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in spite of angry man and his ---mostly--- absurd requests!!  

I want to specially mention the Mammalogy and Paleontology Collections Curators 

at the AMNH for their amazing job, especially Eileen Westwig, and also Eric Delson, for 

letting me use a corner of the central table at the super cramped NYCEP Room at the 
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mention as well to all the other curators of the various institutions I’ve visited during the 
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acogernos cada año y tenernos preparados más bichos (increíbles bichos!) de los que 

podíamos procesar, mil gracias.  

Volviendo a casa, a mi amigüita Tània le tengo que agradecer (muchas cosas pero 

respecto a la tesis particularmente estas:) todas las tardes de venting (tanto de cosas 

profesionales como las personales altamente relacionadas con las profesionales... o no), 

sacando a pasear el hijoputismo de custodia compartida que nos ayuda cada día a salir a 

delante, los conciertos del jaimito (y que me dejaras el primer disco del míster años ha) que 

son very catárticos y necesarios de cuando en vez, y antonia, por sacarme de casa y dar-me 
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sepas que se intenta, pero que si no puedo, también sé que ahí estás tú para apaciguar a la 

Madame Cortavenas que llevo dentro. Y se agradece, oiga! Por muchas más tardes en el 

puerto! Nos queda pendiente Nueva Zelanda, pero tenemos toda una vida, che. 
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de tu chairman!), que tampoco está mal... Hemos sufrido juntas (mucho), llorado juntas, 

pero lo que más hemos hecho ha sido reír, de las cosas más tontas y de la manera más 
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caracteriza. Y cuando nos juntamos con Bea y Eli formamos el cuarteto del apocalipsis, y las 
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Agradecer también a Grashooper, M’Lady Teeth y Joven Padawan las tardes de risas 
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1. Structure of the dissertation 

This dissertation is conceived as a compendium of publications; thus, there is a 

major introductory block (I. Introduction), which is subdivided into (1) the present 

section, in which the structure of the dissertation is explained; (2) the following segment is 

a background section of the scholarship of broad topics related to this dissertation, and 

include: a review of the evolutionary history of the hominoids covering taxonomy, and the 

potential and contrasted phylogenetic relationships among taxa (2.1), the characterization 

of the locomotion of the Hominoidea and its evolution, a review of the non-hominoid taxa 

used as comparative outgroups, and the role of homoplasy in relation to locomotor 

evolution (2.2), and the anatomy and development  of the selected region of study, the 

glenohumeral joint (2.3); the next segment (3) is a description of the comparative sample of 

the studies, that comprises proximal humeri and glenoid cavities of (3.1) extant Primates, 

including hominoids (Hylobates, Pongo, Gorilla, Pan and Homo), New World Monkeys 

(Cebus, Ateles and Lagothrix), and cercopithecoids (Colobus and Papio), and (3.2) fossil 

Primates, including Propliopithecids, Pliopithecids, and hominoids covering a time range 

from the Late Oligocene–Early Miocene to the Plio-Pleistocene; the next section (4) is an 

overview of the three-dimensional (3D) procedures and techniques used in this dissertation, 

from the scanning of the bones to obtain 3D models (4.1), the landmark protocols 

designed for the different sets of samples analyzed (4.2), the mathematical treatment of the 

Landmark coordinates in order to obtain quantifiable data (4.3), and the statistical 

procedures implemented from which the results the studies derive (4.4); segment number 

(5) is a statement of the aims of the dissertation, where the basic research questions that 

drive the investigation are laid out and contextualized; and, the last segment of the 

Introduction section (6) includes the Advisor’s statement detailing the importance of the 

publications of the dissertation, including the impact factor of the publishing journal and 

the authors’ contributions.  

The second block is a general discussion (II. Discussion) of the results of the 

publications included in this dissertation and it is subdivided in segments, or research 

objectives that cover: (1) the main results regarding relationships between form, function 

and locomotion of the proximal humerus (1.1) and the glenoid cavity of the scapula (1.2) 

for the extant Primates; (2) locomotor inferences in Miocene catarrhines (2.1) and early 
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hominins (2.2) using framework built with the living taxa analyses; and, (3) the 

evolutionary history of locomotion of hominoids based on glenohumeral joint morphology, 

covering the evidence from extant taxa (2.1), the issue of orthogrady and suspension 

decoupling (3.2), mosaic evolution and the retention of arboreal capabilities in early 

hominins (3.3). The fourth (4) section of the discussion block contains the list of 

conclusions drawn from this PhD Dissertation, and the fifth segment (5) outlines the 

future work perspectives derived from the work of tis dissertation.  

The third block (III. Summary (Catalan)) comprises a review in Catalan of the two 

preceding blocks, and the fourth block (IV. Literature cited) encompasses the Literature 

Cited in the preceding sections. 

The fifth and final block (V. Publications) incorporates the five publications in 

which this dissertation is based upon, including the official version of the journal for the 

published articles, the proofs for the accepted for publication studies and the manuscript 

version of the under review studies.  
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2. The Hominoidea: evolutionary history, 
locomotion and anatomy 

 This background section is divided into three subsections: the first section (2.1) will 

cover the basic systematics and taxonomy of the Hominoidea, offering an overview of the 

quandaries as to a) their divergence from the crown catarrhines, b) the challenging 

relationships of the stem and crown hominoids, c) the European versus African origin of 

apes, and d) the potential human ancestors; the second (2.2) will review the locomotor 

evolutionary history of hominoids and their principal postcranial adaptations to the diverse 

locomotor behaviors; and, the third (2.3) section will cover the anatomy, development and 

functionality of the glenohumeral joint, as it is a vital part of the postcranium involved in 

locomotion and manipulative abilities of hominoids.   

2.1 The Hominoidea superfamily: phylogeny and taxonomy 

At present, hominoids are represented by only eight genera, probably displaying the 

lowest taxonomical diversity of all living catarrhines. The five genera are grouped into two 

families: the Hylobatidae, which are commonly referred as the lesser apes or hylobatids, 

which includes the gibbons (Hylobates, Nomascus), siamangs (Symphalangus) and hoolocks 

(Hoolock), and the Hominidae, which are commonly referred as great apes. The great apes 

are subdivided into two subfamilies, the Ponginae, which encloses the orangutans (Pongo), 

and the Homininae, which includes the African apes Pan (chimpanzees), Gorilla (gorillas) 

and humans (Homo sapiens).  

Hominoids are catarrhine primates (infraorder Catarrhini, Geoffroy Saint-Hilaire 

1812) comprising the superfamilies Cercopithecoidea (‘Old World monkeys’, OWM) and 

Hominoidea (Table 1). Catarrhines originated in Afro-Arabia after the divergence with 

platyrrhines (‘New World monkeys’, NWM) and experienced vast evolutionary radiations, 

giving way to the emergence of, the major super families of stem catarrhines 

(Propliopithecoidea, Pliopithecoidea, Saadanioidea), crown catarrhines (prior to the 

Cercopithecoidea-Hominoidea split) and, stem and crown hominoids (Harrison, 2010a, 

2013).  
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The earliest undisputed stem catarrhine clade is the Propliopithecoidea (Early 

Oligocene of Afro-Arabia, 29-32 Ma), and includes three genera: Propliopithecus, 

Moeripithecus and Aegyptopithecus  (albeit some authors include them in the  

Propliopithecus genus: e.g. Harrison, 1987, Seiffert et al., 2010). Propliopithecoids are 

characterized by the retention of primitive (anthropoid) features not seen in extant 

catarrhines:  an annular ectotympanic bone, an extensive ascending wing of the premaxilla, 

presence of a well developed atrioturbinal in the nasal cavity, as well as an entepicondylar 

foramen and dorsal epitrochlear fossa in the distal humerus (Harrison, 2013). 

Saadanioidea is a fairly recent acquisition (Zalmout et al., 2010) of the Catarrhini 

infraorder and it most possibly represents a stem catarrhine (Zalmout et al., 2010; 

Harrison, 2013), although saadanioids are somewhat more derived than propliopithecoids 

and pliopithecoids in its cranial morphology. It evolved during the middle Oligocene (29-

28 Ma) of western Arabia Saudi, and it is probably very close to the divergence of Old 

World monkeys and hominoids (Fleagle, 2013).  

During the Early Miocene (17-18 Ma), catharrines made their first appearance in 

Eurasia, having been restricted to Afro-Arabia until then (Harrison, 2013). The 

pliopithecoids (divided into three subfamilies: Dionysiopithecidae, Pliopithecidae and 

Crouzeliinae) were a diverse and successful group of Eurasian stem catarrhines ranging 

from northern Spain to eastern China. They include nearly 20 species and at least eight 

genera ranging from Early Miocene to Late Miocene in age (Fleagle, 2013). 

Morphologically, pliopithecoids are more derived than propiliopithecoids in having a short, 

partially enclosed tubular ectotympanic bone, but are primitive respect to hominoids and 

cercopithecoids in having an incomplete ectotympanic tube, an entepicondilar foramen and 

a simple hinge-like carpometacarpal joint of the thumb (Harrison, 1987; 2013).  

Hominoidea originated presumably in Africa, during the Late Oligocene-Early 

Miocene periods (ca. 26-25 Ma), following the divergence with the cercopithecids (clade 

comprising the African-Asian monkeys, including the widely successful macaques, 

colobuses or baboons, to name but a few). Stem hominoids are known from the Latest 

Oligocene, Early and Middle Miocene of Africa. Although they are more derived than 

propliopithecoids, they lack some key postcranial specializations that crown hominoids 

(Miocene apes) and extant apes share, such as below branch locomotor adaptations (but see 

section 2.2.3 for specific review and exceptions) (e.g. Ward, 2007). 
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Proconsulids (Proconsulidae), probably the best-known Early Miocene catarrhines, 

pertain to the Hominoidea family in spite of their (in some aspects) primitive/generalized 

postcranial morphologies (Rose, 1983, 1992; Begun, 1997; Kelley 1997; Ward, 1997; 

contra Harrison, 1987, 1988, 1993, 2002, 2010a). They share with extant hominoids an 

array of cranial and postcranial features (Rae, 1999; Ward et al., 1991) that supports their 

hominoid status, most notably the lack of external tail (taillessness) (Ward et al., 1991; 

Ward, 1997; Kelley, 1997; Nakatsukasa et al., 2004). Clades within the Proconsulidae 

include the proconsulines (Proconsulinae), afropithecines (Afropithecinae) and 

nyanzapithecines (Nyanzapithecinae) (Harrison, 2002, 2010a; Fleagle, 2013). All are 

Africa-restricted stem hominoids characterized by very generalized postcranial features, a 

great range in size, and both frugivore (Proconsul) and seed consumption (Afropithecus) 

habits (Ward, 2007). Several authors remove Afropithecus from the proconsulids and either 

erect the Afropithecidae family (Cameron, 2004) or place them as subfamily within the 

Hominidae (separated from Proconsulidae) (Ward and Duren, 2002; Alba 2012). Certain 

authors (e.g. Harrison 2002, 2010a, b) place proconsulids outside the Hominoidea 

superfamily, as a sister group to hominoids (Proconsuloidea), and remove them from the 

hominoid lineage. Most scholars are currently less supportive of this view, and regard 

proconsulids as part of the Hominoidea, which is the view favored in this dissertation.  

The Dendropithecidae (Dendropithecus, Simiolus and Micropithecus) are small 

catarrhines from Africa and are often placed outside the proconsulids. Due to their arboreal 

adaptations and small body mass they were considered hylobatid ancestors (e.g. Keith, 

1923; Morton, 1926). However, some authors argue that they lack some hominoid 

synapomorphies that place the dendropitecids as a sister group to the Hominoidea 

(Harrison, 2010a). 

Contemporary taxa to proconsulids and dendropithecids (Limnopithecus, 

Kalepithecus, Lomorupithecus) are far too poorly known to ascertain any phylogenetic 

relationship among them (Harrison, 2010a; Fleagle, 2013). 

Other Miocene African apes, mostly known from dentognathic remains, are widely 

believed to be within the crown hominoid clade, most probably representing stem great 

apes (after the hylobatid divergence). Their phyletic relationships are uncertain and their 

remains are scarce. Kenyapithecus wickeri (Middle Miocene, 14 Ma) is known from Fort 

Ternan in Kenya (Pickford, 1985; Harrison, 1992, 2010a; Kelley et al., 2002) and K. kizili 
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is known from Psalar in Turkey (Kelley et al., 2008). This genus is found both in Africa 

and Eurasia. Samburupithecus kiptalami, a large Late Miocene (9.5 Ma) ape from Kenya 

and known from a maxillary fragment (Ishida and Pickford, 1997), is probably an early 

hominine (clade including gorillas, chimpanzees and humans), although evidence is quite 

scarce (Ward and Duren, 2002; Harrison, 2010a). Nakalipithecus nakayami (Kunimatsu et 

al., 2007) of central Kenya (Late Miocene, 9.8–9.9 Ma) is a female gorilla-sized ape and 

similar, and probably closely related, to the slightly younger Ouranopithecus from Greece, 

although Nakalipithecus is somewhat more primitive dentally (see below; Kunimatsu et al., 

2007; Harrison 2010a; Fleagle, 2013). Chororapithecus abyssinicus is closely related to 

crown hominines, and it has been described as a direct ancestor of gorillas (Suwa et al., 

2007), although such contention has been questioned (Harrison, 2010a, b; Fleagle, 2013).  

The first record of apes in Eurasia is slightly older than the appearance of the 

pliopithecoids, during the Middle Miocene (16–12 Ma). Current debate exist as to whether 

extant hominines (gorilla, chimpanzees and humans) originated either form Eurasian 

Middle Miocene apes (view supported by the large number of remains, which show great 

diversity and greater morphological affinities with extant great apes) or from African taxa 

(view supported by the African origin of the extant genera). The European/Asian origins of 

the great ape Pongo (orangutans) is generally accepted based on the Eurasian Middle-Late 

Miocene fossil record for this clade (Pilbeam et al., 1990; Madar et al., 2002).     

The European crown hominoids share many derived characters with the extant 

great apes that proconsulids lack and are, overall, more derived than the African taxa. The 

oldest European Miocene ape is Griphopithecus, known from the end of the Early Miocene 

of Norhtern Europe (Engelswies, Germany) (Heizmann and Begun, 2001), the Middle 

Miocene sites of Candir and Psalar (Turkey) (Martin and Andrews, 1993; Begun et al., 

2012; Fleagle, 2013), and to the Late Miocene of Eastern Europe (e.g. Dévinksá Nová Ves, 

Slovakia) (Köhler et al., 1999).  

The fossil hominoids of the Vallès-Penedès Basin (Spain), which stand out for their 

diversity and excellent preservation, are the best-characterized European fossil hominoids to 

date. The described hominoids are Dryopithecini from the Early and Middle Miocene, 

including Pierolapithecus catalaunicus (see section 2.2.2 and 2.2.3) (11.9 Ma) (Moyà-Solà et 

al., 2004, 2005; Alba, 2012), an early evidence of an orthograde body plan (Moyà-Solà et 

al., 2004, 2005; Alba et al., 2012), Dryopithecus fontani (12,7–11.8 Ma), also known from 
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Saint Gaudens, France (Moyà-Solà et al., 2009a), and Anoiapithecus brevirostris (11.9 Ma), 

a thick-enameled ape regarded as a stem hominid (Moyà-Solà et al., 2009b); and Late 

Miocene Hispanopithecini,  including Hispanopithecus laietanus (Moyà-Solà and Kohler, 

1995), showing suspensory adaptations in the hands similar to living orangutans (Almécija 

et al., 2007), and Hispanopithecus crusafonti (Begun, 1992, 2007). Another hispanopitecine 

species is known from Hungary (H. hungaricus) although some authors place it either in a 

distinct genus (Rudapithecus hungaricus) or within Dryopithecus (Begun 2002b, 2007). 
 

Table 1. Catarrhini systematics to the Family level. The dagger (†) symbol denotes extinct taxa.  

Infraorder Catarrhini  É. Geoffroy Saint-Hileire, 1812 
 Superfamily Propliopithecoidea † Straus, 1961 
  Family Oligopithecidae † Kay and Williams, 1994 
 Superfamily Pliopithecoidea † 
  Family Dionysiopithecidae † Harrison and Gu, 1999 
  Family Pliopithecidae † Zapfe, 1960 
  Family Crouzel i idae † Ginsburg and Mein, 1980 
 Superfamily Cercopithecoidea Gray, 1821 

Family Victoriapithecidae † von Koeningswald, 1969 
Family Colobidae Blyth, 1875 
Family Cercopithecidae Gray, 1825 

Superfamily incertae sedis 
Family Dendropithecidae † Harrison, 2002  

Superfamily Hominoidea Gray, 1825 
Family Proconsulidae † Leakey, 1963 
Family Afropithecidae † Cameron, 2004 
Family Hylobatidae Gray, 1870 

  Family Hominidae Gray, 1825 

 

Oreopithecus bambolii and Ouranopithecus macedonensis are Late Miocene apes 

known from Italy and Greece, respectively. Oreopithecus has closer morphological affinities 

with the extant apes than any other fossil ape, thus probably representing a specialized 

hominoid (see section 2.2.1), but its lineage is not clarified due to the poor preservation of 

the remains, having as potential ancestors either the African Nyanzapithecus (proconsuloid) 

(Benefit and McCrossin, 1997) or the European Dryopithecus (Harrison and Rook, 1997; 

Begun, 2002b). Ouranopithecus (9–10 Ma) is critical to understanding the origin of the 

hominine clade because of its aforementioned dental similarities with Nakalipithecus, which 

would link the European and African Miocene fossil ape taxa (Fleagle, 2013).  

The fossil apes from Asia are generally regarded as pertaining to a single clade of 

which Pongo (orangutans) is the only living representative. The pongine radiation most 
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probably originates with Ankarapithecus meteai (Turkey), which is closely related to 

(although being more primitive than) Sivapithecus (Pakistan). Sivapithecus shows cranial 

and dental features strikingly similar to living orangutans, but the postcranial morphology 

seems to be rather primitive based on forelimb remains, giving rise to the debate as to 

whether Sivapithecus is indeed related to the living orangutans; if so, many postcranial 

features regarded as great ape synapomorphies would become a result of independent 

evolution (see section 2.2.2 and 2.2.3) (Pilbeam et al., 1990; Pilbeam and Young, 2001 vs. 

Larson, 1998; Kelley, 2002; Harrison, 2005; Ward, 2007; Alba et al., 2011; Alba 2012; 

Begun et al., 2012). Other Asian taxa include, Giganthopithecus  (G. giganteus, G. blacki, 

Late Miocene of India and Pakistan, and Pleistocene caves in China and Pakistan, 

respectively), which is a close relative of Sivapithecus, probably derived from it; 

Lufengpithecus (Late Miocene from southern China), which shows similarities with the 

European (particularly, the Hungarian) Hispanopithecini; and Korathpithecus, from the 

middle Late Miocene of Thailand, which is described as being closely related to the living 

orangutan (Harrison, 2010a; Fleagle, 2013). 

The only fossil taxa known to date that might be an hylobatid ancestor is 

Yuanmoupithecus xiaoyuan (Pan, 2006; Harrison et al., 2008), from the Late Miocene 

deposits of the Yuanmou Basin of China, which remains largely unpublished.  

Direct ancestors of Gorilla and Pan are virtually unknown but for Chororapithecus 

from the Late Miocene of Ethiopia (Suwa et al., 2007), which has been considered to be a 

possible gorilla relative (see above), and a few fossil teeth less than 500 years old from 

Kenya that have been assigned to Pan (McBrearty and Jablonski, 2005). Such gap in 

hominine evolution is probably related to the scarcity of remains known from western 

Africa, to where the extant hominines are restricted nowadays (Fleagle, 2013). 

