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Abstract 
During  the  last  six  million  years,  humans  shifted  from  a  primarily  arboreal  

lifestyle  to  a  habitually  bipedal,  terrestrial  lifestyle.  Australopithecus  had  a  significant  

bipedal  component  to  its  locomotion;  whether  suspensory  and  climbing  behaviors  were  

also  important  has  remained  unclear.  Morphological  features  of  the  forelimb  have  been  

linked  to  locomotor  differences  among  primates,  but  the  interpretation  of  human  fossils  

has  remained  problematic.  

This  dissertation  examines  the  total  morphological  pattern  of  the  forelimb,  

specifically  the  functional  integration  of  the  musculature  and  joint  systems.  This  

approach  employs  both  geometric  morphometrics  and  a  biomechanical  modeling  

approach  to  study  how  and  how  well  the  forelimb  morphology  of  living  suspensory  and  

quadrupedal  primates,  as  well  as  humans  and  fossil  hominins,  accommodates  climbing  

and  suspensory  locomotion.  Data  collected  with  a  microscribe  3-‐‑D  digitizer  on  the  

scapula,  humerus,  radius,  and  ulna  of  Australopithecus  sediba,  Australopithecus  afarensis,  

and  Homo  erectus  were  compared  to  a  sample  of  Homo  sapiens,  Pan  troglodytes,  Pan  

paniscus,  Gorilla  gorilla,  Pongo  pygmaeus,  Hylobates  lar,  and  Macaca  fuscicularis.  

The  hominin  upper  limb  is  a  rich  mosaic  of  primitive  and  derived  traits.  The  

blade  of  Australopithecus  sediba,  although  appearing  most  similar  to  extant  orangutans,  is  

in  fact  functionally  most  similar  to  chimpanzees.  The  overall  morphology  of  the  

australopith  elbow  joint  appears  most  similar  to  Pan,  as  does  the  elbow  joint  of  Homo  

erectus,  suggesting  that  the  modern  human  configuration  happened  more  recently  than  
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1.5  million  years  ago.    

Au.  afarensis  and  Au.  sediba  share  important  similarities,  but  are  clearly  distinct  

species.  While  their  overall  elbow  joint  shape  is  strikingly  similar,  the  articular  surface  is  

not  identical.  Au.  afarensis  is  more  similar  in  this  respect  to  Pan  and  Homo,  while  Au.  

sediba  is  more  similar  to  extant  taxa  that  spend  substantially  more  time  engaging  in  

vertical  climbing  and  suspensory  behavior.  

The  results  from  this  study  support  previous  interpretations  that  not  all  

australopiths  across  time  employed  the  same  locomotor  repertoire.  While  this  study  

does  not  present  unambiguous  conclusions  regarding  early  hominin  arboreal  

locomotion,  it  does  suggest  that  the  morphology  of  the  upper  limb  is  varied,  and  that  

caution  must  be  taken  when  interpreting  single  skeletal  elements  in  the  hominin  fossil  

record. 
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1. Introduction 
Over the last six million years of hominin evolution, humans transitioned from a tree-

dwelling arboreal lifestyle to a bipedal, terrestrial one. Throughout this period, the forelimb 

transformed from what was primarily a climbing and suspensory apparatus to one more suited to 

making and using tools. The exact nature and timing of this transition, however, remains unclear. 

Nowhere is this uncertainty more evident than in the long-standing debate about arboreality in 

members of the genus Australopithecus (e.g. Lovejoy, Heiple, and Burstein, 1973; Lovejoy, 

1981; Stern and Susman, 1983; Richmond and Strait, 2000; Stern, 2000; Ward, 2002; Harcourt-

Smith, 2007; Richmond, 2007; Kimbel and Delezene, 2009; Green and Alemseged, 2012a; 

DeSilva et al., 2013; Green, 2013). Variation in postcranial shape between fossil and extant taxa 

can signal differences in locomotor patterns and habitual behavior. The ability to accurately 

interpret limb morphology is crucial to the interpretation of fossil remains and the reconstruction 

of behavior of fossil taxa. Despite an extensive body of literature describing upper limb 

morphology across fossil and living hominids (see Ward, 2002), no existing study synthesizes 

published locomotion studies with muscular organization and joint morphology of the forelimb. 

This approach may elucidate the complex relationship between the locomotor behavior and 

holistic morphology of the upper limb. 

Australopithecus is widely accepted to have engaged in habitual terrestrial bipedalism, 

based on lower limb anatomy (e.g. Lovejoy, Heiple, and Burstein, 1973; Stern and Susman, 1983; 

Berger et al., 2010). What remains unknown is when in human evolutionary history arboreal 

suspension and climbing were abandoned for a fully terrestrial lifestyle. Debate regarding 

australopith locomotion centers on the interpretation of primitive, ape-like traits. Some scholars 

(e.g. Stern and Susman, 1983; Richmond, 2007) argue that australopiths’ primitive features of the 
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shoulder, arm, and hand indicate a component of arboreal locomotion in its behavioral repertoire; 

and that only with the emergence of a more modern human-like upper and lower limb 

morphology in Homo did hominins become fully terrestrial. Others (Lovejoy, 1988; Lovejoy et 

al., 2002) posit that the derived features found in the australopith lower limb indicate a clear shift 

towards committed bipedalism. They also reject the notion of ongoing arboreal behavior because 

Australopithecus lacks derived anatomical features for climbing (Ward, 2002). Because no such 

feature is known in australopiths, paleontologists continue to debate the many primitive features 

found in the Australopithecus skeleton. Are they simply nonfunctional, nonsignificant ancestral 

traits inherited from a climbing ancestor, or are they primitive traits retained because they were 

still functionally important for climbing? 

The forelimb, excluding the wrist and hand, involves articulations of the clavicle, 

scapula, humerus, radius and ulna at the shoulder and elbow joints. Most comparative 

morphometric analyses of individual bones have found species-level distinctions in joint 

morphology among modern hominoids and fossil hominins (e.g. Lague and Jungers, 1996; 

Alemseged et al., 2006; Drapeau, 2008). These distinctions likely reflect species-level differences 

in upper limb use, including the degree to which the upper limb was used in locomotion (Stern, 

2000; Stern and Susman, 1983). Attempts to define discrete hominin morphological features have 

been made on hominin fossils, but these studies have been limited in specific ways. First, these 

efforts have been hampered by the inclusion of isolated fossil specimens of uncertain taxonomy. 

By restricting analysis to postcranial specimens that are directly associated with taxonomically 

diagnostic remains, such as craniodental remains (see Drapeau et al., 2005), we may be better 

able to identify the presence or absence of morphological contrasts in forelimb morphology 

between Australopithecus and Homo. Second, research has frequently been restricted to linear 

and angular metrics (e.g. Carretero et al., 2009; Haile-Selassie et al., 2010). Two-dimensional 
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measurements are limited in their ability to capture the complex three-dimensional relationships 

of anatomical regions such as the elbow joint. A geometric morphometric analysis of the shoulder 

and elbow would quantify the entire joint morphology and the configuration of the musculature 

supporting these joints. Third and perhaps most importantly, many of these studies have focused 

on isolated bones (e.g. Aiello et al., 1999; Patel, 2005) rather than considering these elements as 

biomechanically interdependent components of a single functional unit. 

To date, no study has specifically addressed the overarching pattern of functional 

integration in the arm bones of Australopithecus and early Homo. Le Gros Clark (1955) and 

Susman & Stern (1991) argued that the total morphological pattern of a skeleton must be 

considered to interpret postural behavior. By focusing on the degree and pattern of integration of 

upper limb morphology, forgoing individual traits, some traction may be gained on interpreting 

australopith locomotor anatomy. Examining the degree to which the upper limb is functionally 

organized – in its entirety – to be a climbing and suspensory apparatus may shed light on 

Australopithecus habitual behavior. 

This dissertation examines functional integration of the hominin forelimb. The study of 

morphological integration has increased in popularity over the past decade. Many have sought to 

address modules, “a set of morphological characters that (1) collectively serve a common 

functional role, (2) are tightly integrated by strong pleiotropic effects of genetic variation, and (3) 

are relatively independent from other modules” (Mitteroecker and Bookstein, 2008, p. 943). 

These modules can be identified (and this integration inferred) through the analysis of the 

covariation of morphological traits, particularly the pattern of covariation – i.e. the specific 

changes in traits that occur together (Klingenberg, 2008). Functional integration addresses the 

anatomical and functional relationships among component parts that define the universe of 

adaptive variation for those parts (Wagner and Schwenk, 2000). 
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Morphological integration seeks to explain how covariation occurs through exploring 

developmental mechanisms and describing evolutionary changes in terms of integrated and 

modular developmental variation (Mitteroecker and Bookstein, 2008; Klingenberg, 2008). For the 

purposes of this research project, I define functional integration as an endeavor generate 

hypotheses and adaptive scenarios to account for the observed patterns of covariation. This is 

done through a holistic exploration of the morphological complex in relation to the functional 

demands it fulfills. Using a combination of biomechanical modeling and geometric morphometric 

shape analyses of forelimb osteology, I will assess the degree and pattern of covariation of 

morphologies of the forelimb to assess the locomotion and behavior of fossil hominins. 

This study evaluates the morphological patterns of animals with known locomotor 

repertoires to facilitate evaluation of the evolutionary transformation of the forelimb in the early 

Pleistocene (Gibbard and van Kolfschoten, 2004). This study is unique with respect to the 

analysis of the forelimb bones as biomechanically interdependent skeletal elements, and will 

enable a more holistic view of the evolution of the forelimb. 

Forelimb Morphology and Locomotor Pattern 

This study addresses the functional morphologies of living primates known to engage in 

climbing and suspensory behaviors (e.g. gibbons), and compares them to morphologies of 

primates that do not (e.g. humans). To address morphological configurations consistent with 

efficient climbing and suspension, this study explores joint shape and anatomical organization of 

the scapula, humerus, ulna, and radius. Articular surfaces are analyzed with respect to the 

facilitation of joint reaction force transmission. Leverage of muscles is studied with respect to 

facilitation of overhead reaching during vertical climbing. 
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The study focuses on the relationship between locomotion and functional anatomy of the 

forelimb. Differences in the degree of suspensory behavior may be reflected in muscular 

orientation and joint morphology, which permit greater mechanical advantage in specific 

locomotor postures. Forelimb morphology may also reflect configurations that facilitate 

transmission of tensile and compressive loads. During suspension, joints are primarily held in 

tension due to gravity effects on body mass – although the trochlear notch of the ulna likely 

undergoes compression full extension, as the proximal ulnar articular surface hooks into the 

posterior humeral trochlea. During quadrupedal locomotion, joints are loaded in compression – 

although some soft tissue structures may be in tension (e.g., to prevent lateral distraction) while 

other parts are compressed. Differences in the degree of suspensory behavior may be reflected in 

joint morphology, and are related to the degree of tension joints can accommodate; committed 

terrestrial bipeds do not rely on their joints in this manner. 

Muscular leverage plays an important role in locomotion, both with regards to capacity 

for action as well as powerful action. While changes in muscle volume or overall body mass have 

associated changes in metabolic cost, changes in leverage can maintain or improve function 

without an increased cost to the individual. Thus, altered leverage through muscular 

organizational shifts can preserve functional equivalence, or enhance ability. 

Table  1:  Definitions  of  Biomechanical  Terms  for  Musculoskeletal  Study  

Functional 
Term Definition Purpose Example 

Stability 

The ability to control 
joint movement or 
position. 

Resist displacement of 
two or more rigid 
elements relative to 
one another during 
movement such as 
flexion or extension 

Compression forces 
produced by muscles 
crossing the elbow joint 
contribute to dynamic 
stability at the elbow 

Mobility 

The degree to which a 
joint system is able to 
move through a 
potential range of 
motion 

Enables range of 
postures and free 
movement 

The glenohumeral joint 
of apes is a highly 
mobile joint, allowing 
for diversity of 
locomotor styles 
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Congruence 

Geometric similarity 
between articulating 
joint surfaces 

Enhances transmission 
of forces at joint 

The trochlea of the 
humerus and trochlear 
notch of ulna are 
variably congruent 
across great apes 

Force 
transmission 

The ability of a body to 
pass compressive or 
tensile forces to 
another body. 

Allows a body to 
facilitate external or 
internal forces.  

The bones and joints of 
the human lower limb 
diffuse body mass to 
the ground. 

Mechanical 
advantage  

In a lever system, force 
is exerted to move a 
lever about a fulcrum 
and displace a load. 
This is the ratio of the 
force produced by a 
lever system to the 
force applied to it. 

Mechanical advantage 
reduces effort to 
displace a load around 
a fulcrum. 

Ratio of muscular effort 
to move the humerus 
about the 
glenohumeral joint to 
displace the arm 
compared to the force 
(i.e. mass) of the arm. 

Moment arm 

The distance between 
where the force 
exerted, and the 
rotation center of the 
fulcrum.  

Along with other 
factors, it determines 
the strength of a 
muscle to produce a 
given rotational 
movement. 

At the shoulder, the 
distance between a 
muscle origin and the 
rotation center of the 
glenohumeral joint. 

Strength 

The amount of force a 
muscle can produce 
with a single maximum 
effort. 

Ability to displace a 
load around a fulcrum. 

The ability of the 
rotator cuff to produce 
glenohumeral rotation. 

 

Elbow Morphology 

Many structural features are uniquely derived in the hominoid elbow joint, while some 

are convergent with atelines (Rose, 1988; Larson, 1998). Rose addressed three important 

functions of the elbow for climbing, suspensory and quadrupedal primates, as their forelimbs are 

used both in compression and tension: flexion/extension and pronation/supination, universal 

stability of the elbow joint, and load-bearing in the humeroulnar joint (Larson and Stern, 1986; 

Larson, 1993). 

Features related to the ability of the humeroulnar joint to accommodate the majority of 

the load during locomotion include a mediolaterally broad trochlea and a non-translatory joint 

(Rose, 1988; Larson, 1998). Stability at the elbow joint minimizes muscular effort during full 
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extension of the elbow, especially in suspension (Oxnard, 1967). Suspensory and climbing 

primates have a greater range of extension at the elbow joint – arguably related to the forelimb 

used in tension – to accommodate arm hanging (Rose, 1988). 

Suspension and climbing involves a great range of elbow flexion and extension. Varied 

postures during locomotion while climbing, hanging and bridging are feasibly reflected in 

adaptations for pronation/supination of the elbow, including through a range of flexed and 

extended postures (Larson and Stern, 1986; Larson, 1993). Features related to stability of the 

humeroulnar joint during flexion and extension include a notched trochlea with well-developed 

medial and lateral keels, a mediolaterally wide trochlear notch distally with a marked median 

ridge and articular surface extending proximally, distally, and laterally (Rose, 1988). Despite 

these shared features among the hominoid forelimbs, important differences have been observed 

between taxa. For example, the gorilla’s humeroulnar joint has a broad trochlea and wide 

trochlear waist, accommodating joint stability during quadrupedal locomotion, while the 

orangutan joint reflects a tighter fit with its crescent-shaped trochlear notch, constricted trochlear 

waist and coronoid process, which suggests an elbow organized for mobility in quadrumanus 

locomotion (Zihlman, McFarland, and Underwood, 2011).  

 

Shoulder Morphology 

The shoulder joint may facilitate transmission of compressive and tensile forces. 

Suspensory behavior will put the glenohumeral join in tension. Tension is largely accommodated 

via musculature around the joint, as well as the surrounding ligaments and glenohumerual joint 

capsule. As the rotator cuff muscles’ insertion fibers are continuous with the joint capsule, these 

muscles contribute to the transmission of tensile forces. For example, infraspinatus is argued to be 
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important to maintaining joint integrity, resisting transarticular stress during suspension (Larson 

and Stern, 1986). Further, quadrupedal primates will experience compression at the shoulder 

joint. This is translated via a curved, congruent glenohumeral joint with increased surface area. 

This is contrasted with the relatively flat glenoid fossae of humans and suspensory primates 

(Corruccini and Ciochon, 1976). 

The orientation and position of the origins and insertions of the shoulder musculature are 

informative for interpreting the functional anatomy of the shoulder. Strong correlations exist 

between locomotor patterns and several aspects of scapular morphology, including orientation of 

the rotator cuff muscles (Inman, Saunders, and Abbott, 1944; Ashton and Oxnard, 1964; Oxnard, 

1967). Supraspinatus and infraspinatus are both active during the swing phase of climbing and 

arm swinging in chimpanzees (Inman, Saunders, and Abbott, 1944; Ashton and Oxnard, 1964; 

Oxnard, 1967). Relative to quadrupedal monkeys, scapulae with large supraspinous and 

infraspinous fossae characterize taxa that engage in a high degree of climbing (Roberts, 1974; 

Larson and Stern, 1986; Larson, 1988). Humans lack the power in elevation that other apes 

possess (Ashton and Oxnard, 1963). Thus while australopiths may have possessed relatively 

primitive morphology about the shoulder (e.g., Stern and Susman, 1983; McHenry and Coffing, 

2000; Larson, 2007, 2009, 2012, 2013; Green, 2012; Churchill et al., 2013, etc.), it is yet to be 

determined if their pectoral girdle morphology was conducive to the generation of forces 

necessary for climbing and suspension, or the management of glenohumeral joint reaction forces 

generated in so doing. As such, this complex interplay between musculature, skeletal anatomy, 

and locomotion may be better understood via a modeling approach. 
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Modeling Functional Integration 

To pursue the goals of this project, i.e. to understand the functional anatomy of the 

forelimb of animals that habitually engage in climbing and suspension, and to infer locomotor 

behavior in fossil primates, it is beneficial to begin with a few straightforward changes to an 

existing model. With such a model, limb length, skeletal morphology, and thus indirectly the 

position of muscular origins and insertions can be varied to explore mechanical advantage and 

muscle force.  

Previous analyses (e.g. Rose, 1988; Rose, 1993; Harrison, 1989; Larson, 1998) generate 

predictions for upper limb morphology best suited for the forelimb of habitually climbing and 

suspensory primate versus the forelimb of a modern human. Using a variety of suspensory and 

non-suspensory taxa (including humans), I will explore patterns of mechanical advantage in 

climbing postures. Morphological specialization for arboreal behavior may be reflected in the 

holistic functional organization of the arm, and thus functional differences may be attributable to 

genus-level differences in arboreal locomotion. The results will have implications for our 

interpretation of hominin locomotion and the evolution of human terrestrial bipedalism. 

 

Goals of This Study 

This study seeks to identify evolutionary trends in the hominin bony forelimb anatomy 

and to evaluate the biomechanical advantages of these morphological patterns as they relate to 

locomotor and behavioral shifts in human evolution. I attempt to address the following research 

questions: 

1. How does the available morphological information about fossil hominins inform 

functional interpretations when essential data from the musculoskeletal system is absent? Using a 
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modeling approach, I explore biomechanical advantage at the shoulder in vertical climbing 

postures. I hypothesize that habitual climbers will have greater mechanical advantage than 

species which do not climb habitually 

2. How do particular morphological features of forelimb shape vary and co-vary? While 

each species will present a unique pattern of upper limb morphology, I hypothesize that the 

pattern of Australopithecus shoulder and elbow articular morphology will be most similar to 

Pongo. This hypothesis is consistent with previous studies of australopith scapular shape 

(Melillo, 2011; Churchill et al., 2013).  

3. Does articular surface congruence correlate with locomotor modes? Does geometric 

congruence within a joint complex vary through flexion and extension postures? I hypothesize 

that shape similarity between the humeral and ulnar articular surfaces accommodates arboreality, 

and that measures of joint congruence at the elbow correlate with locomotion.  

These research questions will be explored using the anatomical organization of relevant 

climbing and suspensory musculature together with geometric morphometric analyses of three-

dimensional landmarks collected on joint surfaces of several fossil and extant primate species. 

Previous studies indicate that although each element preserves important shape variation, even 

complementary sides of a joint system can give very different morphological signals. Analysis of 

the covariation of these joint surfaces can provide unique information about morphological 

patterns, whereas analysis of discrete aspects of morphology (e.g., one side of a joint) only 

provides one component of shape information. Thus, a holistic analysis is critical to a thorough 

interpretation of the forelimb. 
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2. The Relationship between Hominid Scapular 
Morphology and Rotator Cuff Moment Arms: Using an 
Upper Limb Musculoskeletal Model to Interpret 
Australopithecus sediba 

Recent discoveries of several nearly complete australopith scapulae (i.e. Alemseged et 

al., 2006; Haile-Selassie et al., 2010; Berger et al., 2010) have revived discussion of the 

functional significance of scapular blade morphology. Scapular morphology certainly reflects the 

functional demands of disparate locomotor modes as shown in many morphological studies 

across extant primates (Inman, Suanders, and Abbot, 1944; Ashton and Oxnard, 1963, 1964; 

Oxnard, 1963, 1967; Roberts, 1974; Ashton et al., 1971; Larson, 1995; Inouye and Shea, 1997; 

Young, 2003, 2008; Green and Alemseged, 2012; Bello-Hellgouarch et al., 2013; Green, 2013). 

