitdten involviert ist. Alle frthen Hominini, mit der
Ausnahme von A. africanus, zeigen ein Handenthesen Muster, das durch eine
proportional grofle Ansatzstelle dieses Muskels charakterisiert ist, was auf
menschendhnliche Benutzung der Hand und moéglicherweise Werkzeugnutzung
hindeutet. Des Weiteren zeigen A. sediba und A. afarensis dieses menschenartige
Handenthesenmuster in Kombination mit einer affen-dhnlichen Morphologie des
ersten Mittelhandknochens. Diese Studie zeigt auf, dass einige Hominini bereits so
frih wie A. afarensis trotz ihrer eingeschrankten Fingerfertigkeit (dargestellt durch
die Knochengestalt) ihren Daumen regelméafdig in einer dhnlichen Art und Weise wie
Menschen nutzten. Dies involviert gegebenenfalls auch die Produktion und Nutzung
von Steinwerkzeugen. Unser Ergebnis legt dementsprechend nahe, dass
biomechanische Anpassungen am Handskelett im Bezug auf verbesserte
Fingerfertigkeit vermutlich deutlich nach dem ersten Auftreten von

menschendhnlicher Handnutzung aufkamen.

Die dritte Studie baut auf diesen Ergebnissen auf und erweitert die Analyse
auf weitere Muskelansatzstellen der Hand wahrend sie sich aufserdem auf die drei
Australopithecus Spezies fokussiert. Die Analyse zeigt, dass sich spéatere Homo
Individuen und rezente Menschenaffen deutlich in der proportionalen Auspragung
ihrer Muskelansatzstellen unterscheiden. Wie in Studie II zeigt auch hier die spéte
Homo Gruppe eine relative grofse Ansatzstelle des ersten dorsalen interosseus.
Zuséatzlich zeichnen sich Individuen dieser Gruppe durch proportional grofde
Enthesen am kleinen Finger aus. Die Muskeln, die dieses Muster charakterisieren
sind in Verhalten involviert, die eine wichtige Rolle in der tagtaglichen Handnutzung
des Menschen spielen. Darunter fallen zum Beispiel der Power-Griff und die
Manipulation und Stabilisierung von Objekten mit einer Hand. Von den
Australopithecus Spezies zeigen A. sediba und A. afarensis dhnliche, allerdings nicht
identische Proportionen der Muskelansatzstellen. Unsere Ergebnisse weisen
demnach auf menschendhnliche Handnutzungen in diesen Spezies hin, die
besonders auf den Muskeln an den Randern der Hand und spezifisch dem kleinen
Finger basiert. Insbesonders der fliinfte Finger von A. afarensis wurde zuvor als zu
ineffizient und zu eingeschrankt in der Bewegung eingeschéatzt, um fir die
Produktion der Lomekwi Steinwerkzeuge verantwortlich zu sein. Diese
widerspriichlichen Ergebnisse zeigen erneut, dass seine Differenzierung zwischen

Morphologie, die von Aktivitdt beinflusst wird und solcher, die biomechanische
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Anpassungen reflektiert, von dufSerster Wichtigkeit ist. Im Gegenteil zu den anderen
Australopitheziden &hnelt das Handenthesen Muster von A. africanus weder den
spaten Homo Individuen, noch den rezenten Menschenaffen. Dies weist darauf hin,
dass A. africanus seine Hand vermutlich fir eine einzigartige Auswahl an Aktivitaten
verwendete. Zusammenfassend liefert diese Studie Hinweise auf menschendhnliche
Handnutzung in einigen Australopithecus Individuen und betont den Wert der

Aktivitatsrekonstruktion fir Untersuchungen zur menschlichen Evolution.

Zusammenfassend verwendet diese Dissertation virtuelle Methoden fiir die
Analyse der Morphologie von Hand- und Fuffknochen, um manuelle
Verhaltensweisen und Fortbewegung in hominiden und homininen Fossilien zu
untersuchen. Des Weiteren wurden diese Methoden angepasst, um eine
aussagekraftige Untersuchung von isolierten Knochen zu erméglichen, welche unter

Fossilien haufig vorkommen.
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Introduction

1 Introduction

Our hands are arguably the most diverse tools we possess. We use them to
manipulate objects, feel and explore our surroundings, gesture, and talk. The human
hand is unique in the vast array of activities it is used in, which renders its
development throughout evolution an interesting subject for anthropologists.
However, reconstructing the evolutionary pathways that led to the hominin hand is
not straightforward. Primitive, ape-like traits have been observed in the hands of
relatively recent species, such as Homo naledi (Kivell et al., 2015) or Homo floresiensis
(Tocheri et al., 2007). In contrast, one of the earliest putative hominins, Orrorin
tugenensis, shows a derived, more human-like pollical distal phalanx (Gommery and
Senut, 2006). Another complicating factor is the preservation of the fossil record.
Fairly complete hand skeletons are only known from very few hominin species,
whereas incomplete hand skeletons and fragmented or isolated bones are far more
frequent. For some species, such as Orrorin and Homo erectus, the evidence is too
sparse to draw meaningful functional conclusions (Kivell et al., 2023). Moreover, only
hard tissue is preserved in the fossil record, whereas the information that soft tissue
can provide about muscles, nerves, ligaments, and tendons is lost. Reconstructions
of manual abilities and hand use, therefore, have to be based solely on the bones and
their internal and external morphology.

This dissertation aims to investigate different facets of hominid hand
morphology. Specifically, it examines how morphology can be used for the
identification of isolated bones, what it can tell us about habitual behavior, and how

this should be distinguished from adaptations for increased manual dexterity.

1.1 Hand use in hominid evolution

Humans are markedly distinct from other primates in their increased manual
dexterity. The human hand possesses a long, robust thumb that facilitates forceful
precision grips (Marzke, 2013; Kivell, 2015). The repertoire of human grips is vast,
including some not shared by other species. While research has mostly focused on
power and precision grips (Napier, 1956; Landsmeer, 1962; Long, II et al., 1970;
Marzke et al., 1992; Marzke, 1997; Feix et al., 2016), it has been pointed out that the
manipulation of objects within the fingertips of a single hand appears to be a
distinctively human trait as well (Christel, 1993; Williams et al., 2012; Marzke, 2013;
Kivell, 2015; Bardo et al., 2017).
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Contrary to humans, other primates use their hands not only for manipulation
but also for locomotion. As our closest living relatives, great apes are most frequently
compared to modern humans and earlier hominins. Most knowledge about great ape
behavior comes from observations in the wild and experimental studies in captive
environments, whereas little is known about biomechanics and muscle activation of
specific behaviors (Bardo et al., 2017; Kivell et al., 2023). Orangutans are the most
arboreal among great apes, engaging in suspensory behavior and quadrumanous
climbing. On the ground, they are fist-walking (Fleagle, 2013; Schmitt et al., 2016;
Dunmore et al., 2020a). During manipulation, orangutans use various grips and
readjust frequently, often using the mouth or the foot. This can likely be attributed
to their arboreal lifestyle in which one hand would be occupied by grasping supports
(Bardo et al., 2017). In contrast, gorillas are mainly terrestrial knuckle-walkers.
However, their degree of arboreality is highly dependent on species (Gorilla gorilla or
Gorilla beringei), sex, ontogenetic stage, and environment, among others (Fleagle,
2013; Schmitt et al., 2016; Dunmore et al., 2020a). Differences between species can
also be observed in manipulation. Experimental studies on G. gorilla show low inter-
individual variability in grasping techniques (Bardo et al., 2017) and the most marked
hand preferences among great apes (Christel, 1993). In contrast, wild mountain
gorillas (G. beringei) appear to be more flexible, using a variety of grips during plant
food processing and bimanual role differentiation (Byrne et al., 2001; Neufuss et al.,
2019). Chimpanzees, our closest living relatives, are by far the most investigated
species among the great apes. They are most variable in their mode of locomotion,
and their environment strongly influences their behavior (Fleagle, 2013; Dunmore et
al., 2020a). Chimpanzees knuckle-walk when terrestrial but climb and scramble
using power and hook grips when arboreal (Schmitt et al., 2016; Neufuss et al., 2017;
Dunmore et al., 2020a). Chimpanzees are also frequent tool users. Wild populations
have been observed making use of different objects in their environments, using
leaves for sponging, sticks for ant dipping, honey fishing or hunting small mammals,
as well as throwing or dragging branches for display (Boesch and Boesch, 1990;
Fleagle, 2013; Pruetz et al., 2015). Most notably, some wild chimpanzee populations,
e.g., from the Tai National Park in the Republic of Céte d'Ivoire, have been reported
to crack nuts using stones or clubs (Boesch and Boesch, 1990; Boesch-Achermann
and Boesch, 1993; Visalberghi et al., 2015). Percussive behavior has often been
referred to as a likely proxy for the first instance of tool use in hominins (Rolian and
Carvalho, 2017; Thompson et al., 2019; Gurbliz and Lycett, 2021; Luncz et al., 2022).

However, chimpanzees are not the only primates displaying percussive tool use.
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Bearded capuchin monkeys use stones to dig, crack open seeds, nuts, and fruits,
and even unintentionally produce flakes similar to those found in archaeological
contexts when destroying quartzite cobbles (Proffitt et al., 2016; Haslam et al., 2017;
Falotico et al., 2018). Long-tailed macaques have been observed to use larger stones
to crack nuts and shellfish on an anvil while also using smaller stone tools to process
mollusks (Gumert et al., 2009; Gumert and Malaivijitnond, 2012, 2013). Despite the
varied behavior observed in different primate species, chimpanzee nut cracking
remains the most frequent comparison for hominin tool use (Haslam et al., 2017).
Most studies on early hominin hand use focus on their capability to produce
and use stone tools. The idea that systematic tool use is limited to Homo has been
disproven as the earliest proposed evidence of stone tools in the archaeological record
predates the emergence of this genus (McPherron et al., 2010; Harmand et al., 2015;
Plummer et al., 2023). To date, secure and unambiguous spatiotemporal associations
of early hominins with stone tools are scarce in the archaeological record. However,
the absence of contextual correlation between fossils and lithic implements need not
represent the absence of the behavior per se. Therefore, researchers attempt to
reconstruct tool-using capabilities and behavior directly from the fossil record. To be
able to recognize the corresponding features in fossils, experimental and
biomechanical modeling studies have explored various characteristics of stone tool
production and use. This includes investigations of the different grip types used
(Marzke and Shackley, 1986), to what extent digits are loaded (Williams et al., 2012;
Williams-Hatala et al., 2018; Key et al., 2019; Williams-Hatala et al., 2021), muscle
activation patterns (Marzke et al., 1998; Key et al., 2020), joint angles and degrees of
flexion (Faisal et al., 2010; Fedato et al., 2020), and kinematic data (Williams et al.,
2010; Rolian et al., 2011; Williams et al., 2014), among others. These studies show
that the thumb is heavily recruited during tool-related activities, followed by the index
and little finger (Marzke et al., 1998; Rolian et al., 2011; Williams-Hatala et al., 2018;
Key et al., 2019; Key et al., 2020). Accordingly, the features involved in tool making
and use are mainly located on these digits. Among the most often discussed traits is
the thumb length relative to the remaining digits. Together with the increased
mobility in its saddle-shaped carpometacarpal (CMC) joint, a long thumb facilitates
grips involving both precise and forceful thumb opposition that are crucial for
controlling cores or tools. Moreover, the human thumb is relatively robust, allowing
it to withstand higher loads. Among the remaining fingers, the fifth digit is the most
robust in humans. Its saddle-shaped CMC joint with the hamate allows for more

abduction and axial rotation, leading to increased opposability towards the thumb
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(Young, 2003; Kivell, 2015; Key et al., 2019). During tool use, the fifth finger stabilizes
and secures tools within the hand, whereas it was reported to adjust the platform
angle and stabilize the core during hard hammer percussion (Marzke and Shackley,
1986; Marzke et al., 1998; Key et al., 2019). Several thumb muscles are heavily
recruited during tool production and use, including the intrinsic opponens pollicis,
flexor pollicis brevis, the first dorsal interosseus originating from the thumb, and the
extrinsic flexor pollicis longus. On the ulnar portion of the hand, the abductor digiti
minimi attaching to the fifth digit reaches high activation levels as well. Interestingly,
the highly recruited muscles during tool-related behaviors appear to be mainly
related to securing and controlling objects in one hand and less to conducting large,
powerful movements (Marzke et al., 1998; Key et al., 2020).

The onset of tool-related behavior is important from a bio-cultural evolutionary
perspective, but it is not the only activity early hominins would have used their hands
for. Although specific activities are difficult to ascertain without vestiges from the
archaeological record, the manual loadings of carrying (Key, 2016) and requirements
for efficient throwing and clubbing (Young, 2003) have been previously investigated.
Finally, it has been argued that early hominins likely used their hands for arboreal
locomotion as well. The more primitive features, such as high phalangeal curvature
and well-developed flexor sheath ridges, have been pointed out as evidence for
habitual climbing (e.g., Stern and Susman, 1983; Ricklan, 1987; Kivell, 2015; Kivell
et al., 2018; but see Chapter 1.2).

How the last common ancestor (LCA) of the Homo-Pan clade used its hands
can only be hypothesized, as no fossil evidence is known to date. It has been argued
that since humans and great apes use tools, parsimony would suggest that some
form of tool use was present in the LCA as well (Panger et al., 2002; Richmond et al.,
2016; Rolian and Carvalho, 2017; but see Haslam et al., 2009). Generally, the hand
morphology of the LCA is heavily debated. Frequent suggestions involve a morphology
resembling that of great apes (Tocheri et al., 2008; Rolian et al., 2010; Prang et al.,
2021), whereas others claim that extant great apes are a poor model for the LCA
(Lovejoy et al., 2009b; Almécija et al., 2015; White et al., 2015). Further discussions
are related to the LCA’s mode of locomotion — was it climbing (Prang et al., 2021),
clambering (Béhme et al., 2019), or knuckle-walking (Richmond and Strait, 2000)?

Investigating the hand bones of Miocene apes may shed more light on the
potential hand morphology of the LCA. Unfortunately, phylogenetic relationships
among these primates are ambiguous, making it difficult to ascertain to what extent

different Miocene ape taxa contributed to the African evolution of hominins (Begun
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et al.,, 2012; Kivell et al., 2023). Morphological assessments usually focus on
identifying the most likely mode of locomotion using comparative approaches.
Frequently highlighted traits include bone length and robusticity, phalangeal
curvature, shape of the trochlear condyles and size of the flexor sheath ridges (e.g.,
Begun, 1994; Madar et al., 2002; Nakatsukasa et al., 2003; Moya-Sola et al., 2004;
Almécija et al., 2007; Deane and Begun, 2008; de Bonis and Koufos, 2014). Generally,
the phalanges of Miocene apes are more similar to each other than to extant primates
and only slightly curved (Almécija et al., 2009, 2012). The only exception is the late
Miocene ape Hispanopithecus, which was argued to present early signs of specific

adaptations to below-branch suspension (Almécija et al., 2007).

1.2 Functional morphology

Activity reconstruction on the basis of skeletal remains necessitates good
knowledge and awareness of the interpretive potentials and pitfalls entailed in the
functional study of different bone traits. This includes differentiating between
genetically regulated adaptive traits and morphology more responsive to individual
habitual activity. There are different reasons why inferring activity from adaptive
traits can be misleading. First, traits can be retained without being functionally
significant. This can occur in the absence of negative selection or if the trait is
genetically or developmentally linked to characters under stabilizing selection (Ward
et al., 1997). Secondly, the absence of a trait does not mean that the behavior was
absent (Almécija et al., 2009; Schmitt et al., 2016). Finally, individual activity is very
much influenced by external factors (e.g., environment) and may, therefore, not
necessarily concur with functional adaptations (Fleagle, 2013; Schmitt et al.,2016).

One prime example of the latter argument was recently examined in a study
by Wallace and colleagues (2020) concerning phalangeal curvature. High phalangeal
curvature is found in arboreal primates and is reported to intensify with increasing
arboreality, both among species and during ontogeny (Congdon, 2012). Curvature
has also been shown to reduce strain on the phalanges during arboreal locomotion
(Richmond, 2007; Nguyen et al., 2014). Therefore, it has been suggested that
phalangeal curvature is indicative of arboreal locomotion as it develops during life in
response to arboreal activity (Stern et al., 1995; Jungers et al., 1997; Jungers et al.,
2002; Richmond, 2007; Congdon, 2012). Consequently, the presence of curved
phalanges in early hominins would imply that they, too, engaged in a considerable
amount of arboreal locomotion. Wallace and colleagues contest this theory by

studying the phalanges of a chimpanzee that was raised like a human child and spent
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little time in trees. They found that the phalangeal curvature of this individual was
indistinguishable from wild chimpanzees, concluding that genetic factors more
heavily influence this trait than mechanical stress resulting from habitual activity
(Wallace et al., 2020).

Generally, bone form (i.e., size and shape) is largely regulated genetically
(Currey, 2012). It is undoubtedly true that mechanical loading affects bone form and
structure, but not all aspects and regions of the bone respond equally to the strain
induced by activity (Ruff et al., 2006). Therefore, it would be more conservative to
interpret the presence of adaptive traits as increased potential efficiency in
performing specific tasks instead of the presence of a behavior.

Nonetheless, there are aspects of the bone that are responsive to individual
habitual activity, such as trabecular bone (Biewener et al., 1996; Scherf et al., 2013;
Tsegai et al., 2013; Kivell, 2016; Scherf et al., 2016) or muscle attachment sites.
Muscle attachment sites (entheses) are the interface between the hard and soft tissue
of bone and muscle. As such, their function is to dissipate the strain caused by
muscle activation over a larger area to prevent tissue failure (Benjamin et al., 2002).
The history of research demonstrates an ambivalent attitude toward the applicability
of muscle attachment site analysis for activity reconstruction. Although the approach
was used frequently in bioarchaeological studies beginning in the 1980s, the etiology
of entheseal changes and their suitability for activity reconstruction have been called
into question by several researchers (Zumwalt, 2006; Milella et al., 2012; Schlecht,
2012; Rabey et al., 2015; Williams-Hatala et al., 2016; Wallace et al., 2017). The
debate was further complicated by shortcomings of the most frequently applied
methods — scoring systems — which suffer from high inter-observer error (Cashmore
and Zakrzewski, 2013; Karakostis and Lorenzo, 2016; Wilczak et al., 2017), low
statistical power (Noldner and Edgar, 2013), or loss of information (presence/absence
systems; Cashmore and Zakrzewski, 2013; Wilczak et al., 2017). The recently
developed Tubingen University “Validated Entheses-based Reconstruction of Activity”
(VERA) method (developed by F. A. Karakostis; Karakostis and Lorenzo, 2016;
Karakostis and Harvati, 2021; Karakostis, 2023, and references therein) addresses
several of the issues that the field faced in the past decades. The method analyzes
entheseal patterns in a multivariate approach instead of comparing single entheses,
thereby minimizing the impact of other influential factors (Karakostis and Lorenzo,
2016; Karakostis et al., 2018). It has been previously validated in experimental
studies (Karakostis et al., 2019b; Karakostis et al., 2019a; Castro et al., 2022;

Karakostis and Wallace, 2023) and using a documented skeletal sample (Karakostis
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et al., 2017a), and was applied in a wide variety of contexts (Karakostis et al., 2018;
Karakostis et al., 2020; Karakostis et al., 2021a; Bousquié et al., 2022; Karakostis
and Hotz, 2022). Crucially, a minimum sample of three entheses is deemed sufficient
to implement the VERA method, facilitating its application to the often-fragmented
and poorly preserved fossil record (Karakostis et al., 2018; Karakostis, 2023).

1.3 Isolated bones

The scarcity of complete and articulated skeletons in the fossil record is a well-
known phenomenon. It is not uncommon for researchers to be forced to exclude
individuals due to bad preservation or methods having to be adapted to accommodate
less complete specimens. Isolated or comingled postcranial bones with insecure or
unknown species attribution are particularly common, as noted by Grine et al.
(2022). This is especially true for structures such as the hand that comprise a high
number of small bones. Indeed, articulated and well-preserved hand skeletons are
rare in most archaeological contexts (Cashmore and Zakrzewski, 2013; de Bonis and
Koufos, 2014; Tsiminikaki et al., 2019), significantly complicating the identification
process.

Few studies have attempted to facilitate the identification and allocation of
hand bones (Case and Heilman, 2006; Christensen, 2009; Garrido Varas and
Thompson, 2011; Karakostis et al., 2017b). In commingled contexts, methods such
as pair matching have been proposed to re-associate bones of the same individual
(Garrido-Varas et al., 2015; Tsiminikaki et al., 2019). However, these methods can
only be confidently applied if the bones are identified and sided. While this is a
feasible task if bones from multiple rays are preserved, anatomically allocating
isolated hand bones, particularly phalanges, has proven to be complicated (Case and
Heilman, 2006; Karakostis et al., 2017b). Importantly, phalanges should be
positioned before sided, as morphological indicators of anatomical side differ among
rays (Case and Heilman, 2006; Christensen, 2009; Garrido Varas and Thompson,
2011). When multiple bones are preserved, ray allocation is usually based on relative
lengths. The pattern for proximal and intermediate phalanges follows III>IV>II>V(>])
(Susman, 1979; Scheuer and Black, 2000; but see Garrido Varas and Thompson,
2011), whereas distal phalanges can be distinguished by length (I>III=2IV>II>V; Case
and Heilman, 2006) or by robusticity (I>III>II>IV>V; Scheuer and Black, 2000). Other
approaches reporting better accuracy for positioning isolated proximal phalanges are
based on morphological assessments (Garrido Varas and Thompson, 2011) and

multivariate morphometrics (Karakostis et al., 2017b). Nonetheless, the identification
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of isolated hand bones in the fossil record can still be ambiguous, particularly as
bones are often damaged and might present diverging morphological characteristics
when dealing with different species. Consequently, most researchers handle the
identification of these bones more conservatively by assigning them to a category (i.e.,
proximal, intermediate, distal; e.g., Larson et al., 2009; Détroit et al., 2019) or
providing multiple possible ray determinations (de Bonis and Koufos, 2014; Détroit
et al., 2019; Kivell et al., 2020; Kivell et al., 2023).

Even in those cases where hand bones can be accurately identified, the fossil
record rarely presents complete hand skeletons. This leaves paleoanthropologists
with the task of finding a way to meaningfully analyze what is preserved. One option
is to use composite skeletons, consisting of isolated bones from multiple individuals.
Composite hand skeletons of Australopithecus afarensis (Hadar; Bush et al., 1982;
Kivell, 2015), Australopithecus africanus (Sterkfontein; Ricklan, 1987; Richmond et
al., 2016) and Ardipithecus ramidus (combination of left and right elements of ARA-
VP-6/500; Richmond et al., 2016) are more commonly referred to, but combinations
of isolated phalanges are also possible for other species and locations (e.g.,
Paranthropus robustus |/ early Homo, Swartkrans (Susman, 1988)). The downside of
composite skeletons is that they do not represent a specific individual; consequently,
conclusions drawn from their analysis can only yield information on the species in
general. Moreover, when reconstructing habitual behavior, combining bones from
different individuals might even introduce conflicting signals (e.g., cf. Study III).

Alternatively, analyses have to be adapted to focus only on single bones. In the
case of the hand, this approach is prevalent for the bones of the thumb due to its
great importance for human-like manipulation (Niewoehner, 2005; Almécija et al.,
2010; Marchi et al., 2017; Galletta et al., 2019; Dunmore et al., 2020b; Bowland et
al., 2021; Morley et al., 2022). This approach circumvents the issues introduced by
combining bones from different individuals; however, focusing the analysis on only a
single bone can limit the information gained. Despite their downsides, both
approaches have been shown to yield important information about manual abilities

and behavior in fossil hominids.
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2 Research Strategy

2.1 Objectives

The overall aim of this doctoral research was to investigate the hand bone
morphology of selected hominids and early hominins while focusing on different
research questions. A particular emphasis was put on functional morphology and its
role in activity reconstruction while also exploring the use of analyzing morphology
with virtual techniques to identify isolated bones. Specifically, the three studies

presented here pursue the following objectives:

(1) To contribute to the identification of an isolated phalanx from the Miocene ape
Ouranopithecus macedoniensis through bone morphology using geometric
morphometrics.