The Late Miocene–Early Pliocene of Africa is characterized by the advent and first 

radiation of hominins. The separation between Gorilla and the Pan–Homo clade is dated at 

some time around 10-8 Ma and the Panini–Hominini tribes split took place around 6–5 

Ma based on molecular evidence (Perelman et al., 2011); three genera are known from 

within this time-window that are considered possible earliest hominin ancestors: 

Sahelanthropus tchadensis (6–7 Ma), Ardipithecus (including Ar. kadabba and Ar. ramidus, 

5.8–4.4 Ma) and Orrorin tugenensis (6 Ma) (Senut et al., 2001; Brunet et al., 2002; White 

et al., 2009). However, phylogenetic relationships between these genera and later hominins, 
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and their taxonomic position (whether they are on the hominin lineage or predate the Pan-

Homo split) are not well resolved to date due to the diverse interpretations of their 

morphological traits.  

Later, undisputed hominins from the Plio-Pleistocene of Africa include several 

species of Australopithecus (Au. anamensis, Au. afarensis, Au. garhi, from East Africa; and Au. 

africanus and Au. sediba from South Africa; and Au. bahrelghazali from Central Africa). 

Australopithecus is the best known and the most widespread African hominin genus, 

although probably paraphyletic (Fleagle, 2013). Kenyanthropus, a poorly known genus that 

includes a single species (K. platyops) probably closely related to Au. afarensis (Strait et al., 

2007); and, Paranthropus (P. aethiopicus, P. boisei, P. robustus), showing dental and cranial 

and postcranial robustness also pertain to the hominin lineage.  

The radiation and geographical expansion of the genus Homo occurred during the 

Late Pleistocene (roughly 3–2 Ma). Early Homo specimens are known from ca. 2.5 Ma, and 

include H. habilis, H. rudolfensis and H. gautengensis, being characterized by the presence of 

the evidence of culture, though the first appearance of stone tools predates the advent of 

Homo in the African fossil record, in deposits associated to Au. garhi and Au. afarensis 

(Asfaw et al., 1999; Fleagle, 2013). Homo erectus is the first hominin species to radiate 

outside Africa, although some authors consider the Eurasian members of Homo erectus to be 

different from the African representative (H. ergaster) (e.g. Wood, 1992). Other early 

hominins outside Africa include Homo georgicus from Dmanisi, Georgia, which is 

considered either an early out-of-Africa radiation of H. erectus or a distinct species 

(Lorkipanidze et al., 2007), and Homo floresiensis, a small hominin from the island of Flores 

(South East Asia), which its phylogenetic relationships have been placed either with H. 

erectus (as a dwarf form) or with the Dmanisi hominins (Aiello, 2010; Jungers, 2013).  

Homo heidelbergensis (sensu lato) includes hominins of a more derived anatomy 

than H. erectus from the Middle Pleistocene of Africa and Europe, which some authors split 

into H. rhodesiensis, which comprises the African taxa, regarded as direct ancestors of H. 

sapiens, and H. heidelbergensis (sensu stricto), which includes the European taxa that gave 

origin to the endemic Near East-Western European species Homo neanderthalensis (Fleagle, 

2013). There is only another one endemic European species, older than Neandertals but 

with unclear phylogenetic affinities, Homo antecessor, known from the central Spain site of 

Atapuerca (De Castro et al., 1997). 
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2.2 Locomotion in Hominoidea 

 A suite of anatomical features characterizes extant hominoids, associated with 

specialized below-branch locomotor behaviors. The reconstructed locomotor behavior of 

fossil hominoids will be reviewed in section 2.2.1, as well as those of the non-hominoid 

taxa used in this dissertation as either locomotor outgroups or examples of parallel 

locomotor behaviors outside the Hominoidea family (section 2.2.2). The issue whether the 

orthograde body plan (upright trunk) is an hominoid synapomorphy (i.e. a derived suite of 

traits shared by the hominoids and their common ancestor) and the importance of the 

adaptive role of suspension in the origin of orthogrady (leading to the subsequent question 

of whether orthogrady and suspension co-evolved) will be presented (section 2.2.3).  

2.2.1 Locomotor evolution of hominoids  

I shall review here the extant apes locomotor behaviors as well as the locomotor 

behaviors of fossil hominoids. The fossil hominoids have been diversely reviewed: some of 

taxa appear highlighted at a species level (e.g. Nacholapithecus keirioi, Morotopithecus bishopi 

or Oreopithecus bambolii) whereas others appear described together at a genus/clade level 

(proconsuloids, australopiths or the Homo clade). This is so because the highlighted species 

are unique examples of locomotion at a certain evolutionary stage (e.g. early hominoid 

displaying orthograde behaviors, early hominins displaying Miocene ape-like 

morphologies), which makes them worthy of specific review.  

a) Extant hominoids 

Living hominoids employ a wide array of locomotor behaviors, from terrestrial 

quadrupedalism or bipedalism to a series of specialized forms of locomotion to achieve 

below-branch travelling, commonly referred to as suspensory behaviors (Cheyne, 2011; 

Hunt et al., 1996).  

 Hylobatids –i.e. Siamangs (Symphalangus), Gibbons (Hylobates, Nomascus) and 

Hoolocks (Hoolock)– live and move in all levels of the dense tropical forest of Southeast 

Asia and are the most specialized and committed suspensors, employing brachiation as 

mode of locomotion more often than any other living Primate. They show a suite of special 

adaptations to this mode of locomotion: a small body mass (ranging from Symphalangus, 

12-11 kg, to Hylobates, 6-7 kg; Smith and Jungers, 1997), a radio-carpal articulation that is 

a true ball-and-socket joint enabling 180 degrees of rotation at the wrist, a brachial index of 
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110-120 (Schultz, 1930; Davenport, 1935; Takahashi, 1991), a low degree of humeral 

rotation (Larson, 1988), and slender and elongated forelimbs (especially so in the forearm; 

Takahashi, 1991) with respect to body mass with  powerful flexor muscles (Preuschoft, 

2002; Michilsens et al., 2009, 2010; Michilsens, 2012) and highly flexible forelimb joints 

that engage in major rotational forces (Carpenter, 1976; Preuschoft and Demes, 1984, 

1985; Larson, 1988, 1993; Michilsens et al., 2011; Michilsens, 2012). The hand is used as 

a grasping hook without the intervention of the thumb. In small-sized substrates, gibbons 

and siamangs employ a phalangeal grasp, which consists in placing the middle phalanges on 

the top of the support, with the long axis of the proximal phalanges aligned with the 

metacarpals and the forearm; in large-sized substrates, they prefer a palmar grasp, without 

intervention of the thumb either. Such specializations facilitate Hylobates to engage in a 

particular form of brachiation exclusive to these primates, by which the animal propels its 

body through the air, including a contact-loss phase with the support (aerial phase), 

commonly known as ricochetal brachiation (Napier, 1963; Gebo, 1996). Among primates, 

Hylobates is the only group to greatly rely on brachiation (either bimanual, unimanual or 

ricochetal) for travelling and it accounts for up to an 80% of the total time spent travelling 

(Fleagle, 1974, 1976; Hunt et al., 1991a; Michilsens et al., 2009, 2010; Michilsens, 2012). 

Using ricochetal brachiation gibbons may throw themselves from one tree to another over 

gaps of 10 m and move at speeds of 50 km per hour (Schmidt, 2010).  

 Orangutans (Pongo), also an Asian hominoid, inhabitsalmost exclusively the 

rainforests of the Southeast Asian islands of Sumatra and Borneo. They are the largest of 

the arboreal Primates (average of 78.5 and 35.8 kg for males and females, respectively: 

Smith and Jungers, 1997) and show highly complex positional behaviors. Orangutans 

employ both pronograde and orthograde compressive locomotion and reduced levels of 

suspensory behaviors (mostly positional), however, arm-swinging, brachiation, 

quadrumanous climbing and bridging stand out as the primary forms for travelling (Cant, 

1992; Thorpe and Crompton 2006, Thorpe et al., 2009; Crompton et al., 2010). They 

occasionally descend to the ground but lack adaptations to terrestriality. Instead, they have 

large, highly mobile forelimbs and relatively short hind limbs with hand-like grasping feet 

with long and curved phalanges (Fleagle, 2013), and during suspensory behaviors the hand 

is usually employed as a hook, with the wrist held in a neutral position and the thumb not 

being involved in grasping, irrespective of support diameter. The hook-like and 
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exceptionally long fingers allow a ‘double-locking’ mechanism of the hand, where the tips 

of the fingers are tucked into a skin-fold of the palm so that the fingers roll into the palm 

and become ‘blocked’. Such mechanism enables orangutans to securely grasp onto slender 

vertical supports (lianas), which would be otherwise unavailable to them due to their large 

body masses (Napier and Tuttle, 1993, Almécija et al., 2007). During vertical climbing, 

flexion of the wrist depends on the size of the vertical support and the thumb is employed 

sometimes for grasping on small-diameter supports and the forelimb is positioned nearly 

parallel to the long axis of the support in supination, and the hand is strongly adducted to 

wrap around the support (Tuttle, 1967).  

Pan and Gorilla primarily engage in a highly derived form of terrestrial (digitigrade) 

locomotion commonly known as knuckle-walking (Tuttle, 1967; Tuttle and Basmajian 

1974; Richmond et al., 2001), which is a form of locomotion unique to these two genera. 

In knuckle-walking locomotion, about 20% of the animal’s boy mass is sustained by the 

forelimbs, and the hands contact the ground by the dorsal side of the middle phalanges of 

digits 2 to 5, which involves strongly flexed proximal interphalangeal joints and extended 

metacarpophalangeal joints, with the long axes of the metacarpals and forearm 

approximately parallel to one another (Kimura, 1985). There are slight mechanical 

differences between knuckle-walking of chimpanzees and gorillas. In chimpanzees, the 

metacarpophalangeal joints are not as markedly extended (dorsiflexed) as in gorillas, and in 

the latter taxon body weight is not supported by the dorsal aspect of all middle phalanges, 

but mainly by the third and fourth alone (Tuttle, 1975). Although African apes are mainly 

terrestrial, both Pan and Gorilla occasionally display climbing and suspensory behaviors 

(Hunt, 1991a) for feeding and nesting, with mountain gorillas (Gorilla beringei) 

performing brachiation only 0.1% of the time, lowland gorillas (Gorilla gorilla) 3.6%, and 

common chimpanzees (Pan troglodytes) 0.8% (Crompton et al., 2010). Both Pan and 

Gorilla show suspensory adapted features in the postcranial skeleton, even though neither 

taxa are primarily suspensory or arboreal taxa (Larson and Stern, 1987; Larson, 1988), but 

adult male gorillas seldom climb into trees due to their massive weights. 

Homo sapiens is the only hominoid displaying exclusive terrestrial locomotion only 

involving the use of the hind limbs, known as bipedalism. We display specialized features 

in the entire postcranial skeleton such as lower and broader pelvis, related to a complete 

remodeling of the hip musculature for upright walking. Hind limbs are longer respect to 
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forelimb and represent a greater proportion of body weight, lowering its center of gravity. 

Rearrangement of the pelvic girdle is related to the loss of leverage of the gluteus maximus, 

which is hypertrophied, along with the quadriceps and the hamstring musculature (Aiello 

and Dean, 1990). The knee shows full extension capabilities and in the feet present a non-

divergent hallux positioned in line with the other fingers (adducted toe), which has lost all 

grasping capabilities. The plantary arch enables an efficient distribution of forces through 

the feet and hind limb (Fleagle, 2013). At the trunk and forelimb, humans display 

orthograde anatomical features as the other apes (e.g. broad and shallow thorax, and 

dorsally –posteriorly– positioned scapulae), with flexible joints and overhead abductory 

power in the forelimb. Although humans do not use the forelimbs to perform locomotive 

tasks, we exhibit the same derived aspects in the shoulder girdle as non-human apes, 

probably related to the increased mobility needed to perform fast and precise hand-

manipulative tasks (Bello-Hellegouarch, 2013).  

b) Fossil hominoids 

The locomotor evolutionary history of hominoids is characterized by displaying an 

array of morphological traits not seen in the extant forms, thus suggesting a behavioral 

repertoire significantly different from those in living hominoids (e.g Rose, 1983). 

Early to Middle Miocene hominoids from Africa  

Stem hominoids were powerful-grasping, above-branch quadrupeds/cautious 

climbers that retained a pronograde bodyplan. Particularly, Proconsul (and similar forms, 

such as Nyanzapithecus) and Afropithecus (the best-known hominoid genera of the period) 

were very generalized, above-branch arboreal quadrupeds showing no living ape-like 

adaptations for below-branch suspensory behaviors (Corrucini et al., 1975; Morbeck, 1975; 

Fleagle, 1983; Rose, 1983, 1993; Walker and Pickford, 1983; Begun et al., 1994; Ward, 

1997, 2007; Dusnworth, 2006). They show a combination of traits, in several species, 

some characteristic of arboreal quadrupedal cercopithecoids and large platyrrhines, and 

other resemble more those of hominoids (Rein et al., 2011; Rose, 1983). They differ from 

earlier forms, such as the propliopithecoid Aegyptopithecus, in having the shoulder adapted 

to a wider range of loading, with a somewhat laterally projected acromion, an oblique spine 

and a cranially directed glenoid fossa, implying that overhead positions of the forelimb 

could be easily achieved (Rose, 1983; Ward, 2007). Their humerus shows a shallow 

bicipital groove and a flat deltoid plane with well-developed deltopectoral and deltotriceps 

25

I. Introduction



crests, as observed in extant arboreal cercopithecoids (Napier and Davis, 1959; Rose, 1983, 

1988). However, the shape of the zona conoidea and capitulum more closely resembles 

hominoids, displaying a fully stable elbow as seen in extant apes, capable of prono-

supination at any position of elbow flexion-extension (Rose, 1983, 1988; Ward, 2007). In 

the hand, the proximal joint surface of the first metacarpal is sellar (i.e. saddle-shaped), 

allowing greater ranges of abduction/adduction and enhanced grasping, whereas phalangeal 

dimensions more closely resemble those of generalized above-branch arboreal quadrupeds 

(Rose, 1983, 1992; Begun et al., 1994). Overall, stem hominoids show longer distal 

segments of the limb, havingthe forelimb moderate rotatory power in all segments, a 

relatively mobile shoulder girdle, an extensive range of movement at the elbow and a freely 

moving hand (Rose, 1983). The hindlimb is characterized by a hip joint with a high neck-

shaft angle, a spherical femoral head set high on the neck, with a centrally placed fovea 

capitis, and a short trochanter indicating a joint adapted to loadings –to some extent– in 

flexed, abducted and laterally rotated positions (Rose, 1983; Ward, 2007). Stem hominoids 

differed from earlier taxa by having limbs adapted to loading in more abducted postures, 

with enhanced joint mobility (particularly prono-supination as well as movements at the 

trapeziometacarpal joint), and displaying adaptations to clambering and (probably slow) 

vertical climbing. Such features could be related to the requisites of large-bodied tailless 

primates to move about in arboreal grounds without using suspensory behaviors 

(Nakatsukasa and Kunimatsu, 2009). Size variation within Proconsul species (e.g. P. 

nyanzae and P. africanus) or the long span during which proconsulids lived did not involve 

major differential functional or morphological adaptations, all retaining conservative and 

generalized morphologies, proving such adaptations widely successful (Rose, 1983). Such 

generalized characteristics persisted into the Middle Miocene of Africa, preserved in the 

Equatorius/Kenyapithecus taxa. To a wide extent, Equatorius (Ward et al., 1999) is similar to 

Proconsul, although it would have exhibited a significant degree of terrestriality (at least the 

specimens from Maboko Island, McCrossin and Benefit, 1997) based on the retroflexion of 

the humeral shaft, the length of the olecranon process, the short phalanges and particular 

morphologies of the medial humeral epicondyle, the radial head, and the metacarpals heads 

(McCrossin, 1997).  

However, from the Early to the Middle Miocene, some exceptions to the general 

notion that stem hominoids were above-branch generalists must be reviewed in detail: 
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Nacholapithecus, which shows adaptations towards enhanced forelimb-dominated behaviors 

(Nakatsukasa et al., 1998; Ishida et al., 2004; Senut et al., 2004; Nakatsukasa and 

Kunimatsu, 2009) and Morotopithecus, which exhibits purported orthograde features and 

below-branch locomotion (Sanders and Bodenbender, 1994; MacLatchy et al., 2000; 

MacLatchy, 2004; Nakatsukasa, 2008). 

Morotopithecus bishopi is the earliest Miocene ape known (MacLatchy et al., 2000), 

recovered from the site of Moroto, in Uganda. It is a large-bodied hominoid: body mass 

estimates on different postcranial elements show a range of 25 to 54 kg, with most values 

falling between 35 and 40 kg. The site of Moroto II has been dated to over 20.6 Ma (Early 

Miocene; Gebo et al., 1997), which make it contemporary to Proconsul, although there is 

claims that it might be younger (possibly late Early Miocene, 17.0–17.5 Ma; Pickford, 

1998; Pickford et al., 1999, 2003; Harrison, 2005). While craniodental differences between 

Proconsul, Afropithecus and Morotopithecus are slight, it bears a great resemblance to modern 

hominoids in some aspects of its postcranium (MacLatchy, 2004). A middle lumbar 

vertebra (UMP 67.28) exhibits robust pedicles, lack of anapophyses, reduced ventral 

keeling, caudally inclined spinous process, and transverse processes that arise from the 

pedicle (rather than from the body, as in Proconsul), dorsally oriented, intermediate 

between Hylobates and the great apes (Ward, 2007). Such feature would increase the 

moment arm of the muscles in the back that resist lumbar flexion. Vertebral characteristics 

suggest that Morotopithecus had a relative stiff lower back (i.e., reduced dorsoventral 

mobility), as seen in extant apes (Sanders and Bodenbender, 1994; MacLatchy et al., 2000; 

MacLatchy, 2004; Nakatsukasa, 2008). Unlike extant apes, Morotopithecus might not 

exhibit craniocaudal shortening (i.e. 5 lumbar vertebrae instead of the 6-7 inferred)  

(MacLatchy, 2004). However, Nakatsukasa (2008) did not discard the presence of 

craniocaudal shortening if anothervertebra (UMP 68.05, usually regarded as belonging to 

the same individual as UMP 67.28) was actually from a different individual, and even from 

another taxon. Nonetheless, the derived features of the Morotopithecus vertebra contrast 

with the primitive aspect of the vertebrae of Proconsul and Nacholapithecus. While 

Morotopithecus body plan could have been that of an orthograde, there is no evidence for 

the latter for Proconsul, Nacholapithecus or any other Early and Middle Miocene African 

hominoid taxa (e.g. Otavipithecus, Afropithecus or Equatorius) (Ward, 1993; Ward et al., 

1993; Sanders and Bodenbender, 1994; MacLatchy et al., 2000; MacLatchy, 2004; 
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Nakatsukasa, 2008). The findings of a small portion of a scapula preserving the glenoid 

cavity and scapular neck further strengthen the evidence for orthogrady and suspensory 

capabilities in Morotopithecus. The glenoid fossa is oval and overall shallow, it lacks a notch 

in the craniodorsal surface of the glenoid margin (perimeter) and a lip, and presence of 

glenoid labrum and proximal origin of the scapular spine was inferred (MacLatchy, 2004); 

thus resembling extant apes and Ateles. The oval morphology is compatible with loading of 

the glenoid cavity over a dorsoventrally wide range of movement, and the overall 

craniocaudal and dorsoventral shallowness of the cavity permits a wider range of rotational 

movements at the glenohumeral joint, maybe encompassing forelimb suspension and 

forelimb-dominated climbing (MacLatchy et al., 2000; MacLatchy, 2004). Pickford and 

colleagues (1999) questioned the hominoid status of the Moroto glenoid specimen, and 

stated that it was better attributed to a non-hominoid or even to an artiodactyl or a 

carnivore. The femora of Morotopithecus show typical hominoid features such as high neck-

shaft angle and a centrally placed fovea capitis, asymmetric condyles and a large popliteus 

groove which suggest adaptations to habitual loading in a variety of postures with moderate 

hip joint mobility, a knee that would have been used in abducted postures and strongly 

built thighs (MacLatchy et al., 2000; MacLatchy, 2004; Ward, 2007). In summary, 

Morotopithecus shows a derived morphology at the vertebral column that points to an early 

acquisition of an orthograde body plan (Gebo et al., 1997; Sanders and Bodenbender, 

1994; MacLatchy et al., 2000; MacLatchy 2004; Nakatsukasa, 2008), coupled with the 

morphofunctional inferences of the fragmentary glenoid and scapula, on one hand, and the 

femora, on the other, which suggest a combination of behaviors including forelimb 

suspension, slow brachiation (arm-swinging), cautious, deliberate climbing and clambering, 

vertical climbing and quadrupedalism to some extent (MacLatchy et al., 2000; MacLatchy, 

2004).  