Scapular blade shape in particular is one of the most well-studied aspects of the shoulder. The 

scapular fossae are the origin location for the rotator cuff muscles, important for vertical climbing 

and suspension (Inman, Saunders, and Abbott, 1944; Ashton and Oxnard, 1964; Oxnard, 1967). 

Further, scapulae with both large supraspinous and infraspinous fossae characterize primates that 

engage in a high degree of climbing (Roberts, 1974; Larson and Stern, 1986; Larson, 1998). 

These studies argue that relative fossa size is predictive of locomotor mode across primates. (See 

Figure 1). 
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Figure  1:  Dorsal  view  of  the  scapulae  of  (a)  Hylobates,  (b)  Pan,  (c)  Homo,  (d)  
Pongo,  and  (e)  MH2  (Australopithecus  sediba).  Image  modified  from  Bello-‐‑

Hellegourarch  et  al.,  2013. 

 

Despite these promising findings, distinctions between closely related, behaviorally 

similar species have not been very successful in correlating scapular blade shape with muscle size  

and architecture, or subtle variation in locomotor repertoire (Taylor, 1997; Young, 2003, 2008; 

Taylor and Slice, 2005; Bello-Hellegouarch et al., 2013; Larson and Stern, 2013). Young (2008) 

suggested that different anatomical configurations could potentially connote alternative methods 

of accomplishing similar functions; i.e., perhaps the different sized fossae across the great apes 

are related to how different muscles are used to accomplish similar locomotor tasks. However, a 

recent study of chimpanzee, orangutan, and gibbon locomotion found that these genera recruit 

their rotator cuff muscles in similar patterns during vertical climbing and reaching (Larson and 

Stern, 2013). Although some variation in the engagement of the muscles was detected, the 

authors did not conclude these differences are reflected in morphological variation between 

species. The authors argued that soft tissue variables – notably muscle mass and physiological 

cross-sectional area (PCSA) – were better predictors of locomotor repertoires than differences in 

muscle recruitment across these genera. 
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However, scapular body morphology necessarily influences the orientation and position 

of the origins of the rotator cuff musculature. The shape, size, and position of the fossae as well 

as the morphology of the scapular spine have important consequences for moment-generating 

capacity at the shoulder. In addition, humeral morphology impacts the orientation and length of 

rotator cuff moment arms. In this chapter, I document the moment arms of several scapular 

muscles in locomotor postures – including climbing –using a modeling approach in an effort to 

elucidate scapular functional morphology. Enhancement of moment arm length is a potentially 

important means by which animals can reduce muscular effort during vertical climbing. 

In order to gain insight into the functional implications of scapular blade morphology, I 

assess moment arms at the shoulder for Hylobates (gibbons), Pongo (orangutans), Pan 

(chimpanzees), and Homo (modern humans) during vertical climbing. As these taxa engage in 

varying amounts of vertical climbing, moment arms at the shoulder may reflect these differences. 

This can be estimated with computational modeling of the morphology of the shoulder. 

 

Modeling The Upper Limb 

Computational biomechanical modeling is a powerful tool to simplify locomotor 

behavior by providing clear links between structure and such functional aspects of locomotion as 

load bearing, muscle leverage, and range of motion. This process allows inferences to be made 

based on the “first principles” that influence the physical environment that structures experience. 

In this study, kinematic biomechanical analysis will be employed to analyze the biomechanical 

consequences of the morphological differences among taxa. Moment arm, or the perpendicular 

distance of a muscle path from the rotation center of a joint, is one factor contributing to the 

ability of a muscle to induce rotation at a joint. It, along with the force-generating capacity of a 
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muscle related to its PCSA, determines the strength of a muscle to produce a given rotational 

movement. Moment arms can be explored through the variability of osteological proportions and 

the position of muscular origins and insertions.  

The effect of scapular and humeral morphology on muscle position and orientation will 

be investigated through modeling of extant primates with known locomotor repertoires. I chose to 

investigate the rotator cuff based on published electromyographic (EMG) studies that identify 

which muscles are active during vertical climbing (Tuttle and Basmajian, 1978; Larson and Stern, 

1986, 2013) to identify target muscles for examination.  This work will provide insight into the 

relative moment arms of the rotator cuff for the studied taxa in postures for which the muscles are 

active during vertical climbing. In addition to studying extant taxa, I will apply this approach to 

the fossil specimens of Au. sediba to address the functional organization of the forelimb as a 

measure of degree of arboreality. 

This study characterizes the biomechanical action of the three largest rotator cuff 

muscles: supraspinatus, infraspinatus, and subscapularis (teres minor, as well as a non-rotator cuff 

muscle important in climbing – serratus anterior – were not considered in this model: see 

Limitations section below). Figure 2 displays the patterns of muscle recruitment during the 

postures of interest, i.e. the extremes of when the arm is raised or lowered. During arm elevation, 

the recruitment of these muscles in Pan and Pongo resemble those of human subjects (Tuttle and 

Basmajian, 1978). In Pan, Pongo, and Hylobates, the dorsal members of the rotator cuff 

(supraspinatus and infraspinatus) are all silent during the support, or pull up, phase of vertical 

climbing. Their activity begins when elevation of the limb begins, and these muscles are recruited 

at high amplitudes shortly after lift off during vertical climbing to raise the arm (Larson and 

Stern, 1986; 2013). Two exceptions to overall similarity between taxa are visible in Figure 2. One 

notable difference in supraspinatus activity is that Pan does not recruit this muscle during the 
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transition between swing and support phase. Additionally, Pongo does not engage infraspinatus 

during the initiation of the support phase, unlike Hylobates and Pan. Subscapularis is heavily 

recruited during the support phase of vertical climbing, while infraspinatus and supraspinatus are 

silent (Larson and Stern, 1986, 2013). In Hylobates only, the upper portion of subscapularis is 

also recruited during the swing phase (Larson and Stern, 2013). Although these muscles are 

active at different parts of the climbing cycle, all three play an important role during the initiation 

and conclusion of support or swing phases. Arm raising through the aforementioned postures, 

whether reaching or supporting, is influenced by the length of the moment arm. Along with other 

factors, the moment arm determines the strength of a muscle to produce a given rotational 

movement at the glenohumeral joint. Different moment arms between two individuals may 

indicate differences in muscular effort necessary to produce the same rotation; thus, this may 

represent different solutions to achieving vertical climbing, per Young (2010). For nonhuman 

species, subscapularis makes the most substantial contribution to this locomotor behavior. 

Modern human data indicate that the infraspinatus, supraspinatus, and subscapularis muscles have 

substantial function as arm elevators (Otis et al., 1994; Kuelche et al., 1997; Liu et al., 1997; 

Standring, 2008). Thus, although previous studies did not explicitly test modern humans, clinical 

evidence, as well as the lack of differences between nonhuman taxa, support that humans engage 

their rotator cuff muscles similarly during arm raising. 
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Figure  2.  Electromyographic  signals  during  recruitment  of  shoulder  muscles  
during  vertical  climbing  in  Hylobates,  Pongo,  and  Pan.  Initiation  and  completion  of  
each  cycle,  when  the  arm  is  in  the  most  extreme  postures,  are  highlighted  in  yellow.  

Image  modified  from  Larson  and  Stern,  2013.  

 

I assess the moment arms of the supraspinatus, infraspinatus, and subscapularis muscles 

for each individual in postures related to vertical climbing, and results will be compared across 

Hylobates (gibbons), Pongo (orangutans), and Pan chimpanzees. The variation in moment arms 
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will be placed in the context of the overall morphology of the scapula of both extant genera and 

MH2 (representing Australopithecus sediba). The null hypothesis is that there will not be 

substantial differences in the relative moment arms between genera. Consistent with EMG results 

found by Larson and Stern (1986, 2013), despite documented differences in vertical climbing 

among these species, moment arms at the shoulder will not vary in substantial or meaningful 

ways between the genera. Alternate hypotheses are addressed below. 

H1: Hylobates and Pongo spend the highest percentage of time vertically climbing in the 

wild of the comparative sample (Fleagle, 1980; Hunt, 2004). These individuals will possess the 

greatest moment arms for arm raising.  

H2:,Modern humans spend little time vertically climbing. Although Pongo and Homo 

share some similarities in scapular morphology, particularly glenoid orientation and spinal angle 

(Melillo, 2011; Churchill et al., 2013), humans are clearly behaviorally distinct from orangutans. 

Homo is expected to have relatively shorter moment arms. 

H3: In comparison to the aforementioned taxa, Pan spends an intermediate amount of 

time climbing (Doran and Hunt, 1994). As such, Pan is expected to have intermediate moment 

arm indices. This would be at odds with morphological studies, which suggest that Pan scapulae 

are most similar to Hylobates scapulae (Young, 2003).  

If Australopithecus sediba (MH2) has similar moment arms to Pongo, this would be 

consistent with the morphological affinity of the scapula, and support the hypothesis that Au. 

sediba was capable of Pongo-like locomotion (Churchill et al., 2013). If Au. sediba has similar 

moment arms to Homo, this would support a mechanical hypothesis that modern humans and 

MH2 do not have large moment arms, and therefore do not have augmented muscle force that 

could be used for vertical climbing. This finding would support the hypothesis that australopiths, 

like modern humans, were committed terrestrial bipeds (Lovejoy et al., 1973; Latimer and 
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Lovejoy, 1989). If Au. sediba has generally similar moment arms to nonhuman taxa, this would 

support the mechanical hypothesis that nonhuman taxa and MH2 share larger moment arms, and 

have augmented muscle force that could be used for vertical climbing. This finding would 

support the hypothesis that despite the onset of bipedalism, Australopithecus continued to engage 

in vertical climbing (Stern and Susman, 1983; Stern, 2000; Green and Alemseged, 2012). 

 

Limitations 

This study does not address two important muscles related to arm raising: serratus 

anterior and teres minor. Teres minor, the fourth and smallest muscle of the rotator cuff group, 

was excluded because the origin for teres minor is difficult to capture morphologically. Clear, 

replicable landmarks are necessary, but unfortunately no such points are present. The origin is a 

morphologically variable region of the axillary border of the scapula, and the degree to which this 

border projects laterally clearly impacts the teres minor muscle moment arm. Although this 

muscle undoubtedly plays an important role in climbing (Larson and Stern, 2013), the teres minor 

muscle is not analyzed as part of this study. 

Serratus anterior, arising from the ribcage and inserting into the medial margin of the 

scapula, assists in upward rotation of the scapula (Standring, 2008). This study explores the 

relationship between the humerus and scapula; as rib cage morphology is not incorporated into 

this analysis, and this muscle does not cross the glenohumeral joint, the action of this muscle is 

beyond the scope of this study. Further, EMG data for vertical climbing and overhead reaching 

have not been published for Hylobates; as this is the species that is most often different from the 

larger great apes, confirmation of its activation patterns during these activities would be necessary 

for its inclusion. Finally, published EMG studies have found contradictory patterns of muscle 
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activation for serratus anterior (Tuttle and Basmajian, 1977; Larson et al., 1991), seemingly due 

to variable placement of electrodes on the subject. In order to incorporate data from serratus 

anterior, it would be most optimal if all EMG data were collected by the same researcher. For 

these reasons, serratus anterior was also excluded from this study.  

 

Materials 

To gain insight into the evolutionary patterns of hominoid morphology, as well as 

understand the moment arms at the shoulder joint, landmarks were digitized on specimens of 

modern humans, chimpanzees, orangutans, gibbons, and the fossil specimen MH2 (representing 

Au. sediba) (N=17, see Table 2). For each genus, two males and two females were randomly 

selected from a larger dataset to represent their taxonomic group. Comparative nonhuman extant 

samples were collected from the National Museum of Natural History (Washington DC, NMNH) 

and the Zurich Anthropological Institute Museum (Zurich, ZAIM). All nonhuman specimens 

were wild-shot adults with no signs of pathology or taphonomic damage.  

The comparative Homo sapiens sample is based on the collection from Indian Knoll 

(Kentucky), curated at the NMNH. Indian Knoll is an Archaic Period site (dated to 6415-4143 

BP), and one of the largest hunter-gatherer skeletal collections in North America. Their 

subsistence economy relied mainly on deer, turkey, mussels, nuts and a variety of locally 

collected plant materials (Winters, 1974). These humans were relatively active compared with 

modern industrial society humans, and thus are a more appropriate reference than cadaver-based 

samples. To visualize morphological disparity among the sample, see Figure 2. 
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Table  2:  Comparative  taxa  used  in  this  study  

Taxa Origin Climb 
Category Museum Male Female Total 

Hylobates lar 
(gibbon) Thailand High ZAIM 2 2 4 

Pongo pygmaeus 
(orangutan) Borneo High NMNH 2 2 4 

Homo sapiens 
(mdern humans) 

Indian Knoll 
(KY, USA) Low NMNH 2 2 4 

Pan troglodytes 
(chimpanzees) Cameroon Intermediate NMNH 2 2 4 

Total    8 8 16 

 

Methods 

A total of 20 landmarks describing humeral and scapular shape were collected (Figures 3 

and 4). These landmarks were chosen to be the most clearly defined and repeatably identifiable 

points on the scapula and humerus, patterned after Type II landmarks described by Young (2008) 

and Tallman (2013). These points were used to scale an existing 3-dimensional computer model 

of the upper limb musculoskeletal system (Saul et al., 2014) to represent each of the studied 

species, and estimate the moment arms of the muscles of the rotator cuff in climbing postures. 

The model, implemented for dynamic musculoskeletal simulation in the OpenSim 3.1 software 

platform (Delp et al., 2007), has been widely used to evaluate upper limb function (e.g. Crouch et 

al., 2014; Holzbaur et al. 2007; Mogk et al. 2011). This study focused on the biomechanical 

action (moment arms) of the three largest rotator cuff muscles: supraspinatus, infraspinatus, and 

subscapularis. The original model represents the geometry of a 50th percentile male human, with 

origin-to-insertion muscle paths determined from anatomical descriptions of muscle attachments, 

digitization of muscle insertions on specific cadaveric specimens, and measured moment arms 

from cadaveric specimens (Holzbaur, 2005; Saul et al., 2014). In this study, I explore the moment 
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arm of the three muscles of interest using a single muscle path for each, representing the 

centroidal path of the muscle. 

To evaluate the differences in bone shape and muscle attachment locations on the 

moment arms of the muscles of interest, I used the OpenSim scaling function (Delp et al., 2007) 

to scale the bones using the measured landmark data. Specifically, landmark locations were 

defined (Figure 3 and 4) within the unscaled model on the humerus and scapula. Then each bone 

was scaled in the mediolateral, superoinferior, and anteroposterior direction for each individual 

specimen to dimensions consistent with the measured morphology for each specimen. To do this, 

pairs of landmarks (Table 3) were defined to represent the mediolateral, superoinferior, and 

anteroposterior dimension of the bone of interest. A scaling ratio was then defined as the desired 

dimension divided by the unscaled model dimension between the same two landmarks. Since 

more than one pair of landmarks was used to define the scaling ratio (Table 3), the average 

scaling ratio for the sets of landmark pairs was applied in a given scaling direction.  Scaling the 

overall bone dimensions also alters the relative location of the origins and insertion points for the 

rotator cuff muscles. (See Figure 5). 
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Figure  3.  Illustrations  of  humeral  landmarks.  Right  humerus,  anterior  view  (A)  
and  posterior  view  (B).    

  

Figure  4.  Illustrations  of  scapular  landmarks.  Right  scapula,  posterior  view  (A)  
and  lateral  view  (B).  

  

  

Table  3:  Scalars  by  Interlandmark  Distance  

Skeletal Element Mediolateral Superoinferior Anteroposterior 
Scapula 2–4; 2–5; 2–6 1–2; 1–3; 1–10; 7–10 5–6; 8–9 

Humerus 2–3; 4–6; 9-10 1–7; 1–8 5–10; 6–9 
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Using the scaled model for each specimen, moment arms for shoulder elevation in 

abduction and forward flexion were calculated through the shoulder elevation range of motion. 

The shoulder is typically in postures that are intermediate between forward flexion and abduction 

during an average climbing bout; the specific posture depends on the radius of the vertical 

substrate. Both abduction and forward flexion were studied so that the extreme positions of lateral 

and anterior arm raising could be compared. 

 

Figure  5.  Scapulohumeral  model  viewed  in  OpenSim.  Right  side,  posterior  
view.  Muscle  force  paths  represented  with  red  lines.  Scaling  markers  represented  

with  pink  orbs.  (A)  Unscaled  model,  modern  human  proportions.  (B)  Model  scaled  by  
female  Hylobates  landmark  data  (markers  scaled  to  50%  for  visualization).   

a b 
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Moment arms were evaluated in postures of 35 degrees and 115 degrees from vertical 

(the lower and upper limit of arm raising, respectively), based on previous analyses of wild Pan 

climbing in the Gombe National Park of Tanzania (Macias and Feldblum, 2014). In that study, 

chimpanzee arms were elevated approximately 35 degrees at takeoff – when the arm leaves the 

vertical substrate to reach upwards for the swing phase of climbing – and approximately 115 

degrees at touchdown – when the arm makes contact with the vertical substrate for the support 

phase of climbing. These postures were analyzed for both flexion and abduction. Peak moment 

arms across the full range of motion in flexion and abduction were also recorded. Moment arm 

differences between groups were tested by univariate analysis of variance using the Kruskal-

Wallis test, a nonparametric test for similarity of three or more groups. 

Moment arms are linear values, affected by the size of the individual measured.  To 

compare moment arm values across taxa of differing body size, moment arms were scaled by 

humeral length, which scales isometrically with body mass (Jungers, 1994). The moment arm was 

divided by humeral length, and then multiplied by 100 to define a moment arm index. These 

indices were then averaged by genus, to give a single value for each taxonomic group. Although 

this approach does not incorporate intraspecific variation, it facilitates simple comparisons 

between taxa. 

 

Results 

Figure 6 presents the moment arm indices of the three largest rotator cuff muscles in 

forward flexion. For all species, the infraspinatus moment arm index decreased with increasing 

joint angle.  All indices were within 0.3 of one another. The subscapularis moment arm index is 

similarly consistent across the sample, increasing with joint angle, and all indices were within 0.4 
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of one another.  Supraspinatus, however, has more variable results. The supraspinatus moment 

arm indices all increase with increasing joint angle; however, substantial differences are visible.  

Hylobates moment arm indices peak around 100 degrees, and then slightly decrease; all other 

extant taxa continually increase with arm elevation. Pongo and Hylobates, the species which 

spend the most time vertically climbing, possess moment arm indices generally much higher in 

extreme (very flexed) arm positions than other extant taxa. When the arm approaches touchdown 

at 115 degrees of elevation, Pongo and Hylobates have supraspinatus moment arm indices nearly 

twice the values of Pan and Homo. MH2 is most similar to Pan, but is also close to Homo values 

(see Table 4). 
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Figure  6.  Plot  of  species  average  moment  arm  ratios  describing  shoulder  elevation  
during  forward  flexion  (left)  and  abduction  (right).  Takeoff  at  35  degrees  (left  edge),  
touchdown  at  115  degrees  (right  edge).    Dotted  lines:  substantial  vertical  climbing.  
Solid  lines:  less  vertical  climbing.  Dashes:  unknown.    Green:  Au.  sediba  (MH2);  red:  
Homo  sapiens;  blue:  Pan  troglodytes;  purple:  Pongo  pygmaeus;  orange:  Hylobates  lar.  

     

40 60 80 100 120

0.
0

0.
5

1.
0

1.
5

2.
0

2.
5

3.
0

3.
5

Subscapularis in Forward Flexion

Degrees Elevation

M
om

en
t A

rm
 R

at
io

Supraspinatus 

Infraspinatus 

Subscapularis 

Forward Flexion: 
Arm Elevation (Degrees) 

0.
0 

   
   

   
  1

.0
   

   
   

   
1.

5 

  40       60      80     100     120 

0.
0 

   
  0

.4
   

   
0.

8 
   

  1
.2

 
0.

0 
  0

.5
   

1.
0 

   
1.

5 
  2

.0
 

0.
0 

   
   

0.
5 

   
   

1.
0 

M
om

en
t A

rm
 In

de
x 

   
  3

.0
   

 4
.0

   
  5

.0
   

 6
.0

 
   

 1
.6

   
 2

.0
   

 2
.4

   
  2

.8
 

0.
5 

   
1.

0 
   

1.
5 

   
2.

0 

Abduction: 
Arm Elevation (Degrees) 



 

   27  

Table  4:  Supraspinatus  moment  arm  indices  at  115  degrees  forward  flexion  

Taxa Mean index Difference 
from MH2 

Hylobates lar 0.929 0.482 
Pongo pygmaeus 1.111 0.664 

Homo sapiens 0.597 0.150 

Pan troglodytes 0.449 0.002 

Australopithecus sediba 0.447 - 
 

Figure 6 presents the moment arm indices of the three largest rotator cuff muscles in 

abduction. For all species, the subscapularis muscle decreased its moment arm index with 

increasing joint angle. The infraspinatus moment arm index is similarly consistent across the 

great ape sample. For Pan, Pongo, and Homo, the infraspinatus muscle increases its moment arm 

with increasing joint angle. However, Hylobates departs from the larger species. First, the 

moment arm indices at takeoff are much smaller. Hylobates have peak moment arm indices 

around 100 degrees, and then decline after that. The supraspinatus moment arm index gradually 

decreases with arm elevation; however, substantial differences are visible.  For all taxa, 

supraspinatus muscle moment arms decrease with increasing joint angle; however, the slopes of 

decrease are different across taxa. Pongo have the greatest moment arm indices at touchdown 

(115 degrees), and Hylobates moment arm indices are the smallest. In all three cases of 

abduction, MH2 is most similar to Pan, but is also quite similar to Homo (see Table 5). 