(2) To improve our understanding of hand use in early human evolution and the
onset of human-like manipulation and tool use by analyzing the manual
entheseal patterns of early hominins.

(3) To demonstrate the importance of differentiating between functional
adaptation and habitual activity by combining the analysis of overall bone
shape, used here as a proxy for biomechanical efficiency, with the investigation

of muscle attachment sites, reflecting individual behavior.

2.2 Research questions
Study I: Does the isolated intermediate phalanx RPI1-87, attributed to O.
macedoniensis, indeed belong to the hand? What ray can it be assigned to?

Ouranopithecus macedoniensis is a Late Miocene ape (9.6 — 8.7 mya) found in
three localities in Northern Greece (Sen et al., 2000; de Bonis and Koufos, 2001;
Koufos et al., 2016; see also loannidou et al., 2019). The species is mainly represented
by cranial and dental remains, whereas postcranial remains are only known from the
type locality Ravin de la Pluie (RP]). The remains consist of two isolated phalanges,
one proximal (RPI-86) and one intermediate (RPI-87). Their attribution to O.
macedoniensis is based on the species being the only primate found at RPI (de Bonis
and Koufos, 2014).

This study focuses on the better-preserved intermediate phalanx RP1-87,
which was previously attributed to a paramedian digit of the hand (de Bonis and
Koufos, 2014). However, due to the isolated nature of the phalanx, an allocation to

the foot could not be excluded. As the phalanges are the only postcranial remains
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associated with this species to date, and since postcranial remains of Late Miocene
hominoids are generally rare (de Bonis and Koufos, 2014), a secure identification of
the phalanx is even more crucial. Therefore, the goal of this study is to contribute to
the identification of the phalanx using three-dimensional (3D) geometric
morphometrics. The analysis of shape in a comparative framework also allows for

preliminary assessments of functional morphology.

Study II: Can we see signs of tool-related behavior in the entheseal patterns of
the thumb of early hominins? How does the activity-related signal compare to
overall bone shape and biomechanical efficiency?

When did systematic stone tool production and use first develop in our
lineage? And who were the first tool users? These questions are heavily debated in
human evolutionary studies as the evidence is inconclusive. The first potential
evidence of tool production and use from the archaeological record is proposed to
date to around 3.4-3.3 mya (McPherron et al., 2010; Harmand et al., 2015;
alternatively, the oldest Oldowan was found at a site from ~3-2.6 mya; Plummer et
al., 2023). However, the chronology and context of these finds have been criticized
(Dominguez-Rodrigo and Alcala, 2016; Archer et al., 2020). The hands of early
hominins show a mixture of primitive (ape-like) and derived (human-like) traits
(Marzke, 2013; Kivell, 2015; Richmond et al., 2016; and references therein). The
retention of ancestral traits likely prohibited early hominins from using and
producing tools as efficiently as modern humans (Domalain et al., 2017; Marchi et
al., 2017; Galletta et al., 2019). However, these signs of lower manual dexterity should
not be conflated with an absence of habitual tool-related behaviors. Generally, overall
bone shape is largely genetically regulated due to its importance for functional and
motoric aspects and, therefore, less malleable by physical activity (Parfitt et al., 2000;
Currey, 2002, 2012). Consequently, when aiming to reconstruct behavior in early
hominins, it is crucial to focus on aspects of the bone that are more responsive to
habitual activity.

In this study, we analyze the entheseal patterns on the first metacarpals of
early hominins in order to reconstruct habitual thumb use in a comparative
framework, including a sample of later Homo and extant great apes. Additionally, we
examine overall bone shape, including entheseal shape, as a proxy for adaptive
functional morphology and efficiency. In combination, the two approaches aim to
shed light on whether habitual tool use proceeded or was founded upon

morphological adaptations that enabled increased manual dexterity.
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Study III: Do australopiths show signs of human-like hand use? Is there a
difference in hand use among Australopithecus species?

The final study presented in this thesis builds upon the framework and results
of Study II. Whereas Study II focuses on the analysis of the first metacarpal, Study
III extends the analysis of entheseal patterns to more bones of the hand skeleton.
This approach, while excluding isolated bones and some fragmented hand skeletons
used in the previous study, allows the analysis of synergies of muscles in different
regions of the hand. In human-like hand use, the interaction of muscles on the
margins of the hand is of particular interest (Marzke et al., 1998; Marzke, 2013;
Kivell, 2015).

The human thumb differs notably from the thumbs of other primates and plays
a crucial role in human-like hand use. As a result, it has also received ample attention
in the analysis of early hominin hands (e.g., see Marchi et al., 2017; Galletta et al.,
2019; Bowland et al., 2021; Karakostis et al., 2021b). In contrast, comparatively few
studies directly address the importance of the fifth finger (Key et al., 2019). This digit
and the muscles attaching to it are not only crucial during tool production and use
(Marzke and Shackley, 1986; Marzke et al., 1998; Marzke, 2013; Kivell, 2015; Key et
al., 2019; Fedato et al., 2020) but are also heavily involved in more general
manipulative behaviors. These include, among others, throwing (Young, 2003), power
grasping (Marzke et al., 1992; Goislard de Monsabert et al., 2012; Karakostis et al.,
2017a), as well as stabilizing and manipulating objects within one hand (Marzke et
al., 1998; Marzke, 2013; Kivell, 2015; Key et al., 2019). In addition to manipulative
behaviors, early hominins, like Australopithecus, might have also used their hands
for arboreal locomotion (Marzke, 1983; Rolian and Gordon, 2013; Kivell et al., 2018;
Dunmore et al., 2020b). As discussed previously (see Chapter 1.2), treating
phalangeal curvature as a reliable indicator of habitual arboreal locomotion might be
misleading (Wallace et al., 2020). Alternatively, the attachment sites of the extrinsic
flexor muscles on the phalanges could yield insight into the proportionate use of these
muscles and, therefore, potential arboreality in early hominins.

This study investigates the entheseal patterns of A. africanus, A. afarensis,
and A. sediba in a comparative framework to reconstruct their habitual hand use. By
including more bones and attachment sites, it aims to identify signs of general
human- or ape-like hand use in the australopiths and examine differences among

the three species.
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3 Materials and Methods

The three studies presented here applied virtual anthropological techniques to
answer the research questions listed above. The following sections serve to introduce
the respective materials and methods. As Study III used similar materials and
methods to Study II, both will be discussed together. More detailed descriptions and

information can be found in the appendices and references therein.

3.1 Study I (Appendix A)

RP1-87 is an intermediate phalanx associated with the Miocene ape O.
macedoniensis. It was found in situ at Ravin de la Pluie, Greece, but was not
associated with other skeletal remains found at the site, including another phalanx
RPI1-86 (de Bonis and Koufos, 2014). To produce a 3D model of the bone, RP1-87 was
scanned using an Artec Space Spider (Artec3D Inc., Luxembourg), a structured light
scanner with a measuring accuracy reaching 50 microns.

In order to identify the isolated phalanx, we included a comparative sample of
manual and pedal intermediate phalanges from extant primates, of which ray and
side were known. The material consists of phalanges from rays two to five of Gorilla
gorilla, Pan troglodytes, Pongo pygmaeus, Papio hamadryas, and Macaca arctoides.
The phalanges were downloaded as CT scans from Morpho-Source.org and are
courtesy of the American Museum of Natural History Mammal Collections. As the
anatomical side of RP1-87 could not be determined prior to the analysis, the sample
includes both left and right phalanges.

The morphological variation among the phalanges was analyzed and visualized
using landmark-based geometric morphometrics (GMM). In contrast to traditional
morphometrics, wherein shape is analyzed using linear measurements — distances,
ratios, or angles — GMM quantifies shape variation through 2D or 3D landmarks. The
latter are defined as cartesian coordinates of fixed points placed in homologous
positions on the specimens of interest (Mitteroecker and Gunz, 2009; Adams and
Otarola-Castillo, 2013). The morphology of the object is preserved throughout the
analysis, as geometric relationships between measurements are maintained through
landmark data. Among others, this allows the visualization of shape differences
among the sample (Baab et al., 2012; Adams and Otarola-Castillo, 2013). After
eliminating differences in orientation, location, and scaling, the resulting Procrustes
shape coordinates can be used to quantify the shape variation in the sample

(Mitteroecker and Gunz, 2009; Baab et al., 2012).
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Unfortunately, neither hand nor foot phalanges show structures suitable for
type I landmarks, usually characterized by the intersection of multiple features and,
thereby, the most homologous (Bookstein, 1991; Baab et al., 2012). Due to the
scarcity of recognizable and homologous features in general, we only used type III
landmarks (placed in geometrically corresponding positions) in this study. In addition
to the eleven fixed landmarks, 70 surface semilandmarks, slid based on minimizing
bending energy, were used to capture more of the overall bone shape. The landmark
placement was repeated three times on RP1-87 to assess accuracy.

For the analysis, the phalanges were grouped based on the respective research
questions. This resulted in the following procedure: 1. Hand and foot bones were
grouped by ray to determine what extremity RPI-87 belonged to; 2. Depending on
these results, either hand or foot bones were excluded and phalanges from all rays
were analyzed together to determine the ray RP1-87 was associated with; 3. Further
reducing the sample size through elimination aimed to narrow down the ray
identification.

Procrustes superimposition was performed separately for each analysis, and
the resulting shape coordinates were analyzed with principal component analyses
(PCA) based on covariance matrices. The principal components (PC) best separating
the groups of interest were plotted in PC plots. RP1-87 was removed beforehand to
ensure that its morphology didn’t affect the analyses. Its principal component scores
were calculated separately and projected onto the PC plots. The shape variation in
the sample was depicted using thin-plate spline grids (Bookstein, 1989), warping the
mean specimen to represent the shapes at the extremes of the principal components.
Additionally, as our comparative sample includes bones from species of vastly
different sizes, correlation analyses of the first PC and centroid size (as a proxy for
bone size) were performed to investigate the effect of size on the shape variation
displayed in the PC plots. Finally, to further support the classification of RP1-87,

neighbor joining trees were created using Procrustes distances (PD).

3.2 Study II (Appendix B) and Study III (Appendix C)

Studies II and III examine the manual muscle attachment sites of early
hominins. Both studies use a similar sample, including early hominins and a
comparative sample of later Homo (Homo sapiens and Homo neanderthalensis) and
extant great apes (Gorilla gorilla, Pan troglodytes, Pongo pygmaeus, Pongo abelii). The
sample includes only adult individuals, with one exception (a G. gorilla individual).

Since an exact biological age could not be determined for all individuals, hand-bone
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fusion was used as an indicator. The data was collected from 3D models of the bones
either created through surface or CT scanning. For Study II, bones from the right
anatomical side were prioritized, but bones from the left side were used if the right
side was not sufficiently preserved. In study III, bones were preferably used fromthe
side showing better preservation. However, bones from different anatomical sides of
the same individual had to be pooled in some cases due to taphonomical damage.
Analyses of variance were conducted to examine whether the anatomical side affected
the outcome of our analyses. Minor damage in the area of muscle attachment was
tolerated as long as it did not visibly affect the results of the analyses (i.e., created
outliers; see Chapter Enthesis Identification and Delineation in Appendix B). As
Study III includes more bones and muscle attachment sites, some individuals who
were part of Study Il had to be removed due to insufficient preservation. For a detailed
account of the specimens used per study, see Tables 1-3 in Appendix B and 1-3 in
Appendix C.

Study Il investigates the entheseal patterns of the first metacarpal (MC) in one
specimen each of Australopithecus sediba, A. afarensis, A. africanus, H. naledi, and
SK84, an isolated MC associated with early Homo or Paranthropus (Susman, 1988;
Trinkaus and Long, 1990). The muscles attaching to the first MC include the
opponens pollicis (OP), the abductor pollicis longus (APL), and the insertion site of the
first dorsal interosseus (DI1). Study III focuses on the entheseal patterns of the
Australopithecus species and additionally includes the attachment sites of the
adductor pollicis (ADP), abductor pollicis (ABP), and flexor pollicis brevis (FPB) on the
first proximal phalanx; the extensor carpi ulnaris (ECU) on the fifth MC; the abductor
digiti minimi (ADM) and flexor digiti minimi (FDM) on the fifth proximal phalanx; and
the flexor digitorum superficialis (FDS) on the third intermediate phalanx (Fig. 1). The
majority of these muscles show a similar site of attachment and function among all
species of the sample. Notably, the DI1 is absent in P. troglodytes. In this species, the
intermetacarpales 1-4 are not fused with the flexores brevis profundi 3, 5, 6 and 8 to
form the dorsal interossei, a secondary revision to the plesiomorphic primate
condition (Diogo et al., 2012). However, as they attach in the same area of the bone,
it was suggested that the first intermetacarpalis and the DI1 have a similar function
(Diogo et al., 2013; Lemelin and Diogo, 2016; Vereecke and Wunderlich, 2016). In
contrast, differences in secondary muscle function between P. troglodytes and
humans have been reported for the OP. While, in addition to flexion, its activation
leads to thumb abduction in humans, it instead adducts the thumb in chimpanzees

(Marzke et al., 1999).
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Figure 1: Schematic depiction of the entheses used in Studies II and III on a
human hand skeleton. Grevenmacher individual 117 (Paleoanthropology Human
Osteology Collection, University of Ttibingen) was used as a reference.

In both studies, entheseal patterns were analyzed using the VERA protocol
(Karakostis and Lorenzo, 2016; Karakostis and Harvati, 2021; Karakostis, 2023). 3D
models of the bones were opened in MeshLab (v. 2021.07 Cignoni et al., 2008), where
virtual filters were used to identify differences in elevation (both protrusion and
depression), surface texture, and coloration (in the case of surface scans) in the areas
of muscle attachment. Following the identification through these criteria, the
entheses were delineated and cut from the surrounding bone. After final corrections
to the delineations were made, aided by the use of filters, the entheseal surface area
was measured in mm?. Measurement accuracy was assured through precision tests
in both studies. The geometric mean of all entheseal measurements was calculated

for each individual to account for the influential effect of size. Subsequently, each
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entheseal measurement was divided by the geometric mean (Karakostis, 2023). The
resulting values are referred to as entheseal proportions. Instead of the raw surface
area measurement, these values reflect how large a muscle attachment site is in
relation to the total entheseal surface area recorded for the individual. For Study III,
an additional step was required for size adjustment due to the differences in
proportionate digit length among species. Specifically, humans have a longer thumb
relative to the fingers than great apes, whereas the fifth digit is longer in great apes
than humans. Consequently, when both species are analyzed together, the entheseal
proportions of thumb muscles will naturally be larger in humans than in great apes,
while the latter will show larger proportions of muscles from ray five. This was
circumvented by dividing each entheseal measurement by the overall surface area of
the bone it is located on before adjusting the resulting value using the geometric
mean (cf. Methods Appendix C).

The entheseal proportions were analyzed using multivariate statistics. First,
the proportions were entered into PCAs based on a covariance matrix to explore
variation in entheseal patterns within the sample. Groups were not assumed a priori,
and different species were instead indicated visually in the resulting PC plots.
Relevant PCs were chosen based on the scree-plot approach (Field, 2017). The early
hominins were not included in the original analyses but projected onto the PC plots
to not influence the outcome of the analyses. Additionally, discriminant function
analyses (DFA) based on a within-groups covariance matrix were performed in order
to determine the attachment site proportions that best distinguished between later
Homo and extant great apes. For this, the comparative sample was divided into two
groups (later Homo and extant great apes), whereas the early hominins were entered
as unknown to classify them based on the variables that best separate the two
groups. The entheseal proportions were used as variables and were entered stepwise.
A Leave-one-out classification was deployed for cross-validation.

In addition to the analysis of entheseal patterns, Study II included a 3D GMM
analysis of overall bone shape to investigate the functional morphology of the first
MC. Fixed landmarks were placed in geometrically corresponding positions on the
bone diaphysis, the articular surfaces, and the three muscle attachment sites. The
precision of landmark placement was tested using the Centroid Radius approach
(Singleton, 2002; Cramon-Taubadel et al., 2007). After Procrustes superimposition,
the Procrustes shape variables were analyzed in a shape PCA without a priori group

assumptions. The early hominins were not included in the analysis and were instead
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projected onto the PC plots based on their calculated PC scores. PCs relevant for

plotting were determined using the scree-plot approach (Field, 2017).
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4 Results and Discussion

The following chapter briefly discusses the main results of each study included

in this cumulative thesis.

4.1 Study I: The intermediate phalanx RPI-87 of Ouranopithecus macedoniensis

The first study aimed to contribute to the identification of the isolated
intermediate phalanx RPI-87 attributed to O. macedoniensis. A previous analysis of
the bone has tentatively identified it as a hand bone, but the lack of comparative
material from the same species complicates the allocation (de Bonis and Koufos,
2014). However, a definite identification of both isolated phalanges found at RPI is
crucial, as they represent the only postcranial remains associated with O.
macedoniensis. It is an important first step for continuative analyses of their
functional morphology, which could yield important insight into their locomotor
capabilities, adaptations, and habitual behavior.

Our analyses encompassed different steps. First, the goal was to identify
whether RPI-87 belongs to the foot or the hand. For this, hand and foot bones were
analyzed together in groups depending on their ray. In the analyses focusing on the
second and fifth ray, RPI-87 shows a similar shape to the foot bones of the
comparative sample (cf. Fig. 1 Appendix A). This is supported by the PD values, as
the phalanx is closest to a Papio foot bone of both the second and fifth ray. In contrast,
in analyses including phalanges from either rays three or four, RP1-87 diverges in
shape from the comparative sample. Nonetheless, both PCA and PD place it closer in
shape to foot than to hand bones. The results of these first analyses suggest that RPI-
87 is closer in shape to the foot bones of our comparative sample, irrespective of the
ray. Consequently, all hand bones were removed in the next step in order to
determine the ray to which RPI-87 belongs. Analyzing foot bones of all rays together
shows that shape variation in the sample is mainly attributed to differences among
species, as there is a considerable overlap among rays (cf. Fig. 2 Appendix A).
Specifically, rays two and five are concentrated on one end of the plot, whereas rays
three and four are clustered on the other, indicating shape differences among these
rays. RP1-87 plots in the range of shape variation of rays two and five and notably
differs from rays three and four, as the previous analyses had already indicated.
Unfortunately, it was not possible to further specify what ray RP1-87 belongs to. When
analyzing bones from rays two and five in a separate analysis, the overlap among rays

is too extensive to draw meaningful conclusions about the ray allocation of RP1-87.
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The mean PDs show a similar picture — while RP1-87 is slightly closer to foot bones of
the fifth ray, the difference is exiguous. Therefore, the results of our shape analysis
suggest that RP1-87 belongs to a paramedian (second or fifth) digit of the foot. This
partially contradicts the findings of the previous morphometric study by de Bonis
and Koufos (2014), who assigned the phalanx to a paramedian digit of the hand.

Correlation analyses of centroid size and the first PC of each PCA show
moderate correlations of the shape variation depicted in the PC plots and size.
Although Procrustes superimposition generally corrects for size by scaling to the
same centroid size (Mitteroecker et al., 2013), it can still have a significant effect on
shape variation. Frequently, researchers investigate size-related shape variation
during development, referred to as ontogenetic allometry. However, shape can also
vary in response to different sizes among individuals of the same age group, i.e., static
allometry (Mosimann, 1970; Mitteroecker et al., 2013; Klingenberg, 2016). Our
comparative sample contains species that vary significantly in body size and mode of
locomotion, both of which can affect (relative) bone size. As size (centroid size) and
shape (PC1) are correlated in most of our analyses, it could be argued that the
variation in our sample is mainly driven by size differences among species. In that
case, the phalanges of the overall largest species, Gorilla and Pongo, should
consistently plot together and away from the smallest species (Macaca). However,
bones of Gorilla and Pongo are usually situated in opposite positions of the plot (PC1),
whereas Macaca phalanges plot close to the center. Therefore, we propose that the
correlation of shape and size can be explained by size differences among hand and
foot bones, as well as among the different rays. Consequently, we argue that the
variation represented in the PC plots is mainly driven by differences in shape,
whereas the correlation with size is likely an ancillary effect.

The final goal was to assess whether RP1-87 shows shape-related affinities with
the extant primate species of the comparative sample. The species separation in our
analyses appears to be largely driven by functional adaptations to the mode of
locomotion. As pointed out in the previous paragraph, the phalanges of Gorilla and
Pongo, mainly terrestrial and arboreal species, respectively, are consistently
separated in the analyses. Gorilla phalanges show a similar shape to Papio phalanges,
whereas Pan phalanges are more similar in shape to Pongo. The phalanges of Macaca
are usually situated in an intermediary position. This species separation is best
depicted in the plot including the foot phalanges of all rays (cf., Figure 2 Appendix A).
The shape variation in this analysis is mainly related to changes in robusticity and

relative length and breadth. The species engaging in a comparatively large amount of
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arboreal locomotion (Pongo, Macaca, and likely most Pan individuals) are
characterized by a proportionally long and slender bone shape, whereas the primates
more adapted to terrestrial locomotion (Gorilla and Papio) show broader and relatively
shorter phalanges. Interestingly, the plot also separates the great apes, characterized
by a more robust bone shape, from the Old World monkeys that show a more slender
bone shaft and an angled proximal articular surface. In this plot specifically, RP1-87
falls inside the range of variation of Gorilla. Generally, RP1-87 is more similar in shape
to the terrestrial than the arboreal species and shows affinities to Papio and Gorilla
throughout the analyses. This similarity could potentially indicate that O.
macedoniensis was also a mainly terrestrial primate. However, as pointed out
throughout this dissertation, bone shape is a poor indicator of habitual activity.
Therefore, the morphological similarities with terrestrial primates rather indicate that
the Miocene ape exhibits a phalangeal shape facilitating terrestrial locomotion.

Previous studies of the O. macedoniensis skeletal material have found similar
affinities. The study analyzing the isolated phalanges from RPI for the first time found
them to be similar in shape to Papio and Macaca, leading the authors to suggest a
terrestrial mode of locomotion for the Miocene ape (de Bonis and Koufos, 2014).
Additionally, a study investigating the cranial remains of O. macedoniensis, using a
3D GMM approach and a comparative sample of fossil hominoids, extant greatapes,
and humans, discovered morphological similarities between Ouranopithecus and
Gorilla (Ioannidou et al., 2019). Morphological similarities can be caused by several
different factors. Among these are dietary, environmental, or locomotor adaptations,
as well as phylogeny (Harvati and Weaver, 2006; Ruff et al., 2006; Cramon-Taubadel
et al., 2013; Silva et al., 2019). Therefore, it is crucial to consider them in combination
with other forms of evidence. Investigations of the faunal remains found at RPI
indicate a relatively open landscape during the late Miocene, characterized by a
Mediterranean climate and savannah-like bushland (with Cs plants; de Bonis et al.,
1992; de Bonis et al., 1999; Merceron et al., 2007; Rey et al., 2013). Dental microwear
(Ungar, 1996; Merceron et al., 2005) and enamel thickness (Andrews and Martin,
1991) suggest that O. macedoniensis was a hard object feeder with a diet including
mainly terrestrial food sources - similar to Papio (Merceron et al., 2005).
Consequently, morphological, environmental, and dietary evidence would support a
mainly terrestrial mode of locomotion in O. macedoniensis.

In conclusion, the 3D GMM analysis of the isolated intermediate phalanx RPI-
87 yielded that it was likely not a hand but a foot bone that can be assigned to a

paramedian digit. Moreover, the phalanx shows morphological affinities with Gorilla
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and Papio, thereby lending further support to the notion that O. macedoniensis was

presumably a terrestrial primate.

4.2 Study II: Entheseal patterns and overall shape of the first metacarpal of early
hominins

Study II investigated the manual entheseal patterns of early hominins in
combination with an analysis of overall MC shape. This case study was the first time
the VERA method was applied to early hominins. It was used here to investigate
habitual thumb use in early hominins, whereas the analysis of bone morphology,
including the shape of entheses, assessed their manual dexterity. Together, these two
approaches examine whether the early hominins engaged in habitual human-like
tool-using behavior and whether biomechanical adaptations for increased manual
dexterity are prerequisites for human-like thumb use.