Nacholapithecus is a large-sized hominoid from the Middle Miocene (15 Ma) of 

northern Kenya (Ishida et al., 1984, 2004; Pickford et al., 1987; Rose et al., 1996; 

Nakatsukasa et al., 1998; Ward, 2007; Nakatsukasa and Kunimatsu, 2009) well known 

from the adult partial skeleton KNM-BG 35250 (Ishida et al., 2004) showing an unusual 

combination of features unlike any other (extant or extinct) hominoid (Ishida et al., 2004; 

Ward, 2007; Nakatsukasa and Kunimatsu, 2009). It preserves the overall pronograde 

bodyplan of proconsulids and afropithecines, but shows slight different adaptations in the 
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trunk than Proconsul or Afropithecus, such as the string caudal orientation of the of the 

lumbar spinous processes, as seen in extant apes (Pongo), probably related to the de-

emphasis of lumbar flexion-extension (dorsal stability), and lacking an external tail 

(taillessness) (Nakatsukasa and Kunimatsu, 2009). The forelimb of Nacholapithecus shows 

mosaic characters (mixture of primitive and derived characters): is extremely long in 

comparison to the hindlimb, even outside the observed ranges of extant hominoids (Ishida 

et al., 2004); the glenoid fossa of the scapula is pear-shaped and large (extant hominoid-

like), suggesting a wider range of movements outside the parasagittal plane; the acromion is 

projected beyond the glenoid as seen in arboreal primates; and the clavicle is long and 

slender. However, the narrow trunk suggests that the scapulae were laterally positioned, 

with the large clavicle either positioned in a cranial angle (as seen in Pongo) or suggesting a 

proportionally large upper thorax with large muscles (Senut et al., 2004). The large clavicle 

with ligament insertions also suggests that protraction of the humerus in overhead postures 

would have been emphasized rather than abduction (Senut, 2003; Senut et al., 2004). The 

elbow of Nacholapithecus differs significantly from Proconsul in all aspects (e.g. better-

developed ball-and-socket humeroradial joint), exhibiting greater extent of prono-

supination movements through full range of flexion-extension, although to a lesser extent 

than living apes (Ward, 2007; Nakatsukasa and Kunimatsu, 2009). The hand of 

Nacholapithecus shows no adaptations for suspensory behaviors but exhibits features related 

to pollical-assisted grasping capabilities. The relative grater size of the manual phalanges 

suggests forelimb dominance in its positional behavior. The hindlimb more closely 

resembles Proconsul than the forelimb, exhibiting a general all-purpose morphology useful 

for a wide range of arboreal activities (running, walking, climbing), especially in the foot. 

However, the pedal phalanges are extremely long, similar in size to a chimpanzee, even 

though Nacholapithecus weighed about a half of a chimpanzee (22 kg; Ishida et al., 2004; 

Nakatsukasa and Kunimatsu, 2009). Overall, Nacholapithecus has been inferred as 

displaying non-stereotypical, antipronograde arboreal behaviors, such as climbing, 

orthograde clambering, transferring, bridging and reaching (Ishida et al., 2004; 

Nakatsukasa and Kunimatsu, 2009).  
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Middle to Late Miocene hominoids from Eurasia  

The Middle Miocene dispersal of apes into Eurasia meant the appearance of a wide 

variety of taxa, displaying wide-ranging locomotor behaviors, from the generalized 

Sivapithecus to the ape-like Hispanopithecus.  

The positional repertoire of Sivapithecus (Middle Miocene of Asia) has been 

regarded as generalist, mainly involving quadrupedalism, especially arboreal (Rose, 1986, 

1989; Richmond and Whalen, 2001). The hindlimb morphology suggests loading in a 

variety of angles, especially in more abducted postures, with knees directed laterally, 

advantageous for moving on arboreal supports of various inclinations, and grasping 

capabilities at the feet. Phalangeal morphology indicates that the hand was capable of 

effective grasping (opposable-thumb) in both pronograde and antipronograde positions 

(Rose, 1986). Overall, the forelimb is not specialized (as seen in apes and humans), with a 

more generalized pattern than that seen in some large cebids, with the humerus exhibiting 

retroflexion and lateral curvature, features considered incompatible with forelimb 

suspensory activities (Pilbeam et al., 1990). Nevertheless, the generalized features are 

compatible with clambering by using the limbs in semi-abducted positions, allowing the 

distribution of the animal’s weight between various supports, usually of small size. This 

taxon would have primarily relied on palmigrade pronograde above-branch quadrupedalism 

with, perhaps, a significant component of pollex-assisted grasping and elbow-flexed 

positions to achieve vertical climbing, and might have even used hindlimb suspension, 

based on the great degree of inversion-eversion and prono-supination of the tarsal joints 

(Madar et al., 2002). None of the above-described morphological traits preclude the 

possibility of some terrestrial quadrupedal activity, since some characters are partly shared 

with the African apes and with terrestrial cercopithecoids (Madar et al., 2002), and even 

the possibility of knuckle-walking features at the carpals have been suggested (Begun and 

Kivell, 2011).  

The European Middle Miocene stem great ape Pierolapithecus represents the oldest 

unequivocal evidence of an orthograde body plan. The skeleton of Pierolapithecus includes 

short lumbar vertebrae with transverse processes arising from the base of the pedicle, a 

relatively marked rib curvature, and a long stout clavicle, indicative of the presence of a 

broad and shallow thorax, with scapulae dorsally positioned (Moyà-Solà et al., 2004, 2005; 

Alba, 2005, 2012). It also exhibits modern ape features at the wrist-antebrachial complex, 
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such as lack of ulnocarpal articulation, but retains manual adaptations for powerful 

grasping and above-branch palmigrady (Moyà-Solà et al., 2004; Alba, 2012). The 

metacarpals are short, the proximal phalanges are moderately curved, with a dorsally 

oriented proximal articulation, and it exhibits large and protruding palmar tubercles and a 

long, palmarly unbent trochlea (Almécija et al., 2009; Alba, 2012). The locomotor 

repertoire of Pierolapithecus has been regarded as not including a significant amount of 

suspension in spite of presenting clear adaptations to an upright trunk body plan. The 

orthogrady of this dryopithecine would have been related to vertical climbing abilities, 

exemplified by the powerful grasping capabilities of the hands, and would have relied on 

above-branch palmigrady as main locomotor behavior (Moyà-Solà et al., 2004, 2005; 

Almécija et al., 2009; Alba et al., 2010; Alba, 2012). Some authors proposed the presence 

of suspensory behaviors in Pierolapithecus based on phalangeal curvature, compatible with a 

significant component of suspensory behaviors (Begun and Ward, 2005; Deane and Begun, 

2008, 2010); however, such notion has been contested (Moyà-Solà et al., 2005; Almécija et 

al., 2009; Alba et al., 2010).  

Hispanopithecus laietanus, from the Late Miocene (9.5 Ma) of Spain, exhibits 

morphological traits at the thoracic and lumbar vertebrae (dorsally positioned lumbar 

transverse processes inclined posteriorly) indicative of an orthograde body plan (Alba, 

2012). Inferred limb proportions suggest longer forelimbs than hindlimbs, similar to those 

of chimpanzees, (Moyà-Solà and Köhler, 1996). Femoral morphology and neck cortical 

thickness distribution (Alba et al., 2010; Pina et al., 2012), extended range of 

pronosupination and flexion-extension at the elbow (although preserving and intermediate 

morphology between extant apes and monkeys; Alba et al., 2012), and a hand with long 

and curved phalanges that resemble those of the living orangutan (Almécija et al., 2007; 

Ward, 2007) indicate that this taxon employed suspensory behaviors (Moyà-Solà and 

Köhler, 1996; Almécija et al., 2007; Ward, 2007; Deane and Begun, 2008; Alba et al., 

2010). In fact, Hispanopithecus laietanus represents the first evidence of an upright body 

plan combined with suspensory adaptations. It has been proposed that the mosaic 

morphology of the elbow, exhibiting both great ape and monkey-like characters (e.g., 

intermediate morphology between apes and colobines of the proximal ulna and relatively 

proximally-projected and posteromedially-tilted olecranon process; Alba et al., 2012), is an 

adaptive compromise between hyperextension capabilities, presumably for suspensory and 
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vertical climbing and clambering behaviors, and more primitive and generalized, 

pronograde behaviors, including powerful-grasping above-branch palmigrady, as seen in 

other Miocene apes.  

Oreopithecus bambolii is a large-bodied ape known from the Late Miocene (ca. 8.2–

6.7 Ma; Rook et al., 2000, 2011) subtropical swamp forests of the paleoprovince of 

Tuscany–Sardinia, Italy, and it is regarded as having independently evolved bipedalism 

(Köhler and Moyà-Solà, 1997; Rook et al., 1999), though retaining a non-human 

morphology of the torso-forelimb skeleton (e.g. wide and short trunk, high intermembral 

index). Oreopithecus exhibits mosaic-like (combination of ape-like and hominin-like) 

features related to bipedalism, such as five lumbar vertebrae presenting lumbar lordosis, a 

broad hominid-like pelvis with short ischium, great ischial spine, short pubic symphysis 

with a wide subpubic angle and a well-developed anterior-inferior iliac spine, exhibiting a 

trabecular architecture compatible with habitual bipedal loading (Rook et al., 1999). It also 

shows a large femoral head size relative to neck size, associated with extensive hip joint 

mobility, subequal condyles and pronounced diaphyseal angle (Köhler and Moyà-Solà, 

1997), a foot with limited mobility, a line of leverage between the first and second 

metatarsals, and a tripod-like morphology, which suggests that it was bipedal but not 

adapted to running. Hand morphology suggests enhanced manipulative capabilities respect 

to fossil and living hominoids, except humans, but with the presence of a human-like pad-

to-pad precision grip, unrelated to stone-tool making (Almécija et al., 2014). The resource-

limited insularity conditions of this taxon might account for the derived manipulative 

adaptations of this taxon, involving enhanced energy processing in the form of improving 

of harvesting and reduction of energy-expensive locomotor behaviors (Moyà-Solà and 

Köhler, 2003; Köhler et al., 2003). Alternatively, Oreopithecus has been interpreted as an 

agile suspensory and climbing ape (Harrison, 1986, 1991; Jungers, 1987; Sarmiento, 1987; 

Ward, 2007) or a slow moving highly arboreal (sloth-like) ape (Wunderlich et al., 1999; 

Begun 2002b).  

Late Miocene and Plio-Pleistocene hominins from Africa  

Given the scarcity of remains from the period (ca. 10–8 Ma) in which Gorillas 

diverged from the hominin lineage and then chimpanzees and humans split (ca. 6–5 Ma), 

the morphology of the taxa at these nodes (i.e. the characteristics of last common ancestors, 

LCAs) is virtually unknown. The only evidence available to date is that of the Late Miocene 
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putative early members of the hominin lineage Ardipithecus, Shaelanthropus and Orrorin, 

which provide a glimpse of how the Plio-Pleistocene hominin characteristics could have 

evolved. The debate has been mainly centered in the identification of bipedalism in each of 

these taxa, from which the bipedalism of latter hominins could have evolved.  

Sahelanthropus tchadensis (Chad, ca. 7 Ma) is virtually unknown postcranially, and 

the inferences of its locomotor behavior have been tentatively derived from the position of 

the foramen magnum, which could be suggestive of bipedalism (Brunet et al., 2002, 2005). 

Orrorin tugenensis (Kenya, ca. 6 Ma) is known from some craniodental remains, a 

humeral shaft and several femora (Senut et al., 2001). The morphology of the femora 

indicate the presence of mosaic characters, combining both Miocene ape and early hominin 

features, such as long and anteroposteriorly flat anatomical neck, long biomechanical neck, 

spherical head, low position of the great trochanter relative to head, presence of a proto-

linea aspera, an obturador externus groove and a distribution of cortical bone in the 

femoral neck consistent with facultative bipedalism (Almécija et al., 2013). Orrorin shows 

morphological affinities with Proconsul and other early hominins, but not so many with 

modern humans or extant great apes, thus representing an intermediate morphology 

between the plesiomorphic fossil apes and the Plio-Pleistocene hominins. No evidence of a 

Pan-like morphology for the proximal femur has been described (Almécija et al., 2013), 

contrary to earlier analyses (Kuperavage et al., 2010). The bipedal gait of Orrorin differed 

from modern-human gait in the lack of a fully developed abductor apparatus (Richmond 

and Jungers, 2008; Kuperavage et al., 2010; Ruff and Higgins, 2013), resulting in a 

hamstring musculature-reliant mode of bipedalism, as that inferred for early hominin taxa 

such as Australopithecus.  

 The arboreal component of the locomotor behavior of Orrorin has been 

comparatively less studied due to the scarcity of forelimb remains. However, Senut and 

colleagues (2001) described the humeral shaft of Orrorin as showing a straight lateral crest 

for the insertion of brachioradialis, often linked with vertical climbing abilities as seen in 

extant great apes and early hominins (Australopithecus), and the shape of the proximal 

phalanx as curved, concurrent with adaptations to grasping, climbing and overall arboreal 

activities (Senut et al., 2001).  

The postcranium of the putative hominin Ardipithecus (as described by Tim 

White’s team in a series of Science papers), a genus consistent of the cronospecies Ar. 
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kadabba, Ethiopia, 5.5 Ma, Late Miocene, and Ar. ramidus, 4.4 Ma, early Pliocene, exhibits 

a modern-looking pelvic morphology, with superoinferior short ilia, sagitally oriented and 

broad mediolaterally, presence of a slight sciatic notch and a short pubic symphysis, which 

suggest habitual facultative bipedalism much as seen in Orrorin. The foot exhibits a 

grasping hallux, elongate mid-tarsus and flexion-resitant geometric configuration of the 

lateral metatarsal bases, but presents a robust plantar substructure related to propulsive 

capabilities, exhibiting an amalgam of primitive features with specialized traits for habitual 

bipedality (Lovejoy et al., 2009c; White et al., 2009). The elbow shows full range of 

flexion-extension but lacks suspensory characters. The hand phalanges are elongated 

relative to Early Miocene taxa, and the carpals exhibit adaptations for midcarpal 

dorsiflexion, consistent with above-branch palmigrade behaviors (Lovejoy et al., 2009a, b; 

White et al., 2009). Overall, the locomotor behavior of Ardipithecus is seen as having a 

large arboreal component, mainly above-branch palmigrade quadrupedalism, clambering 

and bridging, resembling other Miocene taxa, without the presence of suspension or 

vertical climbing to a large extent, also being mainly bipedal when on the ground (White et 

al., 2009; Lovejoy et al., 2009a, b). 

 Australopithecus species were fully adapted to upright walking, with a 

fundamentally human-like gait, although some morphological aspects are not entirely 

comparable (Ward, 2013). Australopithecus afarensis is one of the best represented 

(postcranially) and probably, the best-known autralopith species, followed by Au. africanus 

and the more recent Au. sediba (Berger et al., 2010; Ward, 2013). Overall, the evidence 

clearly points to the conclusion that committed bipedalism was their main locomotor 

behavior when on the ground (Lovejoy et al., 2009a, b, c; White et al., 2009). Some of the 

aspects of their pelvic and hindlimb morphology suggest that Australopithecus might not 

have exhibited a purely human bipedal gait, but could have displayed bent hips and knees 

(Stern, 1999; 2000, but see Ward, 2013). The full adaptation to an orthograde body plan 

of Australopithecus is evidenced by many cranial (e.g. anterior position of the foramen 

magnum) and postcranial features, such as lumbar lordosis and other synapomorphies with 

humans in the lumbar elements, related to the effective transmission of anteroposteriorly-

directed forces and resistance to anterior displacement of the vertebral column on the 

inclined sacrum (Ward and Latimer, 1991; Stern, 2000; Ward, 2013). The ribs are curved 

posteriorly and the thoracic vertebrae transverse processes are dorsally angled, reflecting 
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invagination of the vertebral column into the rib cage, which increases the leverage of the 

muscles for maintaining an upright posture (Jellema et al., 1993; Ward et al., 2012; Haile-

Selassie et al., 2010; Ward, 2013). Pelvic, femoral and tibial morphologies are also 

indicative of habitual bipedalism (Johanson et al., 1976; Lovejoy, 1988; Duren and Ward, 

1995; Tardieu and Preuschoft, 1996; Latimer et al., 1987; Ward et al., 1999; Ward, 2013). 

Presence of arboreal traits in the forelimb of Australopithecus includes higher intermembral 

and brachial indices, long and curved manual phalanges and a cranially oriented glenoid 

fossa (high glenoid-bar index). The adaptive significance of such arboreal traits is highly 

debated, with some authors arguing in favor of Australopithecus being partly arboreal 

(exhibiting vertical climbing behaviors or even suspension; Senut, 1980; Stern and Susman, 

1981, 1983; Feldesman, 1982; Jungers, 1982, 1991; Jungers and Stern, 1983; Rose, 1984, 

1991; Susman et al., 1984; Deloison, 1985, 1991, 1992; Larson, 1988, 2007b, 2013; 

Susman and Stern, 1991; Stern 2000), exhibiting a compromise behavior of bipedal 

progression and some arboreality stemming from the retained arboreal characters (Susman 

et al., 1984; Cartmill and Schmitt, 1996; MacLarchy, 1996; Stern, 1999), or interpreting 

the arboreality related morphology of the forelimbs as primitive retentions without adaptive 

significance (Tardieu and Preuschoft, 1996; Duren et al., 2001; Ward, 2002, 2013).  

Initially, the Homo clade retained australopith-like overall postcranial morphology 

as evidenced by the earliest species (H. habilis and H. rudolfensis), even though tool-making 

abilities and manipulative capabilities are present in these species. The major shift towards 

the modern human morphotype occurred in early Homo erectus (Walker and Leakey, 1993; 

Larson, 2007b, 2009), which exhibits human-like features at the femur and pelvis, 

suggesting adaptations for both long distances travelling and running (McHenry, 2002), 

and a modern human shoulder girdle morphology not seen in earlier taxa (e.g., loss of 

cranial orientation of the glenoid cavity of the scapula; Larson 1988, 2007b, 2009).   

2.2.2 Non-hominoid comparative taxa 

 The locomotor evolution of a group cannot be studied without external reference in 

the form of contrasting examples of distantly related taxa displaying similar and dissimilar 

(opposed) locomotor behaviors. Similarity of morphological traits may allow evaluating 

selective pressures on morphology, whereas dissimilarities may serve as a morphological 

comparative basis to which the characteristics of the studied structure can be compared 

morphofunctionally. Several non-hominoid primate taxa (both extant, including New 
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World monkeys and cercopithecoids, and fossil, including propliopithecoids and 

pliopithecoids) were selected for this purpose and their main characteristics are reviewed 

below. 

a) Extant taxa 

Ateles and Lagothrix  

These are the main suspensory genera of the platyrrhines (including Brachyteles). 

Their distinguishing feature is that they use their prehensile tails as a fifth limb during 

traveling (Hunt et al., 1996; Youlatos, 2008) and rarely, if ever, engage in ricochetal 

brachiation as seen in the hylobatids (≤1% of use in Ateles and un-reported in Lagothrix; 

Cant et al., 2003). They exhibit forelimb-dominated locomotor behaviors, with Ateles 

employing tail-assisted full-stride brachiation as primary form for travelling (23% of the 

time; Cant et al., 2001; Kagaya, 2007). Mechanically, it performs as an inverse double 

pendulum with a bend point at the middle of the tail, which raises the center of mass of the 

animal and increases the contact phase of the tail with the substrate (Cant et al., 2001, 

2003; Martin, 2003; Kagaya, 2007). Lagothrix exhibits a less restricted array of positional 

behaviors, combining pronograde progression (walking and running) with forelimb swing 

and tail-assisted non-consecutive (half-stride) brachiation, (which composes 11% of its 

locomotor repertoire; Cant et al., 2001; Kagaya, 2007).  