Clearest differences were visible between climbing groups for both of the supraspinatus 

moment arm indices. Significant differences for supraspinatus moment arm indices at touchdown 

(115 degrees) were found in both forward flexion (P = 0.0157) and abduction (P = 0.008). Figure 

7 depicts these species differences. 
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Figure  7.  Supraspinatus  moment  arm  indices  describing  shoulder  elevation  in  
forward  flexion  (top  left)  and  abduction  (bottom  left).  Individual  moment  arm  indices  
at  specified  shoulder  elevation  are  plotted  by  taxonomic  groups.  Horizonal  bars  
indicate  species  means.  Open  triangles  are  male,  filled  circles  are  female.  Mean  

species  moment  arm  indices  by  posture,  right.  Green  star:  Au.  sediba  (MH2);  blue:  Pan  
troglodytes;  orange:  Hylobates  lar  ;  red:  Homo  sapiens;  purple:  Pongo  pygmaeus.  
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Table  5:  Supraspinatus  moment  arm  indices  at  115  degrees  abduction  

Taxa Mean Index Difference from MH2 
Hylobates lar 2.527 0.990 
Pongo pygmaeus 4.932 1.417 

Homo sapiens 4.145 0.628 

Pan troglodytes 3.877 0.361 

Australopithecus sediba 3.517 - 

 

Discussion 

In several cases, the extant taxa share similar moment arm indices in forward flexion and 

abduction. Subscapularis was particularly invariant, both in forward flexion and in abduction, 

across the sample. Larson and Stern (1986, 2013) found that the superior, middle, and inferior 

components of subscapularis were recruited differently during climbing and arm swinging. If the 

model had examined these anatomical divisions of subscapularis individually, rather than 

holistically, perhaps subtle differences between taxa may have been observed in subscapularis 

moment arm indices. Subscapularis no doubt is important for vertical climbing—it is possible that 

the absence of variation present in either forward flexion or abduction suggests canalization of 

this feature. This is somewhat surprising in light of the moment arms results for the extant taxa; 

despite different patterns of recruitment, the relative moment arms are similar. Muscular effort 

may be compensated via mass or architecture; as seen in Figure 8, which illustrates differences in 

rotator cuff muscle mass and PCSA amongst species, this may be the case. The particularly large 

moment arm indices for abduction, especially at takeoff, potentially supports this interpretation. 

Generally, the subscapularis muscle fits the null hypothesis. 

Infraspinatus moment arm indices generally do not discriminate the great apes very well. 

In forward flexion, the values for all extant taxa all follow a very similar trajectory. This is also 
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true in abduction, with the important exception of Hylobates. These moment arm indices are all 

nearly half as large; further, Hylobates reaches its peak moment arm index at an abducted arm 

posture lower than touchdown, whereas the great apes have greater infraspinatus moment arm 

indices as arm elevation increases. This may be an effect of body size, as gibbons are nearly an 

order of magnitude smaller than the other extant taxa studied, and potentially do not have the 

same mechanical demands in abduction as larger taxa due to their substantially lower body mass. 

Macias and Feldblum (2014) found that among chimpanzees, subadults initiated contact with the 

substrate at higher arm elevations, while adults touched down at lower degrees of arm elevation, 

potentially due their greater body mass. Possibly, smaller individuals are able to initiate a higher 

reach because the ability to hoist oneself with a greater degree of arm elevation requires greater 

muscular effort with greater body mass. Rotator cuff muscle mass and PCSA scale isometrically 

with body mass (Mathewson et al., 2014). Although Homo and Pan have proportionally smaller 

infraspinatus PCSA values to Hylobates, Pongo values are nearly identical (see Figure 8). 

However, all four taxa share very similar proportional infraspinatus muscle mass. Perhaps larger 

apes are adapted for climbing postures with larger moment arm indices, but these results are not 

fully explained by muscle architecture data. This possibility could be better tested with the 

inclusion of other smaller climbing primates, such as Ateles. Alternatively, this difference in 

moment arms is due to the proportionally smaller infraspinatus fossa of Hylobates (Bello-

Hellegouarch et al., 2013; Churchill et al., 2013). However, Pan also has a relatively smaller 

infraspinatus fossa compared to Pongo and Homo, but the moment arms among these three taxa 

were comparable. Again, the inclusion of atelines, whose scapulae are morphologically similar to 

African apes (i.e., Pan and Gorilla) (Larson, 1998; Young 2008) but overall upper limb and trunk 

proportions converge on Hylobates (Young, 2003), could explore this possibility. Broadly, 

moment arm results for the infraspinatus muscle are most consistent with the null hypothesis. 
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Figure  8.  Pie  graphs  displaying  the  contributions  of  each  rotator  cuff  muscle  to  
the  total  rotator  cuff  muscle  mass  or  PCSA  in  each  genus.  Similarities  between  Homo  
and  Pan  muscle  mass  are  not  reflected  in  the  PCSA  proportions.  Data  from  Larson  

and  Stern,  2013  and  Holzbaur,  2007  

 

Moment arm indices for the supraspinatus muscle in forward flexion showed the most 

promise for discriminating taxa. Clear differences were visible at touchdown and in postures of 

greater flexion (see Figure 7). Pongo and Hylobates, the genera that spend the greatest amount of 

time climbing vertically, were clearly separated from the other extant taxa. The larger moment 

arms in the elevated postures may reflect functional adaptations to vertical climbing. The 

supraspinatus muscle moment arm indices in abduction were all very similar across the sample. 
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At takeoff, these indices ranged between 5.7 and 6.1, nearly double the moment arm index for 

any other muscle in any other posture, consistent with previous modern human studies (Kuechle 

et al., 1997). Supraspinatus plays a large role in human shoulder abduction and stability 

(Standring, 2008), and the consistently high moment arm indices suggest that this is true for other 

genera, particularly during use of the limb in overhead postures (Larson and Stern, 2013). The 

greatest amount of interspecific variation in abduction moment arm occurs at the touchdown 

angle (115 degrees). However, this would not explain the greater moment arm indices in Pan and 

Homo when compared to Hylobates. This too may be related to disparity in body mass or muscle 

architecture, as Hylobates has proportionally smaller supraspinatus muscle PCSA values than the 

other, larger apes (see Figure 8). These results are somewhat consistent with Hypotheses 1, 

although clearly Hylobates is an important exception. Homo has greater supraspinatus moment 

arms than Pan, although this difference is small and thus possibly an artifact of small sample 

sizes (see Tables and 5). Regardless, Hypotheses 2 and 3 are not verified. 

In nearly every instance, MH2 was most similar to Pan. While the functional 

implications of this relationship are not clear for all muscles, particularly those that do not vary 

greatly between taxa, this was certainly the case for supraspinatus in both abduction and in 

forward flexion. Due to small sample sizes and the post-hoc nature of these statistics, caution 

should be exercised when interpreting the Kruskal-Wallis test results  (i.e. the possibility that a 

Type I error has occurred, or that with a greater N between taxa differences would be minimized 

cannot be ruled out). Regardless, the differences between the flexion moment arm indices 

between MH2 and Pan are smaller than the difference from MH2 to any other extant sample. 

Although the scapular blade morphology of MH2 has been described as Pongo-like in its 

morphology, its location in shape space – along with Pongo – was intermediate between Homo 

and Pan (Churchill et al., 2013). Where large interspecific differences are most apparent – i.e., for 
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supraspinatus – the values are more similar to Pan and not as extreme as those observed for 

Pongo and Hylobates. These results support an alternate hypothesis of vertical climbing as part of 

the Au. sediba locomotor repertoire; however, the similarities to Homo are substantial, and Au. 

sediba’s climbing behavior cannot conclusively be inferred. 

Without the presence of soft tissue structures, functional interpretations of fossil scapula 

are somewhat limited (Larson and Stern, 2013). Future studies may address the consequence of 

muscle mass and PCSA in the moment-generating capabilities of the rotator cuff through 

sensitivity analyses; the functional significance of these differing values is not fully understood. 

Furthermore, these results would be better understood if future studies explored the role of body 

mass through the inclusion of more taxa. In spite of what remains unknown, this study reveals 

that through investigations of moment arms, modeling can provide new insights into functional 

capabilities for extant taxa and fossil specimens. 
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3. The Glenoid Fossa and Elbow Joint of 
Australopithecus sediba  

Introduction 

Previous morphological studies of the Au. sediba upper limb have suggested an overall 

configuration similar to other australopiths, and consistent with arboreal locomotion (Berger et 

al., 2010; Churchill et al., 2013). In particular, multivariate analysis found that Au. sediba aligned 

most closely with Pongo in overall scapular shape (as does Au. afarensis: Green and Alemseged, 

2012; Melillo, 2011), suggesting possible parity in upper limb use and locomotor patterns in these 

two groups (Churchill et al., 2013).  However, the scapulae of both Au. sediba and Pongo fall 

between those of Homo and Pan in overall shape space (Churchill et al., 2013; see Figure 9), 

leaving open the possibility that scapular morphology in australopiths reflects an evolutionary 

intermediate stage between an arboreal, suspensory ancestor with Pan-like scapular morphology 

and a dedicated terrestrial biped with a Homo-like scapula (or alternatively, a retention of a 

Pongo-like ancestral morphology: Melillo, 2011). These studies, however, have focused on 

overall morphology of the upper limb. Well-preserved shoulder and elbow joints in the Malapa 

hominins provide an avenue for testing previous claims of upper limb morphological similarity, 

and possible locomotor similarity, between Au. sediba and Pongo.  

The shoulder joint has long been studied from paleontological perspectives (Churchill 

and Trinkaus, 1990; Ciochon and Corruccini, 1976; MacLatchy et al., 2000; Rose, 1993; Stewart, 

1962; Trinkaus, 1983). A superoinferiorly long and dorsoventrally narrow glenoid may be the 

primitive condition for hominins (Trinkaus, 2006a), differing from the relatively broad glenoids 

of most extant taxa. However, many factors influence scapular glenoid shape, including allometry  

(Trinkaus, 1983; Churchill and Trinkaus, 1990; Trinkaus et al., 1991), heterochrony (Di Vincenzo 

et al., 2012; Churchill and Trinkaus, 1990), and locomotor or behavioral adaptations (Churchill 
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and Trinkaus, 1990; Macias and Churchill, 2015). Given the importance of scapular glenoid fossa 

morphology to humeral range of motion, and to the ability of the joint to resist joint reaction 

forces, we might expect overall similarity in glenoid morphology between australopiths and 

orangutans (if indeed their locomotion was similar, as suggested by Churchill et al., 2013). 

 

Figure  9.  Principal  Components  plot  with  scapulae  superimposed  to  
demonstrate  shape  space  and  the  relationship  of  MH2  to  comparative  samples.  

Scapulae  all  scaled  to  similar  size  to  assist  in  visual  shape  comparison.  Red:  Homo	  
sapiens;  blue:  Pan	  troglodytes;  black:  Gorilla	  gorilla;  purple:  Pongo	  pygmaeus/abelii;  

orange:  Hylobates	  lar.	  Image	  modified	  from	  Churchill	  et	  al.,	  2013.  

 

We might also expect overall similarity between these groups in elbow morphology. The 

humerus, ulna, and radius all articulate with one another, and their articular surfaces shape one 
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another by elbow movements (i.e. flexion and extension, pronation and supination) during 

development (Standring, 2008). The demands for congruency (that is, the degree of geometric 

similarity for joint surfaces which articulate with one other) might lead to hypotheses that these 

bones should be morphologically similar. However, interpretations of between-taxa variation in 

single element analyses have led to conflicting conclusions. Studies of distal humeri have found 

substantial variation among fossil hominins, but the combination of human, ape, and unique 

features present in these humeri have led to disparate interpretations (Lague and Jungers, 1996; 

Senut and Tardieu, 1985). Plio-Pleistocene hominin humeri appear “more similar to one another 

than they are to any extant group” (Lague, 2014, p. 105), particularly with regards to articular 

surface morphology (Bacon, 2000; Lague and Jungers, 1996). Early hominin radii are also 

morphologically diverse but, in contrast to fossil humeri, are more similar to gibbons and African 

apes than they are to humans (Patel, 2005). Fossil hominin ulnae show yet another morphological 

pattern, in that they are generally considered human-like, or as intermediate between Pan and 

Homo, particularly with regards to the proximal articular surface (Drapeau, 2008; Tallman, 2010), 

although with exceptions (Aiello et al., 1999; McHenry et al., 2007). As these three elements 

directly articulate with each other, are shaped by each other during development, and are all 

components of a functionally integrated joint system, these results are surprising. The unique 

opportunity to study matched elements within a fossil individual (MH2, an adult specimen of Au. 

sediba) may shed light on the morphological affinities of the entire elbow joint when considered 

holistically, rather than piecemeal. Using this approach, I investigate the morphological affinity of the 

Au. sediba shoulder and elbow joints, and specifically address whether the patterns of articular morphology 

are most similar to Pongo. 
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Materials 

Scapular Glenoid Fossa 

To understand the evolutionary patterns of hominoid morphology, as well as to study the 

effects of different functional demands on the glenoid, landmarks were digitized on specimens of 

modern humans, chimpanzees, gorillas, orangutans, original fossil specimens, and fossil casts 

(N=122, see Tables 6 & 7). 

Recent modern human populations were selected to represent a variety of latitudes, 

geographic locations, and time periods to subsample human variation, although Macias and 

Churchill (2015) found no relationship between glenoid shape and these factors. To address 

human behavioral diversity, modern humans were categorized into “active”  or “less-active”  

lifestyle groups. Active groups included archaeological specimens known to have engaged in 

hunting, foraging, or farming (non-industrialized) over their lifetime. Less-active groups included 

archaeological and modern specimens representing individuals unlikely to have been engaged in 

hard labor or otherwise highly active. Active populations include a sample from Point Hope 

(Alaska), Canyon del Muerto (Arizona), and Indian Knoll (Kentucky). Inactive populations 

include a sample from El Hesa (Egypt) as well as a modern anatomical collection from twentieth-

century New York.  All modern human comparative samples are curated at the American 

Museum of Natural History (AMNH, New York), except for the Indian Knoll sample, curated at 

the National Museum of Natural History (NMNH, Washington, DC). All extant specimens were 

adults with no signs of pathology or taphonomic damage. The New York sample derives from 

autopsy specimens of known sex, age, and race.  Sex in the Point Hope and Indian Knoll samples 

had been determined by previous workers and was indicated in the museum records. In every 

case, the sex of the specimen was independently assessed using standard cranial and pelvic 

characters prior to referring to the previous designation. Only specimens in which my diagnosis 
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matched that of the prior designation were used. The sex of the specimens from Canyon del 

Muerto and El Hesa are unknown. Sample sizes and other details are provided in Table 7. 

The Point Hope sample is based on a cemetery sample of sedentary maritime hunters in 

an Ipiutak village, dated from 100 B.C.E. to 1400 C.E. The cemetery was excavated during 1939-

1941 (Rainey, 1972; Mason, 1998). The Ipiutak largely relied on caribou, walrus, and seal 

hunting, with only a seasonal reliance on sea mammals (Krueger, 2006). The bow and arrow was 

the principal weapon for the Ipiutak people, and although harpoon elements were found during 

the excavation, they were rare when compared with the quantity of artifacts associated with 

archery (Larsen and Rainey, 1948). Previous studies of the Point Hope population suggest that 

these individuals were highly active, consistent with other samples engaged in strenuous upper 

body activity (Shackelford, 2006). Sex was confirmed with pelvic measurements when possible. 

The Canyon del Muerto sample derives from the early Basketmaker II stage in 

Southwestern Archaeology (1500-50 B.C.E.), and represents a population engaged in an 

agricultural economy but that still employed some hunting with throwing-based projectile 

technology (atlatl) (Kiddler, 1927). The extent of agricultural reliance in the Canyon del Muerto 

population is uncertain; coprolite analysis from a contemporaneous Basketmaker II site indicates 

that this population relied on maize for the majority of their calories (Matson, 1991), whereas 

Reed (2000) questions the extent of this dependence on agriculture but agrees that there was 

decreasing dependence on hunting and gathering over time. 

Indian Knoll is an Archaic Period site (dated to 6415-4143 B.C.E.), and is one of the 

largest hunter-gatherer skeletal collections in North America. Archaeological excavations of the 

burials also recovered shell beads, stone tools, and animal remains. Their subsistence economy 

relied mainly on deer, turkey, mussels, nuts and a variety of locally collected plant materials 

(Winters, 1974). 
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The Egyptian individuals resided in El Hesa, located near modern-day Aswan, Egypt, and 

the burials are dated to the Roman period between C.E. 200-400 (Elliot Smith and Wood-Jones, 

1910, cited in Irish, 1993). Mortuary evidence indicates a middle class affiliation for the 

individuals in this sample, such that even though they derive from a pre-industrial agricultural 

economy (Irish, 1993), it is unlikely that the individuals sampled were engaged in agricultural or 

other hard labor. 

The New York Medical Collection consists of twentieth-century New Yorkers. These 

individuals have known age-at-death, sex, and race. The sample includes African American and 

European American individuals. Previous research found that race and age did not correlate with 

morphological variables (Macias, 2009). 

Comparative ape samples were collected from the AMNH, NMNH, Field Museum of 

Natural History (FMNH, Chicago), Harvard Museum of Comparative Zoology (HMCZ, 

Cambridge), Powell-Cotton Musem (PCM, Birchington) and the Zurich Anthropological Institute 

Museum (ZAIM, Zurich). All ape specimens were wild-shot adults of documented sex (whenever 

possible) with no signs of pathology or taphonomic damage (see Table 7 for details).  

Elbow Articular Surfaces 

 The sample for the distal humerus, proximal ulna, and distal radius is similar to the above 

description, with the following exceptions: 

• Neandertal elbow joints were not included, as there was no access to complete, matched 

humeri, ulnae, and radii (that is, belonging to the same individual) 

• Pan paniscus were included (N=13) 

• MH1 (Au. sediba) and KNM-WT 15000 (Homo erectus) were included in the humeral 

and ulnar analyses 

• The modern human sample included individuals from Indian Knoll only (N=30) 
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Table  6:  Fossil  specimens  used  in  this  study  

 

Taxon   Specimen No.   Locality   Age  
Original 
or Cast   Side  

Au. afarensis 
(N=1)   AL 288   Hadar (Ethiopia)   Early 

Pleistocene   Original   Right  

Au. sediba   
(N=1)   MH 2   Malapa (South 

Africa)   Pleistocene   Original   Right  

H. 
neanderthalensis   Krapina 127   Krapina (Croatia)   Late 

Pleistocene   Cast   Right  

 (N=10)   Krapina 129   Krapina (Croatia)   Late 
Pleistocene   Cast   Right  

   Krapina 130   Krapina (Croatia)   Late 
Pleistocene   Cast   Left  

   Krapina 131   Krapina (Croatia)   Late 
Pleistocene   Cast   Left  

   Krapina 132   Krapina (Croatia)   Late 
Pleistocene   Cast   Right  

   Krapina 133   Krapina (Croatia)   Late 
Pleistocene   Cast   Right  

   Neandertal 1   Feldhofer Grotto 
(Germany)  

Late 
Pleistocene   Cast   Right  

   La Ferrassie 1   La Ferrassie 
(France)  

Late 
Pleistocene   Cast   Left, 

Right  

   La Ferrassie 2   La Ferrassie 
(France)  

Late 
Pleistocene   Cast   Right  

   Tabun C1   Tabun (Israel)   Late 
Pleistocene   Cast   Right  
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Table  7:  Comparative  samples  used  in  this  study  

Species   Origin   Lifestyle   Source   Male   Female   Unknown   Total  

H. sapiens  
Canyon del 
Muerto 
(AZ, USA)  

Active   AMNH   0   0   6   6  

H. sapiens   El Hesa (Egypt)   Less active   AMNH   0   0   6   6  

H. sapiens   New York 
(NY, USA)   Less active   AMNH   3   3   0   6  

H. sapiens   Point Hope 
(AK, USA)   Active   AMNH   3   3   0   6  

H. sapiens   Indian Knoll 
(KY, USA)   Active   AMNH   3   3   0   6  

Total            9   9   12   30  

P. troglodytes   Cameroon  

Active  
FMNH, 
HMCZ, 
NMNH, 
PCM  

10   7   2   19  

P. troglodytes   Gabon   4   1   0   5  

P. troglodytes   Uganda   0   1   0   1  

P. troglodytes   West Africa   2   0   1   3  

Total            16   9   3   28  

P. abelii   Sumatra   Active   NMNH   2   1   0   3  

P. pygmaeus   Borneo   Active  
FMNH, 
NMNH, 
ZAIM  

8   9   0   17  

Total            10   10   0   20  

P. paniscus Cameroon   Active   PCM   6 7 0 13 

G. gorilla Cameroon 
Active 

FMNH, 
NMNH, 
ZAIM 13 19 0 

32 

 

 

 



 

   42  

Methods 

Scapular Glenoid Fossa 

A total of 65 semilandmarks describing the scapular glenoid fossa were analyzed (Figure 

10). Anchoring landmarks were chosen to be the most clearly defined and repeatably identifiable 

points on the scapular glenoid fossa, patterned after Type II landmarks described by Young 

(2008). Lines –  defined as a series of closely-spaced landmarks between two points – were 

collected around the articular rim of the scapular glenoid fossa, as well as along lines representing 

the superior-inferior curve profile (SICP), and the anterior-posterior curve profile (APCP). Data 

were obtained using a Microscribe (Immersion Corp., San Jose, CA) digitizer 3DX. Landmarks 

were identified once the specimen was mounted and stabilized. 