The analysis of entheseal patterns clearly differentiates between later Homo
and non-human great apes. As shown by the results of the PCA and DFA (cf., Figure
4 and Table 6 Appendix B), the two groups primarily differ in the proportions of their
DI1 attachment site, which is comparatively larger in later Homo. Previous
experimental work has pointed out the importance of this muscle for Oldowan tool
production (Marzke et al., 1998) and stone tool use, irrespective of the type (Key et
al., 2020). Particularly the latter is consistent with our results, which found that later
Homo taxa associated with different lithic technologies (i.e., Neanderthals and early
modern humans) exhibit broadly similar DI1 attachment site proportions, likely
representing a common tendency among habitual tool-using Homo species to use
their DI1 for stabilization during thumb opposition (Marzke et al., 1998; Tocheri et
al., 2008; Kivell, 2015; Key et al., 2020). Moreover, recent modern humans show
similarly large proportions, highlighting the importance of the DI1 for human-like
manipulation in general. Additionally, the entheseal pattern of later Homo is
characterized by balanced proportions of the OP and APL attachment sites, indicating
similar activation levels for the two muscles. Both OP and APL perform movements
crucial for thumb opposition and, therefore, human-like precision grasping (Napier,
1956; Netter et al., 2019).

The majority of the early hominins show an entheseal pattern similar to later
Homo (DFA classification rate 95-100%). H. naledi and A. sediba present even larger
DI1 entheseal proportions than modern humans and Neanderthals, whereas the
entheseal pattern of SK84 falls inside the variation of early and recent modern

humans. While the pattern of A. afarensis indicates levels of DI1 activation similar to
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later Homo, its APL attachment site is proportionally more pronounced and, therefore,
more similar to the Pongo specimens in the sample. The entheseal pattern of A.
africanus stands out among the early hominins. Not only does it show a
proportionally small DI1 enthesis compared to later Homo, but it also has a relatively
large OP attachment site. As a consequence, its proportions are markedly different
from later Homo and the other early hominins in the sample and more similar to non-
human great apes (DFA classification rate 70%) and G. gorilla specifically.

The GMM analysis of overall MC shape also clearly separates later Homofrom
non-human great apes. The best separation and most meaningful shape variation
can be found when combining PC1 and PC3 (cf., Figure 3 Appendix B). The shape
changes along these axes represent morphological traits with high functional
relevance in regard to efficient human-like manipulation (e.g., tool use). In
comparison to great apes, specimens of later Homo are characterized by a robust MC,
usually interpreted as an adaptation to increased load (Ruff et al., 2006; Kivell, 2015),
a wide and flat distal articular surface, which stabilizes the MCP joint and increases
load resistance in forceful precision grips (Galletta et al., 2019), and a dorsoventrally
flatter proximal articular surface, associated with higher mobility in the CMC joint
(Marzke et al., 2010; Marchi et al., 2017). In addition, modern humans and
Neanderthals show distally extending DI1 and laterally projecting OP attachment
sites, characteristics that are thought to increase the moment arms, and therefore
the efficiency, of the respective muscles (Tocheri et al., 2008; Jacofsky, 2009; Maki
and Trinkaus, 2011; Karakostis et al., 2021b). Altogether, the results of our shape
analysis appear to reflect adaptations to biomechanical efficiency in human-like
manipulation.

Among the early hominins, the overall MC shape of SK84 reflects a human-
like biomechanical adaptation. In contrast, the Australopithecus species show a gross
bone shape more similar to great apes than later Homo. Interestingly, among the
three specimens, A. africanus is the closest in shape to modern humans and
Neanderthals, contrary to the analysis of entheseal patterns. Finally, H. naledis
overall MC shape is more similar to later Homo than the non-human great apes. Still,
it diverges considerably from the shape displayed by other specimens in the sample.
Although this appears to be mainly related to shape variation displayed on the PC3
axis (and is likely explained by its proportionally small proximal articular surface),
other studies have also concluded that H. naledi shows an unusual and unique shape
of the thumb MC, which they hypothesize to reflect a ‘transitional state’ in hand

evolution (Bowland et al., 2021).
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The combination of entheseal patterns and overall MC shape, including
entheseal shape, yielded varying results for the early hominins. H. naledi and SK 84,
a specimen associated with either Paranthropus or early Homo (Susman, 1988;
Trinkaus and Long, 1990), combine a human-like MC morphology with an entheseal
pattern consistent with habitual human-like manipulation and tool use. As
mentioned previously, H. naledi shows both a unique entheseal pattern and MC
shape, suggesting unique hand use and mechanical abilities. While this should be
investigated further in the future, for the purposes of this study, we conclude that H.
naledi is clearly more similar to modern humans and Neanderthals than to non-
human great apes in both aspects. To date, no tools have been found in Rising Star
Cave, the only locality where remains of H. naledi were found (Langdon, 2022). In
contrast, Swartkrans Member 1 (SK 84) yielded both Oldowan stone tools and bone
tools. However, these tools were found in Member 1’s subunit Lower Bank, whereas
SK 84 originates from the younger subunit Hanging Remnant (Susman et al., 2001;
d'Errico and Backwell, 2003; Kuman et al., 2018; Kuman et al., 2021).

Among the australopiths, A. afarensis and A. sediba combine a human-like
entheseal pattern with a more ape-like overall shape of the first MC. Specifically, their
muscle attachment sites indicate human-like manipulation consistent with habitual
tool use, whereas the ape-like morphology of features with high functional relevance
suggests low manual dexterity and mechanical efficiency. Consequently, if these
individuals engaged in habitual human-like tool production and use, they would have
done so less efficiently compared to later Homo or even other early hominins like
SK84. Notably, while A. afarensis shows human-like DI1 entheseal proportions, it
also has a pronounced APL attachment site which is more characteristic of ape-like
manipulation. This could indicate that A. afarensis engaged in more simple tool use
and lacked the specialized behaviors seen in the later species — including A. sediba —
that also involved regular recruitment of the OP. A recent biomechanical study
reported low efficiency of the OP in A. afarensis (Karakostis et al., 2021b). It should
be noted, however, that this muscle appears to have ape-like efficiency in all
australopiths, including A. africanus with a proportionally large OP attachment site.
Accordingly, low muscle efficiency does not necessarily entail less frequent muscle
use.

Neither A. afarensis nor A. sediba has been found in direct association with
stone tools. Still, the former has been suggested as the potential producer of
Lomekwian tools based on contemporaneity and proximity (Harmand et al., 2015,

but see Domalain et al., 2017), whereas tool use in A. sediba has been inferred based

23



Results and Discussion

on its long thumb and trabecular structure (Kivell et al., 2011; Kivell et al., 2018;
Dunmore et al., 2020b). In contrast, our results do not support any form of human-
like tool use in A. africanus. Additionally, its overall MC morphology indicates ape-
like manual dexterity and lower biomechanical efficiency compared to later Homo.
Our results contradict previous analyses of its trabecular structure, which, according
to the researchers, would be consistent with forceful precision grips and similar to
habitual tool users and makers (Skinner et al., 2015).

Our study presents — for the first time — the analysis of manual entheseal
patterns of early hominins and points out potential evidence for (human-like) tool use
as early as A. afarensis. However, it also clearly emphasizes the importance of
discriminating between efficiency and behavior. Previous studies investigating the
hand bones of early hominins have found them to be characterized by both human-
and ape-like traits. The retention of ape-like morphologies is often associated with
reduced ranges of movement, decreased stability, or a decreased ability to
accommodate high loads compared to Neanderthals and modern humans (Marzkeet
al., 2010; Marchi et al., 2017; Kivell et al., 2018; Galletta et al., 2019; Kivell et al.,
2023). Considering biomechanical limitations when reconstructing activity is
undoubtedly crucial, but using them as arguments to rule out related behaviors is
problematic. ‘Primitive’ or ape-like traits certainly impacted how early hominins used
their hands. We argue, however, that they led to a comparatively low efficiency and
manual dexterity rather than preventing early hominins from engaging in human-
like manual behaviors. In summary, the combination of human-like muscle use with
ape-like manual dexterity in some australopiths suggests that tool-related behavior
was established before the evolution of biomechanical adaptations of the thumb,
likely spurring their development. In our sample, human-like hand use in
combination with increased, human-like manual dexterity is first seen in SK84, a
Swartkrans hominin dating to around 2.2-1.8 mya (Pickering et al., 2011; Gibbon et
al., 2014), and retained in all later species examined, including H. naled..

Activity reconstruction based on skeletal remains is complex and can be
ambiguous, even when focusing on behaviorally plastic morphology. Our
interpretations rely mainly on previous electromyographic research that links high
activation levels of the DI1 with tool use (Key et al., 2020). An alternative
interpretation would be that the early hominins showing an entheseal pattern similar
to later Homo habitually engaged in more general human-like manipulatory
behaviors. These activities would have to involve a frequent activation of the DI1,

rendering them markedly distinct from great ape hand use. Moreover, this study
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focuses only on the muscles attaching to the first MC. Although these muscles play
a crucial role in tool use and human-like manipulation in general, it is important to
consider other thumb muscles, as well as hypothenar muscles (see Chapters 4.3 and

5).

4.3 Study III: Human-like manual activities in Australopithecus

Expanding upon our findings in Study II, Study III investigated the manual
entheseal patterns of australopiths using an increased number of muscle attachment
sites. Through the addition of more thumb muscles, muscles of the fifth ray, and a
strand of a finger flexor (FDS, attaching to the intermediate phalanx of digit 3), we
aimed to improve our understanding of how these early hominins used their hands
and find potential synergies among the muscles situated on the margins of the hand.
As not all bones are consistently preserved in all individuals, the analyses in this
study were carried out in two groups: the first included all individuals with a reduced
suite of entheses (without the FDS), whereas the second group used all entheses but
included a reduced number of individuals.

The analyses, including PCA (cf., Figures 2-4, 6, 7 Appendix C) and DFA (c.f.,
Figures 5 and 8, Table 7 Appendix C) for both groups, present a clear separation of
the entheseal patterns characterizing later Homo on the one hand and non-human
great apes on the other hand. When included, the proportionate size of the FDS
enthesis adds to that separation, as a large attachment site of this muscle is clearly
associated with non-human great apes (cf. Tables 7 and 9 Appendix C). Similar to
Study II, individuals of the later Homo group show a proportionally large DI1
attachment site, combined here with relatively large entheses of the fifth ray (ADM-
FDM and ECU). The ADM muscle abducts the fifth ray, extending the hand’s reach,
while the FDM flexes it at the MCP joint (Netter et al., 2019). Together with the
opponens digiti minimi (which could not be analyzed in the scope of this study), this
muscle group, known as the hypothenar muscles, is generally responsible for moving
the fifth finger and opposes it toward the thumb (Neumann, 2017). The ECU is an
extrinsic muscle and plays an essential role in the extension and ulnar deviation of
the wrist (Netter et al., 2019).

The DI1 is crucial for human-like hand use, as has been discussedabove (see
Chapter 4.2). The fifth digit and the muscles attaching to it also play a vital role in
human-like manipulation, involving, among others, tool production and use (Marzke
and Shackley, 1986; Marzke et al., 1998; Marzke, 2013; Kivell, 2015; Key et al., 2019;

Fedato et al., 2020). The muscles analyzed here are particularly involved in stabilizing
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the non-dominant hand during hard hammer percussion (Marzke et al., 1998),
stabilization of the wrist during knapping (Williams et al., 2010, 2014), and handling
tools of larger sizes (Key et al., 2020). However, these muscles are not only relevant
for tool-related behaviors. More broadly, they are involved in power grasping (Long, II
et al., 1970; Marzke et al., 1992; Goislard de Monsabert et al., 2012; Karakostis et
al., 2017b), in-hand manipulation and repositioning of objects (Marzke et al., 1998;
Marzke, 2013; Kivell, 2015; Key et al., 2019), among which the latter is more
commonly seen in humans than in great apes (Christel, 1993; Bardo et al., 2017).
Considering that our sample of later Homo consists of individuals from different
chronological and geographic contexts, which used their hands in various tasks, their
entheseal pattern probably reflects general human-like hand use rather than specific
tool-using behavior.

The entheseal pattern characterizing non-human great apes includes
proportionally large attachment sites of thumb muscles involved in thumb ab- and
adduction and, when included, the FDS as a main finger flexor. Thumb adduction
plays an important role in most grips observed in non-human great apes (Christel,
1993), whereas finger flexion is employed in hook grips (Bardo et al., 2018) and
arboreal locomotion (Susman and Stern, 1979). Some analyses even present a
separation of the different great ape species (cf. Figure 6 Appendix C), which can
presumably be explained by differences in locomotion and manipulatory behavior (cf.
Discussion Appendix C). Unfortunately, our knowledge about muscle involvement
and coordination in great ape locomotion and manipulation is limited compared to
humans (Bardo et al., 2017, but see Bardo et al., 2018). Moreover, the behavior of
some species is better documented than others. Comparatively little is known about
the behavior of wild Pongo (Bardo et al., 2018; Abdullah et al., 2021), whereas there
are detailed records on multiple wild chimpanzee populations (e.g., populations from
Tai National Park, Wittig, 2018; Kibale National Park, Thompson et al., 2020; Mahale
Mountains National Park, Nakamura et al., 2015). Therefore, it is challenging to
reconstruct specific activities from entheseal patterns.

The entheseal patterns of the australopiths are unlike those ofthe non-human
great apes in any of the analyses, suggesting that their habitual hand use
distinctively differed from these species. The absence of a proportionally large
attachment site of the extrinsic finger flexor in these hominins (cf. Figures 6 and 7
Appendix C) could imply that they did not regularly engage in arboreal locomotion.

The entheseal pattern characterizing A. africanus creates the most questions

among the australopiths. In some analyses, it appears similar to later Homo, while in
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others, its entheseal proportions are intermediate to but clearly distinct from the
comparative groups. Especially in the DFAs, the attachment site proportions of this
specimen vary considerably depending on the variables of the analysis. (cf. Results
and Discussion Appendix C). Therefore, we conclude that A. africanus likely engaged
in unique manual behaviors different from later Homo, great apes, or the other
australopiths. Previous research is inconclusive in regard to the hand use of A.
africanus. Its trabecular structure appears to imply a human-like use of the hand
(Skinner et al., 2015). In contrast, the second case study in this thesis has found the
entheseal patterns of its first MC to be more consistent with ape-like manual
activities. Whether this discrepancy is due to a unique range of manual activities or
the composite nature of its hand skeleton can currently not be resolved, as we lack a
complete hand skeleton of this species (cf. Chapter 1.3 and Discussion Appendix C).
The other two australopiths show an entheseal pattern that is more similar,
although not identical, to that of later Homo. A. sediba is a clear outlier in most
analyses, as it presents unusually large attachment site proportions of the fifth ray
and first proximal phalanx (cf. Figures 2, 3 and 6 Appendix C). Generally, however,
its pattern is clearly more human- than ape-like, as shown by the results of both PCA
and DFA. Among all Australopithecus species, A. sediba is most frequently associated
with human-like hand use, partially because of its long thumb and robust fifth
metacarpal (Kivell et al., 2018) but also because it shows trabecular bone (Dunmore
et al., 2020Db) and entheseal patterns (Study II) more similar to humans. On the other
hand, it was argued that the retention of ape-like traits, such as a gracile MC1 shaft
(Kivell et al., 2018), an ape-like shape of the distal MC1 articular surface (Galletta et
al., 2019), the lack of a saddle-shaped CMC joint in the fifth ray (Kivell et al., 2018),
and ape-like torque of the OP muscle (Karakostis et al., 2021b) limited the
manipulative efficiency of the individual. The results of our study support human-
like hand use in A. sediba despite these mechanical limitations and suggest that in-
hand manipulation and power grasping, relying on the stabilizing muscles on the
margins of the hand, were part of A. sediba’s manipulatory repertoire.
A. afarensis was not included in the second group of analyses involving the
FDS enthesis, as we did not have access to an intermediate phalanx of this species.
Therefore, the recruitment of its finger flexor and implications for potential arboreal
locomotion cannot be assessed. The attachment site proportions of A. afarensis also
resemble those of later Homo, suggesting that its manual activities involved a similar,
although not identical, muscle recruitment. Like the other australopith species, its

hand skeleton retained some ape-like traits that arguably restrict its biomechanical
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efficiency (Marzke et al., 2010; Rolian and Gordon, 2013; Galletta et al., 2019;
Karakostis et al., 2021b, also see Study II). Studies focusing on its fifth ray report a
gracile MC shaft and the lack of a saddle-shaped CMC joint (Marzke, 1983; Marzke
et al., 1998; Marzke, 2013). Moreover, tests using an anatomical model suggest
limited mobility in the CMC joint, leading the researchers to infer that A. afarensis
could likely not apply the grip force required for the production of large stone tools,
such as the Lomekwi assemblage (Domalain et al., 2017). Nevertheless, our results
indicate that the muscles of the fifth ray that play an important role in human-like
hand use are also frequently recruited in A. afarensis. Consequently, even though it
remains unclear whether this species produced the Lomekwian stone tools, our study
clearly demonstrates that the fifth finger appears to have played a more important
role in A. afarensis’ habitual manual behavior than previously thought.

This study aimed to expand our knowledge about hand use in Australopithecus
species by investigating a sample of muscle attachment sites on their hand skeletons.
Our results highlight varying habitual manual activities among the different species
while all still retain a clear distinction from the entheseal pattern characterizing ape-
like hand use. Furthermore, this study supports habitual manual activities
resembling human-like manipulation in A. sediba and A. afarensis despite their
reportedly limited biomechanical efficiency (Marzke, 1983; Marzke et al., 2010; Rolian
and Gordon, 2013; Domalain et al., 2017; Kivell et al., 2018; Galletta et al., 2019;
Karakostis et al., 2021b, also see Study II). In summary, human-like hand use likely
emerged in some early hominins prior to 3 mya, considerably before evolutionary
adaptations are first documented in specimens around two mya (Karakostis et al.,
2021b, Study II). Both Studies II and III clearly emphasize that relying only on
functionally relevant morphological adaptations to reconstruct hand function and
use in hominins will likely produce misleading results. A multivariate or even
multidisciplinary approach is necessary to understand the evolution of the versatile

human hand.
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5 Concluding Remarks and Future Directions

This dissertation investigated different aspects of hand bone morphology using
virtual methods. These methods were applied to bones of different hominid and
hominin species to identify isolated bones, reconstruct habitual hand use from
muscle attachment sites of isolated bones and associated hand skeletons, and draw
functional conclusions from bone morphology.

Study I focused on the intermediate phalanx of O. macedoniensis, which was
previously attributed to the hand (de Bonis and Koufos, 2014). However, the results
of our GMM shape analysis indicate that an attribution to the second or fifth ray of
the foot is more likely. Additionally, the comparison with extant primate species
points out similarities in morphology with Gorilla and Papio, concordant with
previous studies on the phalanges (de Bonis and Koufos, 2014) and cranial remains
associated with O. macedoniensis (Ioannidou et al., 2019). Shared morphology with
these primarily terrestrial species, as well as environmental and dietary evidence
(Andrews and Martin, 1991; de Bonis et al., 1992; Ungar, 1996; de Bonis et al., 1999;
Merceron et al., 2005; Merceron et al., 2007; Rey et al., 2013) suggest O.
macedoniensis to be a primarily terrestrial species as well. However, as the
postcranial remains found to date are limited to two phalanges, morphological
evidence regarding locomotor modes should be taken with a grain of salt. This study
has highlighted the value of GMM for anatomical allocations even when bones are
isolated. In the future, the approach used here should be further refined to
specifically target functionally relevant aspects such as phalangeal curvature and the
shape of the flexor sheath ridges. It should also be extended to the proximal phalanx
RPI-86 to reevaluate its anatomical allocation and assess potential articulation with
the intermediate phalanx.

Studies II and III investigated the manual entheseal patterns of early hominins
to reconstruct habitual thumb use throughout human evolution. Study II focused on
the first MC, combining the analysis of muscle attachment site proportions with an
analysis of overall bone shape as a proxy for mechanical efficiency. The results show
that the younger specimens analyzed — H. naledi and SK84 — combine human-like
entheseal patterns characterized by a proportionally large DI1 with a human-like MC
morphology. A. africanus leans toward the other end of the spectrum as it shows an
ape-like MC shape suggesting low mechanical efficiency in the thumb (also see
Karakostis et al., 2021b) and an entheseal pattern more similar to Gorilla. In contrast,

although A. afarensis and A. sediba also present an ape-like MC shape, their

29



Concluding Remarks and Future Directions

entheseal proportions are consistent with habitual human-like hand use and -
potentially — tool-using behaviors.

Study III built upon these results by analyzing the attachment site proportions
of an expanded suite of muscles to investigate the hand use of different
Australopithecus species. We found that when compared to extant great apes, the
entheseal pattern of later Homo is characterized by a proportionately DI1 — as in
Study II — in combination with muscles attaching to the fifth ray. These muscles are
particularly active during power grasping, in-hand manipulation, and stabilization of
objects. Based on their entheseal patterns, A. sediba and A. afarensis likely used
their hand in a similar, albeit not identical manner, highlighting that hand use relying
on the coordination of specific muscles on the margins of the hand was likely already
present in hominin species as early as A. afarensis. Finally, A. africanus presents
muscle attachment site proportion unlike both later Homo and non-human great
apes. Potentially, this could be related to the composite nature of its hand skeleton,
but it could also indicate that A. africanus used its hands in a unique manner.

These two studies contribute to the growing information on hand use in early
hominins. But importantly, they also highlight the need to distinguish between
morphological traits reflecting long-term biomechanical adaptations and those more
plastic to individual habitual activity. Although both our own (Study II) and previous
research (e.g., Marzke, 1983; Marzke et al., 2010; Domalain et al., 2017; Marchi et
al., 2017; Galletta et al., 2019; Karakostis et al., 2021b) have suggested that
australopiths likely experienced decreased manual dexterity compared to modern
humans, the research presented here suggests that they frequently used muscles
that are highly relevant for human-like manipulation. This further promotes the use
of multivariate approaches, as analyzing different aspects of hand bone or, even more
generally, skeletal morphology together can yield important information that would
have been overlooked when focusing on isolated traits.

To further improve our understanding of hand use in early hominins, we must
learn more about the mechanics of great ape manipulation. As mentioned earlier
(Chapter 4.3), our knowledge of muscle use and coordination in non-human primates
is limited (Bardo et al., 2017, but see Bardo et al., 2018). On an even more
fundamental level, our knowledge of specific manipulative behavior in the wild varies
substantially among great ape species. Addressing this research bias and improving
our understanding of hand use throughout our comparative sample will greatly

benefit future investigations of hominin hand use.
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Extending the analysis to other fossil hominins from different species and time
periods would additionally allow a better insight into the development of hand use
throughout human evolution. While only a few relatively complete hand skeletons are
preserved, Study II has shown that analyses focusing on a single bone can already
provide valuable information on habitual manual behaviors. Potential candidates
include the remains of Ardipithecus ramidus (ARA-VP-6/500, Lovejoy et al., 2009a),
H. habilis (OH7, Napier, 1962; Susman and Creel, 1979), and H. erectus (KNM-WT
15000, Walker and Leakey, 1993), among others. Finally, future studies should
include other muscles of the hand that are highly relevant for human-like
manipulation, such as the flexor pollicis longus and the opponens digiti minimi.

To conclude, this cumulative thesis contributes to a growing body of research
on the evolution of the hand. The included case studies show that when they can be
identified and allocated, isolated bones can contribute significantly to our
understanding of the function and use of hands and feet in fossil hominids. Moreover,
the case studies reconstruct early hominin behavior based on morphological
structures that are reportedly responsive to habitual activity. The resulting activity
patterns partially contradict previous findings and caution against using the
presence or absence of evolutionary adaptations as evidence for specific individual

behavior.
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1.1 INTRODUCTION

Ravin de la Pluie (RPI) in the Axios valley, Greece, is one of the three localities where the material of the Late Miocene
ape Ouranapithecus macedoniensis has been found to date (de Bonis et al., 1974; de Bonis and Melentis, 1978; Koufos and
de Bonis, 2006; Koufos et al., 2016). The material from RPI is rich; it includes maxillary and mandibular remains,
multiple isolated teeth, and just a few postcranial specimens, which to date represent the only postcranial remains
associated with this species: two phalanges (proximal: RPI-86, intermediate: RPI-87).