Cebus  

The capuchin monkeys (Cebus) are essentially generalized quadrupedal primates, 

using palmigrade above-branch walking and running, alternated with acrobatic behaviors, 

such as leaping between big branches of the middle layers of the canopy, as gap-crossing 

strategy. Additionally, they display a fair use of vertical climbing behaviors, up to 25–30% 

of time during travel  (Mitermeier and Fleagle, 1976; Gebo, 1992; Gebo and Chapman 

1995; Garber and Rehg, 1999; Youlatos and Meldrum, 2011). They employ their 

moderately prehensile tail for additional hold during feeding and foraging (Schmidt, 2010). 

Furthermore, they are the most dexterous monkeys in the New World and present a true 

opposable thumb with the capacity of a variety of precision grips (Schmidt, 2010). No 

suspensory behaviors have been reported for Cebus species.  
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Colobus  

Colobines include at least five species of pronograde, arboreal quadrupedal 

cercopithecids. Their primary form of locomotion consists of quadrupedal galloping, 

bounding, leaping and vertical climbing (Gebo and Chapman, 1995; Mittermeier and 

Fleagle, 1976; Morbeck, 1977, 1979; Rose, 1974, 1979). Its morphological characteristics 

are those of a committed arboreal quadruped, with restricted mobility at the shoulder when 

the arm is in extended position but with a fair range of motion when flexed (Larson, 1993; 

Rose, 1989). Colobus was traditionally included in the morphological sub-category of semi-

brachiator (Napier and Napier, 1967). However, its primary form of locomotion is 

quadrupedal progression in the middle and upper levels of the canopy (Gebo and 

Chapman, 1995; Mittermeier and Fleagle, 1976; Rose 1974, 1979) and so its inclusion in 

this category has been contested (Mittermeier and Fleagle, 1976). Also, Mittermeier and 

Fleagle (1976) and Gebo and Chapman (1995) explicitly report that no use of brachiation 

was observed in Colobus, specifically in Colobus guereza and Procolobus (Piliocolobus) badius 

(Gebo and Chapman, 1995; Groves, 2007; Ting, 2008a, b). However, there are other 

genera in the Colobinae that use broader levels of the canopy and perform overhead arm 

postures (McGraw, 1998, Stern and Goldstone, 2005), especially Pygathrix nemaeus which 

performs a substantial amount of suspensory behaviors (Byron and Covert, 2004). 

Papio  

Baboons are savannah dwelling large-sized cercopithecine monkeys. They forage 

and travel primarily on the ground by quadrupedal walking and running but climb on trees 

or rocky cliffs for sleeping and resting (Fleagle, 2013). They support more weight on their 

hind limb, thus allowing the retention of increased mobility at the forelimb (Patel, 2010), 

even though it does not exhibit specific adaptations to arboreal quadrupedalism. On the 

contrary, it shows forelimb and hand morphologies related to terrestrial quadupedalism, 

with less flexible limb joints than acrobatic arboreal primates and shorter (not curved) digit 

phalanges, which helps to lower the bending stresses on the hand during terrestrial hand-

flat fast gait (Patel and Wunderlich, 2010). When travelling on the ground, Papio usually 

relies on digitigrady during slow gaits, but it is forced to palimgrady when running, due to 

the retention of relatively mobile (compliant) wrist and hand joints (Patel, 2010; Patel and 

Wunderlich, 2010).  
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b) Fossil taxa 

Aegyptopithecus zeuxis  

This propliopithecoid taxon (stem catarrhine, see section 2.1) has been generally 

regarded as an arboreal, above-branch palmigrade quadruped, similar in terms of 

locomotion to large platyrrhines (e.g. Alouatta; Fleagle and Simons, 1982; Fleagle, 1983; 

Harrison, 2013), based on comparisons of the proximal and distal morphology of both the 

humerus and the ulna, which point to a slow-moving, relatively short-limbed arboreal 

quadruped (Fleagle and Simons, 1982; Fleagle, 1983). In this dissertation this fossil taxon 

is used as a proxy for the basal condition of the catarrhine locomotor behavior.  

Pliopithecoids  

In the past, pliopithecoids were considered to be related to hylobatids due to 

superficial resemblances (e.g. relatively small body mass, slender forelimb long bones) (e.g. 

Hürzeler, 1954; Zapfe, 1958). However, pliopithecoids retain primitive features indicating 

a much earlier divergence (Begun, 2002a; Harrison, 2005, 2010a). Epipliopithecus 

vindobonensis is one of the best-known pliopithecoids, with abundant postcranial remains 

from various individuals (Zapfe, 1958, 1961). However, there is still debate about its 

locomotor abilities: the locomotor repertoire of E. vindobonensis has been diversely 

interpreted, from an arboreal generalist and terrestrial quadruped to an agile above-branch 

walker and runner displaying significant climbing, as well as hind limb and forelimb 

suspension (Zapfe, 1958, 1961; Fleagle, 1983; Rose, 1983, 1989, 1994; Rein et al., 2011; 

Harrison, 2013). But the question of Epipliopithecus displaying suspensory adaptations still 

remains open. Moreover, given that the postcranial morphology of other pliopithecoids is 

poorly known (due to the scarcity of fossil remains), there has been a tendency to assume 

that all pliopithecoid genera displayed similar locomotor adaptations to those of 

Epipliopithecus (Ginsburg and Mein, 1980; Rose, 1989; Rein et al., 2011; Harrison, 2013). 

In this dissertation, Pliopithecus antiquus has been included as well, to characterize their 

locomotor behaviors and assess the extent of the morphological and behavioral 

homogeneity within the Pliopithecoidea, which has been recently challenged by 

preliminary evidence from other pliopithecid genera (Moyà-Solà et al., 2013; Alba and 

Moyà-Solà, 2014), suggesting that Epipliopithecus might have been postcranially quite 

different from other pliopithecoids, at least in elbow morphology. 
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2.2.3 Orthogrady and suspension: the role of homoplasy  

The use of the forelimb in overhead positions to effectively engage in suspensory 

behaviors has been intimately linked to a number of derived features in the postcranial 

skeleton of the primates. Such suite of features includes a broad and shallow thorax, spinal 

invagination, long clavicles, dorsally placed scapulae with laterally-oriented glenoid fossae, 

highly mobile shoulder joints, ulnar deviation of the hand, lack of ulno-carpal joint, a short 

lumbar column with dorsally-placed transverse processes, visceral fixation, and loss of an 

external tail (e.g. Keith, 1903, 1923; Andrews and Groves, 1976; Gebo, 1996, 2010; 

Ward, 2007; Williams, 2012). Such traits are commonly referred to as orthogrady or 

upright body plan and are shared by all extant hominoids. Usually, the display of such 

traits is linked to exhibiting a relatively significant component of suspensory locomotion in 

these taxa. However, with the expanding record of Miocene and Plio-Pleistocene hominoid 

fossils, questions have been raised as to (1) the overall homology of those traits, exclusive of 

hominoids, thus conforming their morphological ancestral condition (Gebo et al., 1997; 

MacLatchy et al., 2000; MacLatchy, 2004; Crompton et al., 2008; Williams, 2012), and 

(2) the assumption of presence of suspensory behaviors when orthograde features are 

recognized (mostly in the fossil record) and vice-versa (Moyà-Solà, 2004. 2005; Almécija, 

2009). For instance, the early hominoid Morotopithecus poses two interesting scenarios for 

the evolution of orthogrady, depending on its phylogenetic position. If Morotopithecus is 

more closely related to crown hominoids, to the exclusion of the other Early to Middle 

Miocene African taxa (Afropithecus, Proconsul, Nacholapithecus), the ‘orthograde’ body plan 

would have been acquired as far as 20 Ma, and would certainly be a crown hominoid 

synapomorpy (Gebo et a., 1997; MacLatchy et al., 2000; MacLatchy, 2004). However, if 

Morotopithecus is indeed the common ancestor of all apes, the ancestral condition of a 

pronograde body plan exhibited by Sivapithecus, which is regarded as a direct ancestor of 

Pongo based on cranial evidence, would have to be explained as an independent acquisition, 

having ‘re-evolved’ orthogrady later (since Pongo is an orthograde). On the contrary, if 

Morotopithecus is not more closely related to crown hominoids than to any other particular 

taxon (i.e., it is a sister taxon to crown hominoids, not its common ancestor), it would be 

an example of independent acquisition of orthogrady in general, and evidence of 

homoplasy in relation to orthogrady within the hominoid lineage (Harrison, 2002, 2005). 

Morphological differences between hylobatids and great apes have been interpreted as 
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suggesting that suspension evolved in parallel in hylobatids and hominids (Larson, 1998), 

as further supported by the more primitive morphology (non-suspensor) displayed by stem 

hominids (Pierolapithecus) or Sivapithecus (Pilbeam et al. 1990; Madar et al., 2002; Moyà-

Solà et al., 2004; Alba, 2012). This contention is also plausible in light of the convergent 

suspensory adaptations displayed by the New World monkey Ateles (Larson, 1998). The 

fact that all extant apes practice to some extent both vertical climbing and below-branch 

suspension (Hunt, 1991a, 2004) has led to conflicting hypotheses on the adaptive role of 

suspension in the origin of orthograde features, with some authors stressing it (Gebo, 1996) 

and others favoring vertical and/or cautious climbing instead (Cartmill and Milton, 1977; 

Sarmiento, 1995). Suspension has been further inferred for some extinct catarrhines, most 

notably Epipliopithecus, although interpretations on the significance of suspensory behaviors 

in this taxon differ among authors (Zapfe, 1959, 1961; Corrucini and Ciochon, 1977; 

Fleagle 1983; Rose, 1983, 1988, 1994; Rose et al., 1992; Rein et al., 2011; Harrison, 

2013). The referred case of Pierolapithecus is of upmost importance, since this middle 

Miocene hominoid (or hominid) displays a torso morphology that reflects an orthograde 

body plan (as discussed above), but lacks some key suspensory adaptations in the forelimbs, 

thus suggesting a decoupling of the two features (Moyà-Solà et al., 2004, 2005; Almécija et 

al., 2009).  

2.3 The glenohumeral joint 

 Key to locomotor characterization of any primate is the study of the postcranial 

skeleton of both extant and extinct forms. Within this framework, the glenohumeral joint 

(Fig. 1) stands out as a strategic region to explore, since its major morphological traits can 

be functionally linked to major locomotor behaviors. Moreover, the glenohumeral joint 

stands out as strategic region to explore the presence of below-branch positional behaviors 

in primates and assess the dependence of suspensory locomotion in extant taxa (Larson, 

1993, 1995). It is the primary joint involved in arm movement, and is the most mobile 

joint of the body, its morphological characteristics determining to a great extent locomotor 

capabilities. 
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2.3.1 Descriptive anatomy and development  

The glenohumeral joint is a synovial spherical (ball-and-socket) joint in which the 

scapula articulates with the humerus. The principal structures of the joint are the articular 

surface of the glenoid cavity of the scapula and the proximal epiphysis of the humerus, 

involving the proximal articular surface (i.e. humeral head) and the greater and lesser 

tubercles.  

The humeral head is round and inflated, being one-third of a sphere in humans, 

and is separated from the tubercles by the anatomical neck of the humerus (Fig. 1). The 

tubercles hold the insertions of the four rotator cuff muscles, the muscular bellies of which 

originate in the scapular fossae, with the tendinous ends inserting in the greater and lesser 

tubercles, thus bearing a close relationship with the joint. The greater tubercle holds the 

insertions of three rotator cuff muscles: the supraspinatus, the infraspinatus and the teres 

minor, whereas the lesser tubercle holds the insertion only of the subscapularis (Testut and 

Latarjet, 1975; Aiello and Dean, 1990; Rouviére and Delmas, 2002). The two tubercles are 

separated by the bicipital groove, which is an osseous channel that allocates the tendon of 

the long head of the biceps brachii muscle. The proximal epiphysis of the humerus is 

connected to the humeral diaphysis through the surgical neck, which is a relatively narrow 

portion of the bone situated immediately below the tubercles and the articular surface 

(Testut and Latarjet, 1975; Aiello and Dean, 1990; Rouviére and Delmas, 2002). In vivo, 

the humeral head is covered by cartilage and the tubercles surfaces are entirely covered by 

the tendinous attachments of the rotator cuff muscles (Testut and Latarjet, 1975; Aiello 

and Dean, 1990; Rouviére and Delmas, 2002). 

The glenoid cavity of the scapula is excavated but its concavity is very limited 

respect to the humeral head; however, in living individuals it is entirely surrounded by a 

narrow rim of fibrocartilage, the glenoid labrum, which provides additional depth to the 

joint (Patton and Thiboudieau, 2010). The glenoid cavity is, in size, one third to one 

fourth that of the humeral head in living hominoids and humans (Terry and Chopp, 

2000), and its surface is piriform (or oval) in shape, being wider in its inferior than in its 

superior portion. Immediately superior to the articular surface there is a small rough area 

that extends along the beginning of the coracoid process: the supraglenoid tubercle. This 

tubercle is the inserting site of the long head of the muscle biceps brachii. A similar structure 

is present at the inferior ridge of the cavity as a result of a widening of the axillary border, 
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which constitutes the infraglenoid tubercle. Finally, the glenoid is united to the scapular 

body thought the scapular neck (Testut and Latarjet, 1975; Rouviére and Delmas, 2002). 

 
Fig. 1 Osteology of the glenohumeral joint (shoulder joint) of a Homo sapiens with the elements that conform 

the shoulder girdle (proximal humerus, scapula and clavicle) and their anatomical landmarks. Photogrpahy 
courtesy of A. Merí Vived. 

The developmental units of the proximal humerus (i.e., ossification centers of the 

epiphysis) have a common histological origin and share the action of particular 

transcription factors and signaling molecules during their developmental trajectory, such as 

the Indian hedgehog, fibroblast growth fators (FGFs) and the Sox and Runx genes (Hung 

et al., 2007; Shimizu et al., 2007; Pitsillides and Ashhurst, 2008). The primary ossification 

center is located in the articular head of the humerus and appears 6 to 20 months after 

birth in humans. The two secondary centers correspond to the formation of the lesser and 

greater tubercles, which appear 1 to 3 years after birth (Rouviére and Delmas, 2002). The 

two tubercles fuse by the bicipital groove and the lesser tubercle then immediately fuses 

with the humeral head. At ages 5 or 6 years, the greater tubercle fuses with the humeral 

head as well (Testut and Latarjet, 1975). This process results in a single bone piece, which 
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remains independent from the diaphysis until an approximate age of 25 or 26 years 

(Rouviére and Delmas, 2002). The Hoxc6 gene is associated with the patterning of the 

glenoid cavity and the coracoid process of the scapula (Churchill and Trinkaus, 1990), but 

the glenoid is derived from the lateral plate mesoderm (Chevallier, 1977) and it is most 

likely a separate region from the rest of the scapular body (blade), the acromion, and the 

coracoid process, in developmental terms. The cartilaginous scapula is ossified by eight (or 

more) centers, one of them in the inferior part of the glenoid ridge (Testut and Latarjet, 

1975; Rouviére and Delmas, 2002), which appears during puberty. A variable portion of 

the superior aspect of the glenoid cavity ossifies from the subcoracoid center and it fuses 

with the scapula at 14 years in women and 17 in men (Testut and Latarjet, 1975; Rouviére 

and Delmas, 2002).  

2.3.2 Functional anatomy 

Possible motions of the glenohumeral joint include virtually all combinations of 

movements: flexion-extension, abduction-adduction and axial rotation (Larson, 1993). The 

size and shape differences between the two parts of the joint are the cause of the wide range 

motion and also enhance the movement in the articulation. 

Morphofunctionally, the proximal humerus of terrestrial quadrupedal monkeys is 

flattened in its cranial aspect, and is narrow and elongated overall with relatively large and 

protruding tubercles above the articular surface, features that restrict mobility at the joint 

because of the lateral position of the scapula on the narrow thorax (Larson 1988, 1993, 

1995; Rose, 1989; Preuschoft et al., 2010). Arboreal quadrupedal monkeys display a 

similar morphology, however, globularity of the articular surface is greater, particularly in 

its medial part, and the tubercles do not greatly protrude from the humeral head (i.e. 

articular surface) (Rose, 1989; Larson, 1993, 1995). Such feature determines two 

functional regions within the articular surface, one in which the joint is fully flexed 

(protracted), and one in which the joint is fully extended (Larson, 1993). In extended 

positions the humeral head is nearly spherical in outline, which makes the glenohumeral 

joint comparable to a ball-and-socket joint (mostly by contact of the glenoid with the two 

medial thirds of the humerus) enabling relatively free mobility for feeding activities 

(reaching) and manipulative capabilities (as seen in some capuchin monkeys) (Rose, 1989; 

Larson, 1993). In contrast, primates displaying below-branch locomotor behaviors typically 

show protruding and large, globular humeral articular surfaces, with relatively small 
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tubercles lying well below the superiormost aspect of the humeral head, which increases the 

mobility and the motion range of the glenohumeral joint (Larson 1993; 1995; Rose 1989). 

A major functional feature of the glenohumeral joint of suspensory primates is the degree 

to which the tubercles of the proximal humerus are rotated to allocate for additional 

articular surface in the transverse plane (Corruccini and Ciochon, 1976; Fleagle and 

Simons, 1982; Rose, 1989; Aiello and Dean, 1990; Larson 1993), which results in an 

extensive, inflated articular surface that protrudes well above the most superior aspect of the 

greater tubercle and it is directed medially (relative to the transverse axis of the elbow).  

The shape of the glenoid cavity in primates shows a morphocline from 

hemispherical (oval, ovoid or piriform) to pear-shaped outlines (Roberts, 1974). The pear-

shaped type is produced by a ventral projection of the cranial margin of the facet into a 

more or less elongated lip structure, and is the typical morphology of most quadrupedal 

animals, both terrestrial and arboreal, and is probably a primitive condition (Roberts, 1974; 

MacLatchy et al., 2000). The pear-shaped glenoid allows greater humeral retraction by 

serving as a bony stop to prevent dislocation of the joint when a high external angle is 

obtained between the long axes of the scapula and humerus (Roberts, 1974; Anapol, 1983), 

being observed in animals with limited scapular rotation. The craniocaudal curvature of 

pear-shaped glenoids is depicted as an arc with an anteriorly decreasing radius (Roberts, 

1974). Cercopithecoids tend to have slightly to strongly craniocaudally curved glenoid 

cavities, with a moderate dorsoventral curvature (MacLatchy et al., 2000), which favors 

flexion/extension movements at the glenohumeral joint over rotatory movements 

(MacLatchy et al., 2000). In contrast, the oval shape of the glenoid, seen in apes, humans, 

Ateles and some cursorial animals such as horses and deer, seems to be adapted to rapid 

limb motion with high acceleration increment (coupled with other elements such as 

elongated limbs, narrow scapulae and proximal concentration of musculature; Roberts, 

1974) thanks to the ball-and-socket nature adopted by the oval glenohumeral joint. In this 

regard, the craniocaudal curvature of the glenoid is fundamental. Hominoids and Ateles 

exhibit at the smooth glenoid cavity with a moderate curvature in a circular arc, permitting 

a wide range of rotational shoulder movements (MacLatchy et al., 2000). Also, in apes and 

Ateles, the glenoid cavity faces cranially (but for humans, in which faces medially) and, at 

any given time, only 25 to 30% of the humeral head is in contact with the glenoid cavity 

since there is a large size mismatch between the two parts  (Terry and Chopp, 2000). In 
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arm-rising behaviors the human scapula rotates upwards (“glenoid-up” rotation), which 

provides a mobile platform for the humerus at the glenoid cavity, and thereby increases the 

total range of movement for the forelimb (Larson, 1993). Such raotion is not necessary in 

any other apes, since they present relatively cranially oriented glenoid cavities.  