 

Figure  10.  Landmark  Placement  on  scapular  glenoid  fossa.  Lateral  view.  
Anchoring  landmarks  in  blue,  resampled  landmarks  in  red.  A.  Glenoid  Outline.  40  
landmarks.  B.  APCP  -‐‑  Anterior  Posterior  Curve  Profile.  10  landmarks.  C.  SICP  -‐‑  

Superior  Inferior  Curve  Profile.  15  landmarks.  

Lines were resampled to a standard number of equally-spaced landmarks in the series (40 

for the articular rim, 15 for the SICP, and 10 for the APCP) using the programs Resample 

(Rauum et al., 2006) and Geomorph (Adams and Otarola-Castillo, 2013). To circumvent the 

effect of unequally distributed points, each line was analyzed individually. Lines were subjected 

to Generalized Procrustes Analysis (GPA) to minimize differences in scale, orientation and 

translation. Principal Components Analysis (PCA) was used to visualize variation in shape space, 



 

   43  

and explore correlations among shape variables. Shape differences between groups were tested by 

univariate analysis of variance using the Kruskal-Wallis test, a nonparametric test for similarity of 

three or more groups. In addition, permutation tests on Procrustes distances between groups were 

performed. Procrustes distance is the difference in shape space between two GPA aligned 

specimens. Through random resampling, the permutation test creates a distribution of Procrustes 

distance between two samples. Permutations of Procrustes distances were calculated 5,000 times, 

and the distribution of differences were compared across all instances to determine whether the 

samples are truly different in shape space. Principal Component scores were regressed on 

centroid size to explore correlations between shape and body mass. Corruccini and Ciochon 

(1976) found an isometric relationship between glenoid cavity height and body mass across 

primates; as such, glenoid size has been used as a proxy for overall size in previous studies 

(Alemseged et al., 2006; Green and Alemseged, 2012). 

The glenoid articular outline, SICP, and APCP were analyzed separately to explore each 

aspect of shape independently. For each dataset, a Principal Components Analysis was 

performed, and all PCs accounting for more than 10% of the overall variation were studied. These 

PCs were studied with the program Morphologika (O'Higgins and Jones, 1998) to explore and 

visualize shape variation. PC scores greater than 10% were then aggregated for a combined 

Canonical Variate Analysis (CVA) and Discriminant Function Analysis (DFA) to explore how 

well these remaining factors discriminate groups. This is a multiple regression analysis, which 

expresses a relationship between a set of predictor variables and a single criterion variable – in 

this instance, the PCs are used to predict membership to taxonomic group. The australopith 

specimens were excluded from the analysis, and their likelihood probabilities assigning them to 

each taxonomic group were calculated post-hoc. Canonical Variate scores were also regressed on 

centroid size to explore correlations between shape and body mass. 
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Procrustes distances were used to statistically evaluate relationships between specimens. 

Specifically, the distance between fossil specimens and other individuals were compared to 

determine if the fossils were closer to any given taxonomic group. The Procrustes distance from 

each analysis was combined, using the distance equation, to create a single summary distance 

measure between the fossil hominins and each specimen. These distances were evaluated using a 

Kruskal-Wallis test. All statistical tests were subjected to sequential Bonferroni correction (Rice, 

1989). 

Elbow Articular Surface Morphology 

A total of forty-eight landmarks were analyzed to describe elbow articular morphology. 

Landmarks were chosen to be the most clearly defined and repeatably identifiable points on the 

articular surfaces, patterned after Type II landmarks described by Drapeau (2008) and Tallman 

(2012). Twenty-two landmarks were placed on the anterior, distal, and posterior humeral trochlea 

and capitulum. Seventeen landmarks were placed on the ulnar trochlear notch and radial articular 

facet. Nine landmarks were placed on the proximal radial head to capture articulations with the 

humerus and the ulna (See Figures 11 and 12). Data were obtained using a Microscribe 

(Immersion Corp., San Jose, CA) digitizer 3DX. Landmarks were identified once the specimen 

was mounted and stabilized. 
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Figure  11.  Landmark  Placement  on  proximal  ulna  and  proximal  radius  
articular  surfaces.  A.  Right  proximal  ulna,  anterior  view.  B.  Right  proximal  ulna,  

lateral  view.  C.  Right  proximal  radius,  anterior  view.  

 

Figure  12.  Landmark  Placement  on  distal  humerus  articular  surface.  A.  Right  
distal  humerus,  anterior  view.  B.  Right  distal  humerus,  posterior  view.  
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Results 

Scapular Glenoid Fossa 

To evaluate glenoid fossa morphology in MH2, the Procrustes distance between MH2 

and all other specimens was compared. Because the outline, APCP, and SICP were analyzed 

separately, these distances were concatenated using the distance formula to determine a 

combination Procrustes distance to each specimen. A Kruskal-Wallis test was performed to 

determine whether MH2 was closer in shape space to Pongo, as predicted based on overall 

scapular shape (Churchill et al. 2013). Results were non-significant (P = 0.083), indicating that 

MH2 was not closer in shape space to any one extant group (Figure 13). A similar test was 

performed to compare the only other intact australopith glenoid fossa, A.L. 288-1 (representing 

Au. afarensis) to other taxa, this time with significant results (P = 0.003), indicating that there 

were substantial differences in which groups were closer to A.L. 288-1. A.L. 288-1 and MH2 

were closest to Gorilla, and furthest from Neandertals, although these differences are subtle for 

MH2. 
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Figure  13.  Box  plots  showing  the  grand  Procrustes  distance  from  MH2  (left)  
and  A.L.  288-‐‑1  (right)  to  comparative  samples.  Distances  are  combined  Procrustes  
distances  from  the  Outline,  APCP,  and  SICP  analyses.  Lower  values  are  shorter  

distances,  indicating  greater  shape  similarity.  Box  and  whisker  plots  show  the  median  
(thick  horizontal  line),  upper  and  lower  quartiles  (box),  range  (whiskers)  and  outliers  
(circles)  for  each  group.  Red:  Homo	  sapiens;  brown:  Homo	  neandertalensis;  blue:  Pan	  
troglodytes;  black:  Gorilla	  gorilla;  purple:  Pongo	  pygmaeus/abelii.	  The	  distance	  of	  A.L.	  
288-‐1	  to	  MH2	  (in	  the	  left	  plot)	  is	  denoted	  by	  the	  green	  circle	  marked	  “A”;	  the	  distance	  
of	  MH2	  to	  A.L.	  288-‐1	  (in	  the	  right	  plot)	  is	  denoted	  by	  the	  green	  circle	  marked	  “M.”  

 

To examine how fossils varied in morphospace relative to extant taxa, all specimens were 

analyzed together via GPA and PCA. All PCs representing at least 10% of the overall variation 

were examined. Significant differences were found between groups for the following principal 

components, and were included in the Canonical Variate Analysis. 

P
rocrustes distance to A

.L. 288-1 

P
rocrustes distance to M

H
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For the Glenoid Outline analysis, neither Principal Component 1 nor 2 were significantly 

correlated with centroid size (see Table 8). PC 1 explained the largest percentage of variance 

(26%), capturing supero-inferior elongation and medio-lateral breadth of the glenoid fossa. MH2 

and A.L. 288-1 were not distinct from any taxonomic group in PC 1 scores. PC 2 comprised 20% 

of the overall variation, capturing curvature of the anterior and posterior borders of the fossa, as 

well as the position of the antero-superior notch. MH2 was most similar to humans, Neandertals, 

and orangutans in having a well-defined notch. A.L. 288-1 was not obviously different from any 

taxonomic group. 

The anterior-posterior and superior-inferior curve profile analyses were similar to each 

other. For the APCP analysis, PC 1 explained the largest percentage of variance (38%), capturing 

relative antero-posterior curvature of the glenoid fossa. This PC was significantly correlated with 

centroid size, although with a low coefficient of determination (P < 0.0001, R2 = 0.189). 

Neandertal glenoid fossae were the flattest, and those of gorillas and australopiths were the most 

curved.  For the SICP analysis, PC 1 explained the largest percentage of variance (34%), 

capturing relative supero-inferior curvature of the glenoid fossa. This PC also had a significant 

correlation with centroid size with a low coefficient of determination (P < 0.0001, R2 = 0.16). 

Neandertals had the shallowest (flattest) fossae, and orangutans had the deepest, most curved 

fossae. Both MH2 and A.L. 288-1 were moderate in their SICP, most similar to humans and 

chimpanzees. 

To examine how the PCs influenced the relationship between the specimens in 

morphospace, specimens were analyzed together with a combined DFA/CVA. Four variables 

were included (PC 1 and 2 scores from the outline analysis, and PC 1 scores from the APCP and 

SICP analyses). The DFA had a 30% misclassification rate; significant overlap is visible across 

all taxonomic groups (see Figure 14). Canonical Variate scores were regressed on the natural log 



 

   49  

of centroid size to assess the influence of body mass. Overall, MH2 and A.L. 288-1 were both 

classified as human, albeit with modest probability scores (57% and 63% respectively). The 

probability for their grouping with Pongo was relatively low (11% and 7%). 

 

 

 

Figure  14.  Canonical  Variates  Analysis  of  four  principal  components  
describing  scapular  glenoid  shape.  Individual  scores  on  CV2  (accounting  for  15%  of  
the  total  variance)  are  plotted  against  scores  on  CV1  (77%  of  the  variance).  Green  star:  
Au.	  sediba  (MH2)  and  Au.	  afarensis  (A.L.  288-‐‑1).  Red:  Homo	  sapiens;  brown:  Homo	  
neanderthalensis;  blue:  Pan	  troglodytes;  black:  Gorilla	  gorilla;  purple:  Pongo	  

pygmaeus/abelii.  

Canonical Variates axis 1 was mainly driven by the curve profiles. This was significantly 

correlated with centroid size (P < 0.0001, R2 = 0.194). Scores seem to follow a phylogenetic 

pattern, with lower scores (e.g. Neandertals) closely related to modern humans and higher scores 

(e.g. Gorilla and Pongo) least related. With respect to CV 1, australopiths were most similar to 

Pan, but fell within the range of most groups. 
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To contrast curvature profiles across taxonomic groups, Principal Components 1 of SICP 

and APCP were compared (see Figure 15). Small values indicate a flatter, less curved glenoid and 

larger values indicate more curvature. A reduced major axis (RMA) line was added to better 

discriminate relationships, as it indicates relative curvatures in the superoinferior and 

anteroposterior directions. Humans, chimpanzees, and gorillas largely cluster around the RMA 

line. Orangutan glenoid fossae fall below the line indicating they are relatively more curved in the 

superoinferior direction than in the anteroposterior direction. Neandertal glenoid fossae are 

almost entirely above the line, indicating they are less curved in the superoinferior direction than 

the anteroposterior direction. Both australopiths fell above the line, in the range of values for 

humans and chimpanzees. 

  

Figure  15.  Scatterplot  of  scapular  glenoid  curve  profiles.  Individual  scores  on  
APCP  1  are  plotted  against  scores  on  SICP  1.  Line  represents  reduced  major  axis.  
Green  star:  Au.	  sediba  (MH2)  and  Au.	  afarensis  (A.L.  288-‐‑1).  Red:  Homo	  sapiens;  

brown:  Homo	  neanderthalensis;  blue:  Pan	  troglodytes;  black:  Gorilla	  gorilla;  purple:  
Pongo	  pygmaeus/abelii.  

Glenoid rim variation (Outline PCs 1 and 2) largely explains CV 2. The scores were not 

correlated with centroid size (see Table 8) and did not follow a clear pattern relating to phylogeny 
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or body mass. With respect to CV 2, australopiths were most similar to orangutans and 

Neandertals. This is the single aspect in which MH2 was similar to Pongo, predominantly related 

to the ratio of glenoid height to breadth, as well as the development of the anterior notch. 

 

 

 

Table  8:  Results  of  regression  analyses  of  PC  scores  on  natural  log  centroid  size.  
APCP:  Anterior  Posterior  Curve  Profile,  SICP:  Superior  Inferior  Curve  Profile  (bold = 

significant;  Bonferroni-‐‑corrected  α-‐‑levels).  

Principal 
Component   R2 value   P-value   α-level  

Outline PC 1   0.036   0.024   0.013  

Outline PC 2   0.036   0.024   0.017  

APCP PC 1   0.197   <0.0001   0.005  

SICP PC 1   0.235   <0.0001   0.006  
 

Elbow Joint Surfaces 

To evaluate cubital morphology for MH2, the Procrustes distance between MH2 and all 

other specimens was compared. Because the humerus, ulna, and radius were analyzed separately, 

these distances were concatenated using the distance formula to determine a combination 

Procrustes distance to each specimen. A Kruskal-Wallis test was performed to determine whether 

the joint morphology of MH2 was closest in shape space to Pongo relative to exant taxa, as 

predicted from overall scapular shape (Churchill et al., 2013). Results were significant (P < 

0.001), and a Tukey HSD test was performed post-hoc. However, MH2 was significantly closer 

in shape space to Pan than any other extant genera. A similar test was performed to compare the 

only other complete australopith elbow, A.L. 288-1 to other taxa, with similar significant results 
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(P < 0.001). Perhaps not surprisingly, the two australopiths were closer to each other than to any 

other taxonomic group. Figure B illustrates these Procrustes shape distance relationships. 

 

 

Figure  16.  Box  plots  showing  the  grand  Procrustes  distance  from  MH1  (left)  
and  A.L.288-‐‑1  (right)  to  comparative  samples.  Distances  are  combined  Procrustes  
distances  from  the  humerus  and  ulna  analyses.  Box  and  whisker  plots  show  the  

median  (thick  horizontal  line),  upper  and  lower  quartiles  (box),  range  (whiskers)  and  
outliers  (circles)  for  each  group.  Green  circles:  Australopithecus  (“A”  =  A.L.  288-‐‑1;  “M”  
=  MH2).  Red:  Homo	  sapiens;  cyan:  Pan	  paniscus;  blue:  Pan	  troglodytes;  black:  Gorilla	  

gorilla;  purple:  Pongo	  pygmaeus/abelii.  

 

A similar analysis was performed on Procrustes distances including the humerus and ulna 

only, so that two additional fossil hominins, MH1 (Au. sediba) and KNM-WT 15000 (Homo 

erectus), could be included and compared. Results were significant (P < 0.001), and a Tukey 

HSD test was subsequently performed. MH1, MH2, and A.L. 288-1 were significantly closer in 

shape-space to Pan than any other extant genera, and furthest from Pongo. KNM-WT 15000 was 
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closest to both Pan and Homo, and furthest from Pongo. MH1 was closest to KNM-WT 15000, 

closer than it was to MH2. Figure C illustrates these Procrustes shape distance relationships. 

 

Figure  17.  Box  plots  showing  the  grand  Procrustes  distance  from  MH1  (left)  
and  MH2  (right)  to  comparative  samples.  Distances  are  combined  procrustes  distances  
from  the  humerus  and  ulna  analyses.  Box  and  whisker  plots  show  the  median  (thick  
horizontal  line),  upper  and  lower  quartiles  (box),  range  (whiskers)  and  outliers  
(circles)  for  each  group.  Gold  circle  (“W”):  Homo	  erectus  (KNM-‐‑WT  15000).  Green  

circles:  Australopithecus  (“A”  =  A.L.  288-‐‑1;  “M”  =  either  MH2  [in  left  plot]  or  MH1  [in  
right  plot]).  Red:  Homo	  sapiens;  cyan:  Pan	  paniscus;  blue:  Pan	  troglodytes;  black:  

Gorilla	  gorilla;  purple:  Pongo	  pygmaeus/abelii.  

 

For the distal humerus analysis, Principal Components 1 and 2 were significantly 

correlated with centroid size (see Table 9). PC 1 explained the largest percentage of variance 

(17%), capturing trochlear height. PC 2 comprised 11% of the overall variation, capturing 

articular height and the relative proportions of the trochlea to capitulum, as well as the orientation 

of the capitulum. Generally MH1, A.L. 288-1, and KNM-WT 15000 were distinct from extant 

taxa, while MH2 grouped most closely with African apes. 

In the analysis of the proximal radius, Principal Component 1, but not 2, was 

significantly correlated with centroid size (see Table 9). PC 1 explained the largest percentage of 
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variance (29%), capturing relative proportions of the radial head to the ulnar articular surface. PC 

2 comprised 12% of the overall variation, capturing beveling of the radial head. MH 2 and A.L. 

288-1 were not obviously different from any taxonomic group. 

In the analysis of the proximal ulna, Principal Component 2, but not 1, was significantly 

correlated with centroid size (see Table 9). PC 1 explained the largest percentage of variance 

(28%), capturing trochlear breadth and orientation of the radial notch. PC 2 comprised 10% of the 

overall variation, capturing relative breadth of the proximal trochlea and orientation of the distal 

articular surface. MH1, MH2, A.L. 288-1, and KNM-WT 15000 all grouped most closely with 

Pan. 

To examine how the PCs influenced the relationship between the specimens in 

morphospace, specimens were analyzed together with a combined DFA/CVA. Six variables were 

included (PC 1 and 2 scores from the distal humerus, proximal ulna, and proximal radius 

analyses). The DFA had a 9% misclassification rate; taxonomic groups are reasonably discrete 

(see Figure 18). Canonical Variate scores were regressed on the natural log of centroid size to 

assess the influence of body mass (see Table 9). Overall, MH2 and A.L. 288-1 were both 

classified as Pan (79% and 92% respectively), and the probability of assignment to Pongo was 

less than 0.1%. 
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Figure  18.  CVA  of  four  principal  components  describing  elbow  morphology.  
Individual  scores  on  CV2  (accounting  for  23%  of  the  total  variance)  and  CV  3  (10%  of  
the  total  variance)  are  plotted  against  scores  on  CV1  (67%  of  the  variance).  Green  star:  
Au.	  sediba  (MH1  and  MH2)  and  Au.	  afarensis  (A.L.  288-‐‑1).  Gold  star:  Homo	  erectus  
(KNM-‐‑WT  15000).  Red:  Homo	  sapiens;  cyan:  Pan	  paniscus;  blue:  Pan	  troglodytes;  

black:  Gorilla	  gorilla;  purple:  Pongo	  pygmaeus/abelii.  
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Ulnar and radial shape variables mainly drive CV 1. Variation on this axis was 

significantly correlated with centroid size (P < 0.0001, R2 = 0.478). Scores seem to follow a 

phylogenetic pattern, with higher scores (e.g., Pan) more closely related to modern humans and 

lower scores (e.g. Gorilla and Pongo) least related. Canonical Variates axis 2 is primarily driven 

by humeral and ulnar variables. The scores were not correlated with centroid size (see Table 10) 

and did not follow a clear pattern relating to phylogeny or body mass. MH2 and A.L. 288-1 were 

clearly most similar to Pan. 

Because radial morphology did not strongly influence the results, discussion is limited to 

the CVA of the humerus and ulna only; this has the added benefit of including MH1 and KNM-

WT 15000 (which do not have associated proximal radii). This did not substantially alter the 

findings (see Table 11). Both Au. sediba specimens, as well as A.L. 288-1 and KNM-WT 15000, 

were clearly most similar to Pan with respect to articular proportions of the distal humerus and 

the humeroulnar joint complex. 

 

Table  9:  Results  of  regression  analyses  of  PC  scores  on  natural  log  centroid  size.  (bold 
= significant;  Bonferroni-‐‑corrected  α-‐‑levels).  

Principal 
Component   R2 value   P-value   α-level  

Humerus PC 1   0.187   <0.0001   0.006  

Humerus PC 2   0.127   <0.0001   0.007  

Ulna PC 1   0.516   <0.0001   0.008  

Ulna PC 2   0.021   0.097   0.050  

Radius PC 1   0.033   0.037   0.025  

Radius PC 2   0.156   <0.0001   0.010  
 

  



 

   57  

  

Table  10:  Results  of  regression  analyses  of  CV  scores  on  natural  log  centroid  
size,  and  percent  variance  explained.  HUR:  Humerus,  Ulna,  and  Radius,  HU:  

Humerus  and  Ulna  (bold = significant;  Bonferroni-‐‑corrected  α-‐‑levels).  