A first analysis of the phalanges was conducted in 2014 (de Bonis and Koufos, 2014). In that study, de Bonis and
Koufos followed a comparative approach, using multivariate analyses of linear measurements to assess morphological
similarities to extant and fossil primates. De Bonis and Koufos concluded that both phalanges likely belong to the
hand, but that an allocation to the foot cannot be excluded due to the lack of comparative material from the same
species. However, since the phalanges are the only postcranial remains associated with this species so far, identifying
them as either manual or pedal phalanges, as well as allocating them to a ray, is crucial. Having this information would
allow for further, more detailed examinations, such as more accurate comparative analyses and reconstruction of
locomotor behavior. Therefore, the goal of this study is to contribute to the identification of the intermediate phalanx
RPI-87 through the application of three-dimensional (3D) geometric morphometrics (GM). Geometric morphometrics
is a statistical analysis of form (shape and size) in which, in contrast to traditional morphometrics, geometric
information of the investigated structures can be retained throughout the analysis to provide a more detailed evaluation
of shape differences (Slice, 2007). By comparing the shape of the better-preserved phalanx RPI-87 with manual and
pedal intermediate phalanges of extant primates, we aim to address the following research questions:

1. Does RPI-87 belong to the foot or the hand?

2. What ray can RPI-87 be assigned to?

3. Does the specimen show morphological affinities to extant primates?
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1.2 MATERIALS AND METHODS

Our comparative sample consists of scans of intermediate phalanges of Gorilla gorilla (n=23, 4 individuals), Pan troglodytes
(n=24, 4 individuals), Pongo pygmaens (n=24, 5 individuals), Papio hamadryas (n=15, 2 individuals), and Macaca arctoides
(n=7, 1 individual) from the American Museum of Natural History Mammal Collections downloaded from
MorphoSource.org. Manual and pedal phalanges from the second to fifth ray were selected for the shape analysis.
Generally, it was attempted to keep the number of individuals low by including hand and foot bones from the same
individual. However, this was not possible in some cases due to issues with preservation or scan quality. Moreover, a
second intermediate phalanx from G. gorilla had to be removed as it presented as an outlier throughout the statistical
analyses. Since the anatomical side of RP1-87 could not be determined so far, we analyzed bones from left and right

anatomical sides together.

1.21 SHAPE ANALYSIS
The shape analysis was conducted in R-Studio (R version 4.1.2 for Windows; R Core Team, 2021) using the geomorph

package (Adams and Otarola-Castillo, 2013). Eleven fixed landmarks were placed in geometrically corresponding
positions (Table 1) together with 70 surface semilandmarks. For RPI-87, the landmark placing procedure was repeated
three additional times. The precision of landmark placement was calculated based on the total of four repetitions using

the centroid radius approach (von Cramon-Taubadel et al., 2007).

Table 1: Landmark description of the eleven fixed landmarks.

No Orientation* Descritpion*
1 medial most distal point of the medial head condyle
2 lateral most distal point of the lateral head condyle
3 medial most palmar point of the medial head condyle
4 lateral most palmar point of the lateral head condyle
5 distal, dorsalup ) ¢ dorsal point of the medial half of the head
6 most dorsal point of the lateral half of the head
proximal, app. midpoint of palmar border of proximal articular surface, often most palmarly
7 palmar up projecting point
app. midpoint of left border of proximal articular surface, often most medially
8 projecting point
app. midpoint of right border of proximal articular surface, often most laterally
9 projecting point
app. midpoint of dorsal border of proximal articular surface, often most
10 proximally projecting point
1 medial most distal point of base curvature

*Anatomical sides were pooled in the analysis, and bones were not mirrored. Therefore, to simplify landmark
description, the indication of medial and lateral in this table refer to the bone as if it were right (i.e., for a bone
from the left side, medial should be replaced by lateral and vice versa).

The bones were divided into different subgroups for the analyses to address our research questions. Procrustes
superimposition was performed for each group separately by rotating, centering, and scaling. The resulting Procrustes

coordinates were analyzed in a principal component analysis (PCA) based on a covariance matrix. RPI-87 was not
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included in the original PCAs; instead, its principal component scores were calculated, and it subsequently was
projected onto the PC plots. The principal components depicted in the PC plot were chosen based on what best
separated the sample. To display the associated shape changes, the ‘warpRefMesh’ function from the package
geomorph was used to create thin-plate spline grids (Bookstein, 1989). In each analysis, the specimen most similar in
shape to the average sample was warped to depict the shapes at the extremes of the principal components. Additionally,
a matrix including the pairwise Procrustes distances was exported from R-Studio and imported into PAST (Hammer

et al,, 2001), to create a neighbor joining tree.

1.3 RESULTS

1.3.1  HAND OR FOOT

The precision of landmark placement was high with a maximum error rate of 2.77%.

As our first goal was to assess whether RPI-87 belonged to the hand or the foot, the sample was divided by ray,
resulting in four subgroups including both hand and foot bones.

The PC plot depicting the analysis of second intermediate phalanges (Fig. 1, top left) shows the clearest separation
of hand and foot bones when PC6 (2.76% of variance) is plotted against PC1 (65.88% of variance). RPI-87 plots inside
the convex hull of foot bones extending mainly towards PC1 negative, whereas the hand bones are concentrated more
towards PC1 positive and PC6 positive. It should be noted that the variation on PC6 appears to be mainly driven by
one Gorilla specimen. In the neighbor joining tree (Fig. 1, top right), RPI-87 is closest to some Gorilla and Pan foot
bones, as well as Papio foot bones. This is also reflected in the Procrustes distance values (not shown), as the
Ouranopithecus phalanx shows the least mean distance to the Papio species.

In the analysis of the third ray (not shown), in which the best separation was achieved through a combination of
PC1 (63.24% of variance) and PC4 (4.56% of variance), the Ouranopithecus specimen shows a distinctively higher
negative loading on PC1 than the rest of the sample, placing it outside the convex hulls of either hand or foot bones.
Nonetheless, it is closer to the majority of foot bones, in particular those of Gorilla and Pan, than to hand bones, which
plot more towards PC1 positive and PC4 negative. The neighbor joining tree shows RPI-87 positioned at its bottom
with two Pan foot bones in the closest proximity. As in the PC plot, the majority of hand bones are positioned further
away from the Ourangpithecus bone, indicating that the bone is more similar to the foot bones in the sample. The species
means of Procrustes distances place RP1-87 closest to Gorilla and Papio, whereas the similarity to Pan, as indicated by
the neighbor joining tree, is limited to the two foot bones. The shape analysis of the fourth ray (not shown) consistently
showed poor separation of hand and foot bones, irrespective of the combination of principal components. Therefore,
it was decided to focus on the PC axes reflecting the highest amount of variance: PC1 (62.07%) and PC2 (10.33%). As
in the analysis of the third intermediate phalanx, RPI-87 plots outside the range of either hand or foot bones. On PC1,
it is most similar to a Papio hand bone that differs from the remaining hand bones in the sample by its high negative
loading on that axis. When considering both PC1 and PC2, two Gorilla foot bones on the margin of the foot bone
convex hull are slightly closer to the Ourangpithecus bone. On the neighbor joining tree, the Papio hand bone is situated
on a sister branch to RP1-87 and three Gorilla foot bones are located on branches in the proximity. This is also reflected
in the Procrustes distance values, as RP1-87 is closest to the Papio and Gorilla species. As in the PC plot, the separation
of hand and foot bones is poor in the tree due to the high amount of overlap. However, there is a higher concentration
of foot bones towards the bottom of the tree and in the proximity of RP1-87, while most hand bones, particularly those
of Pan and Pongo, are located further away from the fossil.

Finally, when analyzing the intermediate phalanges of the fifth ray (Fig. 1, bottom left), the best separation was
achieved by plotting PC1 (63.62% of variance) and PC2 (7.69% of variance). RPI-87 plots inside the shape variation
of foot bones, closest to a Papio and a Gorilla specimen. The neighbor joining tree (Fig. 1, bottom right) shows the

Ouranopithecus specimen situated close to a Pan and three Gorilla foot bones, but also in the proximity of Papio bones of
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Figure 1: Top: PCA of Procrustes superimposed landmarks of the second intermediate phalanx without a priori group association.
PC1 compated to PC6. Shape changes along PC1 and PC6 are illustrated below and to the right of the plot respectively. The
neighbor joining tree based on the Procrustes distances is depicted on the right.

Bottom: PCA of Procrustes superimposed landmarks of the fifth intermediate phalanx without a priori group association. PC1
compared to PC2. Shape changes along PC1 and 2 are illustrated below and to the right of the plot respectively. The neighbor
joining tree based on the Procrustes distances is depicted on the right. Coloration and symbology follow the legend in the top image.

both hand and foot. The latter is also reflected in the Procrustes distance values, as the mean distance is smaller from
RPI-87 to Papio than to Gorilla.

Correlation analyses of PC1 and centroid size show that there is a moderate correlation (Pearson’s r = 0.55-0.66,
assumptions are met) between these variables. However, this correlation does not appear to be related to size
differences among species, but rather to differences in size among hand and foot bones, the latter being typically larger

than the former.

1.3.2 RAY ALLOCATION AND AFFINITIES TO EXTANT PRIMATES

As the previous analyses have generally placed RP1-87 closer to foot bones than to hand bones, the latter were removed
from the sample. In order to determine the ray RP1-87 belongs to, the foot bones of all rays were analyzed together in

the subsequent analyses.
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The plot of PC1 (60.9% of variance) and PC2 (9.08% of variance) shows substantial overlap between the different
rays (Fig. 2, top left). The shape changes along PC1 appear to be mostly related to length-to-width proportions, with
longer and more slender bones on PC1 positive and shorter and broader bones on PC1 negative. Shape changes on
PC2 can be attributed to bone robusticity, particularly at the head and base, asymmetry in distal extension of the head
condyles and the degree of proximal extension of the palmar area of the base. While the overlap among rays is
particularly visible around the center of PC1, some degree of separation of the different rays is apparent at the extremes
of this axis. The convex hulls of the second and fifth intermediate phalanx extend towards PC1 negative, while PC1
positive shows a higher concentration of bones from the third and fourth ray. With its negative PC1 loading, RP1-87
plots inside the range of variation of both second and fifth intermediate phalanges. The neighbor joining tree also
reflects the overlap among rays (Fig. 2, top right), although the branches in the proximity of RPI-87 are mainly
associated with bones from the second and fifth ray, with the only exception of a Gorilla fourth intermediate phalanx.
In terms of Procrustes distances, this Gorilla bone appears to be closest to the fossil specimen. Nonetheless, when
calculating the mean distance of each ray, RPI1-87 shows the least distance to fifth intermediate phalanges, followed by
bones of the second ray.

An improved separation is achieved when the phalanges are grouped by species instead of ray (Fig. 2, bottom left).
This suggests that the variation driving the principal component analysis is not related to the differences in shape
among rays, but to the differences among species. With its longer and more slender foot bones, Pongo is located at the
extreme of PC1 positive. In contrast, Gorilla plots towards PC1 negative, together with two Pan foot bones. The
majority of Pan bones, however, are clustered around the center of PC1 and towards PC2 positive. Papio and Macaca
have a similar loading on PC2 as they both fall on the negative extreme of this component, with Papio on PC1 negative
and Macaca on PC1 positive. RPI-87 plots in the center of the Gorilla convex hull, indicating a possible similarity in
shape to that species. Interestingly, in the neighbor joining tree, as well as in Procrustes distance values, the
Ouranopithecus bone is more similar to the Papio foot bones. These contradictory results can be explained by that the
PC plot focuses only on two axes of shape variance, whereas the Procrustes distances cover the entire shape variation
in the sample.

PC1 of this analysis is again moderately correlated with centroid size (Pearson’s r = 0.52, assumptions are met).
In this case, however, this correlation appears to be driven by size differences among the rays (ray 2 and 5 compared
to ray 3 and 4) instead of species-related size differences, as the two species with the overall largest phalanges (Gorilla
and Pongo) are represented on both extremes of PC1.

To further localize the ray RPI-87 belongs to, an analysis was conducted including only pedal intermediate
phalanges of the second and fifth ray (not shown). However, the overlap between bones of the two rays is too extensive
both in the PC plot and the neighbor joining tree to draw meaningful conclusions. Procrustes distance values indicate
that RPI-87 is slightly more similar to fifth intermediate phalanges than to those of the second ray, but only by a small

margin (0.085 as compared to 0.087).

1.4 DISCUSSION

This pilot study was an attempt at identifying the intermediate phalanx RPI-87, one of the only two postcranial elements
so far associated with Owranopithecus macedoniensis, through the application of 3D geometric morphometrics. According
to the results of the principal component analyses and the neighbor joining trees, the shape of RPI-87 more closely
resembles the shape of foot bones in our comparative sample. It differs from most hand bones analyzed here. This

would suggest that, in contrast to a previous assessment of this specimen (de Bonis and Koufos, 2014), RPI-87 can
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Figure 2: PCA of Procrustes superimposed landmarks of the pedal phalanges without a priori group association. PC1 compared
to PC2. The upper plot depicts grouping by ray while the lower plot depicts grouping by species. Since the two plots represent the

same analysis, the shape changes along PC1 and 2, illustrated below and to the right of the plots, respectively, apply for both plots.
The neighbor joining tree based on the Procrustes distances is depicted on the right with coloration based on the different rays.

likely be attributed to the foot. Additionally, the fact that the fossil plots outside the shape variation of both hand and
foot bones of the third and fourth ray suggests that its shape diverges notably from the bones of these rays. This is
supported by our analysis including foot bones only, which focused on ray identification. Despite the overlap among
rays, the PC plot indicates a similarity in shape of RP1-87 and intermediate phalanges of the second and fifth ray. These
results are in accordance with those by de Bonis and Koufos (2014), who suggested that the specimen represents a
paramedian digit (two and five). Unfortunately, it was not possible to further specify the ray in this pilot study, as the
overlap in shape of these two rays is too great. This could possibly be due to the fact that our sample includes bones
from both the right and left side. The two paramedian digits are asymmetric in their morphology, especially of the
head condyles, but in the opposite direction (i.e., a more distally extending head condyle can usually be observed on
the lateral side of the second and the medial side of the fifth intermediate phalanx). Therefore, for a clearer
identification, it would be necessary to identify the anatomical side of RPI-87. If this is not possible without first
identifying the ray, the second option is to analyze a larger sample with balanced proportions of left and right phalanges
to better observe and interpret potential patterns. While our analyses have identified a moderate correlation between
the respective PC1s and size, this does not appear to be associated with species-related size differences, but rather with

differences in size among hands, feet, and rays. Therefore, we propose that the variance on the first PCs is mainly
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driven by variation in shape, whereas their correlation with size is likely an ancillary effect.

Our results additionally suggest RPI-87 to be most similar in shape to Gorilla and Papio foot bones. While
reconstructing individual behavior from overall bone shape can be misleading (e.g., see Wallace et al., 2020), the fact
that RP1-87 is more similar in shape to the terrestrial species than it is to Pongo—the most arboreal species in our
sample—could suggest that Ouranopithecus macedoniensis was a terrestrial primate as well. A comparable conclusion has
been drawn by de Bonis and Koufos (2014), as they have found similar morphological affinities in their analysis.
Further support can be found in reconstructions of the paleoenvironment at Ravin de la Pluie, indicating an open and
dry environment in this area (Koufos, 2006), and in the results of the microwear analysis on teeth of other fossils

attributed to O. macedoniensis (Ungar, 1996; Merceron et al., 2005).

1.5 CONCLUSION AND OUTLOOK

The analysis of the overall bone shape of the intermediate phalanx RPI-87 has shown that the specimen can likely be
attributed to the second or fifth ray of the foot. Additionally, its morphology appears to be most similar to intermediate
phalanges of Gorilla gorilla and Papio hamadryas. While this study succeeded in showing the great potential of using 3D
geometric morphometric analysis to identify the intermediate phalanx RPI-87, it also presented some issues that impede
drawing secure conclusions. To corroborate and specify the results of this pilot study, future analyses of this bone

should increase the size of the comparative sample. Not only should the number of individuals of the species analyzed

here be increased, but future studies ideally should also include additional species of extant and—more crucially
fossil primates. Another important step is to apply a more detailed and specialized landmark configuration. RPI-87
shows some distinctive morphological traits such as the subtle curvature of its bone shaft and the faint development
of its flexor sheath ridges. These traits could be captured with more specific landmark placement or with curve
semilandmarks.

Finally, the shape analysis should be extended to the proximal phalanx RP1-86. As the two specimens represent a
proximal and an intermediate phalanx, respectively, thorough analyses of not only the overall shapes of the bones, but
also of their articular surfaces specifically, could shed light on whether these bones are from the same individual, the

same foot or even from the same ray.
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ABSTRACT

Systematic tool use is a central component of the human niche. However, the timing and mode of its evolution
remain poorly understood. A newly developed method for the analysis of muscle recruitment patterns (Validated
Entheses-based Reconstruction of Activity - V.E.R.A.) has recently been experimentally shown to provide clear
and reliable evidence of habitual activity during life from skeletal remains. It is thus ideal to investigate the emer-
gence of tool-related behaviors in the human fossil record. Here, we investigate this question by applying V.E.R.A.
to the attachment proportions of thumb (first metacarpal) muscles considered crucial for tool use, in combination
with a geometric morphometric analysis of bone shape. Our sample comprises modern humans, extant great apes,
Neanderthals, Homo naledi, three Australopithecus species (A. afarensis, A. africanus and A. sediba) and a taxonomi-
cally unassigned fossil hominin from Swartkrans, South Africa. Results show that modern humans are distinct
from extant non-human great apes in the recruitment patterns of the thumb muscles examined, as expected. Im-
portantly, all hominins except A. africanus exhibit human-like thumb muscle use irrespective of the overall shape
of their first metacarpal. This pattern supports habitual tool-related behaviors in these early taxa—excluding A.
africanus— despite their lack of skeletal adaptations for efficient tool use observed in the first metacarpals of later
Homo. Our findings strongly suggest habitual tool use by early hominins, and indicate an early, mosaic establish-
ment of this behavior among Australopithecus taxa, preceding the evolution of tool-related biomechanical adapta-
tions of the hominin hand and consistent with recent archaeological discoveries.
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INTRODUCTION

abitual stone tool use is a fundamental element of the

hominin adaptive niche and a cornerstone of human
bio-cultural co-evolution. However, the time and mode
of its emergence remain elusive. Since chimpanzees, our
closest living relatives, are known to engage in stone ham-
mer-and-anvil nut-cracking and plant-tool use (Haslam et
al. 2009; Whiten et al. 1999), it is considered reasonable to
suggest some form of tool-use in our last commonancestor
(Kivell 2015; Panger et al. 2002). However, this view does
not take into account several million years of independent
chimpanzee evolution. To reliably assess early hominin be-
havior, therefore, we must turn to the direct evidence from
the archaeological and fossil record.

The currently available evidence is inconclusive—the
recently discovered lithic industry from Lomekwi, Kenya,
dated to as early as 3.3 Ma (Harmand et al. 2015), is contro-
versial, as both its artifactual character and its chronology
have been questioned (Archer et al. 2020; Dominguez-Ro-
drigo and Alcala 2016), while proposed 3.39 my-old cut-
marks from Dikika, Ethiopia, (McPherron et al. 2010) may
have been produced through taphonomic processes or bite
marks rather than hominin activity (Dominguez-Rodrigo
etal. 2012; Sahle et al. 2017). The hand anatomy of early fos-
sil hominins has been used to infer their mechanical abili-
ties and manual dexterity (Alba et al. 2003; Galletta et al.
2019; Green and Gordon 2008; Kivell et al. 2011; 2015; 2018;
Marchi et al. 2017; Marzke 1983; Marzke et al. 2010; Ricklan
1987; Susman 1988, 1994). Current consensus of this work
describes early hominins as showing a mosaic of human-
and ape-like features, which may or may not be consistent
with systematic tool use. However, while manual biome-
chanical dexterity and skeletal morphology are important
indicators of evolutionary adaptation potentially related
with tool-using skills, they cannot be used to directly in-
fer the habitual performance of tool-related behaviors dur-
ing life. Due to its importance for functional and motoric
aspects, gross bone shape is considered to be genetically
regulated, reflecting evolutionary adaptation, and thus
less subject to change through physical activity during life
(Currey 2002; Kivell 2016; Parfitt et al. 2000; Wallace et al.
2020). Bone shape, therefore, may inform on movements
a taxon is adapted for, but may also reflect the retention
of ancestral features which have little or no bearing on an
individual’s actual behavior in life. To overcome this prob-
lem researchers have turned to the analysis of trabecular
features. Differences in trabecular bone architecture are of-
ten thought to inform on different loading regimes during
life and thus to be a possible proxy for activity (Barak et
al. 2011; Biewener et al. 1996; Kivell 2016; Ruff et al. 2006;
Scherf et al. 2013; 2016; Stephens et al. 2018; Tsegai et al.
2013). Studies of trabecular bone in Australopithecus sediba
and A. africanus suggested the possibility of frequentforce-
ful opposition of the thumb in these taxa, possibly indicat-
ing a human-like use of the hand (Dunmore et al. 2020;
Skinner et al. 2015b), despite their observed low manual
biomechanical efficiency (Galletta et al. 2019; Karakostis et
al. 2021b; Marchi et al. 2017). While the exact factors driv-

ing variation in trabecular features can often be difficult to
assess (e.g., Almécija et al. 2015; Carlson et al. 2008; Judex
and Carlson 2009; Kivell 2016; Robling 2009; Skinner et al.
2015a), such results still hint at a discrepancy between bio-
mechanical efficiency inferred by bone functional anatomy
and reconstructions of habitual behavior based on analyses
of structures more responsive to mechanical loading.
Another approach to reconstructing habitual activity is
the analysis of muscle recruitment patterns. As the interface
of soft and hard tissue, muscle attachment sites (entheses)
experience mechanical stress through muscle activation
and dissipate it across larger areas, resulting in remodeling
of the bone surface (Benjamin et al. 2002; Cashmore and Za-
krzewski 2013; Foster et al. 2014; Schlecht 2012). The analy-
sis of entheseal morphology has been plagued by important
methodological shortcomings in the past, including a for-
mer lack of supportive experimental evidence that enthe-
seal surfaces are affected by physical activity (Rabey et al.
2015; Wallace et al. 2017; Williams-Hatala et al. 2016; Zum-
walt 2006). The Tiibingen University Validated Entheses-
based Reconstruction of Activity (V.E.R.A.) method, how-
ever, which focuses on muscle recruitment patterns—as
revealed by the relative proportions of muscle attachment
sites on bone through multivariate analysis of entheseal 3D
surface areas (rather than individual entheses per se)—has
overcome many of these difficulties, providing a reliable
way to reconstruct habitual activity in the past (Karakostis
and Lorenzo 2016). Since the development of V.E.R.A. by
one of us (FAK; Karakostis and Lorenzo 2016; Karakostis
and Harvati 2021 and references therein), it has been vali-
dated both in documented human samples and several in-
dependent animal experimental models, and shown to reli-
ably discern habitual muscle coordination using multiple
anatomical regions and associated groups of muscles (Cas-
tro et al. 2021; Karakostis et al. 2017; Karakostis et al. 2019a;
2019b). It can therefore shed light on habitual performance
of specific body movements, and thus specific behaviors,
in the past (Karakostis et al. 2017; 2018; 2020; 2021a; Kara-
kostis and Lorenzo 2016). In a recent review dedicated to
previous applications of this method, Karakostis and Har-
vati (2021) provided a more detailed step-by-step protocol
for applying V.E.R.A., to facilitate its broader application.
Here we apply this novel method for the first time to
hand bones of early hominins to help elucidate the origins
of human-like tool using behavior. We investigate recruit-
ment patterns of thumb muscles important for these behav-
iors across hominin species in a comparative framework to
help reconstruct their habitual manual activities and shed
light on their potential tool use. We focus on the first meta-
carpal and its three attachment sites for the muscles: op-
ponens pollicis (OP), abductor pollicis longus (APL), and first
dorsal interosseous (DI1) (Figure 1). These muscles, which
are important for human tool use (Table 1 and Materials
and Methods), are thought to share key functions across
humans and apes (Diogo et al. 2013; Lemelin and Diogo
2016; Vereecke and Wunderlich 2016), enabling their com-
parison across taxa—the OP flexes the thumb at the carpo-
metacarpal joint (Netter et al. 2019) and plays a centralrole



Habitual Tool Use in Early Hominins ° 197

Figure 1. Depiction of the three entheses delineated on the right
first metacarpal of Basel 264 (left), recent modern human, and
Pan troglodytes 176229 (right) following the V.E.R.A. method
developed by one of us (FAK; Karakostis and Lorenzo 2016; Kara-
kostis and Harvati 2021 and references therein). a) medial view
with the delineation of the DI1 enthesis; b) palmar view; c) lateral
view with the delineations of the OP and APL entheses.

in precision grasping, which places the thumb in an oppos-
ing position to the palm and the remaining fingers (Napier
1956). Therefore, this muscle is often associated with hu-
man-like manual dexterity (Feix et al. 2015; Karakostis et
al. 2021b; Marzke 1997) and tool-use (Kivell 2015; Marzke
2013; Marzke et al. 1998). The APL is also activated during
thumb opposition and precision grasping through thumb
abduction at the carpometacarpal joint (Napier 1956; Net-
ter et al. 2019). Finally, the DI1 abducts the second digit at
the metacarpophalangeal joint (Netter et al. 2019), which is
critical for habitual tool production (Williams-Hatala et al.
2020), and is also thought to stabilize the thumb (Marzke et
al. 1998). Previous work has found that this muscle is less
developed in great apes compared to modern humans (Ja-
cofsky 2009; Tocheri et al. 2008). Importantly, electromyo-
graphic work has shown that the DI1 is consistently acti-
vated together with the flexor pollicis longus (FPL) during
human-like stone tool use irrespective of tool type, as well

as during hard hammer percussion manufacture (which
involves both the dominant and the non-dominant hand),
underlining the importance of this muscle for tool-related
behaviors in general (Key et al. 2020; Marzke et al. 1998).
Similar to the other muscles analyzed here, the FPL is gen-
erally thought to play a major role in human-like object
manipulation, and particularly in tool use (Hamrick et al.
1998; Kivell 2015; Susman 1988, 1994). However, it is usu-
ally either absent or not a distinct muscle in the non-human
great apes (Diogo et al. 2012). Its insertion ridge on the first
distal phalanx is therefore typically not discernible in these
species and, as a result, could not be included here.