Overall, such traits of the glenohumeral joint of suspensory hominoids and 

Atelines, especially of hylobatids (Jungers, 1988), enables such primates to achieve a 

substantial degree of abduction-adduction and axial rotation of the glenohumeral joint even 

when the joint is in a fully flexed position (Rose, 1989; Larson, 1993) and make of this 

joint the most mobile joint of their body (Patton and Thiboudieau, 2010). These primates 

have to relay in additional passive and active sources for joint stabilization. The passive 

structures are ligamentous (superior, medial and inferior glenohumeral ligaments, Fig. 2), 

and cartilaginous, such as the glenoid articular cartilage and the labrum that serves to 

extend the contact surface area of the glenoid, adding stability (Terry and Chopp, 2000). 

The active structures are the rotator cuff muscles of the scapula (Fig. 3) that surround the 

joint with tendinous insertions (Ashton and Oxnard, 1963; Patton and Thiboudieau, 

2010). Hominoids and Ateles more heavily rely on muscular stabilization through the 

action of such muscles than on passive structures (Roberts, 1974; Larson 1993). 

Electromyographical analyses have extensively studied the activity and recruitment patterns 

of the rotator cuff muscles in humans and the Primates (Inman et al., 1944; Tuttle and 

Basmajian, 1978a, b; Jungers and Stern, 1981; Larson and Stern, 1986, 1987, 1989, 1992, 

2013; Larson, 1993). In humans and arm-raising arboreal primates the supraspinatus is the 

primary muscle responsible for preventing the proximal displacement of the humeral head 

caused by the pulling forces of the deltoid in the early phase of arm elevation (Preuschoft, 

1973; Larson and Stern, 1986; Preuschoft et al., 2010). The supraspinatus (Fig. 3) is a pure 

abductor with the dual role of resisting humeral dislocation while assisting the deltoid in 

providing abductory power (Inman et al., 1944; Tuttle and Basmajian, 1978a, b; Larson 

and Stern 1986, Larson, 1993): from its attachment on the greater tubercle, the 

supraspinatus produces a rotatory torque to the humeral head causing it to spin downward 

in an abductory motion (Larson, 1993). During knuckle-walking, the supraspinatus is active 

during the support phase of the gait, again preventing dorsal displacement of the humerus 

(Larson and Stern, 1986, 1987; Larson, 1993). However, due to the protruding humeral 

head, the lever arm of the supraspinatus is reduced in hominoids and Ateles, posing a 
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disadvantage. These primates overcome the demands of a supraspinatus with a lowered 

attachment site on brachial elevation by increasing the overall size of the supraspinatus itself 

(Fleagle and Simons, 1982; Larson and Stern, 1989, 1992).  

 
Fig. 2 Medial view of the glenoid cavity, with its passive stabilization structures (ligaments), the capsule and 

the tendons, showing the glenoid labrum as well. Photography courtesy of J.M. Potau Ginés. 

 The infraspinatus (Fig. 3) is an abductor and lateral rotator muscle, adding 

abductory power through the middle phase of arm-rising and contributing to the lateral 

rotation of the arm, as primary synergist to the deltoid (Larson and Stern, 1986; Larson, 

1993). The ability of infraspinatus to contribute to abduction seems to be related to its 

proximo-lateral oriented insertion in the greater tubercle in hominoids. Interestingly, more 

terrestrial primates seem to have more laterally facing insertions for the infraspinatus 

(Larson, 1995). During locomotion, infraspinatus is involved in bimanual and unimanual 

hanging and during the support phase of arm-swinging, playing a specific role of 

transarticular stress resistance during suspensory behaviors (Larson and Stern, 1986; 

Larson, 1993). The infraspinatus is also involved in preventing humeral displacement 

during the support phase of knuckle-walking (Larson and Stern, 1987).  
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The teres minor (Fig. 3) is an adductor and a lateral rotator, variably recruited 

during arm-swinging behaviors, acting along with the teres maior as a propulsor and along 

with the caudal deltoid as an abductor, also with a component of lateral rotation, during 

hoisting (Larson and Stern, 1986; Larson, 1993).  

 
Fig. 3 The Rotator Cuff musculature. Photgraphy courtesy of J.M. Potau Ginés. 

Shape differences of the subscapularis (Fig. 3) facet reflect the functional 

differentiation of this muscle, and relates to the degree of glenohumeral mobility (Larson, 

1995): long and narrow facets correlate with greater functional differentiation of the 

muscular fibers of the subscapularis, which seems to act as three separated portions (lower, 

middle and upper) (Larson and Stern, 1986; Larson, 1995). The muscular fibers that 

originate from the most proximal part of the tendon (therefore in the proximal part of the 

lesser tubercle) seem to be involved in abduction and medial rotation, whereas those fibers 

originating from distal parts are involved in adduction and medial rotation and do not 

contribute to arm-rising (Larson and Stern, 1986). In this respect, hominoids display a 

greater degree of functional differentiation, showing the longest and narrowest facets (i.e. 

more fiber-function differentiation for the subscapularis), whilst cercopitecoids seem to have 

a less specialized subscapularis, since they display round insertions (i.e. less fiber-function 

differentiation) (Larson, 1995). During locomotion, the subscapularis is involved in the 

pull-up phase of climbing on a vertical trunk (Larson and Stern, 1986, 1987). 

Biomechanical studies (Preuschoft, 1973; Preuschoft et al., 2010) involving 

substrate reaction forces (SRR) and morphological and positional characteristics of the 

shoulder (clavicle position, scapular shape, glenoid shape and humeral head shape) have 

shown that the overall morphology of the shoulder girdle of primates is well adapted to 

sustain the peak loads caused by the SRR in relation to their main locomotor behavior (i.e. 
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quadrupedal walking, either terrestrial or arboreal, suspension). The predicted action of 

muscles in order to reach equilibrium at the glenohumeral joint matched well the observed 

activity of the muscles involved in producing shoulder motion (deltoid, pectoralis major, 

latissmus dorsi, trapezius, serratus and the rotator cuff, among others) based on 

electromyographical (EMG) data (Preuschoft, 1973; Preuschoft et al., 2010).  

Regarding the modular pattern of the proximal humerus, from a functional 

perspective, its structures develop highly differentiated roles. The articular surface has a 

purported functional role related to arm mobility (Rafferty and Ruff, 1994). Specifically, its 

external size and shape are closely related to the arm range of movement (Ruff and 

Runestad, 1992; Larson, 1993; Rafferty and Ruff, 1994). Studies linking the shape of 

humeral proximal articulation with locomotor functional signals have mostly been 

conducted in primates, particularly in non-human apes (Larson, 1993, 1995). Humans do 

not use the forelimbs to perform locomotive tasks, but share the derived aspect of the 

glenohumeral joint with the non-human apes, a trait probably related to the need for 

overall increased arm mobility to perform fast and precise manipulative tasks (Larson, 

2007b).  

 In contrast, the shape and size of the greater and lesser tubercles respond to 

different properties of the muscles of the rotator cuff (such as their size and activity pattern; 

Larson, 1995), which entirely cover the surface of both tubercles. The oval-shaped 

subscapularis insertions of apes correspond to an accordingly shaped lesser tubercle, which, 

in turn, is related to a fast and precise muscle. In the greater tubercle, the disposition of the 

three insertions also determines the size and shape of the tubercle, which appears to be 

associated with the diverse biomechanical stresses (tensile, compressive, or shearing) 

operating at the glenohumeral joint (Larson, 1995).  
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3. Collections and samples 

3.1 Extant Primates 

The comparative sample of extant Primates collected for this dissertation come 

from osteological collections of several national (Spain) (Table 2, 3 and 4) and 

international Museums and Institutions (Table 2, 3 and 4).  

The national institutions and museums include:  

– Museo Anatómico de Valladolid (MAV), Facultad de Medicina, Universidad de 

Valladolid, Valladolid. The MAV was founded in 1917 and is currently curated by Dr. 

Juan Francisco Pastor. Initially designed as a medical and human anatomical museum 

(with the display of medical tools, anatomical waxes, and jarred fetuses). Nowadays, it 

holds a comparative anatomy museum, provided with both cryopreserved cadavers of a 

wide range of animal taxa, including monkeys and apes, and a large osteological 

collection, including birds, tetrapods and mammals. The skeletons of the animals are 

prepared in the Museum facilities, and come from diverse Zoological Parks of Spain, 

including Bioparc (Valencia) and the Zoological Park of Madrid. 

(http://www6.uva.es/opencms/contenidos/serviciosAdministrativos/extensionUniversit

aria/museoUniversidad/Museo_Anatomia) 

– Museu d’Història Natural de Barcelona (MHNB), Barcelona. It was founded in 1882 as 

Museu Martorell, which latter changed its name to Natural History Museum of 

Barcelona. The Primates collection (curated by Eulàlia Garcia) is housed within the 

Chordate collections, which mainly includes terrestrial vertebrates as well as some 

marine animals. The majority of the Primate specimens come from the Zoological 

Park of Barcelona, which is nearby, including the remains of the celebrated albino 

gorilla Floquet de Neu (Snowflake) who died in 2003. 

 (http://w110.bcn.cat/portal/site/MuseuDeCiencies) 

– Servei de Donació de Cossos (SDC), Departament d’Anatomia Humana i Embriologia, 

Facultat de Medicina, Universitat de Barcelona, Barcelona. The anatomy Professor Dr. 

Ruano Gil founded the Body Donation Service of the University of Barcelona in 

1967, in order to provide material for anatomy practice lessons at all levels (from 

students to surgeons) at the Medical School and ensure quality-material based research. 
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The human osteological collection of the Anatomy Department is enlarged every day 

by the contributions of more than 10,000 registered donors. 

(http://www.ub.edu/anatomia/sala.htm) 
 

Table 2 Detail of the non-human primate specimens collected in the national collections containing the 
number of specimens per genus and species. 

Species  N Institution 
Gorilla gorilla 9 MAV/MHNB 
Pan troglodytes 9 MAV/MHNB 
Pongo pygmaeus 6 MAV/MHNB 
Total 24  

 

The international institutions and museums include: 

– The American Museum of Natural History (AMNH), New York, USA. The Primates 

collection of the AMNH is housed within the Mammalogy Collection, currently 

curated by Eileen Westwig. The Mammalogy division was created in 1869 and houses 

over 275.000 specimens pertaining to all 26 defined mammalian orders. The Primates 

collection is one of the best-known collections and it includes complete skeletons 

(crania and postcrania), crania, formalin-preserved individuals, as well as a large 

collection of skins (ammoniac preservation). (http://www.amnh.org) 

– Anthropologisches Institut und Museum (AIM), Universität Zürich, Zurich, Switzerland. 

The collections of the Anthropological Museum of Zurich University houses more 

than 7,000 specimens, including the large collection of Adolph H. Schultz, and the 

collection of the Museum itself. The Primate collections are currently curated by Dr. 

Ponce de León and Ann Margvelashvilii, and include complete skeletons (crania and 

postcrania) as well as frozen and formalin-preserved cadavers. 

(http://www.aim.uzh.ch/index_en.html) 

– The Powell-Cotton Museum (PCM), Birchington, UK. The British Army Major Percy 

Horace Gordon Powell-Cotton founded the PCM in 1896. The Natural History 

Collections include a wide variety of animal skeletons, which were collected during the 

Major’s hunting travels around the African continent while accompanied by his family. 

It houses around 16,000 mammal skeletons and skins, representing every mammal 

from Africa, including almost 2,000 primate specimens, from which a wide range of 

complementary information (body measurements, weight, coordinates of the hunt) is 

preserved. (http://www.quexpark.co.uk/index.html) 
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Table 3. Detail of the non-human primate specimens collected in the international collections containing the 
number of specimens per genus and species. 

Taxa  Species  Ns Nt Museum(s)  
Hylobatids   20  
 Hylobates hoolock 7  AMNH 
 Hylobates concolor 3  AMNH 
 Hylobates agilis 4  AMNH 
 Symphalangus syndactylus 4  AMNH 
 Hylobates moloch 1  AMNH 
 Hylobates sp. 1  AMNH 
Pongo   20  
 Pongo pygmaeus 18  AMNH/UZH 
 Pongo abelii 2  UZH 
Pan    38  
 Pan troglodytes ssp. troglodytes 9  AMNH 
 Pan troglodytes ssp. schweinfurtii 8  AMNH 
 Pan troglodytes  21  PCM 
Gorilla    36  
 Gorilla gorilla ssp. gorilla 15  AMNH 
 Gorilla gorilla  21  PCM 
Ateles   9 AMNH/UZH 
 Ateles belzebuth 1  AMNH/UZH 
 Ateles geoffroyi 6  AMNH/UZH 
 Ateles paniscus 1  AMNH/UZH 
 Ateles fusciceps 1  AMNH/UZH 
Lagothrix    18  
 Lagothrix lagothrica 15  AMNH/UZH 
 Lagothrix sp. 3  AMNH/UZH 
Colobus   14  
 Colobus guereza 8  AMNH/UZH 
 Colobus angolensis 4  AMNH/UZH 
 Colobus verus 1  AMNH/UZH 
 Colobus satanas 1  AMNH/UZH 
Cebus   18  
 Cebus capucinus 5  UZH 
 Cebus apella 3  UZH 
 Cebus albifrons 9  UZH 
 Cebus olivaceus 1  UZH 
Papio   10  
 Papio hamadryas 8  UZH 
 Papio anubis 2  UZH 
Total   183  

Abbreviations: AMNH – American Museum of Natural History; UZH – Anthropology Institute and Museum; PCM – 
Powell Cotton Museum; Ns – N per species; Nt – N per taxon. 
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Table 4. Sample of Homo sapiens, number of individuals, total N and institutions. 

Homo sapiens groups  Anatomical  e lement N Museum(s)  
White European H/G 39 SDC 
African American H 15 AMNH 
White American H 17 AMNH 
Bushmen H 6 AMNH 
Total  77  

Abbreviations: H – humerus; G – glenoid; SDC – Servei de Donació de Cossos, 
Medical School of the University of Barcelona; AMNH –American Museum of 
Natural History. 

 

3.2 Fossi ls  

The primate fossil sample of this dissertation includes casts of hominoid and non-

hominoid taxa, ranging from the Late Oligocene to the Late Pleistocene. The Oligocene-

Miocene sample includes the following specimens (Table 5): DPC 1275, left humerus of 

the propliopithecoid (stem catarrhine) Aegyptopithecus zeuxis (Fleagle and Simons, 1982; 

Fleagle, 1983), from the Late Oligocene of the Jebel Qatrani Formation in Fayum (Egypt); 

KNM-RU 17376, right proximal humerus of the proconsulid (putative stem hominoid) 

Nyanzapithecus vancouveringorum (Harrison, 2002, 2010a; first described and originally 

assigned to Dendropithecus macinnesi or Proconsul africanus by Gebo et al., 1988), from the 

early Miocene of the Higewi Formation in Rusinga Island (Kenya); GSP 28062, 

unassigned right proximal humerus (Rose, 1989) from the Middle Miocene of the Chinji 

Formation in the Siwaliks (Pakistan); and OE 304 (individual II), the right humerus of 

the pliopithecid (stem catarrhine) Epipliopithecus vindobonensis (Zapfe, 1958; 1960), from 

the lower Middle Miocene of Děvínská Nová Ves-Fissures (also known as Neudorf-Spalte, 

Slovakia); and a right proximal humerus (without number) of the pliopithecid Pliopithecus 

antiquus (Ginsburg and Mein, 1980), from the late Middle Miocene of La Grive-Saint-

Alban (France). 

The Plio-Pleistocene sample includes the following specimens: Sts 7, right 

proximal humerus and reciprocal glenoid and partial scapula of the early hominin 

Australopithecus africanus (Broom et al., 1950; Robinson, 1972; Vrba, 1979) from the 

South African site of Sterkfontein; AL 288-1, left proximal humerus and reciprocal 

glenoid and partial scapula of the early hominin Australopithecus afarensis (Johanson et al., 

1982; Pickford et al., 1983) from the Hadar site in Kenya (East Africa), also known as 

‘Lucy’; KNM-ER 1473, a right proximal humerus of an either Early Homo (might be 
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Homo rudolfensis; Senut, 1980; Leakey et al., 1989; McHenry and Coffing, 2000) or 

Australopithecus sp. specimen (Larson, 2009) from the Upper Burgui Member of the Koobi 

Fora site in Kenya (East Africa); Omo 119-73-2718, a left proximal humerus of an 

hominin, Australopithecus/Homo sp. -it was attributed to Au. cf. africanus by Howell and 

Coppens (1976), Howell (1978), and McHenry and Temerin (1979), but, McHenry 

(1994) re-attributed the specimen to Homo sp.- from the Omo site in Kenya (East Africa); 

KNM-WT 15000, a right complete scapula of the early Pleistocene hominin Homo 

erectus (Brown et al., 1985; Walker and Leakey, 1993), from the Nariokotome site of 

Kenya (East Africa); Tabun 1, a right complete humerus from the late Pleistocene 

hominin Homo neanderthalensis (McCown and Keith, 1939; Trinkaus, 1983; Ruff et al., 

1993; Trinkaus et al., 1994), from the Tabun Cave in Mount Carmel, Israel; and Skhul 

IV, a left complete humerus of a late Pleistocene hominin, probably Homo sapiens 

(McCown and Keith, 1939; Rhodes and Churchill, 2009) from the Skhul Cave in Mount 

Carmel, Israel.  
 

Table 5. Comparative fossil sample detail. 

Species  Museum Num. Period Anat.  region Museum(s)  
A. zeuxis DPC 1275 Oligocene H AMNH/NYCEP 
N. vancouveringorum KNM-RU 17376 Miocene PH CSHO 
Unascribed GSP 28062 Miocene PH CSHO 
E. vindobonensis OE 304 Miocene H AMNH/NYCEP 
P. antiquus w/n (La Grive) Miocene PH AMNH/NYCEP 
Au. africanus/sp. Sts 7 Plio-Pleistocene PH/G CSHO 
Au. afarensis AL 288-1R/L Plio-Pleistocene PH/G CSHO 
Australopithecus/Homo KNM-ER 1743 Plio-Pleistocene PH CSHO 
Australopithecus sp. Omo 119-73-2718 Plio-Pleistocene H AMNH/NYCEP 
H. erectus KNM-WT 15000 Plio-Pleistocene Scapula CSHO 
H. neanderthalensis Tabun 1 Plio-Pleistocene H CSHO 
H. sapiens (AMHS) Skhul IV Plio-Pleistocene PH CSHO 
Abbreviations: w/n – without number; PH – proximal humerus; H – Humerus; G – glenoid; AMNH/NYCEP – New 
York Consortium in Evolutionary Primatology room at the American Museum of Natural History; CSHO – Center for 
the Study of Human Origins at the Anthropology Department, NYU. 

 
The scans of the fossil specimens were obtained from high-quality casts housed at 

the Center for the Study of Human Origins (CSHO) at the Anthropology Department of 

the New York University (NYU) and in Eric Delson’s collection at the American Museum 

of Natural History (AMNH, New York).  

Two of the specimens had to be discarded prior to the analyses because of the poor 

preservation exhibited: KNM-ER 1473, due to the large degree of erosion of the whole 

53

I. Introduction



structure (Fig. 4) which made impossible to locate anatomical landmarks suitable for shape 

analysis; and, Skhul IV, which is overall fairly well preserved but for the distal portion of 

the articular surface, which rendered the analysis of its shape too much distorted to be of 

any use at all. 

 
Fig. 4 Models of KNM-ER 1473 (left) and Skhul IV (right). Note the erosion of the KNM-ER 1743 

specimen and the missing distal end of the humeral head of the Skhul IV specimen. 
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4. Three-dimensional procedures 

 Three-dimensional techniques and methods have been used throughout the 

research, including modeling of bones using 3D laser scanning, virtual reconstruction of 

bones, 3D data (landmarks) for 3D Geometric Morphometric analyses on the virtual 

models to quantify shape differences, and the application of specialized mathematical 

procedures (e.g. Generalized Procrustes Analysis, tangent space projection, etc.) to enable 

multivariate statistical treatment of data.  