Canonical Variate   Variance   P-value   α-level  

Glenoid CV 1   0.77   <0.0001   0.008  

Glenoid CV 2   0.15   0.150   0.017  

HUR CV 1   0.67   <0.0001   0.010  

HUR CV 2   0.23   0.218   0.025  

HU CV 1   0.67   <0.0001   0.013  

HU CV 2   0.23   0.297   0.050  
 

 

Table  11:  Mean  CV  scores  by  taxonomic  group  for  each  canonical  
variate/discriminant  function  analysis.  HUR:  Humerus,  Ulna,  and  Radius,  HU:  

Humerus  and  Ulna;  *  =  no  associated  radius.  

Group/Specimen   HUR CV 1   HU CV 1   HUR CV 2   HU CV 2  

Modern human (Homo sapiens)    3.45    3.54   -2.13   -1.92  

Bonobo (Pan paniscus)    2.27    1.98    2.41    2.40  

Chimpanzee (Pan troglodytes)    1.02    0.79    1.75    1.68  

Gorilla (Gorilla gorilla)   -3.20   -3.07    0.02   -0.06  

Orangutan (Pongo pygmaeus)   -1.74   -1.67   -0.97   -1.05  

MH1 (Au. sediba)     *    0.77     *    1.56  

MH2 (Au. sediba)    0.87    0.67    1.64    1.69  

A.L. 288-1 (Au. afarensis)    2.36    2.13    2.18    2.04  

KNM-WT 15000 (Homo erectus)     *    1.96     *    1.21  
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Discussion 

These analyses indicate a distinct difference in morphological affiliation between gross 

scapular morphology and joint shape at the shoulder and elbow. The Au. sediba glenoid was most 

similar to A.L. 288-1; however, neither australopith was significantly more comparable to any 

given taxonomic group. The curvature profiles were most similar to humans and chimpanzees, 

and the rim shape was most similar to Pongo and Neandertals, but none of these affinities were 

significantly different from one another. Australopiths were more curved anteroposteriorly than 

superoinferiorly (similar to Neandertals), but these values were well within the range of human 

and chimpanzee variation. These results are comparable to those of Di Vincenzo et al. (2012) and 

Macias and Churchill (2015); this is unsurprising given the similarity in methods between these 

studies.  Overall, australopith scapular glenoid morphology seems to follow a generalized 

hominoid pattern. 

Functional adaptations at the scapular glenoid fossa may be a confounding factor in this 

assessment of morphological affinity. The shared outline morphology among australopiths, 

Neandertals, and Pongo supports the case that a superoinferiorly elongate, mediolaterally narrow 

glenoid shape is the ancestral configuration (Trinkaus, 2006b). Selection on the curvature of the 

fossa may complicate interpretation. The correlation between curvature and body mass is 

somewhat contradictory, as Neandertal glenoids are generally both larger and flatter than modern 

humans. This scaling relationship may be better explained by a functional signal. A highly curved 

glenoid fossa contributes to greater stability at the shoulder, and large-bodied apes likely require 

greater stability for transmitting forces and preventing distraction during locomotion. While Pan 

and Gorilla glenoid fossae are anteroposteriorly broad, which is potentially advantageous for 

vertical climbing (Macias and Churchill, 2015), orangutans may have not acquired this 

adaptation. Alternatively, the narrow glenoid for Pongo may be beneficial for engaging in a large 
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range of motion associated with quadrumanus clambering (Thorpe and Crompton, 2006). 

Regardless, the anteroposteriorly narrow glenoid in Pongo may necessitate relatively greater 

curvature along the superoinferior axis. Thus orangutans are primitive in the shape of their 

glenoid rim, but derived with respect to the overall curvature. Pan and Gorilla may be derived in 

both outline shape and curvature; as are modern humans, although this is a probable homoplasy 

related to overhand throwing in humans (Macias and Churchill, 2015). As such, Neandertals are 

primitive in their anteroposteriorly narrow, shallow glenoids. Australopiths are relatively more 

curved in the anteroposterior direction, again likely a derived feature. Whether this signals 

adaptation to vertical climbing as seen in Pan and Gorilla, or supports throwing behavior in early 

australopiths (see Roach, 2013) cannot be parsed. Regardless, the magnitude of derived features 

at the glenoid fossa for this sample could explain why the australopiths did not align more closely 

with Pongo in the overall analysis. 

At the elbow, clear similarities were found between Pan and australopiths. Inclusion of 

the radius did not improve the discriminant function or strongly alter these affinities, consistent 

with previous findings (e.g., Patel, 2005). Instead, the strong relationship between the distal 

humeral trochlea and the proximal ulna drives these morphological affinities. Although some of 

these features are correlated with overall size, the moderate R2 values (see Table 10) and the 

position of modern humans relative to the other taxa indicates that allometric scaling does not 

entirely explain these relationships. Surprisingly, even KNM-WT 15000 was very similar to Pan; 

this suggests the transition to a more modern human configuration of the elbow may have 

happened later than 1.5 Ma BP. 

It is somewhat surprising that analyses of joint shape did not corroborate previous 

analyses of the scapula. Perhaps this is due to the morphologically plastic nature of the scapular 

blade. Many studies have demonstrated general correlations between primate locomotor activity 
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and overall scapular shape, which override phylogenetic affinities (Ashton and Oxnard, 1964; 

Green and Alemseged, 2012b; Inman et al., 1944; Larson, 1995, 2007; Roberts, 1974; Schultz, 

1930; Young, 2008). Activity can produce substantial musculoskeletal adaptations at the scapula 

(Campoli et al., 2013); the human scapular blade accommodates seventeen muscle attachments 

and completes growth around the twentieth year (Standring and Standring, 2008), allowing ample 

time and opportunity for muscle forces to influence scapular growth. Within hominoids, 

ontogenetic shifts in locomotor behavior can substantially influence scapular morphology across 

age classes (Green, 2013). Developmental plasticity of the overall form of the scapular body also 

appears to be the case for humans, based on observations of altered scapular form resulting from 

abnormal or idiosyncratic loading patterns. Athletes primarily engaging their dominant limb, such 

as tennis and baseball players, may acquire asymmetrical shoulders (e.g. Chandler et al., 1990; 

Haapasalo et al., 2000; Wang and Cochrane, 2001; Wright et al., 2007). Further, weakened or 

inactive muscles at the scapula are capable of producing non-normal forces on the scapula, 

altering scapular shape (Crouch et al., 2014; Holtzman, 1972; Krobot et al., 2009; Nath et al., 

2006; Pollock and Reed, 1989). Thus, the morphology of the scapular blade of Au. sediba may 

denote developmental responses to mechanical demands from anti-pronograde postures and 

forelimb suspensory behaviors, similar to those engaged in by Pongo (Churchill et al, 2013). 

These adaptations would not necessarily be as obvious in the joint morphology; articular 

dimensions are clearly related to locomotor modes (Godfrey et al., 1991) but also appear to be 

independent of intraspecific variation in activity levels (Lieberman, 2001). 

These disparate results may be explained by mosaic evolution of the hominin arm. 

Modern humans limbs are argued to have evolved by a dissociated process, due to reductions in 

developmental integration (Young et al., 2010). Generally, the morphology of the hominoid 

scapula is less developmentally integrated than that of quadrupedal primates (Young, 2006); the 
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evolutionary trajectory of the scapular blade may have been relatively uncorrelated with that of 

the glenoid fossa and elbow. In this context, the seemingly contradictory findings from single 

element studies of the three bones of the elbow are better understood as evidence of particulate 

evolution across the arm. 

The upper limb of Au. sediba is not the first instance of this phenomenon. The unique 

combination of ancestral and derived features in the leg and foot of Au. sediba evince the mosaic 

nature for the evolutionary trajectory of australopith postcrania (DeSilva et al., 2013). 

Australopiths likely represent a series of evolutionary experiments, mingling modern and 

primitive features across the skeleton in unexpected configurations. The last common ancestor of 

humans and chimpanzees was likely a less-integrated hominoid with highly evolvable limbs 

(Young et al., 2010).  
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4. Shape covariance of the humeroulnar joint in extant 
primates and fossil hominins 

Introduction 

The elbow is one of the most common and well-preserved postcranial complexes in the 

fossil record. However, the specific relationship between its morphology and the locomotor 

behaviors of extinct hominins remains uncertain. Reconstructing locomotor capability at the 

elbow requires an understanding of the biomechanics of extant primates and the functional 

morphology of their forelimbs.  

Australopithecus is widely accepted to have engaged in habitual terrestrial bipedalism, 

based on lower limb anatomy (Lovejoy et al., 1973; Stern and Susman, 1983; Latimer and 

Lovejoy, 1989; Green et al., 2007). What remains unknown is when –  and where –  in human 

evolutionary history arboreal locomotion was abandoned for a fully terrestrial lifestyle. Most 

comparative morphometric analyses of the individual bones of the elbow have found species-

level distinctions in joint morphology among modern hominoids and fossil hominins (e.g. Lague 

& Jungers, 1996). These distinctions likely reflect species-level differences in upper limb use, 

including the degree to which the upper limb was used in locomotion (Stern & Susman, 1983; 

Stern, 2000). Many of these studies have focused on isolated bones (e.g. Aiello et al., 1999; 

McHenry, 2007), which may hamper functional interpretations. Although each element preserves 

important shape variation, even complementary sides of a joint system can give very different 

morphological signals. For example, Jungers (2014) found a remarkably unique morphological 

signal for hominins in the distal humerus, while Drapeau (2008) found most hominin ulnas to be 

human-like. 

Some traction may be gained on interpreting australopith locomotor anatomy by forgoing 

individual traits and focusing on the integration of elbow morphology; specifically, the 

morphological covariation between the articular surfaces of the humerus and ulna, These upper 
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limb bones are developmentally- and biomechanically-interdependent skeletal elements 

(Standring, 2008). Because the elbow bears loads associated with arboreal locomotion, its 

morphology should be somewhat constrained by locomotor requirements. As such, the articular 

surfaces of the humerus and ulna could be selected as a unit to meet the requirements of some 

locomotor activity (Cheverud, 1996). Thus, investigating the functional integration of the 

humeroulnar joint may shed light on Australopithecus locomotor behavior. 

Arboreal locomotion involves substantial elbow flexion and extension; as such, the 

humeroulnar joint undergoes tensile or compressive stresses in these postures, and must facilitate 

transmission of these forces. Rose (1988) argued that climbing and suspensory primates must 

facilitate compressive and tensile stresses through load-bearing at the humeroulnar joint (Larson 

and Stern, 1986; Larson, 1993). Humeral trochlear morphology may contribute to the elbow 

joint’s ability to facilitate load-bearing (Rose, 1988; Larson, 1998). 

Articular surface topology is an important determinant of joint stability and mobility (see 

Table 1 for biomechanical definitions). Joint surfaces reflect constraints for mobility and stability 

(Swartz, 1989); articular curvature, in particular, has been argued to impact range of motion as 

well as the ability to resist displacement (Sarmiento, 1988; Hamrick, 1996a, 1996b). In full 

extension as well as 90 degrees of flexion, the bony articulations contribute substantially to 

stability (Morrey and An, 1983). Although the joint capsule and collateral ligaments bear some of 

the stress, the bony joint contributes equally or more to resisting valgus and varus stress (Morrey 

and An, 1983). This arguably minimizes muscular effort during full extension of the elbow during 

suspension (Oxnard, 1967; Larson, 1985; Rose, 1988). Further, Rose (1988) argued that the 

elbow in climbing and suspensory primates may accommodate compressive and tensile stresses 

via universal stability of the elbow joint. A notched trochlea with well-developed medial and 

lateral keels, a mediolaterally wide trochlear notch distally with a marked median ridge and an 
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articular surface extending proximally, distally, and laterally may convey stability at the elbow 

through a variety of postures in arboreal primates (Rose, 1988). 

Evidence from biomechanical studies suggests that articular surface morphology may be 

predictive of locomotor behavior. Flatter joint surfaces are stable only during unidirectional 

loading (allowing for more mobility), whereas tightly curved joint surfaces may prevent joint 

distraction under variably directed compressive loads (Sarmiento, 1988; Hamrick, 1996b). As 

such, animals that differ in the type and degree of locomotion, and thus in the type and degree of 

loading which crosses the joint, could reasonably be expected to differ in the curvature of their 

elbow joint surfaces, as Hamrick (1996a, 1996b) and Sarmiento (1988) have found in the wrist. 

Broadly, analyses of humeral and ulnar articular morphology may provide evidence for 

locomotor adaptations. Studies of African ape and human trochlear shape suggest that adult 

locomotor behavior may influence the humeral articular morphology (Lague and Jungers, 1999; 

Bacon, 2000). Similarly, the trochlear notch of habitually arboreal apes is substantially more 

keeled when compared to humans (Drapeau, 2008). Zihlman et al. (2011) found that the topology 

and breadth of the trochlear notch were morphologically distinct in Gorilla and Pongo. 

Specifically, the authors describe a tighter fit between the humerus and ulna in orangutans. This 

“fit” – or joint congruence – may provide greater stability in a variety of arboreal postures. 

The goal of this study is to analyze joint curvature for taxa exhibiting differing degrees of 

arboreality in order to elucidate the manner in which the joint surfaces of the elbow covary in 

response to different demands for stability and mobility. Predictions relating aspects of articular 

morphology to locomotion are tested here by comparing articulating humerus and ulna joint 

surfaces in three groups of primates that differ in the degree of arboreality. 
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Predictions 

Joint congruency will be measured in both flexed and extended postures using curve 

profiles from the humerus and ulna. Curve profiles will be compared to explore geometric 

similarity between the two surfaces for a specific posture. For example, in extended postures the 

posterior humeral trochlea articulates with the proximal ulnar notch. As such, one measure of 

joint congruency in flexion is the similarity between these surfaces (see Figure 21). These 

measures will be used to predict arboreality in extant taxa for which locomotion has been 

observed in the wild. A reasonable null hypothesis is that the degree of geometric similarity will 

not vary meaningfully between extant taxa, and thus will fail to accurately predict the degree of 

arboreal locomotion used by each group. Alternate hypotheses follow: 

H1: Taxa that spend very little time in the trees – or none at all – will have the least 

amount of geometric similarity between the humerus and ulna. Modern Homo sapiens and 

Gorilla gorilla are expected to have the least amount of congruence between curve profiles. 

These taxa will comprise Category 1. 

 H2: Taxa that are highly arboreal will have the greatest amount of geometric similarity 

between curve profiles. Hylobates lar and Macaca fascicularis, highly arboreal primates, are 

expected to have the greatest amount of congruence between the humerus and ulna. In addition, 

Pongo pygmaeus are very arboreal, and thus will also have substantial humeroulnar similarity. 

These individuals will comprise Category 3. 

H3: Taxa that are somewhat arboreal will have a moderate amount of geometric similarity 

between curve profiles. Pan paniscus and Pan troglodytes spend substantial time in the trees, but 

not to the same degree as the species from Category 3. Thus, these species are expected to have 

an intermediate degree of congruence between the humerus and ulna. 

H4: Larger taxa will exhibit greater joint congruence at the elbow. This study will address 

the relationship between similarity in curve profiles and overall size. Generally, the area of 
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articular surfaces increases with body size (Godfrey et al., 1991), which is to be expected, since 

the magnitude of joint reaction forces should be proportional to body size. Given absolutely 

larger loads on their joint surfaces, larger taxa might be expected to have more congruent articular 

surfaces (that is, more geometrically similar opposing surfaces) so as to more effectively transmit 

joint reaction forces. Drapeau’s findings of allometric relationships at the ulna (2008) may be 

reflected on the humeral trochlea as well. Thus, potentially greater humeroulnar congruence will 

be present for larger species and individuals. 

As a final goal, this study will address the humeroulnar congruence of Australopithecus 

afarensis (A.L. 288-1), Au. sediba (MH2), and Homo erectus (KNM-WT 15000). These 

specimens all have well-preserved and matched distal humeri and proximal ulnae to compare. An 

additional specimen of Au. sediba, MH1, preserves a distal humerus and proximal ulna, and thus 

could also potentially be entered into the analysis.  However, MH1 is missing a small but 

important portion of the anterior part of the trochlear surface of the humerus – essentially, where 

the anchoring landmark would be. A line along this surface therefore could not be collected. Data 

from the comparative taxa will be used to create a multivariate regression. Finally, the linear 

model will be employed, along with comparisons with the extant taxa, to predict the degree to 

which arboreality contributed to the locomotor repertoires of Au. afarensis,  Au. sediba, and 

Homo erectus. If australopiths indeed had fully adapted to terrestrial life and had abandoned the 

trees, they will be classified into Category 1. However, if australopiths maintained an arboreal 

component to their locomotion after the onset of bipedalism, they will be classified into Category 

2. Homo erectus is widely accepted as having a modern gait and a committed terrestrial lifestyle; 

this individual should be classified into Category 1, and serve as a test for how well the model 

can predict arboreality for fossil hominins. 
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Materials 

To understand the evolutionary patterns of hominoid morphology, as well as to inform an 

understanding of the effects of different functional demands on the glenoid, landmarks were 

digitized on specimens of modern humans, bonobos, chimpanzees, orangutans, gibbons, 

macaques, and original fossil specimens A.L. 288-1 (Au. afarensis), MH2 (Au. sediba), and 

KNM-WT 15000 (Homo erectus)  (N=192, see Table 12). All extant specimens were adults with 

no signs of pathology or taphonomic damage. 

The comparative Homo sapiens sample is based on the collection from Indian Knoll 

(Kentucky), curated at the National Museum of Natural History (NMNH, Washington DC). 

Indian Knoll is an Archaic Period site (dated to 6415-4143 B.C.E.), and one of the largest hunter-

gatherer skeletal collections in North America. Their subsistence economy relied mainly on deer, 

turkey, mussels, nuts and a variety of locally collected plant materials (Winters, 1974). These 

humans were relatively active compared with modern industrial society humans, and thus are a 

more appropriate reference than cadaver-based samples. 

Comparative nonhuman samples were collected from the AMNH, NMNH, Field Museum 

of Natural History (FMNH, Chicago), Harvard Museum of Comparative Zoology (HMCZ, 

Cambridge), Royal Museum of Central Africa (RMCA, Tervuren), Powell-Cotton Museum 

(PCM, Birchington) and the Zurich Anthropological Institute Museum (ZAIM, Zurich). All 

specimens were wild-shot adults of documented sex (whenever possible) with no signs of 

pathology or taphonomic damage (see Table 12 for details).  
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Table  12:  Comparative  taxa  used  in  this  study  

Species   Origin   Source   Male   Female   NA   Total  

P. troglodytes 

Cameroon,  
Gabon,  
Uganda  

FMNH, 
NMNH, PCM   15 14 1 30 

H. sapiens  
Indian Knoll 
(KY, USA)   AMNH   15   14   0   29  

P. abelii   Sumatra   NMNH   2   1   0   3  

P. pygmaeus   Borneo  
FMNH, 
NMNH, ZAIM   7   7   1   15  

G. gorilla 
Cameroon,  
Gabon  

FMNH, 
NMNH, PCM   14 22 0 36 

H. lar   Thailand   ZAIM   14   16   0   30  

P. paniscus   Zaire   RMCA   7   8   0   15  

M. fascicularis   Borneo   HMCZ   14   16   0   30  

Total         88   98   2   189  

  

Methods  

Locomotor data 

To develop a nuanced assessment of climbing and suspensory forelimbs, living primates 

known to engage in frequent climbing and suspensory behaviors (e.g. orangutans and gibbons) 

and the degree to which they engaged in these types of locomotion were compared to primates 

that do not (e.g. modern humans). Locomotor data included in this study were based on published 

observations of adult individuals in wild populations (see Table 13). These were summarized into 

three ordinal categories: none/small degree of arboreality (Category 1, consisting of modern 

Homo sapiens and Gorilla gorilla), moderate arboreality (Category 2, consisting of Pan paniscus 

and Pan troglodytes), and greatest arboreality (Category 3, consisting of Hylobates lar, Macaca 

fascicularis, and Pongo pygmaeus). Although Gorilla and Pongo substantially differ in positional 
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behavior by sex, these are not broken up by sex and are placed into one single category that best 

represents the locomotor behavior for the entire species. Differences by sex will be tested; if 

females and males for these genera have significantly different measures of congruence, the sexes 

will be split and assigned to separate arboreal categories. 

 

Table  13:  Categories  for  arboreality.  