In addition to the recruitment patterns of these mus-
cles, we analyze the overall 3D shape of the first metacar-
pal including the shape of its entheses (see Supplementary
Online Material (SOM); the terms ‘overall shape’ or ‘overall
morphology” will be used throughout the paper to refer to
the shape of the bone, its head and base, as well as of the
respective muscle attachment sites) to assess whether dif-
ferences in muscle recruitment are independent of gross
external morphology of the bone. The latter is generally
assumed to reflect genetic adaptation directly associated
with biomechanical efficiency (including morphological
characters across the bone diaphysis and articular surfaces;
see, e.g., Galletta et al. 2019; Kivell 2015; Marchi et al. 2017;
Marzke 2013).

Overall, we expect that habitual human-like tool users
(later Homo, here comprising fossil and recent Homosapiens
and Homo neanderthalensis) will differ in their overall first
metacarpal shape from the non-human great apes, reflect-
ing genetic adaptation and possibly biomechanical efficien-
cy related to tool use in the former (e.g., Karakostis et al.
2021b). At the same time, we predict muscle recruitment
patterns showing proportionately larger DI1 entheses in
species with human-like tool use (recent and fossil Homo
sapiens, Homo neanderthalensis), and proportionally smaller
DIl attachments in the non-human great apes. Because

TABLE 1. DETAILS ON EARLY FOSSIL HOMININ SAMPLE

(references are provided for the dating of the fossil or the respective site).

ID Species Date Location* Reference

A.L. 333w(-39) Australopithecus ~3.2 mya Hadar, ET Walter 1994
afarensis

StW 418 Australopithecus | 1.95-2.95 mya Sterkfontein, SA Pickering et al. 2011
africanus

UW 88-119 Australopithecus | 1.78-1.95 mya Malapa, SA Pickering et al. 2011

sediba
SK 84 early Homo / 1.8-1.9 mya Swartkrans, SA Pickering et al. 2011
Paranthropus

robustus?

UW 101-1321 Homo naledi 241-335kya | Rising Star Cave, SA | Robbins et al. 2021

*Abbreviations following ISO 3166 country codes.
*See Susman (1988) and Trinkaus and Long (1990).
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of the reported importance of the DIl across tool-related
behaviors irrespective of tool type or industry (Key et al.
2020; Marzke et al. 1998), we consider it to reflect general-
ized tool-related tasks. If early hominins already practiced
generalized human-like tool use habitually, we expect
them to also exhibit proportionally larger DI1 attachments,
irrespective of human- or ape-like overall bone shape. Fi-
nally, the muscles OP and APL are also essential for human
precise thumb manipulatory activities (e.g., Clarkson 2000;
Marzke 1997, 2013), with recent biomechanical research
demonstrating the substantial contribution of OP to the
adaptive evolution of increased thumb efficiency in homi-
nins after approximately 2 Ma (Karakostis et al. 2021b).
Since more developed tool-related thumb use is thought
to have emerged among later hominins (e.g., Karakostis et
al. 2021b; Marzke 1997; also see Shea 2016), we would not
necessarily expect early hominins to exhibit a human-like
pattern in the entheses of these two pollical muscles, even
if they show evidence for habitual generalized tool-use as
reflected by proportionally larger DI1 attachments.

MATERIALS AND METHODS

Our sample comprises Australopithecus, Homo naledi, and
SK 84 (an unassigned specimen from Swartkrans, South
Africa) (see Table 1), as well as fossil and recent Homo sa-
piens, Homo neanderthalensis, and the three great ape genera
(Pongo pygmaeus: n=7, Pongo abelii: n=2, Gorilla gorilla: n=7,
Pan troglodytes: n=9) (Tables 2, 3). Our analysis focuses on
the first metacarpal, as preservation of complete hand skel-
etons is rare in the fossil record (Kivell et al. 2011; 2018).
Additionally, the first metacarpal contains three muscle at-
tachment sites (see Figure 1), among which the OP and the
DI1 are thought to play an important role during human-
like tool use (Key et al. 2020; Marzke et al. 1998). Detailson
muscle function and location of the attachment sites can be
found in Table 4.

The muscles examined here (OP, APL, DI1) share im-
portant corresponding functions across humans and the
great apes (Diogo et al. 2013; Lemelin and Diogo 2016;
Vereecke and Wunderlich 2016). It has been reported that
OP serves as a flexor both in humans and Pan troglodytes,
whereas it functions as an adductor rather than an ab-
ductor of the thumb in the latter species (Karakostis et al.
2021b; Marzke et al. 1999). Although the dorsal interossei
have been reported absent in Pan troglodytes, in fact they
present a plesiomorphic state, where the intermetacarpales1
to 4 are not fused with the flexores brevis profundi 3, 5, 6 and
8 to form the dorsal interossei (Diogo et al. 2012). However,
since intermetacarpalis 1 attaches in the same exact bone ar-
eas as DI1 (Diogo et al. 2013), it is assumed here that it has a
similar function (i.e., contraction of the muscle would natu-
rally lead to abduction of the index finger) (Lemelin and
Diogo 2016; van Leeuwen et al. 2018; Vereecke and Wun-
derlich 2016). Most critically for our study, the attachment
site of the DI1 can be identified reliably across all taxa in
the form of a bone modification at the basal medial aspect
of the first metacarpal, predominantly in the form of a de-
pression in the area of muscle attachment (see Figure 1),

indicating the presence of biomechanical stress associated
with muscle pull.

During data collection, the right anatomical side was
generally prioritized. However, the left metacarpal was
used if the right side was damaged. In our analyses, all
bones associated with the same species consistently plot-
ted together irrespective of anatomical side (see Figure 4
below), indicating that any bilateral differences were not
considerable compared to interspecies variation.

ENTHESIS IDENTIFICATION AND

DELINEATION

Previous work has shown that multivariate analyses of
the proportions among different entheses can be used to
reconstruct habitual activity and are not influenced by
systemic factors such as body size or genetics (Castro et
al. 2021; Karakostis et al. 2017; 2018; 2019a; 2019b; 2020;
Karakostis and Lorenzo 2016). We applied this new, ex-
perimentally verified method (V.E.R.A.) to the analysis of
the entheseal proportions of the first metacarpal muscles
OP, DI1 and APL (see Table 4). The entheses were delin-
eated on three-dimensional surface models of the bones
using tools provided by Meshlab (CNR, Rome; version
2016.12 for Windows, Cignoni et al. 2008). The identifica-
tion of the entheses and subsequent delineation followed
the published V.E.R.A. protocols (Karakostis and Harvati
2021; Karakostis and Lorenzo 2016; Karakostis et al. 2020).
Briefly, different filters in Meshlab (e.g., the ‘Discrete Cur-
vatures’, ‘Equalize Vertex Color’ and ‘Principal Directions
of Curvature’ filters) were applied to the 3D models of the
bones to identify differences in elevation—including both
projection and depression—coloration, and surface com-
plexity in the area of muscle attachment. Based on these
criteria, the entheseal surfaces were delineated and then
separated from the surrounding bone. Afterwards, the 3D
surface areas of the entheses were measured in square mil-
limeters by the tools provided by Meshlab, to be used as
variables in the V.E.R.A. analysis (Karakostis and Lorenzo
2016). Our measuring protocol allowed for minimal tapho-
nomic damage of the entheses, which is common in fossil
and archaeological specimens, so as to maximize the fossil
hominin samples. Minimal damage on one enthesis was ex-
hibited by La Chapelle-aux-Saints, La Ferrassie 1, Qafzeh 9,
Villabruna, and Grevenmacher 93. These specimens none-
theless plotted close to other individuals of their respective
taxa, suggesting that our analysis is robust towards slight
taphonomic damage. This allowed us to confidently in-
clude early fossil hominin UW 88-119 (A. sediba) that pres-
ents slight damage on its DI1 muscle attachment site.

PRECISION TEST

The entheses of all australopiths, H. naledi, and one ran-
domly selected individual each of Neanderthals and early
modern humans (La Ferrassie 1, Ohalo 2) were delineated
twice by the same observer (JK), leaving at least one month
between the first and the second observation. Precision was
calculated by taking the mean of the two measurements
and dividing it by their standard deviation. The result was
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ID Species Age Sex Date Location* Reference
Abri Pataud 1 fossil H. sapiens 2029 | Female 26-28 kya France Villotte et al.
2015
Abri Pataud 3 fossil H. sapiens adult Female 26-28 kya France Villotte et al.
2015
Arene fossil H. sapiens ~25 Male 11-12 kya Italy Sparacello et al.
Candide 2 2018
Ohalo 2 fossil H. sapiens ~35-40 Male ca. 19 kya Israel Hershkovitz et
al. 1995
Qafzeh 9 fossil H. sapiens 15-19 Female 90-100 kya Israel Valladas et al.
1988
Villabruna fossil H. sapiens ~25 Male ca. 14 kya Italy Vercellotti et al.
2008
Amud 1 H. neanderthalensis ~25 Male 5348 kya Israel Rink et al. 2001
La Chapelle- | H. neanderthalensis | ~60-70 Male 47-56 kya France Raynal 1990
aux-Saints
Kebara 2 H. neanderthalensis | 25-30 Male 60-64 kya Israel Schwarcz et al.
1989
La Ferrassie1 | H. neanderthalensis | Adult Male 43-45 kya France Guérin et al. 2015
Shanidar 4 H. neanderthalensis 3045 Male 60-100 kya Iraq Trinkaus 1983
B 137 modern H. sapiens 31 Male 19th century AD Basel, CH Hotz and Steinke
2012
B 211 modern H. sapiens 21 Male 19th century AD Basel, CH Hotz and Steinke
2012
B 264 modern H. sapiens 41 Male 19th century AD Basel, CH Hotz and Steinke
2012
GV 12 modern H. sapiens 30-40 Female 13th-14th/15th Grevenmacher, = Trautmann 2012
century AD LU
GV 29 modern H. sapiens 30-40 Female 13th-14th/15th Grevenmacher, = Trautmann 2012
century AD LU
GV 31 modern H. sapiens 20-25 Female 13th—-14th/15th Grevenmacher, | Trautmann 2012
century AD LU
GV 46 modern H. sapiens 30-40 Male 13th-14th/15th Grevenmacher, | Trautmann 2012
century AD LU
GV 72 modern H. sapiens 20-30 Male 13th-14th/15th Grevenmacher, | Trautmann 2012
century AD LU
GV 93 modern H. sapiens 20-25 Female 13th-14th/15th Grevenmacher, | Trautmann 2012
century AD LU
GV 105 modern H. sapiens 30-40 Female 13th-14th/15th Grevenmacher, = Trautmann 2012
century AD LU
GV 112 modern H. sapiens 3040 Male 13th-14th/15th Grevenmacher, = Trautmann 2012)
century AD LU
GV 117 modern H. sapiens 20-25 Male 13th-14th/15th Grevenmacher, | Trautmann 2012
century AD LU
GV 121 modern H. sapiens 20-25 Female 13th-14th/15th Grevenmacher, | Trautmann 2012
century AD LU
GV 132 modern H. sapiens 40-50 Male 13th-14th/15th Grevenmacher, | Trautmann 2012
century AD LU
GV 143 modern H. sapiens 3040 Male 13th—14th/15th Grevenmacher, | Trautmann 2012
century AD LU

*Abbreviations following ISO 3166 country codes.
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ID* Species Aget Sex Wild- Provenancet Location
caught /
Captive
1784 Gorilla gorilla Adult Female Wild- Gabon State Museum of Natural History
caught Stuttgart, Germany
6294 Gorilla gorilla Adult Male Wild- Gabon Natural History Museum
caught Basel, Switzerland
7464 Gorilla gorilla Subadult Male Wild- Gabon State Museum of Natural History
caught Stuttgart, Germany
10429 Gorilla gorilla Adult Male NN NN Natural History Museum
Basel, Switzerland
38230 Gorilla gorilla Adult Female = Captive Wilhelma Zoo State Museum of Natural History
Stuttgart, DE Stuttgart, Germany
167368 Gorilla gorilla NN NN Wild- Cameroon American Museum of Natural
caught History, NY, New York, USAS
176225 Gorilla gorilla Adult Male Wild- Gabon National Museum of Natural
caught History, Washington, DC, USA
1794 Pan troglodytes Adult Male Wild- Gabon State Museum of Natural History
caught Stuttgart, Germany
2738 Pan troglodytes Adult NN Wild- Southern State Museum of Natural History
caught Cameroon Stuttgart, Germany
7597 Pan troglodytes Adult NN NN NN Natural History Museum
Basel, Switzerland
8869 Pan troglodytes Adult Male Captive | Zoological garden Natural History Museum
Basel, CH Basel, Switzerland
10449 Pan troglodytes Adult Male Wild- Ivory Coast Natural History Museum
caught Basel, Switzerland
10824 Pan troglodytes Adult Female | Captive | Zoological garden Natural History Museum
Basel, CH Basel, Switzerland
51376 Pan troglodytes NN Female Wild- DR Congo American Museum of Natural
caught History, NY, New York, USAS
176229 Pan troglodytes NN Female Wild- Cameroon National Museum of Natural
caught History, Washington, DC, USAS
2488 Pan troglodytes NN NN NN NN Duke University, Evolutionary
Anthropology Department,
Durham, NC, USAS
1687 Pongo pygmaeus Adult Male Wild- Borneo State Museum of Natural History
caught Stuttgart, Germany
2190 Pongo pygmaeus Adult Female Wild- Borneo, MY State Museum of Natural History
caught Stuttgart, Germany
6286 Pongo abelii NN Male Wild- Sumatra Natural History Museum
caught Basel, Switzerland
7457 Pongo pygmaeus Adult Male Wild- Northern Borneo | State Museum of Natural History
caught Stuttgart, Germany
10002 Pongo abelii NN Female Wild- Northern Sumatra Natural History Museum

caught

Basel, Switzerland
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TABLE 3. DETAILS ON GREAT APE SAMPLE (continued).

ID* Species Aget Sex Wild- Provenancet Location
caught/
Captive
10965 Pongo pygmaeus NN Female | Captive | Zoological garden Natural History Museum
Basel, CH Basel, Switzerland
142169 | Pongo pygmaeus | Young adult | Female Wild- Borneo, ID National Museum of Natural
caught History, Washington, DC, USA
145302 | Pongo pygmaeus Adult Female Wild- Borneo, ID National Museum of Natural
caught History, Washington, DC, USA
200900 | Pongo pygmaeus NN Female Wild- Borneo, ID American Museum of Natural
caught History, NY, New York, USAS

*Museum inventory numbers.

*The bones of all individuals were fused, including specimens with unknown exact age, indicating adult or near-adult status.

tAbbreviations following ISO 3166 country codes.
§Specimens were downloaded from MorphoSource.

then multiplied by a hundred. The resulting number de-
picts the percentage of error for each enthesis. Precision
was generally high among all entheses and individuals, as
error rates were consistently below 5% (ranging from 0.7%
to 4.61%), in broad agreement with the error tests previous-
ly reported for V.E.R.A. in its first publication (Karakostis
and Lorenzo, 2016).

STATISTICAL ANALYSES

Principal Components Analysis

The surface area measurement of each enthesis was size-
adjusted by dividing it by the geometric mean (e.g., Elewa
2010; Lycett et al. 2006), calculated using all three enthe-
seal measurements of each individual. This standardiza-
tion process, which constitutes part of the V.E.R.A. proto-
cols (e.g., Karakostis et al. 2017), is shown to adequately
control for the effects of bone dimensions and body size
on the multivariate proportions among muscle attachment
sites (Karakostis et al. 2017; 2019a; 2021a; Karakostis and
Harvati 2021). The resulting values represent the propor-

tions of the entheses among each other for each individual
(SOM Table 1). These values are irrespective of total bone
size (whose variability might be affected by other potential
systemic factors not associated with overall entheseal size
variation), as they represent the proportion of each enthesis
compared to the individual’s geometric mean of the enthe-
seal surfaces on the first metacarpal. They signify wheth-
er the measurement of the enthesis is larger (value >1) or
smaller (value <1) than the geometric mean of all three en-
theses. These size-adjusted entheseal measurements were
analyzed in a Principal Components Analysis (PCA) based
on a correlation matrix using PAST 3.25 (Hammer et al.
2001). This analysis does not assume a priori assignment
of specimens to groups and is used to find the main axis
of variance among the individuals. The absence of outliers
was confirmed using the z-score approach (Field 2017). Rel-
evant principal components (PCs) were selected for plot-
ting following the scree-plot approach (Field 2017). Since
the early fossil hominins were not included in the original
PCA, their PC scores were calculated in R (RStudio Inc.,
Boston; R version 3.6.2 for Windows, R Core Team 2021)

TABLE 4. CHARACTERISTICS OF MUSCLES AND ATTACHMENT SITES (bold)
USED IN THIS ANALYSIS*.

Muscle Origin Insertion Muscle function
Opponens . Radial diaphysis
. . Trapezium bone Abducts, rotates, and flexes the thumb
pollicis of MC1
Radi 1 hoi
Abductor adlus,. ulna, scaphoid, Abducts the thumb at the carpometacarpal
. trapezium, transverse Base of MC1 . . .
pollicis longus . joint, abducts the wrist radially
carpal ligament
.F irst dorsal Diaphyses of MC1 and Base of PP2 Abducts the 2nd digit
interosseous MC2

*After Netter et al. (2019).
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TABLE 5. EIGENVALUES AND FACTOR LOADINGS OF PC1-3
OF THE ANALYSIS OF ENTHESEAL PROPORTIONS.

Factor loadings

Principal component Eigenvalue % of variance oD DL DIl

PC1 1.86 62.06% 0.71 0.62 -0.99
PC2 1.1 36.52% -0.7 0.78 -0.01
PC3 0.04 1.42% 0.11 0.1 0.14

using the ‘predict’ function and then projected onto the PC
plot. PC loadings are reported in Table 5.

Discriminant Function Analysis

We conducted a discriminant function analysis (DFA) us-
ing the IBM SPSS software package v.25 (IBM Corp. 2017)
to assess whether differences in entheseal proportions
serve to reliably differentiate between tool-users and non-
tool-users. The sample was divided into two groups: The
first encompassed the tool-users Homo neanderthalensis and
Homo sapiens, designated as ‘Later Homo’, and the second
included all great apes. Additionally, the fossil hominins
were entered with unknown group membership to predict
their classification with ‘Later Homo” or great apes. The
assumptions of the DFA were met (Field 2017). Since the
Box’s M test was non-significant, indicating homogeneity
of covariance matrices (Field 2017), the within-groups co-
variance matrix was used for developing the discriminant
functions. The variables were entered stepwise and the ro-
bustness of the classification was validated throughLeave-
one-out classification (SOM Tables 2 and 3). The analysis
was performed using the size-adjusted measurements of all
three entheses as variables. However, the stepwise proce-
dure only retained the adjusted DI1 measurement in the
analysis, as an analysis based only on this variable pro-
vides the best separation of the two groups. It should be
highlighted that this variable represents the DI1 entheseal
surface areas adjusted using the geometric mean, which is
a measure of the DI1’s proportion compared to the other
entheses in each individual (i.e., their geometric mean; e.g.,
Elewa 2010; Lycett et al. 2006). Details on DFA statistics,
including percentages of correct original and cross-validat-
ed group classification, are reported in the Supplementary
Online Material (see SOM Tables 2 and 3).

OVERALL 1ST METACARPAL 3D SHAPE
ANALYSIS
The analysis of overall bone shape was conducted using
geometric morphometrics. A brief description of the proce-
dure will be provided here, while details on the statistical
analysis and the precision test can be found in the Supple-
mentary Online Material.

In cases where the right first metacarpal was not suf-
ficiently preserved, the left side was mirrored for the geo-
metric morphometric shape analysis. Due to preservation

issues, the Amud 1 Neanderthal and one Pan specimen had
to be removed for this analysis.

The .ply files of the metacarpal surface models and of
the entheses were imported into RStudio. The landmarks
for the muscle attachment sites were not placed on the 3D
models of the metacarpal, but on the separately imported
models of the entheses, to minimize potential sources of er-
ror. Consequently, centering the models prior to digitiza-
tion had to be disabled, so that the 3D model of the overall
bone and the models of the corresponding entheses were
still in the same coordinate system. As a result, the land-
marks could later be combined for the analysis, despite be-
ing placed on separate models. Before landmarks were dig-
itized, the entheses were placed in their correct anatomical
position. For this, Meshlab was opened in a second win-
dow. Here, the 3D models of the entheses were placed on
top of the models of their corresponding bone. Using this
as a reference, the orientation of the entheses could be ad-
justed to properly match their position on the bone. For the
landmark digitization in RStudio, the package geomorph
(Adams and Otarola-Castillo 2013) was used to place fixed
landmarks on the bone and entheseal surfaces, registered
in geometrically corresponding positions. Six landmarks
were placed on each enthesis, 9 landmarks were used to
capture the shape of the bone, 3 landmarks were placed on
the proximal, and 7 on the distal articular surface. Detailed
landmark descriptions and illustrations are reported in
SOM Table 4 and Figure 2.