4.1 Virtual models 

The glenohumeral joint components (i.e., the proximal humerus and the glenoid 

cavity of the scapula) were scanned with a portable Next Engine laser surface scanner model 

2020i (401 Wilshire Blvd., Santa Monica, CA 90401, USA), at its maximum resolution of 

0.1 mm space-point separation with a density of 40k (2x) points. The different sections of 

the scanned bones were fused with the volume fuse option of the Next Engine HD 

software at a 0.5 Resolution Ratio of volume merging and saved in PLY format. One of the 

main virtues of the Next Engine laser scanner is the automatic attaching of a picture of the 

scanned object to the 3D mesh, which coupled with the PLY format exports allows 

retaining information about color and textures within the models. The triangular meshes 

were edited using the Geomagic software (v.12, 3D Systems, Rock Hill, SC, USA) for 

reverse engineering: the different sections were cleaned of unwanted data and then aligned 

using the best-fit alignment option of the software. Such option changes the coordinates of 

one object to match another using a best-fit algorithm using a certain number of points 

(300 for a initial, rough alignment and 1,500 for a finer adjustment) within the mesh for 

comparison. Afterwards, the model was merged into a single mesh and a version of the 

reconstructed structure was saved as the definitive PLY file.  

4.2 Landmark protocols 

 This section of the dissertation will detail the different landmark protocols used in 

the publications included in the final chapter. The software chosen for applying the 

landmark protocols was Landmark Editor (Wiley, 2006) because it is a license-free software 
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with multiple landmark-applying options, such as single points, grids and curves. The latter 

(grids and curves) include the possibility of automatically generating equally spaced semi-

landmarks along the curve or within the grid. It is currently the principal software chosen 

by the morphometrician community for 3D landmark setting, well ahead of other software 

(free and licensed) such as Morpheus (Slice, 1998), R (R Development Team, 2008), 

Check Point (Wiley et al., 2005; Wiley, 2006), or Amira (VSG–FEI, Oregon, USA).  

The protocol for the proximal humerus had to be designed from zero since no other 

works based on 3D geometric morphometrics of this structure had been attempted before. 

This also meant that the protocol was revised and upgraded with every subsequent study, 

because I had to identify the strengths and flaws of the previous version and improve it 

accordingly. The first landmark protocol designed for the analysis of the proximal humerus 

(Fig. 5) had the particularity that no license-free software for 3D landmark sliding was 

available at that time. Therefore, due to methodological restrictions (see below), the 

landmark points applied to 3D structures necessarily had to be homologous (section V.1): a 

total of 26 single-point type III (Bookstein et al. 1999; O’Higgins, 2000) landmarks were 

selected, and even though anatomical homology was deficient, geometric equivalence 

between landmarks was maintained across analyzed specimens (Bookstein et al. 1999; 

O’Higgins, 2000; Harmon, 2007; Holliday et al. 2010). Six landmarks were defined in the 

articular surface of the humeral head (Fig. 5): L1, the closest point to the bicipital groove 

on the articular perimeter; L2, the most proximal point of the articular perimeter, close to 

the supraspinatus insertion; L3, the most distal point of the articular perimeter; L4, the 

middle point between L2 and L3; L5, the most ventral point of the articular perimeter 

defined by the intercept of the perpendicular line to L2-L3 through L4; and L6, the most 

dorsal point of the articular perimeter defined by the intercept of the perpendicular line to 

L2-L3 through L4. Five landmark points were selected on each insertion area (proximal, 

distal, medial, lateral and central) of the rotator cuff muscles –subscapularis L7 to L11, 

supraspinatus L12 to L16, infraspinatus L17 to L21, and teres minor L22 to L26– 

considering that the supraspinatus muscle insertion is the most proximal one on the greater 

tubercle (Fig. 5). 

This landmark protocol has its principal inconvenience in the fact that the 

geometric equivalence of the landmarks is achieved by mathematically calculating intercept 

points between lines and landmarks, thus have to be previously drawn on the humeri. The 
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samples used for this study were casts of proximal humeral epiphyses of humans and great 

apes from the anatomical Museum of Valladolid (Spain) and the Natural Sciences Museum 

of Barcelona (Spain) (Table 2 and 4), thus being fairly easy to draw on them before 

scanning. However, in subsequent sample collection on international institutions, the 

possibilities of obtaining permission to do casts of the bones were meager at best. Hence, a 

new landmark protocol had to be devised with as many similarities to the previous one as 

possible, since the first protocol successfully distinguished among the humeral head shapes 

of all the great apes, including humans.  

 
Fig. 5 Landmark protocol designed for the first study (section V.1; Arias-Martorell et al., 2012). 

With the advent of the Geomorph package (Adams and Otárola-Castillo, 2013) for 

geometric morphometric analyses in R (R Core Development Team, 2008) the necessity of 

maintaining geometric equivalence between landmarks was overcome, since Geomorph 
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incorporated the algorithm for semi-landmark sliding in 3D for the first time in a license-

free platform such as R. Thus, the new landmark protocol included 41 landmarks and 

semi-landmarks, where the first 25 landmarks corresponded to the articular surface (Fig. 6) 

and were applied in form of a 25-point grid in which the first 9 landmarks were placed 

manually and the rest of points were automatically spaced at equal distances from the 

original points by the software Landmark Editor (Wiley, 2006) (section V.3). The first 5 

landmarks (type II landmarks L1 to L5, Fig. 6) then served as anchor to the rest of the 

points (type III landmarks L6 to L9 and semilandmarks L10 to L25, Fig. 6), which were 

slid using Geomorph (Bookstein, 1997; Adams and Otárola-Castillo, 2013; Gunz et al., 

2005; Rohlf and Slice, 1990). The rest of the landmarks (type II landmarks, L26 to L41) 

were designed to outline the insertion sites of the rotator cuff on the tubercles. This 

protocol was used for the analysis of the extant primates only, as it carefully characterized 

all the structures on the proximal humerus by using a high number of points. 

 
Fig. 6 Landmark protocol designed for the third study (section V.3; Arias-Martorell et al., 2014). The circles 

represent semilandmarks and the black dots the anatomical landmarks. 

For the analysis of the Oligocene-Miocene fossils the use of the previous protocol 

was not possible due to the partiality of the remains and the lack of differentiation between 

the infraspinatus and teres minor insertions at the greater tubercle (Rose, 1989). Also, the 

damage at the tubercles of some of the remains prevented both insertion sites to be clearly 
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differentiated in all individuals. Therefore, a less landmark-dense protocol was derived from 

that used in the previous study, preserving the landmarks on areas that displayed major 

variation patterns. The medio-lateral and anterior-posterior breadths of the humeral head 

were chosen as representatives of articular surface functional morphology, and a total of 5 

landmarks (L1 to L5) and four semilandmarks, located at equal distances from landmarks 1 

to 5, were collected, which traced the curvature of the articular region in both breadths. 

The subscapularis and supraspinatus insertion sites on the greater and lesser tubercles were 

recorded as in the previous study, outlining each insertion site individually with four type 

II landmarks. The infraspinaus and the teres minor insertion sites were recorded as a single 

insertion area for the reasons outlined above. In this manner, the final number of points 

was reduced to 17 landmarks and 4 semilandmarks (21 total points, Fig. 7) (section V.4). 

 
Fig. 7 Landmark protocol designed for the fourth study (section V.4; Arias-Martorell et al., In press). The 

circles represent semilandmarks, the grey dots the landmarks of the tubercles and the black dots the 
landmarks of the humeral head. 

The Plio-Pleistocene proximal humeral protocol slightly changed from the protocol 

devised for the Miocene. For instance, the preservation of the fossil specimens allowed 

recording the shape of each rotator cuff insertion site at the tubercles, since the teres minor 

insertion was present in all the specimens included in the analysis (Fig. 8). Thus, the 

infraspinatus and teres minor insertions were outlined individually with four landmarks 

corresponding to the proximal, distal, lateral and medial ends of the insertion outlines. The 

landmarks of the humeral head were preserved as they were in the previous protocol, 

inlcuding the medio-lateral and anterior-posterior breadths of the humeral head (with a 

total of 5 landmarks, L1 to L5, and 4 semilandmarks located at equal distances between 

pairs of landmarks 1 to 5) (section V.5). 
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The glenoid cavity protocol was devised to represent its overall morphology, with a 

total of 5 landmarks at the margin of the glenoid surface area, corresponding to the point 

of maximum curvature on the proximal aspect, the point of maximum curvature on the 

distal aspect, the point of maximum curvature on the anterior aspect, the point of 

maximum curvature on the posterior aspect, and the point of maximum craniocaudal 

curvature in the center of the articular surface (Fig. 8). Four semilandmarks were collected 

in the margin (outline) of the articular surface of the glenoid, between the pairs of 

landmarks located in the surface outline (L1-L3, L2-L3, L1-L4, L2-L4) and four additional 

semilandmarks were recorded in the surface area, between L1 and L5, L2-L5, L3-L5 and 

L4-L5, to map the craniocaudal and anteroposterior curvatures of the surface (section V.5).  

 
Fig. 8 Landmark protocol designed for the fifth study (section V.5; Arias-Martorell et al., Under review). The 

circles represent semilandmarks, the grey dots the landmarks of the tubercles and the black dots the 
landmarks of the humeral head. 

4.3 3D Geometric Morphometrics 

Geometric Morphometric techniques (GM or GMM) based on Cartesian 

coordinates (x, y in two dimensions and x, y, z in three dimensions) of landmarks constitute 
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a powerful method for quantifying the form (size + shape components) of an object or 

structure. This method allows the implementation of statistical analyses onto 

configurations of processed (as to preserve the shape part of the form) landmark points to 

assess an array of questions related to the phenotypic variation of a biological structure, 

both at inter- and intra-group/population levels.  

The traditional definition of landmarks in geometric morphomterics states that they 

are points of correspondence on each specimen that match between and within 

populations/groups; or, equivalently, biologically homologous anatomical loci recognizable 

on all specimens in the study (Dryden and Mardia, 1998; Bookstein, 1991; O’Higgins, 

2000; Webster and Sheets, 2010). However, when the focus of study lacks perfectly 

homologous structures or points, geometric equivalence between landmarks is also a 

suitable source of correspondence (Harmon, 2007). The latter condition is mostly true 

when dealing with three-dimensional objects, where often the structures under study have 

very few truly homologous points. In such cases, the quantification of the form can be done 

with the application of a semi-landmark protocol (Bookstein, 1997; Gunz et al., 2005; 

Gunz and Mitteroecker, 2013). Semi-landmarks are useful for quantifying the information 

of curves and surfaces in-between the landmarks in the analysis between corresponding 

structures (Green, 1996; Bookstein, 1997; Sheets et al., 2004; Gunz et al., 2005). 

Bookstein (1991) defined three types of landmarks: type I, representing 

juxtapositions of tissues, perfectly homologous and easily identifiable across specimens (e.g. 

the gonion or the glabella); type II, points of maximum curvature (e.g. tip of the mastoid 

process); and type III, which are defined by sentences like ‘the most anterior’ or ‘the 

farthest’. Type I and II landmarks are to be considered real landmarks, because they 

generally offer true homology and are defined in all coordinates (i.e. they do not have 

deficient or poorly described coordinates), on the contrary, type III landmarks are 

informative in only one direction and the other coordinates are deficient (Bookstein, 1991; 

O’Higgins, 2000; Zelditch et al., 2012). When dealing with semilandmarks or type III 

landmarks, the deficient coordinates should be estimated by a sliding algorithm to allow the 

correct implementation of landmark-based statistics. Sliding landmarks are informative of 

the functionality of the shape, whereas anatomical landmarks yield information mainly 

about development and phylogeny (Gunz et al., 2005). Sliding the semilandmarks is 

achieved by minimizing the shape differences between forms (Sheets et al., 2004); the 

61

I. Introduction



landmarks are allowed to slid along the curve so that their spacing minimally impacts the 

amount of shape differences between forms (Webster and Sheets, 2010). Sliding can be 

accomplished by minimizing either the bending energy or the Procrustes distance between 

the reference and the target specimen (Bookstein et al., 1999; Gunz et al., 2005; Adams et 

al., 2013). Superimposition is the milestone mathematical procedure of the field. Even 

though several methods of superimposition have been explored in the ever-evolving GM 

field, the Generalized Procrustes Analysis (GPA) is the most commonly used 

superimposition method by far (Gower, 1975; Rohlf and Slice, 1990; Zelditch et al., 2012; 

Adams et al., 2013). Procrustean superimposition is a method used to standardize all 

landmark configurations as well as to separate the size (isometric) component from the 

shape. Superimposition involves translating all landmark configurations to a common 

location, rescaling them to unit (1) centroid size and rotating them to an optimal least-

squares alignment with an iteratively estimated mean reference, to the criterion of 

minimizing the Procrustes summed squared distances between corresponding landmarks 

(Gower, 1975; Rohlf and Slice, 1990; Dryden and Mardia, 1998). This process is also 

called registration and allows the structuring of otherwise too disparate data for subsequent 

analyses. The scaling subtracts the isometric size component from the shape, leaving only 

shape descriptors (geometric information) for analysis. Isometric size differences are not 

relevant in GM studies because the focus of work are the changes in shape, and ‘shape is all 

geometric information that remains when location, scale and rotational effects are filtered out 

from an object’ (definition by Kendall, 1977). The removing of scale is also the removing of 

the effects of size that is independent of shape, known as the geometric scale, computed by 

calculating the square of each landmark to the centroid of the configuration, summing all 

rhe squared distances and then taking the square root of that sum. This is called the 

‘centroid size’ (CS) and (roughly) accounts for the isometric (scale-related) changes in 

shape, thus centroid size is the only size variable that is uncorrelated with shape in the 

absence of allometry (Zelditch et al., 2012). 

After performing a GPA, the resulting registered coordinates exist in a non-

Euclidean (curved) shape space, a surface of a hypersphere centered on the origin with a 

radius of 1 (Kendall, 1984; Goodall, 1991; Dryden and Mardia, 1998; Rohlf, 1999; 

Webster and Sheets, 2010; Zelditch et al., 2012). Therefore, GPA data is unsuitable for 

performing flat-space based statistics, such as analyses of variance or regressions. To 
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overcome this limitation, the registered configurations must be projected into the 

Euclidean space by tangent approximation. A flat space is positioned onto the tangent 

passing by the sample mean shape (consensus), to minimize distance transcription 

distortion (from a curved space to a flat space, as in earth maps) (Webster and Sheets, 

2010). Thus, the relative positioning of the shapes in both spaces after projection is 

virtually equal, allowing the correct application of statistical tests on the tangent-projected 

data without fear of having changed the relation of distances between specimens (Marcus et 

al., 2000).  

The data obtained by geometric morphometric procedures is multivariate by 

nature, always being the number of dimensions obtained from a GPA three times the 

number of landmarks minus seven (3*p-7) (or two times minus four in 2D configurations), 

seven being the dimensions (or degrees of freedom) lost during the translation (3 

dimensions: one for the x, one for the y, and one for z), rotation (one for each rotation -3- 

axis) and scaling (one dimension lost) processes. The lost dimensions should be removed 

either automatically after the GPA or by performing an ordination (e.g. Principal 

Components Analysis) of the data and discarding the axes with zero variance. 

4.4 Multivariate statistics  

In this section I will briefly summarize some of the more relevant statistical tests 

used throughout the dissertation. Statistics have been used as an aid to the research, for 

asking specific questions to the data, such as the presence of groups, the validity of group 

differentiation based on shape, the correlates of certain external aspects (independent from 

the data) with morphology, classification of unknown specimens, exploration of 

morphological affinities between groups, whether function or phylogeny is the main factor 

underlying shape differences, and on the modular configuration of structures. However, 

statistics are not an end in themselves; the tests have been chosen depending on my 

increasing but still modest statistical knowledge, the availability and familiarity with 

different statistical software, and external aid procured in the form of collaborators, advisors 

and external reviewers. All the tests (and many more) can be conducted in fairly well 

known programs such as MorphoJ (PCA, bgPCA, CVA, regressions, Phylogenetic Signal 

Analysis and Modularity Analysis), PAST (PCA, bgPCA, CVA, regressions and Cluster 
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Analysis), R (PCA, CVA, regressions, modularity, etc.) and SPSS (PCA, CVA with a 

posteriori classification, Cluster Analysis and regressions). 

a) Principal Component Analysis (PCA) and between-groups (bg) PCA  

Patterns of variation in shape can be explored using Principal Components Analysis 

(PCA) and/or between-groups Principal Components Analysis (bgPCA). They are also 

referred to as ordination methods. A PCA derives principal component axes (PCs), which 

are independent from each other and ordered so that the first axis is aligned with the 

direction of maximal variance and the second is orthogonal to the first and so on (Webster 

and Sheets, 2010; Zelditch et al., 2012), then the specimens in the sample are ordered 

along these axes. Group differences can be preliminary assessed as clustering of individuals 

with similar morphologies in the scatterplot provided by the analysis by plotting the 

principal component scores of the specimens in the sample for the first and second PC axes 

or the first and the third, depending on the percentage of variance explained by each PC. 

Usually, the first and second PCs account for nearly 50% of the variance (sometimes even 

more), with the first PC accumulating more variance than any other PC, therefore, by 

plotting the two first PCs on a graph, a general idea of the patterns of the data can be 

obtained.  PCA is also useful for reducing the data dimensionality, by eliminating the zero 

variance PCs. The particularity and usefulness of the bgPCA is that it initially relies on the 

group mean configurations, so that the scores of the specimens are computed a posteriori 

using vector products, thus taking into account the intraspecific variation of the groups 

(Mitteroecker and Bookstein, 2011).  

b) Discriminant Analysis  

Also known as Canonical Variate Analysis (CVA), this test determines whether 

predefined groups can be statistically distinguished based on multivariate data. The DA also 

constructs axes of variation, each being a linear combination of the original variables and 

orthogonal to each other (Webster and Sheets, 2010; Zelditch et al. 2012). However, each 

CV axis is oriented to summarize the maximal difference between groups, relative to the 

within-groups variance. Specimens can be grouped a priori, and then test how well the data 

fits such assumption. Nevertheless, one of the most interesting features of the CV is that 

specimens with unknown group affiliation can be left ungrouped and classified by the 

analysis based on classification probabilities (derived on the basis of Mahalanobis square 

distances, D2). The performance of the analysis for discriminating among known groups is 
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assessed on the basis of cross-validation percentages (the a posterior classification can be 

conducted in SPSS, PAST and R). 

c) Hierarchical Cluster Analysis 

Morphometric affinities between studied specimens/groups can be assessed 

constructing dendograms (phenetic trees) derived from hierarchical cluster analyses (there 

are several methods to constructing trees, such as neighbor joining or UPGMA, but the 

method used in this dissertation is that of Ward’s), using either PC or CVA scores of 

specimens or group centroids. Morphologically closer groups will cluster together to the 

exclusion of other groups, more distantly related in terms of shape. 

d) Multivariate regressions 

Regression is a hypothesis-testing statistic technique used to explore the relationship 

between two variables (bivariate regression) o a set of multiple variables (multiple or 

multivariate regression). Generically, regression aims at explaining the variation of one 

variable (shape) by another (Zelditch et al., 2012), or more accurately, a mathematical 

model that predicts shape as a function of the presumed explanatory variable. The data is 

fitted to this model and then the model is evaluated. The model, thus, tests covariances 

between variables (as correlation, not as causation). In shape analyses, multivariate 

regressions must be used because shape data is multidimensional and cannot be analyzed 

separately. In GM performing a multivariate linear regression of Procrustes coordinates 

onto a particular independent variable allows for the extraction of the exact shape 

component related to that particular external factor (Drake and Klingenberg, 2008; Adams 

and Nistri, 2010; Turley et al., 2011). 

e) Phylogenetic signal analysis 

In order to test for phylogenetic signal in GM data, shape can be mapped onto a 

phylogenetic tree, using genetic-based tree branch lengths (Klingenberg and Gidaszewski, 

2010; Klingenberg, 2011). Landmark configurations representing hypothetical taxonomic 

units (the nodes in the tree) are computed using squared-change parsimony (Maddison, 

1991).  A permutation test can be performed to determine if shape changes are significantly 

associated with phylogeny in designated groups. In addition, the phylogenetic tree and 

hypothetical taxonomic units can be mapped onto a principal component analysis of the 

mean shapes of the groups under study, creating a phylomorphospace in which homoplasy 
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can be observed if branches from phylogenetically distant taxa overlap (Rohlf, 2002; 

Sidlauskas, 2008).    

f) RV coefficient modularity analysis 

The RV coefficient and its generalization (multi-set RV coefficient or RVM; 

Klingenberg, 2008, 2009) is one of several geometric morphometric approaches to 

modularity (see Zelditch et al., 2012 and Klingenberg, 2013 for reviews), and it is a 

measure of the strength of the association between the coordinates of two or more a priori 

designed sets of landmarks. The method measures the between-block relative to within-

block covariance, generating a distribution of RV values by randomly partitioning the data 

into the same number of modules, with the same number of landmarks per module as in 

the hypothesis (Klingenberg, 2009). If the hypothesis holds, its RV coefficient should be 

the lowest value, or at least near the lower extreme of the distribution of RV values for all 

the randomly generated partitions (Klingenberg, 2009). One limitation of modularity 

analysis in geometric morphometrics stems from the fact that the covariances among 

landmarks may be a function of the distance between them (Adams et al., 2013), thus 

rendering the null hypothesis used by the RV coefficient test of modularity as statistically 

unreasonable.  

g) Data visualization 

 One of the main advantages of (3D and 2D) Geometric Morphometrics over 

traditional morphometrics is the powerful visualization of the shape changes it offers. 