Species   
Arboreality 
Category   Citation  

Homo sapiens 1 NA 

Gorilla gorilla   1   Remis, 1985; Carlson, 2005  

Pan paniscus 2 Susman et al., 1980; Doran, 1993 

Pan troglodytes   2   Susman et al., 1980; Carlson, 2005  

Pongo pygmaeus 3 Cant, 1987; Thorpe & Crompton, 2006 

Hylobates lar   3   Napier 1963; Fleagle, 1980  

Macaca fascicularis   3   Cant, 1988  
 

Skeletal data collection 

A total of fifty semilandmarks describing the humeral trochlea and the ulnar notch were 

analyzed. Anchoring landmarks were chosen to be the most clearly defined and repeatably 

identifiable points on the articular surfaces, patterned after Type II landmarks described by 

Drapeau (2008) and Tallman (2012). Following Drapeau (2008), lines –  defined as a series of 

closely-spaced landmarks between two points – were collected mediolaterally on the proximal 

and distal aspects of the ulnar trochlear notch, representing the superior curve profile (SCP), and 

the inferior curve profile (ICP). Lines were also collected on the anterior, distal, and posterior 

humeral trochlea mediolaterally. These are referred to as the anterior trochlear curve profile 

(ATCP), the distal trochlear curve profile (DTCP) and the posterior trochlear curve profile 
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(PTCP) (see Figures 19 and 20). Data were obtained using a Microscribe (Immersion Corp., San 

Jose, CA) digitizer 3DX. Landmarks were identified once the specimen was mounted and 

stabilized. 

 

Figure  19.  Illustrations  of  curve  profiles.  Right  distal  humerus.  Anchoring  
landmarks  in  blue,  resampled  line  represented  with  red.  A.  Anterior  view.  Distal  
Trochlea  Curve  Profile  (DTCP).  B.  Distal  view.  Anterior  Trochlea  Curve  Profile  

(ATCP).  C.  Distal  view.  Posterior  Trochlea  Curve  Profile  (PTCP).  

  

Figure  20.  Illustrations  of  curve  profiles.  Right  proximal  ulna,  anterior  view.  
Anchoring  landmarks  in  blue,  resampled  line  represented  with  red.  A.  Superior  

Curve  Profile  (SCP).  B.  Inferior  Curve  Profile  (ICP).  
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Lines were resampled to a standard number of equally-spaced landmarks in the series 

(ten for each curve profile) using the programs Resample (Rauum et al., 2006) and Geomorph 

(Adams and Otarola-Castillo, 2013). Pairs of curve profiles from the humerus and ulna were then 

analyzed together. Lines were subjected to Generalized Procrustes Analysis (GPA) to remove 

scale, orientation, and translation from the coordinate analysis. Procrustes distance refers to the 

sum of squared differences between the positions of the landmarks for two aligned specimens. 

For every individual’s humerus and ulna, the Procrustes distance between each pair of curve 

profiles was recorded. Thus, the Procrustes distance serves as the measure of geometric similarity 

between the humerus and ulna articular surface. 

Data analysis 

Two measures of joint congruency were calculated for both flexion and extension using 

curve profiles from the humerus and ulna. Curve profiles were studied together in shape space to 

explore geometric congruency between the two surfaces for a specific posture. From the example 

earlier, in extended postures the posterior humeral trochlea articulates with the proximal ulnar 

notch. As such, one measure of joint congruency in flexion is the similarity between the humeral 

posterior trochlear curve profile (PTCP) and the ulnar superior curve profile (SCP) (see Figure 21 

and Table 14 for all four measures of joint congruency in flexed and extended postures). 

Although these curve profiles do not necessarily represent the precise location of maximum 

congruence for a given posture, the curve profiles are intended to represent the articular 

morphology for the general region (e.g. PTCP is generally representative of the humeral posterior 

trochlea). 

The Procrustes Distance between the humerus and ulna curve profiles from the same 

individual was calculated to measure humeroulnar similarity. Procrustes distance measures were 

regressed on centroid size to explore correlations between shape congruence and body mass. A 
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Wilcoxon non-parametric test was applied to explore differences between the sexes for Gorilla 

and Pongo. 

An ordinal multiple regression model was applied to the data, numerically maximizing 

the log-likelihood using the R package ‘rms’ (Harrell, 2014). This proportional odds regression 

model utilizes the ordinal nature of the arboreality category; i.e., does not simply assume 

cardinality (McCullagh, 1980), is relatively simple to interpret, and allows the user to evaluate the 

effectiveness of the model’s predictions (Brant, 1990; Konigsberg and Hens, 1998). Recent 

studies of locomotor behavior for both extant and fossil primates have been effective using a 

predictive linear regression analysis (e.g. Rein et al., 2011; 2014).  

 

Table  14:  Integration  measures  and  corresponding  curve  profiles.  

Congruence Measure   Humeral Curve Profile   Ulnar Curve Profile  

Extension 1   Posterior Trochlea (PTCP)   Superior Notch (SCP)  

Extension 2   Distal Trochlea (DTCP)   Inferior Notch (ICP)  

Flexion 1   Distal Trochlea (DTCP)   Superior Notch (SCP)  

Flexion 2   Anterior Trochlea (ATCP)   Inferior Notch (ICP)  
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Figure  21.  Diagram  of  flexion  and  extension  measures.  Highlight  in  green  or  
blue  indicates  region  of  articular  surfaces  compared  for  each  posture.  
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Left: medial articulated 
humerus and ulna 
Middle: anterior ulna (SCP) 
Right: distal humerus 
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Results 

Similarity measures in flexed and extended postures 

Similarity measures were analyzed for their relationship to overall size as well as their 

ability to discriminate males and females in taxa with varying locomotor repertoires. Table 15 

shows the relationship of each similarity measure to centroid size. These correlations were 

significant; smaller individuals (i.e., Hylobates and Macaca) have greater Procrustes Distances 

between the ulna and the humerus, making them less similar than the large bodied apes. Thus, 

these measures should be considered in light of the body size of the individual considered. 

Similarity measures did not vary significantly by sex for either Gorilla or Pan (see Table 16). 

Thus, the males and females were considered together for all taxa. 

An ordinal multiple regression was run to predict arboreality from the articular similarity 

variables F1, F2, E1, and E2. These variables statistically significantly predicted arboreality 

category (P < 0.001, R2 = 0.695). All four variables added significantly to the prediction (see 

Table 17). The ordinal multiple regression model had a misclassification rate of 24%. Generally, 

the model was slightly more likely to underestimate the degree of arboreality for the extant taxa 

(13% misclassified to a category of lower arboreality, 11% misclassified to a higher category). 

Generally, the model performed best for individuals in Category 3 (81% correct likelihood 

scores), and worst for individuals in Category 2 (only 64% correct, see Table 19). 
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Table 15: Results of regression analyses of similarity measures on natural log centroid size. 
Sequential Bonferroni-corrected α-levels.  

Congruence measure   R2 value   P-value   α-level  

Extension 1   0.147   <0.0001   0.013  

Extension 2   0.089   <0.0001   0.017  

Flexion 1   0.228   <0.0001   0.025  

Flexion 2   0.036   0.010   0.050  
 
 

Table 16: Results of Wilcoxon tests exploring differences in congruence measures between 
males and females for Gorilla and Pongo.  

Congruence measure   Genus   P-value  

Extension 1   Gorilla   0.688  

Extension 2   Gorilla   0.860  

Flexion 1   Gorilla   0.470  

Flexion 2   Gorilla   0.646  

Extension 1 Pongo 0.564 

Extension 2 Pongo 0.211 

Flexion 1 Pongo 0.999 

Flexion 2 Pongo 0.441 

  

Table 17: Results of statistical significance of the independent variables for the ordinal 
multiple regression. Sequential Bonferroni-corrected α-levels.  

Congruence measure   P-value   α-level  

Extension 1   <0.0001   0.013  

Extension 2   0.0112   0.025  

Flexion 1   <0.0001   0.017  

Flexion 2   0.0412   0.050  
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Predicting locomotion for fossil hominins 

Flexion and extension values for A.L. 288-1, MH2, and KNM-WT 15000 were calculated 

posthoc (i.e., these specimens did not contribute to the ordinal multiple regression model). A.L. 

288-1 and MH2 had the highest likelihood to belong to Category 2 (moderately arboreal), shared 

with Pan. KNM-WT 15000 had the highest likelihood to belong to Category 1 (least arboreal), 

shared with modern Homo and Gorilla (54%) (see Table 18). 

  

  

Table 18: Ordinal multiple regression model prediction percentages by locomotor category. 

 
Predicted Arboreal Category 

Observed Arboreality 1 2 3 
1 77% 23% 0% 

Gorilla gorilla 81% 19%   
Homo sapiens 72% 28%   

2 22% 64% 13% 
Pan paniscus 33% 47% 20% 

Pan troglodytes 17%  73% 10%  

3 0% 18% 82% 
Hylobates lar   7% 93% 

Macaca fascicularis   
 

100% 
Pongo pygmaeus    61% 39% 

unknown 	  	   	  	   	  	  
A.L. 288-1 (Au. afarensis) 44% 50% 6% 

MH2 (Au. sediba) 7% 50% 43% 
KNM-WT 15000 (H. erectus) 62% 35% 3% 
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Figure  22.  Ordinal  multiple  regression  model  prediction  percentages  by  
locomotor  category.  Category  1:  least  arboreal  locomotion.  Category  2:  moderately  

arboreal.  Category  3:  greatest  arboreal  locomotion.  

 

Discussion 

Consistent with Hypothesis 4, measures of similarity between the humerus and ulna 

articular surfaces are strongly associated with body size (albeit with small R2 values; see Table 8). 

This is perhaps unsurprising; as larger animals must transmit greater forces across the elbow 

joint, there is likely greater demand for joint congruence. Even modern humans, who generally do 

not load their upper limbs in locomotion, are more congruent than gibbons or macaques, although 

with substantial overlap in values. The fossil hominins analyzed here, like the extant great apes, 

have predicted body masses an order of magnitude greater than recorded weights for gibbons and 
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macaques (see Table 19). As such, comparisons with fossil hominins should be understood as 

relative to the great apes, and should not be directly compared to Hylobates or Macaca in 

isolation. 

All four similarity measures significantly influenced the ordinal multiple regression 

model (see Table 17). Together, these independent variables created a fairly robust ordinal 

multiple regression. The model seemed to perform better for individuals at the extremes than for 

individuals with a moderate degree of arboreality. This may be an artifact of an ordinal model. 

Individuals belonging to an intermediate category (Category 2) are more likely to get “bumped” 

into either of the two adjacent categories, whereas individuals belonging to Categories 1 or 3 can 

only be “bumped” into one adjacent category; no individuals were misclassified to the other 

extreme category. As such, the likelihood predictions were much more accurate for individuals in 

these categories. 

This model was more accurate for some species (e.g. Macaca fascicularis) than it was for 

others (e.g. Pan paniscus). The model’s ability to predict arboreality for Pongo pygmaeus was 

particularly weak, more often predicting the individuals belonging to Categories 2 rather than 3; 

75% of male Pongo and 59% of female Pongo were predicted to belong to Category 2. In 

contrast, only 19% of Gorilla were misclassified (24% of female gorillas, and 15% of males). 

Perhaps if four categories had been created, and Pongo had been placed in their own category 

between Pan and the most highly arboreal genera, Hylobates and Macaca, this solution would 

have allowed for a better fit. However, more categories inevitably lead to more misclassifications. 

With the confounding factor that Hylobates and Macaca are also the smallest individuals of the 

comparative sample, this likely would have only complicated, and not clarified, the model. 

The predictions for fossil hominins fit our second prediction from H5 fairly well. Homo 

erectus is classified in Category 1 with a fairly high likelihood percentage (62%). The ordinal 

model performed fairly well for this terrestrial biped, as the percentage of likelihood was 
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substantially smaller for Category 2 (35%). A.L. 288-1 and MH2, the two specimens representing 

the genus Australopithecus, were both placed in Category 2, also consistent with our second 

prediction from H5. However, because the ordinal model is not perfectly predictive, and the 

likelihood percentages are not exceptionally large for either australopith (50% in both cases), 

alternative interpretations should be weighed. Results for A.L. 288-1 are comparable to previous 

findings that Au. afarensis specimens were intermediate between humans and chimpanzees or 

bonobos (Drapeau 2008), which is consistent with its relatively high likelihood percentage for 

Category 1 (44%). In contrast, MH2’s second likeliest category was Category 3 (43%), not 

Category 1 (7%). Essentially, although they were placed in the same bin – Category 2 – A.L. 288-

1 may tend towards Category 1, similar to Pan paniscus, while MH2, if anything tends towards 

Category 3. A.L. 288-1 and KNM-WT 15000, although both from east Africa, are further 

separated in time from each other (dated to 3.3 Ma BP and 1.5 Ma BP, respectively) than either is 

to MH2, dated to 1.98 Ma BP. 

Au. sediba and Au. afarensis may very well have engaged in subtly different amounts of 

arboreal locomotion. Many other aspects of Au. sediba upper limb morphology (e.g. scapular 

blade shape) are consistent with arboreal locomotion (Churchill et al., 2013; Kivell et al., 2013). 

Further, Au. sediba likely descended from Au. africanus (Berger et al., 2010; Irish et al., 2013), 

another southern African hominin. Comparisons of Au. africanus and Au. afarensis have found 

substantial differences across the upper limb, as well as differences in interlimb proportions and 

robusticity, that are potentially related to a greater degree of arboreality in Au. africanus 

(McHenry and Berger, 1998a; Green et al., 2007; Drapeau, 2008). Thus, the small difference in 

joint congruity between A.L. 288-1 and MH2 may reflect marginally different locomotor 

adaptations for in the species these specimens represent. 
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Arboreality is a single word encompassing a diverse range of behavior, including 

locomotor and positional behaviors. However, summarizing the amount of time spent in trees can 

artificially combine taxa engaging in substantially different types of locomotion. For example, 

Pongo arboreality is quite variable, including vertical climbing, quadrumanus climbing and 

suspension, quadrupedalism, and a small amount of pronogrady (Cant, 1987; Thorpe and 

Crompton, 2006). In contrast, Hylobates’ locomotion is predominantly characterized by 

brachiation (Napier, 1963; Fleagle, 1980). However, their degree of overall arboreality is similar 

enough to warrant joining them in a single category. Similarly, although vertical climbing, 

suspension, and quadrumanus scramble are all important components of the Gorilla locomotor 

repertoire, knucklewalking during ground travel also plays a substantial role in Gorilla gorilla 

gorilla locomotion (Remis, 1995; Carlson 2005). Gorilla is combined with modern Homo in a 

category of the least degree of arboreality. Even among the genus Pan, Pan paniscus engages in 

substantially more arboreal locomotion than Pan troglodytes (Susman et al., 1980; Doran, 1993). 

However, the problem of subdividing these groups into smaller categories steers the analysis 

towards overfitting and high misclassification rates. 

This study is a preliminary approach to studying broad relationships between joint 

congruence and arboreality. Explicitly investigating joint congruence in relation to fine-grained 

data on the proportion of arboreal locomotion dedicated to specific behaviors (i.e. vertical 

climbing, under branch suspension, bridging, vertical climbing) would help to parse the 

relationship between articular morphology and functional demands. Such data is currently 

unavailable and would require collecting. Further, the joint congruence of this study focuses on 

two bones from a single joint complex. The shoulder and wrist joints are clearly important to 

upper limb function. Future directions can analyze joint congruence in multiple positions across 

the entire arm to explore correlations between stability and locomotion. 
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In spite of its limitations, this study supports prior findings that australopiths continued to 

engage in arboreal locomotion, despite lower limb adaptations for bipedalism. Their degree of 

arboreality was likely similar to modern chimpanzees and bonobos, although it may have varied 

across the genus Australopithecus at different times and places. 

 

Table  19:  Published  mean  body  mass  (extant)  and  estimates  (fossil  hominins).  
Weight  in  kilograms.  

Species    Male   Female   Average   Citation  

Homo sapiens (N=18) 65.2 49.5 57.4 Hamann-Todd records  

Pan paniscus (N=13)   45.0   33.2   39.1   Isler, 2008  

Pan troglodytes (N=60)   49.6   40.4   45.0   Isler, 2008  

Gorilla gorilla (N=13)   170.4   71.5   121.0   Isler, 2008  

Pongo pygmaeus 
(N=18)    80.3   37.0   58.5   Isler, 2008  

Hylobates lar (N=94)    5.8   5.4   5.6   Isler, 2008  

Macaca fascicularis 
(N=44)    4.7   3.2   4.0   Isler, 2008  

A.L. 288-1 
(Au. afarensis)    n/a   23.5 - 29.4   27.2   Holliday et al., 2015  

MH2 
(Au. sediba)    n/a   32.9 - 44.1   40.1   Holliday et al., 2015  

KNM-WT 15000 
(H. erectus)    63.1- 67.8   n/a   65.5   Holliday et al., 2015  
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5. Conclusions 
Several major goals were outlined for this dissertation. The first goal was to explore the 

relationship between scapular morphology and muscle moment arm at the shoulder (Chapter 2). 

Using an upper limb model, moment arm indices for several rotator cuff muscles were compared 

across a range of forward flexion and abduction climbing postures. Results indicate that while 

many of the normalized moment arms appear relatively invariant across taxa, the overall shape of 

the scapula and humerus contribute to predicted differences in supraspinatus muscle moment 

arms are consistent with differences in locomotor behavior.  

The second goal was to investigate the covariation of features across the upper limb. The 

articular surfaces of the elbow joint and the scapular glenoid fossa were studied together for 

extant taxa as well as fossil hominins (Chapter 3). This type of comparative study incorporating 

multiple skeletal elements offers insight into how these disparate bones can provide a 

comprehensive account of the overall morphological pattern for a species. Building on previous 

research on the australopith upper limb, the present study reveals new insights into the evolution 

of the upper limb and potential interpretations for the functional anatomy of Australopithecus 

sediba when compared to other relatively complete fossil hominins. Interpretation of these results 

involves thoughtful consideration of the mosaic of primitive and derived morphological features 

exhibited in the australopith upper limb. Broadly, the glenoid fossa morphology was ape-like, 

while the pattern of elbow morphology was most similar to Pan. 

The final goal was to estimate the degree of locomotor signal present in humeroulnar 

joint congruence (Chapter 4). Procrustes distance was used to measure the degree of covariation 

between the humerus and ulna present in the relationship between the corresponding articular 

surfaces in flexion and extension alignment for several extant species as well as fossil hominins. 

The findings indicate subtle differences in joint congruence between climbing and nonclimbing 
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taxa; these variables predicted a Pan-like level of arboreality for Au. sediba and Au. afarensis. 

Comprehensively, the upper limb conveys a surprising amount of seemingly 

contradictory information. Although the scapular blade of Au. sediba appears morphologically 

similar to Pongo, suggesting functional similarity in upper limb use between australopiths and 

orangutans (Churchill et al., 2013), results did not support the hypothesis that the moment arms of 

the rotator cuff muscles of MH2 would be more similar to Pongo than other groups. Rather, the 

scapular blade morphology of MH2 confers moment arms most consistent with Pan, and to some 

degree, Homo. Churchill et al. (2013) noted that the Pongo scapula is intermediate between Pan 

and Homo in shape space (based on dimensions of the scapular body and spine).  Similarly, a 

recently discovered Australopithecus scapula from Woranso Mille, Ethiopia (KSD-VP-1/1g) has 

also been described as both Homo-like (Haile-Selassie et al., 2010), and Pongo-like (Melillo, 

2011), suggesting that morphological similarities to Pongo and Homo may be consistent across 

australopiths. Given that the overall shape of the Pongo scapula is morphologically intermediate 

between those of Pan and Homo in shape space, the Pongo-like morphology seen in these 

australopiths may represent an evolutionary transition from a more arboreal ancestor with a Pan-

like scapula to a more terrestrial descendent with a more Homo-like scapula, and thus scapular 

shape in Au. afarensis and Au. sediba may be non-functionally convergent with that of Pongo. 

The expectation that the shape of the scapular glenoid fossa of Au. sediba would be most similar 

to that of Pongo (again based on overall similarity in scapular shape (Churchill et al., 2013)) also 

was not met. While the scapular glenoid fossae of both Au. sediba and Au. afarensis were overall 

very ape-like, the pattern of depth and fossa curvature is most similar to Pan, Gorilla, and Homo, 

and appears to be a derived trait. Although the glenoid of MH2 was similar to Pongo in its 

mediolateral breadth to height ratio, this likely reflects shared ancestry rather than functional 

adaptations. Despite the morphological affinities of the Au. sediba scapula, the functional 

consequences of MH2 scapular morphology were not particularly Pongo-like. MH2, in both 
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scapular glenoid fossa shape and with respect to moment arm ratios at the shoulder, seems to be 

most similar to Pan, but also similar to Homo. This may be evidence of evolutionary convergence 

consistent with maintaining a substantial component of arboreal locomotion in the Au. sediba 

behavioral repertoire. The morphologically plastic nature of the scapular blade (see Chapter 3) 

and its reflection of mechanical demands seem to support this possibility. Alternatively, this 

supports one of the possibilities noted by Churchill et al. (2013), that the last common ancestor 

(LCA) of chimpanzees and hominins was chimpanzee-like in its scapular morphology (contra 

Melillo, 2011, who suggests that the LCA had a Pongo-like scapula). 