RESULTS

Results of the overall shape analysis are reported in the
Supplementary Online Material (SOM text). As expected,
recent and fossil H. sapiens and H. neanderthalensis are well-
differentiated from non-human great apes on PC1 of the
PCA, showing minimal overlap with Pan and no overlap
with Gorilla or Pongo (Figure 3, SOM Figure 1). All australo-
piths in our sample plot with the non-human great apes
and away from later Homo. In contrast, H. naledi and SK 84
fall with later Homo.

The results of the muscle recruitment pattern analysis
(Methods; see Table 5 and SOM Table 1) are depicted in
Figure 4. The variation on PC1 (62.02% of variance) indi-
cates differences in the proportionate size of the DIl en-
thesis (loading negatively; see Table 5). In close agreement
with our predictions, this axis clearly separates great apes
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Figure 2. Location of the fixed landmarks depicted on the first metacarpal of a recent H. sapiens from Basel (B 264). Landmark de-

scriptions are reported in SOM Table 4.
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Figure 3. PCA of Procrustes-superimposed landmarks of the first metacarpal without a priori group association, PC1 compared to
PC3. Shape changes along PC1 and PC3 are illustrated below and to the right of the plot, respectively. OP: red; DI1: yellow; APL:
purple; articular surfaces: green. Abbreviations: OH: Ohalo; AP: Abri Pataud; AC: Arene Candide; Q: Qafzeh; KB: Kebara; CS:

Chapelle-aux-Saints; LF: La Ferrassie; SH: Shanidar.
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Figure 4. PCA on size-adjusted entheseal measurements without a priori group association, PC1 compared to PC2. Abbreviations:
OH: Ohalo; AP: Abri Pataud; AC: Arene Candide; Q: Qafzeh; KB: Kebara; CS: Chapelle-aux-Saints; LF: La Ferrassie; SH: Shanidar.

(more positive scores, indicating proportionally smaller
DIl attachments) from later Homo (more negative scores,
reflecting proportionally larger DI1 entheses), with mini-
mal overlap with Pan (one specimen) and no overlap with
Gorilla or Pongo. All earlier fossil hominins except A. africa-
nus show negative PC1 scores and plot close to later Homo
when projected into the PC plot, indicating human-like DI1
proportions. H. naledi plots towards the negative extreme
of PC1, indicating an unusually proportionally large DI1
enthesis. The only individual with similarly large DI1 pro-
portions is A. sediba, plotting between early H. sapiens and
H. naledi. A. africanus is the only hominin that clusters with
the great apes, falling within the PC1 ranges of all great ape
genera, indicating a proportionally smaller DI1 attachment
for this taxon.

PC2 (36.52% of variance), on the other hand, differen-
tiates specimens with a proportionally larger OP enthesis
(loading negatively; see Table 5) from those with a propor-
tionally larger APL attachment site (loading positively; see
Table 5). On this axis, later Homo cluster tightly around 0,
with scores mainly between -1 and 1, indicating a relative
balance in the proportions of their OP and APL attach-
ments, in line with the importance of both these muscles for

precise thumb movements fundamental to specialized tool
use. The great apes, on the other hand, show great varia-
tion and widely contrasting patterns in the relative propor-
tions of these two entheses. While Pan is similar to Hormoin
its PC2 scores (clustering mainly between -1 and 1), Pongo
plots on the positive side of PC2 with proportionally larger
APL and smaller OP entheses compared to all other sam-
ples; and Gorilla on the negative side, showing the inverse
pattern. Among earlier hominins projected into the plot, H.
naledi, SK 84, and A. sediba overlap with later Homo, also
clustering tightly around 0 in their PC2 scores. In contrast,
A. afarensis shows a more positive PC2 value than all other
hominins, similar only to Pongo, and A. africanus a more
negative score, overlapping with Gorilla.

The discriminant function analysis (DFA) classified
later Homo vs. the great ape genera with an accuracy of
100% and 96% respectively (see SOM Tables 2 and 3). Early
hominins were treated as unknown. A. africanus was the
only hominin classified with the great apes (posterior prob-
ability 70%, Table 6). All other hominins, including A. afa-
rensis, A. sediba, H. naledi, and SK 84 were classified with
later Homo.
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TABLE 6. PREDICTED GROUP/POSTERIOR PROBABILITY VALUES
OF THE DISCRIMINANT FUNCTION ANALYSIS*.

Entheseal proportions

A. afarensis Later Homo / 0.95
A. africanus great apes / 0.70
A. sediba Later Homo / 1
H. naledi Later Homo / 1

SK 84 Later Homo / 0.99

*Later Homo comprises H. sapiens and H.

neanderthalensis.

DISCUSSION

As expected, later Homo differs from the non-human great
apes in the overall shape of the first metacarpal. Consistent
with findings from previous studies of this bone (e.g., Kara-
kostis et al. 2021b; Kivell et al. 2018; Marzke 2013; Susman
1988), all australopiths exhibited multiple ape-like features
suggesting low biomechanical efficiency, while H. naledi
and SK 84 were more similar to later Homo (see Figure 3,
SOM Figure 1).

In terms of the recruitment pattern of the DI1, we pre-
dicted that the relative proportions of this muscle’s enthesis
would differentiate between later Homo and the other great
apes, in part due to its importance for generalized human-
like tool-related behaviors. The critical role of the DI1 was
recently highlighted by experimental electromyographic
work (Key et al. 2020), which reported high levels of activa-
tion of this muscle during the use of all stone tool types. On
this basis, we consider that a contraction of the DI1, strong-
ly pressing tools between the abducted index finger and
the thumb’s distal pad, without necessarily fully opposing
or abducting the thumb (and therefore without involving
systematic co-recruitment of OP and APL, respectively), as
a shared component in human tool-use, which can be used
to assess the origins of this behavior in the fossil record.
Consistent with our prediction, we found a strong differen-
tiation between later Homo and the non-human great apes,
with proportionally larger DI1 muscle attachments in the
former. Furthermore, all fossil hominins investigated ex-
cept A. africanus showed DI1 proportions similar to those
of later Homo, indicating that these taxa likely exhibited ha-
bitual tool-related behavior (see Figure 4, see Table 6).

Among australopiths, A. sediba and the earlier A. afa-
rensis present human-like DI1 relative proportions consis-
tent with habitual tool-use, despite both showing a clearly
ape-like overall shape of the first metacarpal. A. afarensis
has been proposed as one of the most likely potential mak-
ers of the Lomekwian due to its spatiotemporal range (Har-
mand et al. 2015). Although our study cannot confirm an
association between this taxon and Lomekwian lithics, our
results are consistent with this hypothesis. Our findings
also support tool-related behaviors in A. sediba, previously

proposed on the basis of its trabecular bone structure and
its unusually long thumb (Dunmore et al. 2020; Kivell et al.
2011; 2018). While tools have not been recovered in associa-
tion with this species, they have been found at nearby con-
temporaneous sites (Backwell and d’Errico 2001; d’Errico
and Backwell 2003; Kuman and Clarke 2000; Susman 1988).
Previous analyses have found that both these australopith
taxa are characterized by low thumb opposition efficiency
(Karakostis et al. 2021b)—as also indicated by their overall
bone morphology (see Figure 3, SOM Figure 1). Therefore,
while these individuals recruited the DI1 more frequently
than non-human great apes, this should not be taken to
suggest a human-like level of thumb dexterity. On the con-
trary, our findings indicate that these early hominins were
likely habitual tool users even though their hand anatomy
lacked several key adaptations for efficient tool manipu-
lation seen in later Homo (e.g., see Karakostis et al. 2021b;
Kivell et al. 2018). Unlike all other hominins included here,
A. africanus was similar to the great apes in both overall first
metacarpal shape and its entheseal patterns. Its proportion-
ally small DI1 attachment indicates a less frequent use of
this muscle. A. africanus was also the only hominin classi-
fied with the non-human great apes in our discriminant
analysis (see Table 6). Our results therefore do not support
habitual human-like tool use in A. africanus, contra previ-
ous interpretations of trabecular bone distribution in this
specimen (Almécija et al. 2015; Skinner et al. 2015a, 2015b).

The Swartkrans specimen SK 84 was similar to later
Homo in both overall shape and muscle recruitment pat-
terns. Its entheseal proportions indicate frequent recruit-
ment of the DII1, consistent with habitual tool use. This
specimen is dated to ca. 2.0-1.8 Ma and is attributed to
either early Homo or Paranthropus (Susman 1988; Trinkaus
and Long 1990). It was found in association with bone tools
(Backwell and d’Errico 2001; d’Errico and Backwell 2003),
and its morphology and thumb opposition efficiency, as
well as overall first metacarpal shape, point to increased
manual dexterity relative to earlier hominins (Karakostis et
al. 2021b; Skinner et al. 2015b; Susman 1988; Tocheri et al.
2008; Trinkaus and Long 1990). H. naledi was characterized
by the proportionally highest observed activationlevels
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of DI1. While this taxon has not been found in association
with lithic artifacts (Kivell et al. 2015), its human-like over-
all first metacarpal shape (see Figure 3, SOM Figure 1), and
the derived morphology of its thumb and wrist (Kivell et
al. 2015) also support considerable thumb opposition and
tool-using efficiency (Galletta et al. 2019; Karakostis et al.
2021b).

Finally, later Homo consistently presented similar rela-
tive proportions between the entheses of the other two
muscles investigated here, OP and APL (reflected in the
PC2 axis; see Figure 4). We interpret these findings as sug-
gesting a similarly frequent recruitment of the OP and APL,
possibly due to the important role of both muscles in preci-
sion grips. Such a relatively balanced relationship between
the OP and APL entheses was also found in most homi-
nins investigated, with the exception of the earlier Australo-
pithecus specimens—A. afarensis was similar to Pongo in its
relatively greater proportion of the APL, while A. africa-
nus clustered with Gorilla in showing a relatively greater
proportion of the OP. While our results do not support
habitual tool use for A. africanus, the comparatively lower
biomechanical efficiency of the muscle OP in A. afarensis
(Karakostis et al. 2021b) makes it likely that this muscle’s
contribution was less important than that of DI1 —whose
function is proposed to be essential for all types of human-
like tool use (Key et al. 2020) —for any tool-related activities
of this taxon. Therefore, the combination of human-like DI1
proportions with ape-like OP / APL proportions in A. afa-
rensis suggests simple tool use, without more specialized,
precision-based behaviors observed in later species. In the
case of A. sediba, both entheseal patterns (i.e., relative DI1
size and OP / APL proportions) are strikingly human-like
(see Figure 4), despite the overall ape-like shape of its first
metacarpal (see Figure 3, SOM Figure 1) and its relatively
low biomechanical efficiency for thumb opposition (Kara-
kostis et al. 2021b). Compared to the earlier A. afarensis, this
finding is consistent with a more human-like and special-
ized pattern of tool using behavior in this taxon, preceding
the evolution of heightened manual biomechanical efficien-
cy observed in later Homo (see Kivell et al. 2011; Kivell et al.
2018). In contrast to Homo and most hominins, the great ape
taxa were characterized by widely diverging patterns in
their relative OP / APL proportions. At present it is unclear
whether these proportional differences can be attributed
to different locomotor or manipulative behaviors in these
taxa, and this should be investigated further in the future.

Our proposed interpretation that some of the observed
entheseal patterns in our study likely reflect habitual tool
use largely relies on previous EMG experiments (e.g., Key
et al. 2020; Marzke et al. 1998), which highlighted the im-
portance of the DI1 muscle for stone tool-related activities
in humans. Nonetheless, an alternative interpretation of
our results would be that these entheseal proportions in
early hominins may reflect the habitual performance of
more generalized human-like hand use, for diverse types of
object manipulation (which may or may not include stone
tool-use in particular). This possibility cannot be dismissed,
especially considering that these early hominin fossils were

not found in association with stone tools. The hypothesis
of tool use in these early taxa can be further tested by in-
vestigating additional attachment sites and other aspects of
bone morphology. For example, while the thumb plays an
important role in human-like tool use, recent studies have
shown the relevance of the second and fifth digit for this
behavior, which should be further assessed (Key et al. 2019;
Williams-Hatala et al. 2020). Furthermore, here we onlyin-
vestigated the thumb metacarpal, excluding muscles that
attach to the phalanges of this ray, such as the FPL. Like
the DI1, the FPL is frequently activated during human-like
tool use (Key et al. 2020), rendering the investigation of the
interaction between these two muscles an intriguing objec-
tive. Future studies should therefore expand the analysis to
additional bones of the thumb as well as to the remaining
hand elements, to further assess how the pattern revealed
in this study may interact with the entheseal proportions of
other muscles that closely coordinate for human-like tool
use.

CONCLUSION

Our analysis of thumb muscle attachment patterns sup-
ports an early emergence of habitual simple tool use, long
before the evolution of early Homo, consistent with recent
archaeological hypotheses. However, not all early hominins
showed this pattern, underscoring the mosaic nature of the
emergence of these behaviors, perhaps in a manner simi-
lar to cultural differences observed today between differ-
ent chimpanzee societies (Whiten et al. 1999). Furthermore,
the combination of ape-like manual dexterity (Karakostis
et al. 2021b) with the human-like muscle use observed here
in australopiths suggests that habitual tool use was estab-
lished before the evolution of biomechanical adaptations
of the human thumb, likely acting as selective pressure
spurring their development, and highlighting the role of
manual behavior as a leading factor in human bio-cultural
evolution (Karakostis et al. 2021b). Future investigation of
the hand musculature in these taxa will help further illumi-
nate their behavior.
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SUPPLEMENT 1

OVERALL 1ST METACARPAL SHAPE

e combined the analysis of entheseal patterns with
W a 3D geometric morphometric analysis of standard
functional morphology in the overall bone shape, includ-
ing the first metacarpal’s diaphysis, articular surfaces, and
three muscle attachment sites (e.g., Karakostis et al. 2018).
In contrast to entheseal proportions, which focus on pro-
portionate size (i.e., surface area) and are analyzed to re-
construct habitual activity (Castro et al. 2021; Karakostis et
al. 2017; Karakostis et al. 2019a; 2019b; Karakostis and
Harvati 2021), entheseal shape has been associated with
muscle force-producing efficiency. For example, in previ-
ous biomechanical modeling research (Karakostis et al.
2020; 2021), a more relatively projecting OP attachment site
has shown to significantly increase joint moment arms for
flexion, and thus the force-producing efficiency, of the at-
taching muscle.
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METHODS

Statistical analysis

To analyze all aspects of overall metacarpal shape together,
the 37 landmarks were combined in one .nts file per indi-
vidual and then imported into RStudio (RStudio Inc., Bos-
ton; R version 3.6.2 for Windows, R Core Team 2021). There,
the landmark coordinates were Procrustes superimposed
by rotation, centering, and scaling. The resulting Procrustes
coordinates of the comparative sample were then analyzed
in a shape Principal Component Analysis, an analysis with
no a priori group assumptions. The scree-plot approach was
used to determine the number of relevant PCs for plotting
and further analysis (Field 2017). Subsequently, the PC
scores of the early fossil hominins were calculated in R us-
ing the “predict’ function and then projected onto the PC
plot. The absence of outliers was visually confirmed.
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Precision test

All landmarks of six individuals were digitized a second
time by the same observer (JK) a month after the first digi-
tization (see precision test in the main article). The error
between repetitions was analyzed using the Centroid Ra-
dius approach. This method measures the Euclidian dis-
tance between the landmark repetitions and their centroid,
which is calculated based on the provided landmark con-
figurations (Cramon-Taubadel et al. 2007; Singleton 2002).
Thereby, the deviation between repetitions can be calculat-
ed for each landmark separately. The digitization error was
consistently below 5% for all landmarks with a maximum
error of 3.4% and a mean error of 0.32%.

RESULTS AND DISCUSSION

The results of the morphological analysis of shape involv-
ing functional morphological characters are illustrated in
Figure 3 and SOM Figure 1. In the former, PC1 is plotted
against PC2, while the latter includes PC3 on the y-axis.
Here, we mainly focus on the PC plot including PC3 (see
Figure 3), as the shape variation depicted on this axis is
more relevant for the purposes of this study. Additionally,
this Principal Component shows better separation of taxa
than PC2. The shape differences represented along PC1
(52.08% of variance, SOM Table 5) comprise morphologi-
cal characters (captured by our landmark configurations;
Methods, see Figure 2, SOM Table 4) widely interpreted as
indicators of efficiency —metacarpal robusticity (Ruff et al.
2006); width and curvature of the distal articular surface
(Galletta et al. 2019); dorsoventral curvature of the proxi-
mal articular surface (Marchi et al. 2017; Marzke et al. 2010);
the degree of distal extension of the DI1 enthesis (Jacofsky
2009; Tocheri et al. 2008); proximal extension and lateral
projection of the OP attachment site (Karakostis et al. 2020;
2021; Maki and Trinkaus 2011). PC3 (7.28 % of total vari-
ance), on the other hand, reflects changes in metacarpal ro-
busticity, elongation of the DI1 enthesis, shape of the APL
attachment site, OP lateral projection, dorsopalmar length
of the proximal articular surface, and medial extension of
the distal articular surface and head asymmetry. Finally,
the shape variation on PC2 (14.65% of variance) is mainly
driven by the proximal extension of the OP enthesis, but
also reflects orientation of the DI1 (palmar-dorsal) and APL
entheses (proximal-distal) and dorsoventral curvature of
the proximal articular surface (see SOM Figure 1).

PC1 shows a clear separation between H. sapiens / H.
neanderthalensis and the great apes, with only slight over-
lapping between later Homo and Pan (one specimen, likely
driven by a distally extending DI1 enthesis), while PC3
separates Gorilla from Pan and Pongo. On PC2 on the other
hand, there is an extensive overlap among all groups. The
early fossil hominins (projected onto the PC plot) are more
widely dispersed than in the analysis of entheseal propor-
tions. While SK 84 plots with H. sapiens / H. neanderthalensis
with a positive PC1 score, all Australopithecus specimens,
including A. sediba, are characterized by more negative
scores, plotting away from later hominins and at the mar-
gins of the Pan convex hull. Although H. naledi overlaps

with the other Homo samples on PC1, it shows an extreme
negative PC3 score, thus occupying a unique position on
the plot. This can at least partially be explained by its un-
usually small proximal articular surface.

The shape analysis revealed patterns of variation that
directly reflect morphological characters widely associated
with manual mechanical capacity. Compared to great apes,
modern humans and Neanderthals showed a robust thumb
metacarpal, usually seen as an adaptation to increased load
on this bone (Kivell 2015; Ruff et al. 2006); a wide and flat
distal articular surface, associated with increased stabil-
ity of the metacarpophalangeal joint to increase the load
resistance of the thumb during forceful precision grips
(Galletta et al. 2019); and a dorsoventrally flatter proximal
articular surface that provides higher mobility of the trape-
ziometacarpal joint (Marchi et al. 2017; Marzke et al. 2010)
(see shape changes in Figure 2 and SOM Figure 1). Due to
their functional importance, these characteristics are com-
monly associated with efficient human-like tool produc-
tion and use. Importantly, our analysis shows these highly
functional features co-occurring with distinct, functionally
relevant, entheseal shapes, including a distally extending
DI1 and a laterally projecting OP enthesis, in both Nean-
derthals and modern humans. A histological study on DI1
(Jacofsky 2009) and recent modelling work on OP (Kara-
kostis et al. 2021) have linked these characteristics with a
larger joint moment arm, and therefore greater efficiency
for the attaching muscles (Karakostis et al. 2018; 2020; 2021;
Maki and Trinkaus 2011; Tocheri et al. 2008). We therefore
interpret the results of our combined shape analysis as re-
flecting adaptations to biomechanical efficiency. In contrast
to the entheseal proportion analysis, earlier hominins did
not all share these biomechanically important features with
later Homo, indicating that only some of the taxa examined
here had evolved these biomechanical adaptations. Despite
their human-like entheseal proportions, both A. afarensis
and A. sediba present an overall bone morphology similar to
Pan and Pongo and therefore likely experienced low manu-
al dexterity compared to later Homo. Although A. africanus
appears to differ in morphology from the other two aus-
tralopiths, it also shows an overall bone shape more similar
to that of great apes. In contrast, the overall morphology of
SK 84 clearly reflects a human-like biomechanical adapta-
tion, and the bone and entheseal shape of H. naledi is the
most distinct from that of great apes in the entire sample.
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SOM TABLE 1. DESCRIPTIVE STATISTICS FOR THE SIZE-ADJUSTED
ENTHESEAL SURFACE AREA MEASUREMENTS.

or APL DI1

Modern H. sapiens (n=15) = Mean | 1227 | 0.618 | 1.346
SD 0.149 0.074 @ 0.173
Fossil H. sapiens (n=6) Mean | 1.292 | 0.564 | 1.442
SD 0.304 0.130 0.117
H. neanderthalensis (n=5) | Mean | 1.508 | 0.546 | 1.242
SD 0.184 | 0.090 | 0.156
Gorilla (n=7) Mean | 2.100 | 0.657 | 0.789
SD 0.608 0.163 | 0.154
Pan (n=9) Mean | 1.988 | 0.771 | 0.706
SD 0499 0.070 & 0.226
Pongo (n=9) Mean | 1.503 @ 1.104 | 0.690
SD 0484 0334 0216

SOM TABLE 2. STATISTICS OF THE DISCRIMINANT FUNCTION ANALYSIS.

DFA Later Homo*  Great apes*  Group centroidt

Entheseal patterns 100/100 96/96 1.66/-1.73

*% of original / cross-validated grouped cases correctly classified. Later Hono includes H.
sapiens and H. neanderthalensis.
tH. sapiens and H. neanderthalensis | great apes.

SOM TABLE 3. CANONICAL DISCRIMINANT FUNCTION COEFFICIENT
OF THE DISCRIMINANT FUNCTION ANALYSIS.

Entheseal patterns
DI - 543

Constant ‘ -5.67
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Landmark  Structure Orientation Landmark description
o1 OP Lateral view Most distal point of the enthesis
02 Most palmar point in the area of the head (not the ridge)
03 Most dorsal point in the area of the head (not ridge)
04 Most proximal point of the enthesis
05 App. Midpoint between points O2 and 3
06 Midpoint along a virtual line that halves the OP ridge
Al APL Lateral view Most palmar point on the proximo-palmar end of the
enthesis
A2 Most dorsal point
A3 Most distal point
A4 Point on proximal border with app. equal distance to most
palmar and most dorsal point of enthesis
A5&A6 Two equidistant points between A1l and 2, but projected
onto most laterally elevated ridge
D1 DI1 Medial view Most distal point on enthesis
D2 Midpoint on vertical line from landmark D1 to proximal
end of enthesis, projected onto dorsal border
D3 Corresponding point on palmar border
D4 Most proximal point on enthesis
D5&D6 Two equidistant points placed between D1 and 4
B1 Overall Dorsal view Most distal point of the head
B2 bone Most projecting point of medial epicondyle of the head
B3 Most projecting point of lateral epicondyle/OP attachment
of the head
B4 Palmar view Medial midpoint of the shaft
B5 Lateral midpoint of the shaft
B6 Most proximally projecting point of the base
B7 Most medially projecting point of base
B8 Most laterally projecting point of base/APL
B9 Dorsal view Most proximally projecting point of the base
PA1 Proximal Proximal view | App. midpoint of medial border of articular surface, often
articular where it's curved most distally
PA2 surface App. midpoint of lateral border of articular surface, often
where it's curved most distally
PA3 Medial view Most distal point of base curvature
DA1 Distal Distal view Most dorsal point on medial half of art. surface
DA2 articular Most dorsal point on lateral half of art. surface
DA3 e Approximate midpoint of medial border
DA4 Approximate midpoint of lateral border
DA5 Disto-palmar | Most proximal point on palmar-radial condyle
DA6 view Most proximal point on palmar-ulnar condyle
DA?7 Point between DA5 and 6, most distally (or most palmarly)

protruding point on middle of palmar articular ridge
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SOM TABLE 5. EIGENVALUES OF PC1-3 OF THE SHAPE PRINCIPAL COMPONENT ANALYSIS.