When geometric morphometrics was established as a discipline, one of the main arguments 

in favor of the technique was the ease with which statistical output (results) could be 

presented in a visual format (the Geometric Morphometrics ‘revolution’; Rohlf and 

Marcus, 1993). Visualization can communicate complex processes (such as morphological 

change) much more effectively than coefficient tables, which is the traditional 

morphometric output (Klingenberg, 2013). Visualization of shape changes in 

morphometrics are mainly based on two principles: shape change as the relative 

displacement of corresponding landmarks in different shapes or the deformation of a grid, 

outline or surface that is interpolated from the shape change. As shape spaces are created 

(even in their flat approximation), every shape in that space can be represented, even if it 

does not correspond to any particular existing individual in a sample. Shape differences and 

shape changes are two different concepts. On one hand, shape differences are non-equal 
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shapes, in which there is no direction for explaining the differences (e.g. sexual 

dimorphism, with the male and female shapes), and on the other, shape changes involve the 

differences from a starting shape to a target shape (in sexual dimorphism, the shape changes 

from male shape to female shape can be studied, or vice versa). Shape changes are vectors 

with magnitude and direction (Klingenberg and Monteiro, 2005; Klingenberg, 2013). 

Therefore, coefficients from multivariate analyses can be visualized as shape changes or 

shape variation along a PC axis (eigenvector), or as the vector of a regression coefficient of 

shape per unit change in the independent variable (Monteiro, 1999; Drake and 

Klingenberg, 2008; Klingeberg, 2013). There are several methods for showing shape 

changes but in this dissertation two formulae were used: lollipop graphs that explain the 

landmark-to-landmark displacement from one shape to another, which can be easily 

transformed into wireframe graphs (Fig. 9a; obtained from MorphoJ), and shape changes 

warped into surfaces (Fig. 9b) using thin-plate spline interpolation (created with Landmark 

Editor; Wiley et al., 2005).  

 
Fig. 9 Example (in a superior view) of a) proximal humeral wireframes showing the shape changes from the 

mean shape of Homo sapiens (blue) to Pongo (red) and, b) the mean shape of Pongo warped onto a 3D model. 

Both are equally useful for providing the anatomical context of a structure. This 

way, in geometric morphometrics-based studies, effective shape differences can be, first, 

quantified with the best-fitting test, second, extracted, and third, directly observed on a 

model structure as shape changes. Such procedure provides a profound visual insight into 
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variation patterns of structures, specimens and groups, and is a great aid to the 

comprehension of the results obtained.  
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5. Aims 

This project pursues to analyze the articular region of the shoulder, or 

glenohumeral joint, of extant and fossil hominoids, as the morphofunctional characteristics 

of this region can be effectively linked to certain locomotor behaviors in different genera 

(e.g., presence-absence of suspension), and major evolutionary patterns can be identified 

(e.g., acquisition of orthograde characters). Once the morphofunctional sorting 

effectiveness of the glenohumeral joint components (humeral head and the glenoid cavity 

of the scapula) are established, the fossil record available for the hominoids and other 

genera of importance are incorporated to the analysis, to answer various questions as to the 

occurrence of homoplasy, a possible decoupling of orthogrady and suspension, and the 

mosaic evolution that characterizes the hominoid evolutionary history. It has been 

commonly assumed that there are more morphological similarities in the shoulder region of 

extant hominoids (and therefore, in their ancestors) related to a purported shared 

morphology associated with the acquisition of an upright body plan, than significant 

dissimilarities. Such contention has led to a well-established scholarship recollecting the 

differences between non-hominoid primates versus apes in terms of morphological and 

functional differentiation of their respective shoulder characteristics (e.g. Inman et al., 

1944; Ashton and Oxnard, 1963; Napier and Napier, 1967; Roberts, 1974; Rose, 1983, 

1989; Larson, 1988, 1993; Ruff, 2002, 2003;). It has been only fairly recently that 

shoulder morphological differences among hominoid groups have started to be of interest, 

channeled by the paradigm-challenging growing evidence of the Miocene and Early 

Pleistocene hominoid fossil record (Larson and Stern, 1986, 1987; Larson, 1988, 1993, 

2007; MacLatchy et al., 2000; Begun, 2002a, b; Harrison, 2002, 2005; Madar et al., 2002; 

Ishida et al., 2004; Lovejoy et al., 2009a, b; White et al., 2009). Therefore, a profound 

revision and reevaluation of the characters of the shoulder in extant and extinct hominoid 

taxa is needed. Therefore, three research objectives can be identified: 

 

Objective 1. Assess the potential of the glenohumeral joint as a proxy for establishing 

locomotor correlates in primate taxa, primarily hominoids.  

Previous studies assess that functional requirements related to locomotion 

determine, at least to some extent, the morphology of this particular anatomical region 
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(e.g., Corruccini and Ciochon, 1976; Fleagle and Simons, 1982; Rose, 1989; Larson, 1993, 

1995; Preuschoft et al., 2010; Bello-Hellegouarch et al., 2013). Therefore, the morphology 

of the glenohumeral joint should morphofunctionally correspond to the locomotor 

behavior practiced by the living taxa. One of the main goals of this study is to, not only 

identify the quadrupedal vs. below-branch locomotion morphological correlates, but try to 

assess if different types or degrees of below-branch locomotion can be traced as well (Rose, 

1989; Fleagle and Simons, 1992; Larson, 1993; Kagaya, 2007; Bello-Hellegouarch et al., 

2013).  

 

Objective 2. Attempt locomotor inferences of fossils establishing the morphological 

affinities of Miocene catarrhines and Plio-Pleistocene hominins using the morphological 

framework created in the previous objective.  

 Establishing the morphological affinities of hominoids from the early Miocene to 

the Plio-Pleistocene is an important step to assess the evolutionary implications of such 

morphologies in an evolutionary context. Locomotion plays a major adaptive role for 

shaping primate postcranial morphology, as such, it can shed light on the evolutionary 

history of primates and, particularly, of hominoids. Therefore, determining the presence of 

below-branch locomotor behaviors is a key issue in primate paleontology and 

paleoanthropology (Moyà-Solà et al., 2004, 2005; MacLatchy et al., 2000; Lovejoy et al., 

2009a, b). 

 

Objective 3. Evaluate the evolutionary history of the glenohumeral joint of hominoids 

considering the occurrence of homoplastic processes in this joint in various taxa. Derived 

from this objective: 

1), test whether orthograde and suspensory characters co-evolved, or if there is evidence of a 

decoupling of such features.  

  Miocene ape discoveries are evidence of the high amount of homoplasy and mosaic 

evolution occurred throughout the evolutionary history of hominoids (Larson, 1988, 1995, 

2007; Ward, 1993, 2007; Kagaya, 2007; Kivell and Schmitt, 2009; Hammond et al., 2012; 

Almécija et al., 2013; Bello-Hellegouarch et al., 2013), leading to the conclusion that 

extant hominoids are highly derived respect to the ancestral condition of the group, and 
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that the purported homology of the orthograde/suspensory characters that apparently tie 

together the extant forms might have evolved from a non-so-uniform evolutionary history. 

2) Test the occurrence of mosaic evolution and assess the arboreal capabilities in early 

hominins and its broader implication in hominin evolution. 

The Miocene hominoid fossil evidence suggests that the ancestral pattern from 

which the extant taxa evolved is more generalized than previously thought. Thus, 

locomotor and paleobiological inferences on fossil hominins based solely on extant taxa 

might become biased (Almécija et al., 2013). Therefore, a wider reference frame to 

ascertain the morphological affinities of the Plio-Pleistocene hominins is needed, including 

generalized forms. In this way, questions such as whether hominins retained arboreality as 

an important part of their locomotor behavior can be better assessed (Vrba, 1979; Susman 

et al., 1984; Stern, 2000; Crompton et al., 2008).  
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1.  Objective 1. The glenohumeral joint as a 
proxy for establishing locomotor correlates in 
primate taxa 

The two components of the glenohumeral joint have well-established 

morphofunctional roles that are reviewed in detail in subsequent sections (1.1 and 1.2). 

Within the proximal humerus, the two substructures in which it is formed –the humeral 

head and the tubercles– are reviewed in sections 1.1.1 and 1.1.2. 

1.1 The proximal humerus 

General pattern. The whole epiphysis served to discriminate major locomotor 

categories in diverse primate genera (Fig. 10, 11 and 12). In a principal components 

analysis (PCA), two major morphoclines could be distinguished when analyzing the 

proximal humeral epiphysis. The first great morphological distinction (PC 1) was observed 

between (any substrate) quadrupeds (Cebus, Colobus, Papio), which exhibited distinctive 

overall morphologies, and the group formed by the apes and Ateles in all the analyses (Fig. 

10, 11 and 12). In this primary morphocline, the woolly monkey Lagothrix generally 

exhibited an intermediate position. 

At a first glance, this morphocline could be associated with a pronograde vs. 

orthograde dichotomy. However, studies of rib curvature have shown that Ateles does not 

display the same rib obliquity than apes, not displaying a fully ‘orthograde’ rib cage 

morphology, but an intermediate one between apes and Old World Monkeys 

(pronogrades) (Kagaya et al., 2009). Moreover, Kagaya and colleagues (2008) found that 

Pan does not differ much from non-hominoid catarrhines in thorax width, thus suggesting 

that dorsoventral flattening of the thorax might be the result of homoplasy (Kagaya et al., 

2008) (see section 3.2 for further discussion on the topic). Thus, the morphocline found in 

PC 1 is differentiating suspensory from semi- and non-suspensory taxa in all analyses. In 

this regard, the intermediate position of Lagothrix highlights its mosaic morphological traits 

(which will be reviewed in detail below) related to the use of a greatly varied locomotor 

repertoire: Lagothrix exhibits significant percentages of all forelimb-dominated positional 
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behaviors (suspension, including brachiation, and climbing) as well as generalized above-

branch quadrupedalism (Cant et al., 2003).  

 
Fig. 10 PCA scatterplot, PC1 vs PC2, showing shape changes of extant taxa at the end of both axes, including 

the apes, Ateles, Lagothrix and Colobus. 

 
Fig. 11 bgPCA scatterplot of PC1 vs PC2, showing shape changes of extant taxa at the end of both axes 

including humans in the sample. 
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The second distinctive morphocline differentiated the group of African great apes 

from the rest of the taxa when arboreal quadrupeds, apes and Ateles were included in the 

PCA analysis (Fig. 10). However, depending on the sample used, other taxa exhibited the 

outgroup position for PC 2. When Homo sapiens entered the analyses, this group tended 

adopt the outgroup position, being separated from the rest of the taxa (Fig. 11), whereas 

when Papio was included, this taxon drove the morphological changes for PC 2 (Fig. 12).  

Even though Gorilla and Pan tend to appear more similar to each other than the rest of 

taxa (Fig. 10, 11 and 12), there are statistical differences between their group means (Table 

6). Permute tests conducted on the mean shape of the taxa, which evaluates differences 

between the whole shape in the morphospace, suggested that the morphology of the 

proximal humerus of the African great apes is less similar than what might be inferred by 

their PCA positions (Figs. 10, 11 and 12).  

Fig. 12 bgPCA scatterplot of PC1 vs PC2, showing shape changes of extant taxa at the end of both axes 
including Papio in the sample. 

Table 6 P-values for permutation tests over Mahalanobis and Procrustes distances among mean shapes of 
groups with the differences between Pan and Gorilla highlighted in bold. 

 Mahalanobis  Procrustes  

Species G. gorilla H. sapiens P. pygmaeus G. gorilla H. sapiens P. pygmaeus 

H. sapiens <0.0001 - - <0.0001 - - 
P. pygmaeus 0,0002 <0.0001 - 0.0004 0.0001 - 
P. troglodytes <0.0001 <0.0001 0.0001 0.0013 <0.0001 0.0008 
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Diverse factors –centroid size (CS), body mass (BM), substrate preference (SP), 

brachiation percentage (BD)– were tested using regressions onto the shape of the overall 

proximal humeral epiphysis (Table 7), showing that: BM and SP were largely related to CS, 

as CS accounted for all aspects of the shape that were related to BM and SP (Fig. 13, Table 

7). This is somewhat intuitive as large animals are more likely to be terrestrial than small 

ones, with the exception of orangutans, which are arboreal primates with large body masses 

(Table 8) (Cant, 1992; Thorpe et al., 2009). However, the amount of time spent travelling 

by suspensory modes (BD) did not correlate with size, as differently sized animals perform 

the same amount of suspension (Fig. 14, Table 8). For instance, Lagothrix and Pongo 

engage in brachiation almost the same percentage of time (11% and 13% respectively, 

Table 8) but are very different in size, whereas Colobus and Lagothrix, are fairly similar in 

size (with the exception of male Colobus guereza that are substantially larger; Table 8) but 

perform very differently in suspension, with Colobus never engaging in such behaviors and 

Lagothrix doing it an 11% of the time. Another example is that of Ateles and Lagothrix, 

which are of similar body sizes, but the former spends 23% of its travelling time in 

suspension, whereas the latter only 11%.  

 
Fig. 13 Shape changes at the ends of the regression slope: a) large centroid size/body mass (BM)/ substrate 

preference (SP) terrestrial assemblages taxa such as Gorilla and Pan, and b) assemblages taxa such as Lagothrix, 
Hylobates and Colobus. 
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Fig. 14 Shape changes at the ends of the regression slope: a) small brachiation percentage assemblages taxa 

such as Colobus, and b) large percentage of brachiation assemblages the suspensory apes (Pongo and Hylobates) 
and Ateles. 

Table 7. Results of the multivariate linear regressions carried out for each external factor considered: centroid 
size (CS), body mass (BM), substrate preferences (SP) and brachiation percentage (BD). All regressions were 
carried out pooled by sex to control for the sexual dimorphism component of the shape. 

 
CS BM SP BD 

 
% variance Sig. % variance Sig. % variance Sig. % variance Sig. 

Procrustes coordinates 
      FULL EPI 11.90 <0.001 8.77 <0.001 10.98 <0.001 11.69 <0.001 

ART SURF 12.85 <0.001 8.91 <0.001 11.56 <0.001 11.52 <0.001 
TUBS 14.66 <0.001 11.89 <0.001 13.85 <0.001 6.95 <0.001 

 

A phylogenetical signal analysis was conducted (Klingenberg and Gidaszewski, 

2010) showing that the investigated traits (proximal humeral shape) were related to 

function rather than to phylogeny (phylogenetical signal test on Procustres aligned 

coordinates: tree length=0.05651598; N=113; P=0.1446; phylogenetical signal test on 

principal components scores: tree length=0.05651598; N=113; P=0.1394; Fig. 15), 

allowing us to propose functional interpretations of proximal humeral shape, and to 

elucidate if the morphological characters of the proximal humerus described are connected 

to the amount of suspension exhibited by different taxa.  
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Table 8. Details of the sample used in the third study (section V.3; Arias-Martorell et al., 2014) with 
information on the centroix size, body mass, substrate preference and brachiation percentage. 

Taxa Species  Mean 
Centroid 
Size (CS) 
M/F 

Body Mass 
(BM) M/F 

Substrate 
preference1 
(SP) (0-10) 
M/F 

Brachiation 
percentage2 

(BD) 

Hylobatids  65.94/59.24  0.1/0.1 80%a 
 Hoolock hoolock  6.87/6.88   
 Hylobates concolor  7.79/7.62   
 Hylobates agilis  5.88/5.82   
 Sympahangus syndactylus  11.90/10.70   
 Hylobates moloch  6.58/6.25   
 Hylobates sp.     
Pongo  156.51/123.84  6/0.2 13%b 
 Pongo pygmaeus  78.50/35.80   
 Pongo abelii     
Pan   134.29/124.77  4/3 0.8%c 
 Pan troglodytes troglodytes  59.70/45.80   
 Pan troglodytes schweinfurtii  42.70/33.70   
Gorilla  Gorilla gorilla 200.44/159.90 170.40/71.50 6/4 3.6%d 
Ateles  66.53/59.64  0.1/0.1 23%e 
 Ateles belzebuth  8.29/7.85   
 Ateles geoffroyi  7.78/7.29   
 Ateles paniscus  9.11/8.44   
 Ateles fusciceps  8.89/9.16   
Lagothrix   57.85/56.46 7.28/7.02 0.1/01 11%f 
 Lagothrix lagothrica     
 Lagothrix sp.     
Colobus  58.55/61.75  0.1/0.1 0%g 
 Colobus guereza  13.5/9.2   
 Colobus angolensis  9.68/7.57   
 Colobus verus     
 Colobus satanas     
 
1. Substrate references extracted from Turley et al. 2011. 
2. Percent of time each genus spends performing brachiation during travelling. 
a. Based on: Andrews and Groves, 1976; Carpenter, 1976; Michilsens et al., 2009, 2010. 
b. Crompton et al., 2010; Sujardito and Van Hoof, 1986; Thorpe and Crompton, 2006. 
c. Crompton et al., 2010, after Doran, 1996; Hunt, 2004; Remis, 1995; Tuttle and Watts, 1985. 
d. Lowland gorilla data: Crompton et al., 2010, after Doran, 1996; Hunt, 2004; Remis, 1995; Tuttle and Watts, 1985. 
The Mountain gorilla spends a more significant amount of time in brachiation: 3.6% (Crompton et al., 2010). 
e. Cant et al., 2001; Kagaya, 2007. 
f. Cant et al., 2001; Kagaya, 2007. 
g. Gebo and Chapman, 1995; Mittermeier and Fleagle, 1976; Rose, 1974, 1979. 
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Fig. 15 Phylogenetic tree projected onto the morphospace of PC1 and PC2. The red dots highlight the 

convergent shape of Pongo and Ateles for the proximal humeral shape. 

 

1.1.1 The modules of  the proximal humerus 

The modularity study using the RV coefficient (Escoufier, 1973; Klingenberg, 

2008, 2009) conducted to explore whether the proximal humerus was divided into 

developmental (three-module hypothesis) or functional modules (two-module hypothesis) 

showed that for both the two- and three-module hypotheses all the observed correlations 

were in the lower end of their distributions (Fig. 16), as would be expected for 

compartments depicting distinct morphological modules. However, there was stronger 

support for the two-module (functional) partition of the proximal humeral structures (Fig. 