The elbow joint demonstrated surprising morphological affinities. Broadly, the 

morphological pattern at the elbow for australopiths was most similar to Pan; even Homo erectus 

(KNM-WT 15000) was clearly most similar to the Pan group. These results, in isolation, suggest 

that the overall configuration is primitive, and the more modern human composition at the elbow 

happened later than 1.5 Ma BP. However, KNM-WT 15000 was more similar to the Homo and 

Gorilla humeroulnar joint congruence pattern, which engage in the least amount of arboreal 

locomotion. This suggests that while the broad pattern of joint shape was Pan-like for H. erectus, 

changes to the articular surface congruency suggest a decrease in the demand for stability, and a 

shift away from arboreal behavior. In contrast, A.L. 288-1 (Au. afarensis) and MH2 (Au. sediba) 

were more similar to Pan in their elbow joint congruence, which comprised a category with a 

moderate amount of arboreality; however, their likelihood scores were not robust for this 

assignation. A.L. 288-1 was nearly equally split between the Pan category and the Homo-Gorilla 

category, and MH2 straddled the Pan category and the category with the greatest degree of 

arboreality including Pongo, Hylobates, and Macaca. This result complicates inferences about 

australopith adaptations for arboreality. Similarity between specimens of Au. afarensis and Au. 

sediba in patterns of elbow joint congruence (and thus their similar assignations to the moderate 

arboreality group), coupled with similarities in overall scapular glenoid fossa and body shape, 
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implies consistent locomotor behaviors across the genus Australopithecus. This is supported by 

Wood and Harrison’s argument (2011) that despite a rather unique hand morphology in MH2, the 

upper limbs of Au. sediba were largely similar to other australopiths. On the other hand, 

differences between southern and east African australopiths in interlimb proportions and 

robusticity (McHenry and Berger, 1998a, 1998b; Berger, 2006; Green et al., 2007), and variation 

in foot morphology within specimens attributed to Australopithecus (Zipfel et al., 2011; Haile-

Selassie et al., 2012; DeSilva et al., 2013), suggests the existence of considerable variation in 

locomotor repertoires (that is, the degree of reliance on trees) and in bipedal gait kinematics 

within the genus. While both Au. sediba and Au. afarensis elbow joints were morphologically 

similar to Pan, humeroulnar congruence could potentially discriminate the locomotion of Au. 

sediba and Au. afarensis, although the degree of difference between them remains unclear. 

The pattern of Pan-like functional features for Australopithecus raises questions about 

the locomotion of the last common ancestor (LCA) of Homo and Pan. Ardipithecus ramidus, 

dated to approximately 4.4 Ma BP – over one million years older than A.L. 288-1 – has been 

argued to be a species close to, and largely representative of, said LCA, especially with respect to 

its postcranial morphology and locomotor behaviors (White et al., 2009; Lovejoy et al., 2009b). 

Lovejoy et al. (2009a) infer from the Ardipithecus upper limb remains that this genus was adapted 

for bridging and careful climbing in the trees, but was not adapted for vertical climbing or 

suspension; in fact, they argue that hominids were never adapted for these behaviors. While 

Ardipithecus does not have a well-preserved scapula, it would be illuminating to analyze the 

Ardipithecus pattern of elbow joint congruency. Lovejoy et al. (2009a) argue that the ulna would 

be most congruent in full extension; this could be verified if any of the Ardipithecus distal humeri 

retain the posterior articular surface. If Ardipithecus did appear more similar to Au. sediba in its 

humeroulnar congruency, this would indicate that Lovejoy et al.’s (2009a) interpretation may be 

inaccurate, suggesting that at least during some points in hominin evolutionary history, there may 
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have been adaptations in the forelimb to a more Pan-like pattern of arboreality. If Lovejoy et al. 

(2009a) are indeed correct that hominins never passed through adaptive stages involving 

suspension or vertical climbing, then Ardipithecus should appear most similar to Au. afarensis, in 

its intermediate position between Pan and Homo. Alternatively, the LCA may have engaged in 

Pan-like locomotion, and Ardipithecus may not be truly representative of the LCA, in terms of 

locomotor adaptations.  

The contrast in the morphological affinity for Australopithecus at the shoulder and the 

elbow, in combination with the surprising amalgam of Pan-like and Homo-like elbow 

morphology for Homo erectus, suggest that mosaic evolution of the hominin arm may be the most 

parsimonious explanation for this pattern of results. Reductions in limb integration led to a 

dissociated process of evolution (Young et al., 2010). Australopiths likely represent a series of 

evolutionary experiments, resulting from a less-integrated hominoid ancestor with highly 

evolvable limbs (Young et al., 2010). The mosaic of modern and primitive features in the Homo 

erectus upper limb reflects this ancestral history. Taken together, these results support particulate 

evolution across the arm; that is, a clear departure from a highly integrated, quadrupedal primate 

pattern of upper limb morphology and a transition to an upper limb more capable of a variety of 

postures and behaviors. Despite complex patterns of morphological affinity, the overall functional 

signal supports the Pan-like LCA hypothesis. The Ardipithecus elbow would help to either 

support or refute this hypothesis, depending on the overall morphological affinity of the elbow 

joint in addition to the congruence of the humeroulnar articular surfaces. Regardless of what 

Ardipithecus may reveal about early hominin locomotion, the results of this study suggest that the 

Australopithecus forelimb morphology signals subtle functional adaptations to an arboreal 

lifestyle.  
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Appendix A –  Extant moment arm statistics 

Humerus Length (mm)    
Taxon Mean SD Min Max 
Pan troglodytes 299.30 14.85 285.52 319.77 
Homo sapiens 343.08 30.71 308.04 382.75 
Hylobates lar 228.28 11.77 218.42 243.81 
Pongo pygmaeus 333.57 18.73 315.34 356.91 
     
Infraspinatus Moment Arm (mm) 115° Flexion  
Taxon Mean SD Min Max 
Pan troglodytes 1.13 0.39 0.71 1.63 
Homo sapiens 1.87 0.28 1.64 2.27 
Hylobates lar 1.06 0.17 0.85 1.25 
Pongo pygmaeus 1.74 0.45 1.06 1.99 
     
Infraspinatus Moment Arm (mm) 35° 
Flexion   
Taxon Mean SD Min Max 
Pan troglodytes 5.87 0.27 5.71 6.28 
Homo sapiens 6.19 0.41 5.80 6.76 
Hylobates lar 3.29 0.14 3.11 3.44 
Pongo pygmaeus 6.34 0.68 5.69 7.13 
     
Infraspinatus Moment Arm (mm) 115° Flexion  
Taxon Mean SD Min Max 
Pan troglodytes 7.36 0.23 7.18 7.70 
Homo sapiens 8.30 0.63 7.65 9.12 
Hylobates lar 3.89 0.30 3.44 4.11 
Pongo pygmaeus 9.12 0.93 8.30 10.02 
     
Subscapularis Moment Arm (mm) 115° Flexion  
Taxon Mean SD Min Max 
Pan troglodytes 5.70 1.02 4.20 6.49 
Homo sapiens 6.65 0.57 5.97 7.36 
Hylobates lar 4.50 0.29 4.21 4.79 
Pongo pygmaeus 5.92 1.03 4.44 6.71 
     
     
  



 

  

88  

Subscapularis Moment Arm (mm) 35° Abduction  
Taxon Mean SD Min Max 
Pan troglodytes 6.19 0.51 5.66 6.84 
Homo sapiens 7.01 0.54 6.42 7.69 
Hylobates lar 4.15 0.18 4.00 4.41 
Pongo pygmaeus 6.26 0.30 5.92 6.58 
     
Subscapularis Moment Arm (mm) 115° Abduction  
Taxon Mean SD Min Max 
Pan troglodytes 2.77 0.46 2.23 3.35 
Homo sapiens 2.42 0.15 2.27 2.58 
Hylobates lar 1.85 0.36 1.44 2.26 
Pongo pygmaeus 1.18 0.41 0.73 1.67 
     
Supraspinatus Moment Arm (mm) 115° Flexion  
Taxon Mean SD Min Max 
Pan troglodytes 1.36 0.52 0.77 2.02 
Homo sapiens 2.07 0.45 1.46 2.56 
Hylobates lar 2.31 0.11 2.21 2.46 
Pongo pygmaeus 3.73 0.92 2.61 4.83 
     
Supraspinatus Moment Arm (mm) 35° Abduction  
Taxon Mean SD Min Max 
Pan troglodytes 18.14 1.37 17.26 20.17 
Homo sapiens 20.08 1.74 18.12 22.35 
Hylobates lar 13.14 0.63 12.62 14.00 
Pongo pygmaeus 20.52 1.08 19.16 21.43 
     
Supraspinatus Moment Arm (mm) 115° Abduction  
Taxon Mean SD Min Max 
Pan troglodytes 11.58 0.28 11.33 11.91 
Homo sapiens 14.22 1.91 12.53 16.15 
Hylobates lar 5.74 1.07 4.24 6.62 
Pongo pygmaeus 18.57 2.67 16.05 21.87 
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Appendix B – Extant landmark data    
  

Humerus Ant. Med. Prox. Trochlea 
Ant. Prox. Trochlear 
Groove 

Species X 1  Y 1  Z 1  X 2  Y 2  Z 2  
G. gorilla (F) 0.0099 0.1694 -0.2299 0.0446 0.1014 -0.0985 
G. gorilla (M) -0.0117 0.1686 -0.2357 0.0315 0.0967 -0.0997 
H. sapiens (F) 0.0275 0.1792 -0.1827 -0.0143 0.1360 -0.0979 
H. sapiens (M) 0.0273 0.1827 -0.1825 -0.0079 0.1309 -0.1002 
P. paniscus (F) 0.0296 0.1894 -0.2090 0.0165 0.1200 -0.0955 
P. paniscus (M) 0.0290 0.1873 -0.2171 0.0172 0.1068 -0.1041 
P. pygmaeus (F) 0.0009 0.1931 -0.2137 -0.0103 0.0968 -0.0908 
P. pygmaeus (M) 0.0019 0.1947 -0.2219 -0.0092 0.0991 -0.0985 
P. troglodytes (F) 0.0174 0.1697 -0.2144 0.0304 0.0937 -0.0924 
P. troglodytes (M) 0.0275 0.1776 -0.2168 0.0259 0.0973 -0.0949 
Humerus Ant. Lat. Prox. Trochlea Prox. Zona Conoidea 
Species X 3  Y 3  Z 3  X 4  Y 4  Z 4  
G. gorilla (F) -0.0419 0.1185 0.0292 -0.0547 0.0855 0.0961 
G. gorilla (M) -0.0409 0.1219 0.0282 -0.0534 0.0904 0.1065 
H. sapiens (F) -0.0554 0.1259 0.0151 -0.0813 0.1054 0.0958 
H. sapiens (M) -0.0553 0.1279 0.0185 -0.0707 0.0997 0.0982 
P. paniscus (F) -0.0616 0.1241 0.0230 -0.0789 0.0902 0.0932 
P. paniscus (M) -0.0509 0.1254 0.0129 -0.0770 0.0791 0.0902 
P. pygmaeus (F) -0.0492 0.1218 0.0414 -0.0654 0.0989 0.1013 
P. pygmaeus (M) -0.0387 0.1184 0.0352 -0.0483 0.1011 0.0929 
P. troglodytes (F) -0.0435 0.1166 0.0237 -0.0621 0.0834 0.0942 
P. troglodytes (M) -0.0471 0.1199 0.0183 -0.0617 0.0854 0.0879 
Humerus Prox. Capitulim   Lat. Capitulum   
Species X 5  Y 5  Z 5  X 6  Y 6  Z 6  
G. gorilla (F) -0.1102 0.0777 0.2141 0.0130 0.0251 0.3201 
G. gorilla (M) -0.1076 0.0835 0.2125 0.0210 0.0329 0.3080 
H. sapiens (F) -0.1290 0.0935 0.1938 0.0108 0.0232 0.3268 
H. sapiens (M) -0.1354 0.0859 0.2036 0.0195 0.0352 0.3158 
P. paniscus (F) -0.1255 0.0663 0.1947 0.0179 0.0378 0.3148 
P. paniscus (M) -0.1264 0.0687 0.1968 0.0194 0.0355 0.3210 
P. pygmaeus (F) -0.1222 0.0876 0.2109 0.0312 0.0330 0.3229 
P. pygmaeus (M) -0.1250 0.0884 0.2088 0.0298 0.0303 0.3199 
P. troglodytes (F) -0.1224 0.0758 0.2105 0.0218 0.0341 0.3331 
P. troglodytes (M) -0.1232 0.0787 0.2095 0.0167 0.0264 0.3334 
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Humerus Ant. Capitulum   Ant. Zona Conoidea 
Species X 7  Y 7  Z 7  X 8  Y 8  Z 8  
G. gorilla (F) 0.0558 0.0732 0.2309 0.0567 0.0645 0.0936 
G. gorilla (M) 0.0573 0.0689 0.2301 0.0649 0.0599 0.1022 
H. sapiens (F) 0.0653 0.0720 0.2329 0.0797 0.0589 0.0724 
H. sapiens (M) 0.0667 0.0696 0.2349 0.0795 0.0575 0.0829 
P. paniscus (F) 0.0688 0.0839 0.2187 0.0750 0.0723 0.0838 
P. paniscus (M) 0.0663 0.0784 0.2273 0.0679 0.0652 0.0879 
P. pygmaeus (F) 0.0679 0.0826 0.2088 0.0806 0.0635 0.0936 
P. pygmaeus (M) 0.0685 0.0795 0.2200 0.0790 0.0565 0.0931 
P. troglodytes (F) 0.0674 0.0835 0.2298 0.0631 0.0673 0.0842 
P. troglodytes (M) 0.0665 0.0800 0.2265 0.0620 0.0603 0.0859 
Humerus Ant. Lat. Trochlea Ant. Trochlear Groove 
Species X 9  Y 9  Z 9  X 10  Y 10  Z 10  
G. gorilla (F) 0.0926 0.0921 0.0351 0.0868 0.0773 -0.0955 
G. gorilla (M) 0.0971 0.0861 0.0467 0.0871 0.0689 -0.0885 
H. sapiens (F) 0.0978 0.0737 0.0163 0.1123 0.0755 -0.0851 
H. sapiens (M) 0.1041 0.0751 0.0301 0.1104 0.0799 -0.0839 
P. paniscus (F) 0.0965 0.0942 0.0283 0.0944 0.0807 -0.0844 
P. paniscus (M) 0.0987 0.0942 0.0237 0.0888 0.0822 -0.0935 
P. pygmaeus (F) 0.0994 0.0773 0.0444 0.0901 0.0641 -0.0933 
P. pygmaeus (M) 0.0909 0.0747 0.0401 0.0865 0.0643 -0.0921 
P. troglodytes (F) 0.0944 0.0878 0.0221 0.0872 0.0653 -0.0861 
P. troglodytes (M) 0.0957 0.0866 0.0238 0.0861 0.0694 -0.0892 
Humerus Dist. Med. Trochlea Dist. Trochlear Groove 
Species X 11  Y 11  Z 11  X 12  Y 12  Z 12  
G. gorilla (F) 0.1790 -0.0751 -0.2679 0.1024 -0.0580 -0.1039 
G. gorilla (M) 0.1881 -0.0702 -0.2725 0.0971 -0.0575 -0.1024 
H. sapiens (F) 0.1915 -0.0999 -0.2629 0.0992 -0.0695 -0.0960 
H. sapiens (M) 0.1839 -0.1061 -0.2642 0.0962 -0.0656 -0.0918 
P. paniscus (F) 0.1989 -0.0892 -0.2654 0.1022 -0.0628 -0.0910 
P. paniscus (M) 0.2049 -0.0844 -0.2798 0.0973 -0.0606 -0.0963 
P. pygmaeus (F) 0.1881 -0.0893 -0.2437 0.0903 -0.0536 -0.0997 
P. pygmaeus (M) 0.1849 -0.0802 -0.2377 0.0952 -0.0538 -0.0998 
P. troglodytes (F) 0.1945 -0.0804 -0.2592 0.0967 -0.0526 -0.1003 
P. troglodytes (M) 0.1943 -0.0811 -0.2576 0.0992 -0.0531 -0.0992 
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Humerus Dist. Lat. Trochlea Dist. Zona Conoidea 
Species X 13  Y 13  Z 13  X 14  Y 14  Z 14  
G. gorilla (F) 0.1149 -0.0926 0.0279 0.0727 -0.0787 0.0894 
G. gorilla (M) 0.1117 -0.0955 0.0336 0.0708 -0.0819 0.0925 
H. sapiens (F) 0.0864 -0.0890 0.0200 0.0719 -0.0912 0.0706 
H. sapiens (M) 0.0877 -0.0922 0.0126 0.0655 -0.0880 0.0702 
P. paniscus (F) 0.1044 -0.1031 0.0168 0.0763 -0.1067 0.0812 
P. paniscus (M) 0.1134 -0.0960 0.0232 0.0708 -0.1042 0.0902 
P. pygmaeus (F) 0.1033 -0.0899 0.0391 0.0855 -0.0935 0.0823 
P. pygmaeus (M) 0.1053 -0.0874 0.0361 0.0874 -0.0893 0.0789 
P. troglodytes (F) 0.1071 -0.0895 0.0116 0.0682 -0.0904 0.0848 
P. troglodytes (M) 0.1085 -0.0855 0.0114 0.0657 -0.0861 0.0823 
Humerus Dist. Capitulum   Capitulum.Trochlea.Edge 
Species X 15  Y 15  Z 15  X 16  Y 16  Z 16  
G. gorilla (F) 0.0766 -0.1143 0.2208 -0.1887 -0.1523 0.0266 
G. gorilla (M) 0.0723 -0.1120 0.2167 -0.1901 -0.1535 0.0225 
H. sapiens (F) 0.0668 -0.1161 0.2045 -0.1650 -0.1763 0.0561 
H. sapiens (M) 0.0647 -0.1039 0.2020 -0.1634 -0.1722 0.0495 
P. paniscus (F) 0.0819 -0.1297 0.2033 -0.1751 -0.1664 0.0388 
P. paniscus (M) 0.0807 -0.1246 0.2059 -0.1839 -0.1632 0.0334 
P. pygmaeus (F) 0.0878 -0.1194 0.1938 -0.1954 -0.1606 0.0064 
P. pygmaeus (M) 0.0895 -0.1173 0.2190 -0.1983 -0.1666 0.0006 
P. troglodytes (F) 0.0844 -0.1069 0.2178 -0.1976 -0.1694 0.0216 
P. troglodytes (M) 0.0844 -0.1077 0.2153 -0.1872 -0.1825 0.0296 
Humerus Post. Med. Trochlea Post. Lat. Trochlea 
Species X 17  Y 17  Z 17  X 18  Y 18  Z 18  
G. gorilla (F) -0.0564 -0.0873 -0.1309 -0.0629 -0.1183 -0.2523 
G. gorilla (M) -0.0552 -0.0846 -0.1261 -0.0570 -0.1262 -0.2609 
H. sapiens (F) -0.0577 -0.0796 -0.1028 -0.0545 -0.1354 -0.2820 
H. sapiens (M) -0.0508 -0.0838 -0.1084 -0.0517 -0.1402 -0.2834 
P. paniscus (F) -0.0518 -0.0878 -0.1062 -0.0684 -0.1194 -0.2446 
P. paniscus (M) -0.0522 -0.0842 -0.1028 -0.0640 -0.1149 -0.2335 
P. pygmaeus (F) -0.0495 -0.0825 -0.1113 -0.0471 -0.1474 -0.2684 
P. pygmaeus (M) -0.0554 -0.0907 -0.1181 -0.0469 -0.1419 -0.2630 
P. troglodytes (F) -0.0454 -0.0789 -0.1212 -0.0639 -0.1229 -0.2521 
P. troglodytes (M) -0.0518 -0.0838 -0.1218 -0.0631 -0.1255 -0.2542 
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Humerus Prox. Med. Trochlea Prox. Lat Trochlea 
Species X 19  Y 19  Z 19  X 20  Y 20  Z 20  
G. gorilla (F) -0.2790 -0.0782 0.0246 -0.1111 -0.0299 -0.2295 
G. gorilla (M) -0.2741 -0.0726 0.0127 -0.1088 -0.0236 -0.2265 
H. sapiens (F) -0.2424 -0.0799 0.0477 -0.1097 -0.0065 -0.2426 
H. sapiens (M) -0.2547 -0.0862 0.0408 -0.1154 -0.0060 -0.2447 
P. paniscus (F) -0.2871 -0.0650 0.0263 -0.1139 -0.0288 -0.2270 
P. paniscus (M) -0.2885 -0.0694 0.0260 -0.1115 -0.0213 -0.2115 
P. pygmaeus (F) -0.2704 -0.0608 0.0033 -0.1156 -0.0215 -0.2274 
P. pygmaeus (M) -0.2752 -0.0629 0.0052 -0.1218 -0.0170 -0.2188 
P. troglodytes (F) -0.2786 -0.0768 0.0242 -0.1191 -0.0093 -0.2318 
P. troglodytes (M) -0.2831 -0.0668 0.0329 -0.1156 -0.0095 -0.2229 
 

 