Principal component  Eigenvalues % of variance
PC1 0.013 52.08
PC2 0.004 14.65
PC3 0.002 7.28
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Human-like manual activities in Australopithecus
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Abstract

The human hand is unique among the primate order, rendering its evolution a topic of great
interest in paleoanthropology. As the hand can be involved in a vast array of activities, how it
was used by early hominins can yield crucial information on the factors driving biocultural
evolution. Most previous research on early hominin hands has focused on overall bone shape.
However, while such approaches can inform on mechanical abilities and the evolved efficiency
of manipulation, they cannot be used as a definite proxy for individual habitual (lifetime)
activity. For this purpose, it is crucial to examine bone structures more responsive to lifelong
biomechanical loading, such as muscle attachment sites or internal bone architecture. In this
study, we investigate the manual entheseal patterns of Australopithecus afarensis,
Australopithecus africanus, and Australopithecus sediba through the application of the
Validated Entheses-based Reconstruction of Activity(V.E.R.A.) method. Using a comparative

sample of later Homo and three great ape genera, we analyze the muscle attachment site
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proportions on the thumb, fifth ray, and third intermediate phalanx to gain insight into the
habitual hand use of Australopithecus. Our results highlight the importance of certain muscles
of the first and fifth digits for human-like hand use. In humans, these muscles are required for
variable in-hand manipulation (including power grasping), reaching high activation levels
during stone tool production. 4. sediba and A. afarensis show muscle activation patterns that
indicate a similar suite of habitual manual activities as in later Homo. In contrast, A. africanus
displays entheseal proportions intermediate between humans and great apes, suggesting a more
unique use of the hand. Overall, these findings provide new substantial evidence that certain
species predating the genus Homo were already habitually engaging in human-like

manipulation even if their manual dexterity was likely not as high as in later Homo.

Keywords

Australopithecus, early hominins, hand use, entheses.

1. Introduction

Hominin hand use is frequently addressed in human evolutionary studies. Investigating how
hand use developed throughout the human lineage can provide insight into when and how
hominins ceased to use their hand for arboreal locomotion, the emergence of human-like
grasping techniques, or the onset of systematic tool production and use. As the fossil record is
sparse and the information to be gained from fossils is limited, early hominin hand use is
deduced from comparisons with their closest living relatives.

The modern human hand is dexterous and used for manipulation only. Its morphology and
function are widely investigated in clinical and evolutionary contexts (Taylor and Schwarz,
1955; Jones and Lederman, 2006; Feix et al., 2016; Baksa et al., 2018). Humans are capable of

various manipulatory tasks and different grasping techniques, among which power and
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precision grips have received particular attention in the literature (Napier, 1956; Landsmeer,
1962; Long, II et al., 1970; Marzke et al., 1992; Maier and Hepp-Reymond, 1995; Marzke,
1997; Feix et al., 2016). In contrast, the hand of non-human primates is used for both
locomotion (Susman and Stern, 1979; Matarazzo, 2008; Schmitt et al., 2016; Neufuss et al.,
2017; Larson, 2018; Thompson, 2020; Leijnse et al., 2021) and manipulation (Christel, 1993;
Byrne et al., 2001; Corp and Byrne, 2002; Marzke et al., 2015; Fragaszy and Crast, 2016; Bardo
et al.,, 2017; Neufuss et al., 2019). Their manipulatory capabilities are limited compared to
humans, which can be partially attributed to differences in their functional morphology (Kivell,
2016b; Orr, 2016) and muscular configuration (Lemelin and Diogo, 2016). In contrast to
humans, little is known about muscle activities and coordination during primate manipulation
(Bardo et al., 2017). The extent to which the primate hand is used for manipulatory tasks and
the complexity of the applied techniques vary not only among primate species (e.g., see
Christel, 1993; Bardo et al., 2017) but also among different populations. For example, some
western chimpanzee populations, such as the Tai chimpanzees, habitually engage in pounding
activities to crack nuts (Boesch-Achermann and Boesch, 1993; Visalberghi et al., 2015).
Similar behavior has been observed in long-tailed macaques (Gumert and Malaivijitnond, 2013)
and bearded capuchin monkeys (Falotico et al., 2018; also see Harmand and Arroyo, 2023 for
an extensive review on pounding behaviors in primates).

Our knowledge about hand use in hominins is more limited. The lack of soft-tissue
preservation complicates the reconstruction of manual abilities and activities. Despite this
limitation, it is crucial to gain information on the capability and dexterity of hominin hands and
the tasks they habitually performed. Apart from a general insight into an individual's habitual
manual activities, investigating hand use in early hominins sheds light on important questions
regarding bio-cultural evolution. Research on early hominin hand bones often focuses on their

capability to produce and use stone tools. Early evidence of tool production and use from the
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archaeological record is scarce and inconclusive (Dominguez-Rodrigo et al., 2012; Harmand et
al., 2015; Dominguez-Rodrigo and Alcala, 2016; Archer et al., 2020) and does not necessarily
entail information on who made or used the tools. Therefore, analyzing the manual activity
patterns of hominins dating around the first archaeological evidence of tool-related behavior,
like members of the genus Australopithecus, can help elucidate the emergence of systematic
tool use.

Previous research on australopith hand use frequently focused on the hand skeleton's
overall morphology (Marzke, 1983; Marzke and Shackley, 1986; Ricklan, 1987; Richmond et
al., 2016; Kivell et al., 2018), including the examination of manual proportions (Alba et al.,
2003; Green and Gordon, 2008; Almécija and Alba, 2014) and overall bone shape analyses
(Almécija et al., 2010; Marzke et al., 2010; Marchi et al., 2017; Galletta et al., 2019; Bowland
et al., 2021; Kunze et al., 2022; Morley et al., 2022; Bardo et al., 2023). Other approaches
include the analysis of trabecular structures (Skinner et al., 2015; Dunmore et al., 2020b) and
biomechanical muscle modeling (Domalain et al., 2017; Karakostis et al., 2021b). While overall
bone morphology can yield information on mechanical limitations or efficiency, it is genetically
regulated and therefore less responsive to mechanical loading (Parfitt et al., 2000; Currey, 2002;
Kivell, 2016a; Wallace et al., 2020). Methods like the analysis of trabecular structures
(Biewener et al., 1996; Ruffet al., 2006; Scherf et al., 2013; Tsegai et al., 2013; Kivell, 2016a;
Scherf et al., 2016; Stephens et al., 2018) or entheseal patterns (Karakostis and Lorenzo, 2016;
Karakostis et al., 2017; Karakostis et al., 2019b; Karakostis et al., 2019a; Castro et al., 2022)
are more suitable for reconstructing the habitual activity of an individual.

Muscle attachment sites, or entheses, have been used for activity reconstruction since
the 1980s (Jurmain et al., 2012; Wilczak et al., 2017). The approach is based on the assessment
of changes in entheseal morphology caused by mechanical loading (Hawkey and Merbs, 1995;

Benjamin et al., 2002; Schlecht, 2012). Over the years, the reliability of this approach has been
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heatedly debated. Researchers have questioned the influence of intrinsic and extrinsic factors
(age, sex, body height, nutrition, etc.) on attachment site morphology (e.g., see Rauch, 2005;
Milella et al., 2012; Schlecht, 2012; Foster et al., 2014; Turcotte et al., 2022) and emphasized
shortcomings of scoring systems, a method commonly used to analyze entheseal change
(Cashmore and Zakrzewski, 2013; Noldner and Edgar, 2013; Karakostis and Lorenzo, 2016;
Wilczak et al., 2017). The most frequently raised criticism revolves around experimental studies
reporting the lack of a correlation between entheseal change and habitual activity (Zumwalt,
2006; Rabey et al., 2015; Williams-Hatala et al., 2016; Wallace et al., 2017; Turcotte et al.,
2020). However, these studies seem to present certain methodological limitations (see
Karakostis and Lorenzo, 2016; Karakostis et al., 2018; Karakostis and Harvati, 2021 for a more
detailed discussion), while recent years have also seen an increase in supportive experimental
evidence (Deymier-Black et al., 2015; Deymier et al., 2019; Karakostis et al., 2019b; Karakostis
et al., 2019a; Schlecht et al., 2019; Castro et al., 2022; Turcotte et al., 2022; Karakostis and
Wallace, 2023).

The Validated Entheses based Reconstruction of Activity method (or V.E.R.A.;
Karakostis and Lorenzo, 2016; Karakostis and Harvati, 2021; Karakostis, 2023 and references
therein), uses a multivariate approach to investigate the proportions among entheses and thereby
identify patterns of habitual muscle activation. The method has been validated in experimental
studies (Karakostis et al., 2019b; Karakostis et al., 2019a; Castro et al., 2022; Karakostis and
Wallace, 2023) and using an extensively documented human skeletal sample (Karakostis et al.,
2017; Karakostis and Hotz, 2022). Focusing on entheseal proportions within individuals instead
of comparing single entheses among individuals can account for influential factors affecting
interindividual variety (Karakostis and Lorenzo, 2016; Karakostis et al., 2018). V.E.R.A. has
been previously applied to different populations of modern humans (Karakostis and Lorenzo,

2016; Karakostis et al., 2017; Karakostis et al., 2020; Karakostis et al., 2021a; Bousquié et al.,
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2022; Karakostis and Hotz, 2022), Neanderthals (Karakostis et al., 2018) and early fossil
hominins (Kunze et al., 2022). The first application of this method to the manual behaviors of
early hominins investigated entheseal patterns on the first metacarpal. The authors found that
later Homo and non-human great apes differed in proportions of the first dorsal interosseus
(DI1) attachment site, with the former presenting proportionally larger entheses than the latter.
Electromyographic research has shown that this muscle is frequently activated during tool
production and use (Marzke et al., 1998; Key et al., 2020). A proportionallylarge DI1 enthesis
was also observed in most early hominins, including Australopithecus sediba and
Australopithecus afarensis, but not in Australopithecus africanus, who presented an entheseal
pattern more similar to gorillas (Kunze et al., 2022). Kunze et al. proposed that despite their
more primitive bone shape and comparatively low manual dexterity, A. sediba and A. afarensis
habitually engaged in human-like hand use, potentially including human-like tool production
and use.
Although the muscles attaching to the first metacarpal, specifically the opponens pollicis and
first dorsal interosseus, play important roles in manipulation (Marzke, 1997; Marzke et al.,
1998; Feix et al., 2015; Karakostis et al., 2021b), they cover only a small range of potential
hand movements. Therefore, in this study, we aim to investigate habitual hand use in 4. sediba,
A. afarensis, and A. africanus by extending the analysis of entheseal patterns to more entheses
of the hand skeleton. In a comparative framework, including later Homo and great apes, we
examine attachment sites on the metacarpals and proximal phalanges of the first and fifth ray
and the third intermediate phalanx. Previous work has highlighted the importance of the fifth
ray for human-like manipulation, including tool production and use and power grasping
(Marzke et al., 1998; Karakostis et al., 2017; Key et al., 2019; but see Syeda et al., 2023).

We expect later Homo and non-human primates to be distinct in their entheseal patterns.

Based on a previous study (Kunze et al., 2022), we expect later Homo to show proportionally
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large DII attachment sites, as well as relatively large entheses of the fifth ray. The fifth finger
is vital for stabilization, in-hand manipulation and power grasping and is reportedly involved
in tool production and use (Long, II et al., 1970; Marzke and Shackley, 1986; Marzke et al.,
1998; Marzke, 2013; Key et al., 2019; Key et al., 2020). In contrast, great apes will likely
present proportionally larger entheses of the flexor muscle on the third intermediate phalanx
due to the vital role finger flexion plays in arboreal locomotion (Susman and Stern, 1979; Syeda
et al., 2023). Additionally, we expect them to display relatively larger attachment sites of the
muscles related to thumb adduction, as great apes are known to adduct their thumb frequently
during manipulation (Christel, 1993; Dunmore et al., 2020a; Bardo et al., 2023). Finally, if the
previous results on the attachment sites of the first metacarpal are representative of the entire
hand skeleton, we would assume that 4. sediba and A. afarensis show entheseal patterns similar

to later Homo, while A. africanus would have more great ape-like proportions.

2. Materials and methods

2.1 Materials

We used a comparative sample consisting of later Homo (Table 1), including recent (n = 11)
and fossil Homo sapiens (Arene Candide 2, Ohalo 2, Qafzeh 9) and Homo neanderthalensis
(Kebara 2, La Ferrassie 1, Shanidar 4), as well as Gorilla gorilla (n =7), Pan troglodytes (n =
8), Pongo abelii (n = 1) and Pongo pygmaeus (n = 3) (Table 2). Our early hominin specimens
(Table 3) include Australopithecus sediba (Malapa Hominin 2), Australopithecus afarensis (AL
333/333w locality) and Australopithecus africanus (Sterkfontein Member 4). The sample of
recent H. sapiens includes individuals from the 19"-century collection "Basel-Spitalfriedhof"
from Basel, Switzerland (n = 3) and the medieval collection from Grevenmacher, Luxemburg
(n = 8). The non-human great ape sample stems from several localities (see Table 2) and

contains wild-caught and captive animals.
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The attachment sites investigated in this study (Figure 1) are mainly located on the bones
of the thumb and the fifth ray. The only exception is the flexor digitorum superficialis (FDS)
attachment on the third intermediate phalanx, used here to infer habitual arboreal activities. The
attachment site on the third ray was chosen because this digit is actively used in arboreal
behaviors (Samuel et al., 2018). In the case of A. africanus, we used the only intermediate
phalanx preserved from Sterkfontein Member 4, likely of the second, third, or fourth ray (Kivell
et al., 2020). Of the first and fifth ray, we analyzed the attachment sites of the following
muscles: On the first metacarpal: opponens pollicis (OP), abductor pollicis longus (APL), first
dorsal interosseus (DI1); first proximal phalanx: abductor pollicis (ABP), flexor pollicis brevis
(FPB), adductor pollicis (ADP); fifth metacarpal: extensor carpi ulnaris (ECU); fifth proximal
phalanx: abductor digiti minimi (ADM), flexor digiti minimi (FDM). The majority of these
muscles share corresponding attachments and functions among all investigated species. The
DIl is an exception as it is absent in P. troglodytes. Instead, this species presents a
plesiomorphic state in which the intermetacarpales 1-4 are not fused with the flexores brevis
profundi 3, 5, 6 and 8 to form the dorsal interossei (Diogo et al., 2012). Nonetheless, since the
first intermetacarpalis attaches in a similar area as the DI1 (Diogo et al., 2013), it is suggested
to hold a similar function (Lemelin and Diogo, 2016; Vereecke and Wunderlich, 2016; van
Leeuwen et al., 2018). Further differences in muscle function are reported for the OP, as it
functions as an adductor in chimpanzees but as an abductor in humans (Marzke et al., 1999).
Finally, the ABP and FPB muscles, as well as the ADM and FDM muscles, attach in a similar

area of their respective bone so that their attachment sites
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are often indistinguishable (Karakostis and Lorenzo, 2016). Therefore, we will consider the
surface area of the two entheses as one combined attachment site and address them as ABP-
FPB and ADM-FDM throughout the study. More information on muscle origin, insertion, and

function can be found in Table 4.

flexor digitorum superficialis

abductor digiti minimi/

adductor pollicis
flexor digiti minimi &

abductor pollicis/
flexor pollicis brevis

first dorsal

interosseus opponens pollicis

extensor carpi

. abductor pollicis
ulnaris

longus

Figure 1. Schematic depiction of the entheses used in the analysis on a human hand skeleton.
Grevenmacher individual 117 (Paleoanthropology Human Osteology Collection, University of

Tibingen) was used as a reference.
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Table 4. Characteristics of muscles and attachment sites used in the analysis.

Muscle
Opponens pollicis

Abductor pollicis

longus

First dorsal
interosseus
Abductor pollicis
brevis

Flexor pollicis brevis

Adductor pollicis

Extensor carpi
ulnaris
Abductor digiti

minimi

Flexor digiti minimi
brevis
Flexor digitorum

superficialis

Origin

Trapezium bone

Radius, ulna, scaphoid,
trapezium, transverse
carpal ligament

MCI and MC2
diaphyses

Scaphoid, trapezium,
flexor retinaculum
Capitate, trapezium,
flexor retinaculum
Palmar surface and base
of MC3, base of MC2,
capitate

Humerus, ulna

Pisiform

Hook of hamate, flexor

retinaculum

Humerus, ulna, radius

Insertion

Radial diaphysis of MC1

Base of MC1

Base of PP2

Base of PP1 (radial)

Base of PP1 (radial)

Base of PP1 (ulnar)

Base of MC5

Base of PP5 (ulnar) and

dorsal digital expansion of

Sth digit
Base of PP5 (ulnar)

sides of intermediate
phalanges of 2nd to 5th
digits

Muscle function®

Abducts, rotates, and flexes the
thumb

Abducts and rotates the MC1
medially

Abducts the 2nd digit

Abducts the thumb

Flexes the thumb

Adducts the thumb at the CMC
joint, flexes at the MCP joint

Extends and adducts the hand

Flexes and abducts 5th digit at
MCP joint, extends at PIP and
DIP joints

Flexes the 5th digit

weak elbow flexion, flexes the

wrist, MCP and PIP joints

2CMC: carpometacarpal; MCP: metacarpalphalangeal; PIP: proximal interphalangeal; DIP: distal

interphalangeal.

During data collection, bones from the right anatomical side were generally prioritized

as this side appeared to be better preserved in our sample, although including bones from the

same anatomical side was given higher priority. However, the preservation of mainly the fossil

specimens required pooling anatomical sides for some individuals in order to analyze all

relevant attachment sites. While this did not seem to affect the analyses (i.e., anatomical sides
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did not create any visual patterns in the plots), we additionally tested whether anatomical side
had an effect on PC scores through analyses of variance (ANOVA or Kruskal-Wallis tests if

assumptions were violated).

2.2 Methods

Enthesis identification and delineation

Delineations of the muscle attachment sites were performed on three-dimensional (3D) surface
models of the bones. The process followed the V.E.R.A. method (Karakostis and Lorenzo,
2016; Karakostis et al., 2020; Karakostis and Harvati, 2021; Karakostis, 2023; and references
therein). The procedure will be briefly outlined here, while a more detailed description of the
method can be found elsewhere (Karakostis et al., 2020; Karakostis and Harvati, 2021;
Karakostis, 2023). The entheses were identified and delineated in meshlab v. 2021.07 (Cignoni
et al., 2008) using filters provided by the program (e.g., 'Discrete Curvature', 'Equalize Vertex
Colors', 'Principal Directions of Curvature'). These filters are used to identify differences in
elevation — including depression and projection —, coloration (in cases where color information
was available in the 3D model), and surface complexity. After identification, the area of muscle
attachment was delineated and then separated from the remaining bone. Delineations were
subsequently improved using the 'Principal Directions of Curvature' filter. Lastly, the 3D
surface area measurements were taken in square millimeters using the 'Compute Geometric
Measures' function.

The attachment site of the FDS on the third intermediate phalanx should be mentioned
here specifically, as it attaches in two separate regions of the bone. The muscle belly of the FDS
separates into four tendons prior to inserting into the intermediate phalanges of rays two to five.
Shortly before these tendons attach to the bone, they further separate into two strands each,

connecting medially and laterally on the palmar surface of the intermediate phalanges (Netter,
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2017). On the bone, these attachment sites typically manifest as elevated ridges on each side of
the bone, often accompanied by an adjacent, distinct depression or elevation. For this study, we
will analyze the combined surface area of both attachment areas, as we are interested in the
more general use of the muscle and its main contribution to finger flexion, irrespective of
whether the lateral or medial side of the attachment is more pronounced. Consequently, after
the two attachment sites were delineated separately, their surface area measurements were
added and treated as one attachment site.

Given that the surface area measurements of entheses are affected by bone size and other
systemic factors (e.g., Rauch, 2005; Milella et al., 2012; Foster et al., 2014), we adjusted the
measurements before analyzing them further. For this, we used a combined adjustment through
total bone surface area and the geometric mean (see below). Non-human primates and humans
have different finger-to-thumb ratios — the thumb is proportionally larger in humans, whereas
non-human primates generally have longer fingers. Differences in bone size affect entheseal
size as larger bones will naturally show bigger entheses. Consequently, if not corrected for,
entheses located on the fifth ray will naturally be proportionally larger in non-human great apes
compared to humans, as these species have a proportionately larger fifth ray. Similarly, entheses
of the first ray would naturally show higher proportions in humans, simply due to the fact that
they have a proportionally larger thumb than great apes. To account for these differences in
manual proportions, we first divided each entheseal measurement by the total bone surface area
of the bone it is located on (following Karakostis and Lorenzo, 2016). Subsequently, the
resulting values were additionally adjusted using the geometric mean, which is a common step
of the V.E.R.A. protocols (e.g., Karakostis et al., 2017; see Karakostis, 2023). Its application
can be used to control for the effects of bone and body size, as well as other extrinsic and
intrinsic factors affecting inter-individual variation in entheseal surface area (Karakostis et al.,

2017; Karakostis et al., 2019a; Karakostis et al., 2021a; Karakostis and Harvati, 2021). It is
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used to calculate the proportions of the entheses among each other, indicating whether an
entheseal surface is relatively large or small compared to other entheseal surfaces within the
same individual. While bone surface area can correct for entheseal variation caused by bone
size and differences in bone length ratios, it can itself be affected by systematic factors (Rauch,
2005). Therefore, our two-step adjustment procedure allows controlling for the influence of

several different systematic factors.

Precision test

The delineation of the entheses of a small but representative proportion of the sample (n = 5)
was repeated at least two months after the initial delineation by the same observer to test for
intra-observer error. The subsample included one individual each of early and recent H. sapiens,
H. neanderthalensis, A. sediba, and A. africanus. The deviation of the repetitions, obtained by
calculating the percentage of the standard deviation divided by the mean, was consistently
below 5% (mean = 2.45%, min = 0.09%, max = 4.8%), suggesting a high precision of the
delineation procedure, as previously reported for the VERA measuring protocols (e.g., see

Karakostis and Lorenzo, 2016; Castro et al., 2022; Kunze et al., 2022).

Statistical analysis

For the analyses, two subsamples were created. The first included all individuals but a reduced
number of attachment sites (without FDS entheseal measurement). In order to includethe FDS
attachment site measurement in the second subsample, sample size had to be reduced. In
particular, due to preservation or limited access, we could not measure the FDS enthesis in
Pongo abelii 6286, Gorilla gorilla 6294, Pan troglodytes 10824 and 51376, Arene Candide 2,
Shanidar 4, A. afarensis, and Grevenmacher individual 105. These individuals were therefore

excluded from the second subsample.
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Principal component analyses (PCA) based on a correlation matrix were performed on
both subsamples. The australopiths were not included in the initial analyses but were later
projected into the PC plot using the 'project' function in R-Studio (R v. 4.2.2; R Core Team,
2021). The absence of extreme outliers was confirmed using a z-score approach (Field, 2017).
While there was one extreme value (>3.29) in both subsamples (after projection), the frequency
percentages were as expected for a normal distribution (see Field, 2017). Moreover, the
individual showing extreme z-scores (4. sediba) was not included in the actual calculation of
the components, supporting the absence of influential outliers.

In addition to the PCAs, we applied two discriminant function analyses (DFA) using
the adjusted measurements as variables. The sample was divided into two groups: the first
comprised individuals of the genus Homo, whereas the second included all non-human great
apes. The early fossil hominins were entered with unknown group membership. The aim of the
DFA was to identify the variables that best distinguish between the two groups and classify the
Australopithecus specimens based on these variables. The analyses were performed in SPSS v.
28.0.1.0 (IBM Corp., 2017). Since the Box's M test for the first dataset (without FDS) was non-
significant, indicating equal covariance matrices, a within-groups covariance matrix was used
for the analysis (Field, 2017). The Box's M test for the second dataset (with FDS) was
statistically significant. To determine the cause and assess the effect on our analysis, we pursued
different strategies: First, we ran the DFA using a separate-groups covariance matrix. Secondly,
we transformed our data using log transformation and the z-score approach. Finally, we
conducted Levene's test of homogeneity of variances and a test of multivariate normality. The
test of multivariate normality was not statistically significant. In contrast, Levene's test
produced significant results for the OP and ADM-FDM measurements, suggesting that
variances were not homogenous among groups for those measurements. To assess the effect of

these variables on the results, they were removed in the next step. However, none of the
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abovementioned adjustments appeared to have affected the analysis. In all cases, the Box's M
test remained significant, and, more importantly, the comparative sample of later Homo and
non-human primates showed the same classification rates (100%). This was also the case when
a separate-groups covariance matrix was used, which is not affected by the violation of Box's
M. Based on this finding and the common practice that Box's M can be disregarded when group
sizes are equal (Field, 2017) (later Homo = 14, non-human primates = 15), we decided to use a
within-groups covariance matrix for the analysis. The variables were entered stepwise, and the
Leave-one-out classification method was chosen. In both analyses, the stepwise approach
identified the adjusted measurements of the DI1, ECU and ADM-FDM attachment sites to

provide the best separation between the groups, so these variables were retained in the analysis.

3. Results

3.1 Analyses excluding FDS

Based on the analyses of variance, the anatomical side had no significant effect on theanalysis
(p > 0.05).

In the first analysis without the FDS measurements (Figs. 2-4, Table 5), the variation in muscle
attachment site proportions clearly distinguishes later Homo from non-human great apes. The
two groups are separated on PC1 (explaining 35% of variance in the sample, Figure 2), with
later Homo displaying negative PC1 values (with only one exception) and non-human primates
showing positive values. The entheseal pattern shared by individuals with positive PC1 loadings
includes proportionally large ADP, ABP-FPB, OP and APL entheses. In contrast, the pattern
associated with PC1 negative combines a proportionally large DI1 with large ECU and ADM-
FDM attachment sites. PC2 (21.09% of variance) does not contribute to the separation between
later Homo and great apes as they overlap extensively on this axis. Generally, all groups overlap

on this component, showing no genus-, species- or population-related distinction. The entheseal
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pattern on PC2 positive is characterized by proportionally large attachment sites of the ECU,

ADM-FDM, ADP and ABP-FPB, whereas the pattern on PC2 negative entails relatively large

DI1, OP and APL entheses. All australopiths show an entheseal pattern more similar to later

Homo than non-human primates, although only 4. africanus falls directly inside their convex

hull in this plot. While A. sediba overlaps with recent modern humans on PC1, it considerably

exceeds the range of variation of all later Homo groups and non-human great apes on PC2 due

to its extreme positive value. A. afarensis plots closer to the center of PC1 while still

overlapping with later Homo on this component and close to their convex hull on PC2.

Table 5. Eigenvalues and factor loadings of PC1-4 of the principal component analysis of entheseal

proportions, not including FDS measurements.

Principal  Eigenvalue % of Factor loadings
component® variance OP APL DIl ABP- ADP
FPB
PC1 245 35 042 032 -0.82 0.75 0.70
PC2 1.48 21.09 -0.40 -0.59 -0.37 0.22 0.50
PC3 1.11 15.79 -0.72 034 0.17 0.45 -0.01
PC4 0.85 12.15 0.14 0.57 -038 -0.01 -0.26

®Only depicts PCs that are used for analysis.
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Figure 2. Principal component analysis on size-adjusted entheseal measurements without a priori group
association. FDS attachment site measurements are not included. PC1 compared to PC2. Abbreviations:

AC: Arene Candide; OH: Ohalo; Q: Qafzeh; KB: Kebara; LF: La Ferrassie; SH: Shanidar.

The entheseal pattern on PC3 (15.79% of variance, Figure 3) negative consists of
proportionally large ECU, OP and ADP attachment sites, while individuals on PC3 positive
show relatively large DI1, ADM-FDM, APL and ABP-FPB entheses. Plotting PC3 against PC1
shows the Gorilla group expanding further towards PC3 negative than the other great apes.
However, this deviation from Pan and Pongo is mainly caused by one Gorilla individual
showing unusually low values on this component. The remaining groups consistently overlap
on PC3. While 4. sediba still shows the highest positive value on this axis, it plots slightly
closer to the range of variation of later Homo and non-human great ape genera on PC3.
Additionally, A. afarensis plots inside the convex hull of later Homo, while A. africanus is

positioned outside of it.
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Figure 3. Principal component analysis on size-adjusted entheseal measurements without a priori group
association. FDS attachment site measurements are not included. PC1 compared to PC3. Abbreviations:

AC: Arene Candide; OH: Ohalo; Q: Qafzeh; KB: Kebara; LF: La Ferrassie; SH: Shanidar.

On PC4 (12.15% of variance, Figure 4), only proportionally large DI1 and ADP
attachment sites are associated with negative loadings, while the remaining entheses (ABP-
FPB, ADM-FDM, ECU, APL, OP) are correlated with positive values. This component does
not contribute to the separation of later Homo and non-human primates, nor does it distinguish
between the great apes. But, similar to PC3, it affects the position of the australopiths, which
all have positive loadings on this axis. 4. sediba is positioned closer to the group of later Homo
than in previous plots, whereas 4. afarensis and A. africanus plot outside their convex hull.

Supporting the results of the PCA, the DFA (Table 6) identified the proportionate
surface area of the DI1, ADM-FDM and ECU entheses as the variables providing the best
separation of the two groups (later Homo and non-human primates). Based on these variables,
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Figure 4. Principal component analysis on size-adjusted entheseal measurements without a priori group
association. FDS attachment site measurements are not included. PC1 compared to PC4. Abbreviations:
AC: Arene Candide; OH: Ohalo; Q: Qafzeh; KB: Kebara; LF: La Ferrassie; SH: Shanidar.

100% of the original grouped cases were correctly classified (Table 7). Among the
australopiths, 4. afarensis and A. sediba are classified as later Homo with a posterior probability
of 79.6% and 100%, respectively (Table 8). In contrast, A. africanus is classified as a non-
human primate with a posterior probability of 67.98%. These results were visualized in Figure
5, in which the discriminant scores are plotted for each group separately. Later Homo
consistently shows positive scores while non-human primates display negative scores. A.
afarensis and A. africanus plot between the two groups, with the latter closer to great apes and

the former closer to later Homo. In contrast, 4. sediba exhibits the highest discriminant scores

in the sample, placing it above the later Homo group.
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Table 6. Canonical discriminant function coefficient of the discriminant function analyses.

Analysis 1 Analysis 2
DIl 5.05 DIl 5.57
ECU 2.62 ECU 3.94
ADM-FDM 5.36 ADM-FDM 5.65
Constant -14.16 Constant -14.84

Table 7. Statistics of the discriminant function analyses.

DFA Humans? non-human Group centroid®
primates?
Analysis 1 100/94.1 100/100 2.48/-2.22
Analysis 2 100/100 100/100 2.94/-2.74

2 original / cross-validated
®humans / non-human primates

Table 8. Predicted group / posterior probability values of the discriminant function analysis®.
Analysis 1 Analysis 2 Analysis 2 log®
A. africanus great ape / 0.68 great ape / 0.83 later Homo / 0.84
A. sediba later Homo / 1 later Homo / 1 later Homo / 1
A. afarensis later Homo / 0.8
2 Later Homo comprises H. sapiens and H. neanderthalensis.

®Results if size-adjusted entheseal measurements are log-transformed prior to the analysis (see
Methods).
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Figure 5. Results of the discriminant function analysis on size-adjusted entheseal measurements without
the FDS entheseal measurements. Groups are depicted on the x-axis depicts, discriminant scores are

depicted on the y-axis.

3.1 Analyses including FDS

In the next step, the FDS measurements were added to the analysis (Figs. 6, 7, Table 9).
PC1 and PC2 are not significantly affected by anatomical side (p > 0.05), whereas anatomical
side appears to influence PC3 (p = 0.03). The loadings on PC1 (36.37% of variance, Figure 6)
are similar to the previous analysis. In addition, the FDS attachment site proportions highly
correlate with the variation on PC1, with individuals plotting towards PC1 positive showing a
proportionally large FDS enthesis. As in the previous PCA, non-human primates cluster on PC1
positive; all but one Pongo individual even present values above 1 on this axis. The later Homo

group has negative PC1 values, leading to an increased separation between them and the great
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apes. The loadings on PC2 (19.67% of variance) are also similar to those of the first analysis,
as the FDS surface area proportions are only slightly correlated with PC2 negative. However,
including the FDS entheseal measurements separates the non-human primate genera on this
component. While Pan and Gorilla show similar values, Pongo specimens exhibit higher
positive PC2 values than most individuals from the other two genera. Among the australopiths,
A. sediba shares the human-like configuration on PC1 but plots above later Homo on PC2. In
contrast, A. africanus plots in between later Homo and the non-human primates on PCl1,
although slightly closer to the former. On PC2, it overlaps with recent modern humans as well

as Pan and Gorilla specimens.
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Figure 6. Principal component analysis on size-adjusted entheseal measurements without a priori group
association. FDS attachment site measurements are included. PC1 compared to PC2. Abbreviations:

OH: Ohalo; Q: Qafzeh; KB: Kebara; LF: La Ferrassie.
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Table 9. Eigenvalues and factor loadings of PC1-3 of the principal component analysis of entheseal

proportions, including FDS measurements.

Principal  Eigenvalue % of Factor loadings
component? variance OP APL DIl ABP- ADP ECU ADM-
FPB FDM
PC1 291 36.37 044 021 -0.82 0.56 0.59 -0.52 -0.75
PC2 1.57 19.67 -0.62 -0.36 -0.38  0.49 0.58 0.46 0.38
PC3 1.22 1524 -0.25 0.72 -0.04 047 -0.13 -041 0.24

2Only depicts PCs that are used for analysis.

PC3 (15.24% of variance, Figure 7) shows more overlap among the non-human
primates. The entheseal pattern associated with PC3 negative includes proportionate entheses
of DI1, ECU, FDS, OP and ADP, whereas PC3 positive exhibits a high correlation with the
relative size of the APL attachment site and to a lesser degree with ADM-FDM and ABP-FPB
attachment site proportions. 4. sediba and A. africanus both show negative values on this
component. As in the previous plot, 4. africanus is positioned between later Homo and non-
human primates, while it overlaps with all groups except Pongo on PC3. A. sediba has a similar
PC3 value, placing it inside the convex hull of later Homo. Importantly, interpretations based
on the variation displayed on this axis should be treated with caution due to the previously
mentioned effect of anatomical side on PC3.

The discriminant function analysis, using the proportionate surface area of the DII,
ADM-FDM and ECU as variables, separates later Homo and non-human primates with an
accuracy of 100% (original and cross-validation, Tables 6, 7). 4. sediba is classified as later
Homo with a posterior probability of 100% (Table 8). In contrast, the classification of A.
africanus 1is less straightforward. As stated in the Methods section, the DFA including the FDS
measurements was carried out multiple times using different matrices and transformed

variables. While this procedure did not affect the overall accuracy of the analysis or the
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Figure 7. Principal component analysis on size-adjusted entheseal measurements without a priori group
association. FDS attachment site measurements are included. PC1 compared to PC3. Abbreviations:

OH: Ohalo; Q: Qafzeh; KB: Kebara; LF: La Ferrassie.

classification of A. sediba, it severely affected the classification of 4. africanus. When using a
within-groups covariance matrix or analyzing z-scores of the original measurements, A.
africanus is classified as a non-human great ape (82.94% posterior probability). However, when
the DFA is based on a separate-groups covariance matrix or when the variables are log-
transformed, it is classified as later Homo (90.05% and 84.4% posterior probability,
respectively). Plotting the discriminant scores sheds light on this issue. Figure 8 shows the
discriminant scores when using a within-groups covariance matrix in the left panel, while the
right panel depicts the scores when analyzing log-transformed variables. In both cases, A.
africanus plots in between later Homo and non-human primates, shifting only slightly towards

positive or negative discriminant scores. Therefore, we conclude that A. africanus’ entheseal
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proportions are intermediate between those of later Homo and non-human primates, which

causes slight changes to the analysis to impact its classification while all other individuals are

unaffected.
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Figure 8. Results of the discriminant function analysis on size-adjusted entheseal measurements with
the FDS measurements. Groups are depicted on the x-axis depicts, discriminant scores are depicted on

the y-axis.

4. Discussion

The entheseal pattern characterizing the later Homo sample includes proportionally large DI1,
ADM-FDM and ECU attachment sites. In a previous study focusing on the first metacarpal's
entheseal patterns, the DI1 entheseal proportions clearly distinguished between later Homo and
non-human great apes (Kunze et al., 2022). These results are confirmed here. The DI1 abducts
the second digit (Netter et al., 2019) and stabilizes the thumb (Marzke et al., 1998).
Electromyographic research has reported that the DII is highly activated during different types
of tool use (Key et al., 2020) and hard hammer percussion manufacture of stone tools (Marzke
et al.,, 1998). Here, a proportionally large attachment site of this muscle is associated with

relatively large entheses of the fifth ray. This digit and the muscles attaching to it are known to
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play important roles in tool production and use (Marzke and Shackley, 1986; Marzke et al.,
1998; Marzke, 2013; Kivell, 2015; Key et al., 2019; Fedato et al., 2020). During hard hammer
percussion, the 5™ digit of the non-dominant hand is mainly involved in handling, orienting and
stabilizing the core against the impact force of the hammerstone. These activities involve high
activation levels of the ADM and FDM, which abduct and flex the fifth digit, respectively, at
the metacarpophalangeal joint (Marzke et al., 1998). The ADM additionally acts during tool
use, mainly when tools of larger size, such as handaxes, are used (Key et al., 2020). The ECU,
on the other hand, is one of the major extensor muscles of the wrist. Wrist extension in the
dominant hand is crucial during knapping, as it stabilizes the wrist in the downswing phase and
provides a mechanical advantage for the flexors (Williams et al., 2010, 2014).

However, the importance of the fifth digit and these three muscles is not limited to tool
production and use. Previous research on entheseal patterns has shown that the ADM, FDM
and ECU are frequently activated in individuals whose profession during life required a high
amount of power grasping (Karakostis et al., 2017; also see Marzke et al., 1992; Goislard de
Monsabert et al., 2012). The ECU coactivates with the flexor carpi ulnaris to deviate the wrist
in the ulnar direction, which is essential in power grasping of and striking with cylindrical
objects (Marzke et al., 1992). Moreover, wrist extension, as induced by the ECU, is needed
when throwing an object (Young, 2003). Power grips have also been reported to involve
activation of the DI1 (Long, II et al., 1970). In addition, the DI1, ADM and FDM appear to be
essential for the stabilization and in-hand manipulation of objects, including but not limited to
stone cores (Marzke et al., 1998; Marzke, 2013; Kivell, 2015; Key et al., 2019). Generally, in-
hand manipulation and repositioning of objects are less frequent in great apes and are usually
carried out by movements within the palm without engaging the fingertips (Christel, 1993;
Bardo et al., 2017). As our later Homo sample spans a broad chronological and geographical

range, we suggest that their entheseal pattern can likely be attributed to more general human-
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like hand use instead of being explicitly indicative of tool use. Individuals depicting these
entheseal proportions would therefore have habitually engaged in activities involving power
grasping and human-like in-hand manipulation, involving stabilization and control of objects
with one hand.

In contrast, the pattern characterizing non-human primates consists of proportionally
large attachment sites of OP, APL, ADP, ABP-FPB and, when included, FDS. Most of these
muscles are involved in thumb ab- and adduction, among which the latter is an essential
movement in great ape grasping techniques (Christel, 1993). Notably, the OP reportedly serves
as a flexor and adductor in chimpanzees, contrasting its function as an abductor in humans
(Marzke et al., 1999). While not occurring frequently, thumb abduction and opposition have
been observed during vertical climbing in chimpanzees and mountain gorillas (Neufuss et al.,
2017). The proportionally large FDS attachment site indicates habitual finger flexion, which
was expected given that this movement plays a critical role in arboreal locomotion (Susman
and Stern, 1979).

When including the FDS entheseal measurements, the principal component analysis
shows a slight separation of the great ape taxa on the second PC (Figure 6). Compared to most
Gorilla gorilla and Pan troglodytes specimens, Pongo pygmaeus individuals present larger
entheseal proportions of ADP, ABP-FPB, ADM-FDM and ECU, whereas the other two primate
species show relatively larger DI1, APL, OP and FDS attachment sites. While it was expected
that entheseal patterns would generally differ among the great ape taxa as they engage in
varying modes of locomotion and manipulation, it was surprising at first that a proportionally
large FDS attachment site contributed to the entheseal patterns of Gorilla and Pan, but not to
that of Pongo (Figure 6), whose locomotion is largely arboreal and thus likely involving
increased finger flexion. However, it must be highlighted here that the PC2 loading of FDS is

almost zero (-0.07), suggesting that the observed differences between non-human great ape
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species are almost exclusively driven by the relative recruitment of other muscles. In particular,
the positive PC2 values of our Pongo specimens represent proportionally greater covariance
among specific muscles of the first and fifth rays (Table 9). This could be related to that arboreal
species show a high posture variability, leading to frequent readjustment of grips and high inter-
variability in grasping techniques. Additionally, orangutans often use their mouth or foot to
reposition tools, thereby freeing a hand to grasp branches (Bardo et al., 2017). Finally, great
apes' hand and wrist morphology also shows notable differences among species. Compared to
the African apes, Pongo is capable of greater wrist extension (85% compared to 42-76%; (Rose,
1988; Sarmiento, 1988; Orr, 2017), potentially enabling more frequent use of the ECU. Pongo
also possesses the shortest thumb among great apes (Bardo et al., 2018), which likely affects
their thumb involvement in grasping, particularly in techniques requiring thumb opposition
(Almécija et al., 2015; Feix et al., 2015). However, these considerations should be treated with
caution as they are based on general morphology and not necessarily habitual behavior. (e.g.,
Wallace et al., 2020). Unfortunately, interpreting the primate entheseal pattern on a more
detailed level is difficult, as our knowledge of muscle activities and muscular coordination in
non-human primate manipulatory behavior is limited (Bardo et al., 2017). Therefore, in order
to substantiate a functional interpretation, further primatological research is required on the
great ape's, and particularly Pongo's, exact muscle coordination and grasping habits.

Among the australopiths, the entheseal pattern of 4. sediba is most distinct from non-
human primates. While it shows characteristics similar to later Homo, the pattern alsoincludes
distinctive proportions that separate 4. sediba from all other individuals in the analysis: it
combines a relatively large DIl muscle attachment site with uniquely large entheseal
proportions of the muscles attaching to the fifth ray and the first proximal phalanx. Despite
these extreme proportions, the pattern suggests human-like hand use in 4. sediba, including

power grasping, in-hand manipulation and, potentially, tool use. Particularly the fifth digit in
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the form of the ADM, FDM and ECU muscles appears to play an essential role in 4. sediba's
habitual manipulative behaviors. Previous work on A. sediba's hand bones has pointed out its
distinct morphology, including an unusually long thumb and a robust fifth metacarpal (Kivell
et al., 2018). Because of these and other derived traits, researchers have suggested that 4. sediba
was capable of more human-like manipulative behavior (Kivell et al., 2018; Dunmore et al.,
2020b). The analysis of muscle attachment sites of the first metacarpal has even suggested
potential human-like tool use in this individual (Kunze et al., 2022). Our analysis, including a
wider range of entheses, further supports habitual human-like hand use in 4. sediba. While the
entheseal pattern observed here should not be solely attributed to tool production and use, it
shows an increased involvement of intrinsic musculature and the muscles of the fifth digit,
which are known to be crucial for these activities.

The entheseal pattern of A. africanus is intermediate between later Homo and non-
human great apes, but its position relative to these two groups varies depending on the analysis.
Without the FDS entheseal measurement, the PCA positions it closer to later Homo, whereas
the DFA classifies it as a non-human primate. When the FDS measurement is included, 4.
africanus' entheseal pattern is intermediate between both groups in both analyses. Particularly
in the DFA, its classification changes when analysis parameters are altered (see Methods and
Results), while the remaining sample, including A. sediba, provides the same results.
Examinations of its hand morphology have led previous researchers to conclude that A.
africanus was likely capable of performing precision and power squeeze grips (Ricklan, 1987;
Marzke, 2013). Furthermore, although the trabecular bone fraction in its metacarpals indicates
a high load on the hands, the trabecular bone distribution is more similar to the tool using
species H. sapiens and H. neanderthalensis (Skinner et al., 2015). In contrast, the analysis of
entheses of the first metacarpal has suggested a more ape-like thumb use in 4. africanus, as its

pattern is most similar to G. gorilla (Kunze et al., 2022; also see Green and Gordon, 2008;
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Marchi et al., 2017; Galletta et al., 2019 for reports of more ape-like external morphology).
While our study cannot fully support or refute these interpretations, the variability observed in
our analyses indicates that A. africanus engaged in unique manipulative behaviors similar to
neither later Homo nor non-human primates. It is important to keep in mind that the A. africanus
hand is a composite. Consequently, the conflicting results could also be partly due to that the
bones of this hand belonged to different individuals. Unfortunately, due to the fragmented
nature of the fossil record, it is currently not possible to fully address this matter.

Finally, 4. afarensis presents an entheseal pattern on the margin of variation seen in
later Homo, suggesting habitual human-like hand use involving increased use of the fifth ray.
Notably, the fifth digit of A. afarensis has been previously described as ape-like (Marzke et al.,
1992). Its fifth metacarpal is less robust than in humans, where the robusticity of this bone is
second only to the first metacarpal (Ricklan, 1987; Marzke et al., 1998). It has also been argued
that the lack of a saddle joint between the hamate and the fifth metacarpal, which is a condition
shared by all australopiths, limits abduction and flexion in this joint and does not allow opposing
the fifth finger against the thumb (Marzke, 1983; Domalain et al., 2017). As a consequence, 4.
afarensis has been deemed unlikely to have produced the Lomekwian tools, as it was unable to
"optimally orient the pulp of the 5th ray towards the hand-held object" (Domalain et al., 2017,
p. 582) and therefore experienced limited grip force. This has been pointed out in particular by
Domalain et al. (2017), who developed a sophisticated musculoskeletal model of A. afarensis
to assess its ability to produce the Lomekwian stone tools. However, as was pointed out by the
authors themselves, this model faces some limitations, among which are the inferred locations
of muscle attachment sites. According to Domalain and colleagues, muscle attachment sites are
the anatomical parameter leading to the most significant difference in outcome in the A.
afarensis model. Yet, the exact location of its attachment sites is assumed based on a human

and a chimpanzee model scaled to bone dimensions, without being identified on the bone
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surfaces directly. Furthermore, it is also worth emphasizing again the distinction between
morphological evidence of habitual behavior versus biomechanical efficiency. Even though a
biomechanical model might reflect whether 4. afarensis was efficient (dextrous) in producing
the Lomekwian tools (e.g., see Karakostis et al., 2021b), it cannot be used to infer its actual
habitual behavior during life. In contrast, our analysis of habitual manual activity suggests that
A. afarensis might have relied more on its fifth finger than previously suggested, regardless of
how its dexterity may compare with other species. While these findings cannot provide
definitive evidence that 4. afarensis is the producer of Lomekwian tools, they still indicate that
it habitually engaged in human-like hand use, involving frequent power grasping and in-hand
manipulation, which would likely be necessary for manipulating such large stone industries

(Harmand et al., 2015).

S. Conclusion

In this study, we investigated habitual hand use in Australopithecus based on a comparative
analysis of their 3D entheseal patterns. Our results highlight the hypothesized importance of
the fifth finger for human-like manipulation, as muscles attaching to this digit characterize
habitual hand use in later Homo. Importantly, our study reports a high variation in muscle
activation patterns among australopiths. Entheseal proportions in A. sediba and A. afarensis are
more similar to later Homo, whereas A. africanus presents an entheseal pattern intermediate to
humans and great apes, indicating unique hand use in this individual. Our results also suggest
that A. sediba and A. afarensis habitually performed a suite of manual activities that were
similar (yet not identical) to the power squeeze grasping and in-hand manipulation patterns seen
in modern humans. The frequent activation of muscles needed to perform characteristic human-

like grasping and manipulation in these early hominins lends further support to the notion that
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human-like hand use emerged prior to and likely influenced the evolutionary adaptation for

higher manual dexterity in later hominins.
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