Ulna Tip Anconeal Beak Sup. Margin Med. Facies 
Species X 1  Y 1  Z 1  X 2  Y 2  Z 2  
G. gorilla (F) 14.686 -10.617 4.589 13.917 -19.608 1.236 
G. gorilla (M) 18.097 -13.014 5.631 18.015 -25.538 2.281 
H. sapiens (F) 12.176 -8.210 4.231 10.881 -17.825 0.087 
H. sapiens (M) 13.093 -9.239 4.681 11.825 -19.074 0.434 
P. paniscus (F) 11.657 -7.394 3.918 10.909 -14.533 0.845 
P. paniscus (M) 12.258 -6.373 4.773 11.431 -12.936 1.916 
P. pygmaeus (F) 11.678 -8.061 3.929 11.383 -15.815 0.440 
P. pygmaeus (M) 15.505 -9.680 5.298 14.007 -19.290 0.358 
P. troglodytes (F) 12.045 -7.899 4.963 11.480 -15.432 1.319 
P. troglodytes (M) 12.290 -9.000 5.685 11.316 -17.070 0.170 
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Ulna 
Med. Margin Prox.Med. 
Facies Med. Margin Mid Notch 

Species X 3  Y 3  Z 3  X 4  Y 4  Z 4  
G. gorilla (F) 4.647 -21.369 -6.463 -6.177 -15.602 -6.167 
G. gorilla (M) 6.192 -28.535 -8.565 -9.871 -23.198 -8.175 
H. sapiens (F) 3.251 -18.220 -4.814 -2.718 -7.550 -4.826 
H. sapiens (M) 3.416 -19.954 -4.975 -3.232 -9.055 -5.545 
P. paniscus (F) 3.959 -14.995 -6.265 -1.691 -7.107 -5.152 
P. paniscus (M) 1.476 -15.714 -6.297 -3.274 -8.019 -5.648 
P. pygmaeus (F) 2.928 -17.539 -5.352 -4.015 -11.632 -5.923 
P. pygmaeus (M) 3.956 -21.303 -7.261 -4.902 -12.633 -6.638 
P. troglodytes (F) 3.400 -16.577 -6.174 -1.855 -8.160 -4.983 
P. troglodytes (M) 4.175 -17.671 -6.000 -2.318 -9.226 -5.441 

Ulna 
Med. Margin Dist.Med. 
Facies Ant. Margin Med. Facies 

Species X 5  Y 5  Z 5  X 6  Y 6  Z 6  
G. gorilla (F) -17.155 -13.923 3.251 -16.507 -6.751 13.140 
G. gorilla (M) -23.351 -18.488 4.968 -21.066 -10.086 15.960 
H. sapiens (F) -13.320 -9.416 1.051 -12.806 -1.895 9.676 
H. sapiens (M) -15.066 -10.873 0.529 -14.603 -2.427 9.976 
P. paniscus (F) -15.275 -6.979 2.890 -13.415 -2.928 9.290 
P. paniscus (M) -16.180 -8.326 1.576 -13.948 -3.370 9.111 
P. pygmaeus (F) -13.634 -11.910 2.360 -13.906 -4.982 9.697 
P. pygmaeus (M) -17.794 -14.637 3.156 -17.348 -6.586 12.231 
P. troglodytes (F) -15.385 -8.308 2.031 -14.178 -3.468 9.175 
P. troglodytes (M) -16.161 -9.491 3.127 -14.374 -3.985 10.072 

Ulna Tip Coronoid   
Ant. Radial 
Notch   

Species X 7  Y 7  Z 7  X 8  Y 8  Z 8  
G. gorilla (F) -6.3041 -0.2151 14.1357 -6.2683 10.3326 8.6680 
G. gorilla (M) -7.2990 -0.8211 16.0618 -7.3795 14.3698 10.4450 
H. sapiens (F) -5.8807 2.6111 11.9359 -5.0402 7.2680 7.8518 
H. sapiens (M) -5.8049 2.8858 13.1359 -5.4654 8.9425 8.7620 
P. paniscus (F) -4.7495 1.6038 9.5985 -4.2322 7.4844 7.2017 
P. paniscus (M) -4.7623 1.8243 9.6719 -4.4902 8.0935 7.7065 
P. pygmaeus (F) -3.7762 -0.1180 11.1548 -3.9965 9.0318 7.7640 
P. pygmaeus (M) -5.1225 -0.1554 14.5033 -5.5199 11.4340 9.6290 
P. troglodytes (F) -4.9488 1.3338 9.6129 -4.7482 7.6003 6.9993 
P. troglodytes (M) -5.1688 0.6704 11.1812 -5.3883 8.4877 7.4663 
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Ulna Mid Radial Notch   Post. Radial Notch 
Species X 9  Y 9  Z 9  X 10  Y 10  Z 10  
G. gorilla (F) -3.039 10.338 -0.437 2.648 12.560 -5.453 
G. gorilla (M) -3.761 13.879 -0.159 2.901 16.227 -6.527 
H. sapiens (F) -3.171 7.359 0.526 0.229 9.850 -4.980 
H. sapiens (M) -3.785 8.107 1.274 -0.117 8.667 -3.625 
P. paniscus (F) -2.639 6.805 -0.448 0.390 7.665 -5.019 
P. paniscus (M) -2.910 7.344 -0.221 0.439 7.853 -4.793 
P. pygmaeus (F) -2.449 8.344 -0.795 2.657 10.554 -5.220 
P. pygmaeus (M) -3.408 10.143 -0.550 2.758 12.854 -5.891 
P. troglodytes (F) -3.070 7.536 0.021 0.054 8.562 -4.891 
P. troglodytes (M) -3.320 8.139 -0.043 0.274 9.275 -5.457 

Ulna Lat. Margin Mid Notch 
Lat. Margin Prox.Lat. 
Facies 

Species X 11  Y 11  Z 11  X 12  Y 12  Z 12  
G. gorilla (F) 18.239 0.031 -10.725 22.489 -3.760 0.723 
G. gorilla (M) 22.721 1.326 -13.389 28.216 -3.458 0.613 
H. sapiens (F) 15.672 0.222 -8.216 19.045 -3.315 -0.618 
H. sapiens (M) 17.375 1.415 -9.069 20.852 -3.205 -2.155 
P. paniscus (F) 15.598 -1.964 -8.434 17.178 -3.930 1.525 
P. paniscus (M) 16.136 -1.951 -8.440 18.799 -3.995 0.023 
P. pygmaeus (F) 14.049 -0.398 -7.135 16.536 -3.256 0.067 
P. pygmaeus (M) 17.375 -1.112 -9.930 20.696 -3.970 0.421 
P. troglodytes (F) 15.994 -2.077 -9.229 18.880 -4.448 -0.252 
P. troglodytes (M) 17.601 -0.728 -9.376 20.107 -3.973 -0.274 
Ulna Sup. Margin Lat. Facies Ant. Margin Radial Facet 
Species X 13  Y 13  Z 13  X 14  Y 14  Z 14  
G. gorilla (F) 9.003 -8.540 -0.964 -10.822 13.992 4.777 
G. gorilla (M) 11.741 -11.117 -0.511 -13.472 19.497 6.503 
H. sapiens (F) 7.850 -7.033 -0.919 -8.811 10.393 3.178 
H. sapiens (M) 8.511 -7.794 -0.800 -9.388 12.692 3.843 
P. paniscus (F) 7.789 -5.899 -1.547 -7.758 10.789 3.507 
P. paniscus (M) 7.910 -5.563 -1.102 -6.799 10.362 4.201 
P. pygmaeus (F) 7.002 -6.341 -0.141 -8.723 11.567 4.755 
P. pygmaeus (M) 9.228 -8.291 -0.730 -11.209 15.163 5.162 
P. troglodytes (F) 8.438 -6.939 0.006 -7.936 11.227 4.437 
P. troglodytes (M) 8.313 -7.815 -0.011 -8.605 12.472 4.049 
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Ulna Inf. Margin Radial Facet Post. Margin Radial Facet 
Species X 15  Y 15  Z 15  X 16  Y 16  Z 16  
G. gorilla (F) -8.177 24.172 -7.075 -0.817 20.053 -9.794 
G. gorilla (M) -9.557 31.179 -9.069 -0.766 27.171 -12.489 
H. sapiens (F) -7.202 14.271 -4.198 -1.166 13.163 -6.537 
H. sapiens (M) -7.353 16.424 -5.530 -1.460 14.695 -7.593 
P. paniscus (F) -7.540 13.901 -2.741 -2.134 10.389 -6.086 
P. paniscus (M) -7.725 13.427 -2.541 -2.049 10.814 -6.434 
P. pygmaeus (F) -8.481 17.849 -5.198 0.481 15.615 -8.311 
P. pygmaeus (M) -9.648 21.208 -7.067 0.840 18.901 -9.764 
P. troglodytes (F) -7.614 16.281 -3.440 -3.229 14.025 -7.319 
P. troglodytes (M) -7.790 17.922 -4.241 -2.861 15.436 -8.017 
Ulna Depth Radial Facet    
Species X 17  Y 17  Z 17     
G. gorilla (F) -6.013 15.484 -5.995    
G. gorilla (M) -7.363 20.269 -5.045    
H. sapiens (F) -4.974 10.130 -2.476    
H. sapiens (M) -5.598 11.319 -2.883    
P. paniscus (F) -5.199 9.460 -2.072    
P. paniscus (M) -4.857 9.560 -2.171    
P. pygmaeus (F) -4.974 11.855 -4.255    
P. pygmaeus (M) -5.869 14.370 -4.931    
P. troglodytes (F) -5.340 10.624 -2.673    
P. troglodytes (M) -5.544 11.867 -3.139    
  

  

Radius Center of Radial Head Prox. Med. Articular Rim 
Species X 1  Y 1  Z 1  X 2  Y 2  Z 2  
G. gorilla (F) 1.894 0.144 -2.012 -1.126 -9.293 -1.470 
G. gorilla (M) 2.794 -0.101 -2.241 -1.369 -12.186 -1.555 
H. sapiens (F) 1.064 -0.201 -1.169 -1.868 -7.852 -1.287 
H. sapiens (M) 1.646 -0.325 -1.365 -1.804 -8.486 -1.400 
P. paniscus (F) 1.272 0.461 -1.691 -1.637 -6.933 -1.170 
P. paniscus (M) 1.430 0.261 -1.398 -1.549 -6.898 -1.235 
P. pygmaeus (F) 1.804 -0.010 -1.521 -1.284 -7.396 -0.937 
P. pygmaeus (M) 1.811 0.049 -1.874 -1.701 -9.464 -1.604 
P. troglodytes (F) 1.263 0.610 -1.866 -1.913 -7.772 -1.181 
P. troglodytes (M) 1.158 0.726 -2.032 -1.697 -7.958 -0.908 
     



 

  

96  

Radius Med. Mid Ulnar Facet Dist.Med. Mid Ulnar Facet 
Species X 3  Y 3  Z 3  X 4  Y 4  Z 4  
G. gorilla (F) -6.158 -9.860 -0.457 -11.221 -2.859 -0.123 
G. gorilla (M) -8.238 -12.351 -0.267 -14.114 -3.342 -0.054 
H. sapiens (F) -5.013 -6.916 -0.815 -7.729 -4.330 -0.340 
H. sapiens (M) -5.903 -7.527 -0.903 -9.445 -3.970 0.232 
P. paniscus (F) -5.150 -7.396 -0.283 -8.233 -3.177 0.041 
P. paniscus (M) -5.420 -7.510 -0.691 -8.345 -3.647 0.505 
P. pygmaeus (F) -5.082 -7.237 -0.198 -8.719 -2.665 0.451 
P. pygmaeus (M) -6.100 -9.292 -0.474 -10.632 -3.632 -0.010 
P. troglodytes (F) -5.758 -8.146 -0.092 -8.692 -3.165 0.412 
P. troglodytes (M) -5.787 -8.798 -0.253 -9.118 -3.027 0.818 
Radius Prox. Ant. Articular Rim Ant. Mid Ulnar Facet 
Species X 5  Y 5  Z 5  X 6  Y 6  Z 6  
G. gorilla (F) 4.314 -1.195 8.398 1.525 0.878 12.511 
G. gorilla (M) 5.677 -1.838 10.374 1.860 0.706 15.267 
H. sapiens (F) 2.922 -0.698 6.875 1.275 1.026 9.034 
H. sapiens (M) 3.536 -0.658 7.356 1.658 0.949 10.166 
P. paniscus (F) 2.999 -0.732 6.595 1.412 0.582 9.576 
P. paniscus (M) 2.902 -0.957 6.988 1.122 0.723 9.981 
P. pygmaeus (F) 3.532 -1.041 6.701 1.299 0.256 9.429 
P. pygmaeus (M) 4.509 -1.145 8.925 1.832 0.433 12.068 
P. troglodytes (F) 3.291 -0.758 7.166 1.226 0.650 10.551 
P. troglodytes (M) 3.199 -0.965 7.669 1.310 0.220 10.936 
Radius Ant.Dist. Mid Ulnar Facet Prox. Lat Articular Rim 
Species X 7  Y 7  Z 7  X 8  Y 8  Z 8  
G. gorilla (F) -3.138 4.139 10.397 10.177 6.853 -1.651 
G. gorilla (M) -4.643 5.289 12.787 13.289 9.625 -1.815 
H. sapiens (F) -1.705 3.822 8.896 6.996 5.671 -1.409 
H. sapiens (M) -2.274 3.721 9.704 7.886 6.185 -1.909 
P. paniscus (F) -1.864 2.995 8.057 8.018 5.221 -0.764 
P. paniscus (M) -2.176 3.009 8.617 8.342 5.255 -1.706 
P. pygmaeus (F) -2.933 3.496 7.927 8.678 5.392 -1.562 
P. pygmaeus (M) -3.720 4.630 9.907 10.184 6.870 -2.099 
P. troglodytes (F) -1.928 3.070 8.745 8.552 5.998 -1.304 
P. troglodytes (M) -2.707 3.389 8.910 9.168 6.396 -1.689 
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Radius Dist. Lat Facies   Prox. Post. Articular Rim 
Species X 9  Y 9  Z 9  X 10  Y 10  Z 10  
G. gorilla (F) 5.302 11.780 -0.883 4.114 -2.585 -12.198 
G. gorilla (M) 7.118 15.072 -1.206 5.660 -3.295 -15.581 
H. sapiens (F) 4.783 9.288 -0.996 2.057 -2.020 -9.200 
H. sapiens (M) 4.660 10.246 -0.858 3.300 -2.117 -10.344 
P. paniscus (F) 4.152 9.583 -0.945 2.792 -1.628 -9.367 
P. paniscus (M) 4.140 9.659 -1.586 3.409 -1.703 -9.491 
P. pygmaeus (F) 3.343 9.301 -0.677 3.487 -1.901 -9.790 
P. pygmaeus (M) 4.536 11.098 -1.593 3.919 -2.621 -11.796 
P. troglodytes (F) 4.479 10.202 -0.539 3.170 -1.806 -10.695 
P. troglodytes (M) 5.246 10.602 -0.650 3.511 -1.617 -11.234 

Radius 
Dist. Post. 
Facies      

Species X 11  Y 11  Z 11     
G. gorilla (F) -5.684 1.997 -12.512    
G. gorilla (M) -8.034 2.421 -15.708    
H. sapiens (F) -2.783 2.209 -9.590    
H. sapiens (M) -3.260 1.980 -10.679    
P. paniscus (F) -3.759 1.024 -10.049    
P. paniscus (M) -3.855 1.807 -9.985    
P. pygmaeus (F) -4.124 1.805 -9.824    
P. pygmaeus (M) -4.637 3.073 -11.451    
P. troglodytes (F) -3.690 1.117 -11.196    
P. troglodytes (M) -4.283 1.032 -11.568    
  

  

Abbreviations:  Ant.  =  Anterior;  Dist.  =  Distal;  Inf.  =  Inferior;  Lat.  =  Lateral;  Med.  =  

Medial;  Post.  =  Posterior;  Prox.  =  Proximal;  Sup.  =  Superior 
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Appendix C – Extant Joint Congruence Statistics  

Flexion One (F1): Distal Humerus and Superior Ulnar Notch 
Taxon Mean SD Min Max 
G. gorilla (F) 0.1168	   0.0438	   0.0408	   0.1981	  
G. gorilla (M) 0.1086	   0.0429	   0.0414	   0.1877	  
H. sapiens (F) 0.1269	   0.0498	   0.0547	   0.1924	  
H. sapiens (M) 0.1221	   0.0613	   0.0521	   0.2335	  
P. paniscus (F) 0.1901	   0.0289	   0.1514	   0.2392	  
P. paniscus (M) 0.1716	   0.0189	   0.1507	   0.2053	  
P. troglodytes (F) 0.1609	   0.0649	   0.0676	   0.2625	  
P. troglodytes (M) 0.1597	   0.0555	   0.0661	   0.2332	  
H. lar (F) 0.1676	   0.0456	   0.1055	   0.2876	  
H.lar (M) 0.2081	   0.0657	   0.1005	   0.3322	  
P. pygmaeus (F) 0.1595	   0.0588	   0.0715	   0.2632	  
P. pygmaeus (M) 0.1592	   0.0611	   0.0736	   0.2570	  
M. fascicularis (F) 0.2035	   0.0713	   0.1073	   0.3266	  
M. fascicularis (M) 0.2268	   0.0857	   0.1035	   0.3616	  
	   	   	   	   	  
Flexion Two (F2): Anterior Humerus and Inferior Ulnar Notch 
Taxon Mean SD Min Max 
G. gorilla (F) 0.1028	   0.0454	   0.0466	   0.2038	  
G. gorilla (M) 0.1154	   0.0474	   0.0564	   0.2168	  
H. sapiens (F) 0.1354	   0.0610	   0.0472	   0.2224	  
H. sapiens (M) 0.1129	   0.0313	   0.0675	   0.1547	  
P. paniscus (F) 0.1153	   0.0386	   0.0750	   0.1854	  
P. paniscus (M) 0.1350	   0.0405	   0.0921	   0.2190	  
P. troglodytes (F) 0.1299	   0.0464	   0.0596	   0.2106	  
P. troglodytes (M) 0.1314	   0.0517	   0.0756	   0.2666	  
H. lar (F) 0.1544	   0.0526	   0.0726	   0.2501	  
H.lar (M) 0.1360	   0.0683	   0.0667	   0.2892	  
P. pygmaeus (F) 0.1520	   0.0406	   0.1094	   0.2219	  
P. pygmaeus (M) 0.1243	   0.0798	   0.0295	   0.2634	  
M. fascicularis (F) 0.1390	   0.0492	   0.0623	   0.2312	  
M. fascicularis (M) 0.1465	   0.0341	   0.0811	   0.2075	  
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Extension One (E1): Posterior Humerus and Superior Ulnar Notch 
Taxon Mean SD Min Max 
G. gorilla (F) 0.1262	   0.0340	   0.0620	   0.1932	  
G. gorilla (M) 0.1247	   0.0319	   0.0826	   0.2044	  
H. sapiens (F) 0.1129	   0.0273	   0.0732	   0.1514	  
H. sapiens (M) 0.0885	   0.0380	   0.0479	   0.1740	  
P. paniscus (F) 0.1199	   0.0354	   0.0779	   0.1702	  
P. paniscus (M) 0.1543	   0.0559	   0.0888	   0.2449	  
P. troglodytes (F) 0.1442	   0.0330	   0.0564	   0.1882	  
P. troglodytes (M) 0.1587	   0.0301	   0.1171	   0.2300	  
H. lar (F) 0.1460	   0.0475	   0.0725	   0.2392	  
H.lar (M) 0.1926	   0.0403	   0.1244	   0.2546	  
P. pygmaeus (F) 0.1567	   0.0723	   0.0375	   0.2727	  
P. pygmaeus (M) 0.1394	   0.0523	   0.0570	   0.2075	  
M. fascicularis (F) 0.1914	   0.0593	   0.1113	   0.3058	  
M. fascicularis (M) 0.2072	   0.0640	   0.0955	   0.3042	  
	   	   	   	   	  
Extension Two (E2): Distal Humerus and Inferior Ulnar Notch 
Taxon Mean SD Min Max 
G. gorilla (F) 0.1027	   0.0433	   0.0456	   0.1890	  
G. gorilla (M) 0.1247	   0.0461	   0.0539	   0.2056	  
H. sapiens (F) 0.1145	   0.0591	   0.0510	   0.2320	  
H. sapiens (M) 0.1326	   0.0515	   0.0734	   0.2217	  
P. paniscus (F) 0.1295	   0.0473	   0.0465	   0.1937	  
P. paniscus (M) 0.1399	   0.0531	   0.0673	   0.2284	  
P. troglodytes (F) 0.1405	   0.0581	   0.0566	   0.2376	  
P. troglodytes (M) 0.1319	   0.0338	   0.0883	   0.1886	  
H. lar (F) 0.1694	   0.0453	   0.1026	   0.2715	  
H.lar (M) 0.1508	   0.0594	   0.0671	   0.3171	  
P. pygmaeus (F) 0.1688	   0.0505	   0.0919	   0.2457	  
P. pygmaeus (M) 0.1328	   0.0571	   0.0462	   0.2353	  
M. fascicularis (F) 0.1519	   0.0341	   0.1096	   0.2138	  
M. fascicularis (M) 0.1812	   0.0621	   0.0960	   0.2853	  
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