16). The two function-related modules present on the proximal humerus included one 

module for the articular surface of the humerus, and another enclosing the greater and 

lesser tubercles.  

Regarding the articular surface, the observed modular trend might be related to the 

fact that the humeral head is functionally coupled with the glenoid cavity of the scapula, 

which, in turn, might promote integration between these two parts of the joint. Young 

(2004) found that modular partitions could be defined in the hominoid scapula, with the 

glenoid cavity acting as a single module among most hominoid species. The modular signal 
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of the glenoid cavity in hominoids suggests that there might be functional integration of 

the glenoid and the humeral head. Nevertheless, the articular surface of the proximal 

humerus has an established functional role related to arm mobility (Rafferty and Ruff, 

1994). Specifically, its external size and shape closely relate to arm range of movement in 

primates (Rose, 1989; Aiello and Dean, 1990; Ruff and Runestad, 1992; Larson, 1993; 

Rafferty and Ruff, 1994) (see section 1.1.2). 

 

 
Fig. 16 Modularity analysis of the proximal humeral shape of humans. 

The most likely cause for the functional association of the tubercles is their bearing 

of the insertion sites of the rotator cuff muscles. In particular, the rotator cuff muscles of 

the scapula in humans are capable of neutralizing the forces of the muscular elevators of the 

scapula with large lever arms, such as the deltoid –which may cause secondary upwards 

displacement and dislocation of the humerus–, due to the specific location of their 

insertions, closer to the center of rotation of the glenohumeral joint (Berghs et al., 2011). 

Therefore, at least part of the stabilizing function of the rotator cuff depends on the 

location of their attachments in the humeral tubercles with respect to the head and on the 

position and tilt of the facets where the rotator cuff tendons insert (Berghs et al., 2011). 
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The size and activity patterns of the musculature inserting on the tubercles may be 

generating covariance between the two structures and thus producing the modular pattern 

observed (under the palimpsest model; Hallgrímsson et al., 2009) (see section 1.1.3).  

1.1.2 Morphofunctional correlates  of  the articular surface 

The major morphofunctional characteristics of the articular surface are the degree of 

globularity and the shape of the perimeter, which are largely indicative of the range of 

motion of the joint (Harrison, 1989; Larson, 1993; Rafferty and Ruff, 1994; Rose, 1989; 

Ruff and Runestad, 1992). Morphological specificities of each taxa are discussed below in 

relation to their positional behaviors: 

a) Hylobatids  

The articular surface of hylobatids showed differences from those of the other 

hominoids and Ateles (Fig. 17 and 18), in that hylobatids had the most globular articular 

surface with a circular perimeter.  Such morphology is probably an indication of a positive 

selection towards high mobility rates and wide-range circumduction capabilities at the 

shoulder joint in this genus (Fig. 17 and 18) (Rafferty and Ruff, 1994; Ruff and Runestad, 

1992). Such positive selection could be explained by the high reliance on brachiation when 

travelling (up to 80% of the time) in hylobatids (Table 8). The brachiation kinematics 

proposed by Usherwood and Bertram (2003) and Bertram (2004) offers interesting insights 

into the anatomical features exhibited by the hylobatid proximal humerus. Even though 

this model did not imply the forces acting across the joint, it is based upon the assumption 

that during ricochetal brachiation, when the arm begins to bear the full load, the body 

pivots around the shoulder joint and a large portion of energy that would be lost in a 

tension collision is converted into rotational energy at the glenohumeral joint (Bertram, 

2004). Such pivoting at shoulder joint would require a great range of movement in the 

antero-posterior direction, because of the high degree of internal-external rotation needed 

(Larson, 1988). The articular surface of the hylobatids showed a morphology enhanced for 

a large range of movement in the antero-posterior plane achieved by a lateral progression of 

the lesser tubercle, allowing the articular surface to expand in that direction (Fig. 17 and 

18, posterior view). The cylindrical projection of the articular surface in the medial plane 

(Fig. 18, superior view) was also indicative of an overall expanded articular surface. Those 

forces acting at the glenohumeral joint would be expected to determine its shape; as such, 
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greater forces would result in enlarged surface areas to distribute them on a large enough 

surface to prevent overloading (Preuschoft, 1973; Preuschoft et al., 2010).  

 
Fig. 17 PCA analysis of the humeral head shape, PC1 vs PC2 scatterplot showing shape changes at the end of 
both axes. Sample includes orthogrades (apes), semi-orthogrades (Ateles and Lagothrix) and a cercopithecoid 

(Colobus). 

b) Ateles and Pongo  

The articular morphologies of Ateles and Pongo showed the same morphotype, with 

enhanced characteristics towards high mobility. Their articular surfaces were very round 

and globular (Fig. 17) but with some distinct characteristics from that of hylobatids. In 

particular, Ateles and Pongo, when observed from a superior view, exhibited a maximum 

expansion of the articular surface in the lateral direction (towards the bicipital groove) 

compared to hylobatids (Fig. 17 and 18, Ateles, Pongo vs. hylobatids, superior view). Such 

features contribute to a differential range of circumduction in the antero-posterior plane, 

which Ateles and Pongo mainly share (Fig. 18, Ateles and Pongo, superior view). Pongo and 

Ateles also exhibited an articular surface that was most globular in its proximal aspect 

(rather than medially as in hylobates). All these differences are probably related to the non-
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dependence of Pongo and Ateles on brachiation for travelling. Both Pongo and Ateles exhibit 

a wider range of positional behaviors, including all forms of below-branch locomotion and 

even quadrupedalism –especially Ateles. Also, an electromyographical study on the external 

muscles involved in brachiation of Ateles and Hylobates by Jungers and Stern (1981) found 

the recruiting patterns of both species to be considerably different, emphasizing the 

specificity of the hylobatid brachiation. Overall, the morphology of Ateles indicated the full 

adaptation of its shoulder joint to suspensory and forelimb-dominated locomotor behaviors 

(Kagaya, 2007; Ruff and Runestad, 1992). The remarkable morphological convergence 

seen in the articular features of Ateles and Pongo (Fig. 17) is contrary to the findings in 

previous studies conducted with linear measurements of the glenohumeral joint (such as 

linear lengths of articular surfaces, radii of curvature, arc lengths and central angles for both 

the humerus and the glenoid) on atelines and hylobatids (Kagaya, 2007), which established 

that Ateles more closely resembled hylobatids in its proximal humeral morphology. The 

explanation for this disagreement in the two studies could be explained by the lack of 

Pongines as comparative sample in the work of Kagaya (2007). 

Further work on the morphofunctional correlates of Pongo highlighted the great 

degree of inwards rotation of the humeral head respect to the tubercles (Fig. 19), which 

corresponded to a major dorsal extension of the articular surface related to the functional 

demands of external rotation on the glenohumeral joint of Pongo. In this taxon, external 

rotation is especially important during the swing phase of vertical climbing (Larson and 

Stern, 1986), and, in arm-rising behaviors, the enhanced globularity of the proximal aspect 

of the humeral head might be advantageous for engaging in generalist arboreal capabilities 

–arm-swinging, hoisting, reaching, bimanual hanging-, as it increases the mobility of the 

glenohumeral joint in all planes (Rose, 1989; Aiello and Dean, 1990; Kapandji, 2007; 

Crompton et al., 2008; Thorpe et al., 2009).  
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Fig. 18 Mean shapes per taxon (Colobus, Lagothrix, Ateles, Pongo, hylobatids, Gorilla, Pan) in posterior, 
anterior and superior view. The bold dashes show the range of circumduction achieved by each articular 

surface. 
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c) African great apes  

Gorilla and Pan are a unique case of use of quadrupedal locomotion with a 

glenohumeral joint that showed morphological traits related to the use of derived 

suspensory locomotor behaviors (Hunt, 1991b; Larson and Stern, 1987). The humeral 

head morphology showed a big, globular and rounded articular surface perimeter,  (Fig. 17 

and Fig. 18, Pan and Gorilla) indicating that these two genera remain perfectly adapted to a 

high degree of mobility at the glenohumeral joint (Fig. 18, Pan and Gorilla) (Preuschoft, 

1973; Ruff and Runestad, 1992). Even though the humeral head seemed flattened in its 

central aspect, the forelimbs of Pan bear less than 20% of their total body weight (Kimura, 

1985; Preuschoft, 1973, 2004) during quadrupedal behaviors. As such, the forces carried 

by the forelimbs in quadrupedal locomotion in terms of body mass in these animals are 

much lower than those occurring in suspension, where the animal sustains its full weight 

solely with the forelimbs (Preuschoft, 1973; Preuschoft et al., 2010). Therefore, the 

flattening of the surface could be related to functional demands of a joint –effective 

diffusion of loads– that is subjected to the action of trans-articular tensile stresses during 

suspension.   

Besides the clear similarity seen between the shapes of the two African apes, there 

were particular differences in the articular surface shape that differentiated these two 

genera: Pan exhibited a humeral head with less articular surface available in the medial part 

of its posterior aspect than Gorilla (Fig. 18, Pan and Gorilla, posterior view). Gorilla 

exhibited a larger articular surface, and an expansion towards the greater tubercle, at the 

teres minor insertion level. Also, to a lesser degree, Gorilla exhibited a medial cylindrical 

projection of the articular surface, moderately resembling that of hylobatids (Fig. 18, 

Gorilla and hylobatids). Both characteristics –more medial articular surface available and 

cylindrical projection– enhance the range of circumduction at the joint of Gorilla. These 

results could be considered inconsistent, since it is commonly accepted that Pan is engaged 

in more arboreal suspensory-like behaviors than Gorilla. However, in this study, only the 

lowland gorilla (G. gorilla, which engages in brachiation during a 3.6% of the time, Table 

8) and the common chimpanzee (Pan troglodytes, which only engages in brachiation a 0.8% 

of the time, Table 8) were analyzed, thus, the discussed functionality of the described 

morphological traits is concurrent with the amount of suspension exhibited by the two 

taxa. Possibly, if mountain gorillas (G. beringei), which only engage in suspensory behaviors 
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a 0.1% of the time (Crompton et al., 2010; Schultz, 1934) and Pan paniscus, the more 

suspensory species of Pan (Doran and Hunt, 1994; Hollihn, 1984; Hunt, 1991a), were 

included in the analyses, the results could differ, with the more acrobatic species of Pan 

exhibiting more enhanced features for arm-rising behaviors than Gorilla.  

d) Modern humans  

Homo sapiens showed a great inwards rotation of the humeral head, enabling a 

major dorsal extension of the articular surface that could be related to functional demands 

of external rotation of the glenohumeral joint (Fig. 19). In Homo sapiens external rotation is 

especially important, as it retards the contact between the greater tubercle and the acromion 

during elevation of the arm in the scapular plane (Inman et al. 1944; Basmajian and de 

Luca, 1985). Moreover, the inwards rotation also resulted in an increase in the medio-

lateral diameter of the humeral head of Homo sapiens as well as in an increase of surface in 

its (medial) distal region. This could be related to the neutral position of the humerus when 

the arm is lowered, since the glenoid cavity of the scapula articulates mainly with the 

(medial) distal region of the humeral head when the arm is in a resting position (Kapandji, 

2007). 

 
Fig. 19 Wireframes showing the shape changes derived from a CVA between a) Pongo (red) and the knuckle-
walkers (blue) (CV1), b) between Pongo (red) and Homo (blue) (CV2), c) Gorilla (red) and Pan (blue), and d) 

Pongo (red) and the rest of the taxa (blue). Views in superior, bicipial groove and greater tubercle with 
humeral head profile. (The complete CVA can be found in section V.1; Arias-Martorell et al., 2012). 
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e) Lagothrix  

The woolly monkey exhibited a fairly globular articular surface, rounder on its 

superior aspect when compared to the other arboreal quadrupeds (Cebus and Colobus) and 

the terrestrial Papio, but clearly differing from the protruding and extremely globular 

articular morphology of extant apes and Ateles. The outline of the articular surface is oval-

shaped (Fig. 17 and 18), thus, anatomically corresponding to its broader, more 

pronograde-like locomotor repertoire (Cant et al., 2001; 2003; Kagaya, 2007). Overall, 

Lagothrix exhibits an articular surface shape that is halfway between arboreal quadrupeds 

and suspensors, features highlighted by Lagothrix’s intermediate position in the analyses, as 

seen in earlier sections (e.g. Fig. 10). As such, Lagothrix displays a locomotor repertoire 

mainly based on arboreal palmigrade quadrupedalism (both running and walking), but 

further exhibits a fair degree of suspensory behaviors. In particular, Lagothrix employs 

Ateles-like tail-assisted brachiation (without aerial phase) about 11% of the time when 

traveling (Cant et al., 2001, 2003; Kagaya, 2007). Consequently, Lagothrix displays a 

mixture of traits at the articular surface that provides it with enough forelimb mobility in 

abducted positions to sporadically engage in suspensory behaviors, while at the same time 

being suitable for habitual arboreal quadrupedalism. 

f) Arboreal and terrestrial quadrupeds  

The generalized arboreal quadrupeds Colobus and Cebus exhibited quite similar 

articular morphologies, with broad, oval-shaped, and flat humeral heads that extended 

between the tubercles, even though Colobus displayed a more flattened surface that further 

extended between the tubercles than Cebus (Fig. 12). Despite these minor differences, the 

morphological characteristics of Cebus and Colobus agree well with their locomotor 

repertoires –which are quite similar: both taxa mostly rely on quadrupedal walking and 

running, and display a quasi-equal use of vertical climbing behaviors (up to 25–30% 

during travel; Mitermeier and Fleagle, 1976; Gebo, 1992; Gebo and Chapman 1995; 

Garber and Rehg, 1999; Youlatos and Meldrum, 2011). 

The terrestrial quadrupedal Papio exhibited a greater flattening of the superior 

aspect of the articular surface respect to the latter taxa (Fig. 12). The outline of the humeral 

head was clearly oval, and it extends well between the tubercles, with the greater tubercle 

protruding above the superior aspect of the articular surface (Harrison, 1986).  
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Overall, all these taxa exhibit morphologies that offer a large articular surface of 

contact with the glenoid on the superior aspect of the humerus, which allows the joint to 

effectively transmit forces during the weight-bearing phase of the gait (Larson, 1993; 

Preuschoft et al., 2010; Rafferty and Ruff, 1994; Rose, 1989). 

1.1.3 Morphofunctional correlates  of  the tubercles  

The positioning of the insertion sites on the tubercles responded to the major 

stresses that apply to the joint, namely, compressive, shearing or tensile. Taxa that engage 

in high percentages of brachiation when travelling, such as hylobatids, exhibited insertion 

sites on the greater tubercle aligned in a proximo-distal direction, mainly achieved by the 

lateral displacement of the teres minor insertion (Fig. 18, posterior view). The other two 

highly suspensory taxa (Pongo and Ateles) also followed this pattern (Fig. 18, Ateles and 

Pongo), which might be advantageous to secure the joint against tensile stresses, due to the 

relative positioning of the insertions with respect to each other and to the head. 

Functionally, the teres minor is activated in pongines in overhead humeral adduction 

(Larson and Stern, 1986; Tuttle and Basmajian, 1978a, b), the basic movement for above-

branch reaching and hoisting where it needs cooperation from the pectoralis major and 

latissimus dorsi muscles because the latter are not confined to the shoulder blade, but 

connect the forelimb directly to the trunk (Jungers and Stern, 1981; Preuschoft et al., 

2010). The significant amount of lateral displacement of the teres minor insertion of highly 

suspension-dependent taxa (Fig. 18, hylobatids, Pongo and Ateles, and Fig. 20) with respect 

to the articular surface –which even showed a protruding tubercle at its insertion–, maybe 

indicating a higher activity pattern for the teres minor muscle.  

The infraspinatus muscle has been established as the main stabilizer of the 

glenohumeral joint against forces pushing the humerus head away or along the glenoid 

cavity, mainly during pendant suspension and the support phase of arm-

swinging/brachiation (Roberts, 1974; Larson and Stern, 1986; Larson, 1995). In 

hominoids this has been related to a higher degree of cranial/superior orientation of the 

muscle’s facet (Fig. 20). However, among hominoids, hylobatids displayed the least 

cranially orientated facet (Fig. 18, hylobatids and Fig. 20), which agrees with previous 

findings by Larson (1995). Hylobatids are less dependent on the infraspinatus as abductor 

and lateral rotator during arm-rising due to their low degree of humeral torsion (Larson, 
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1988; 1995) than the other hominoid taxa and Ateles –which shows an orientation of the 

insertion similar to Pongo (Fig. 18, Ateles and Pongo). 

Humans, whose joint is also subjected to tensile stresses also exhibited, in general, 

the described above greater tubercle insertion’s pattern (Fig. 11). However, the greater 

tubercle was overall smaller, with reduced insertion sites for the rotator cuff muscles, which 

may be indicating a decrease of reliance on the active stabilizers of the glenohumeral joint 

due to a reduction in size of the rotator cuff, to allow fast and precise manipulation 

movements. Particularly, the m. supraspinatus is fairly reduced in size in humans (Fig. 11) 

(Roberts, 1974; Larson, 1995, 2007b; Potau et al., 2009; Bello-Hellegouarch, 2013), thus, 

the separation between the supraspinatus insertion area and the humeral head seen in 

humans (Fig. 11) might contribute to the increase of the leverage of the supraspinatus 

tendon to compensate for its relatively smaller size (Roberts, 1974; Potau et al. 2007, 

2009). The increased distance between the teres minor insertion area and the humeral head 

in humans might be indicative of the same functional pattern than the one seen for the 

supraspinatus: increase of the lever arm of the teres minor muscle to compensate for its 

reduced size, in order to enhance its role as an external rotator of the glenohumeral joint 

during elevation of the arm in the scapular plane (Inman et al. 1944; Basmajian and De 

Luca, 1985). 

The African great apes exhibited a quite differentiated positioning of the insertions 

of the greater tubercle, showing a triangular disposition, achieved by a lateral displacement 

of the infraspinatus insertion, and a closeness of the proximal and distal ends of the teres 

minor and supraspinatus, respectively (Fig. 20), which might be advantageous to secure such 

mobile joint against the shearing stresses occurring during knuckle-walking. Gorillas and 

chimpanzees showed the greatest degree of cranial orientation of the infraspinatus facet, 

(Fig. 18, Pan and Gorilla), corresponding to their greater degree of humeral torsion 

(Larson, 1995) and to their dependence on the infraspinatus muscle to act as synergist to 

the deltoid in arm-rising behaviors. The infraspinatus also showed an increase of size respect 

to the other insertions, being the main cause of the distinctive triangular disposition of the 

rotator cuff insertions of the greater tubercle in the knuckle-walkers. The supraspinatus is 

the main muscle responsible of aiding the deltoid in arm-rising behaviors, as well as 

exerting antigravitational forces during the stance phase of knuckle-walking (Larson and 

Stern, 1986, 1987) in the African great apes, with aid of the infraspinatus (Larson and 
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Stern, 1987; Larson, 1993, 1995). These two muscles bear the responsibility of 

maintaining stability in a joint that is highly mobile (Larson and Stern, 1987). This role as 

a stabilizer of the glenohumeral joint played by the supraspinatus in Pan and Gorilla results 

in an increase in the mass of this muscle as seen in the greater size of the supraspinous fossa 

with respect to the infraspinous fossa, as observed by Schultz (1934) and Roberts (1974). 

Such increase in muscular mass might have resulted in a need of increase of insertion site 

space, contributing to the distinctive triangular disposition exhibited by the knuckle-

walkers.  

 
Fig. 20 PCA analysis of the tubercles shape, PC1 vs PC2 scatterplot showing shape changes at the end of both 

axes. 
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All the hominoid taxa and Ateles exhibited the same morphology for the 

subscapularis insertion, in contrast to the pronograde taxa (Colobus Cebus, Lagothrix and 

Papio) (Figs. 12, 18 and 20). The electromyographical studies of Larson and Stern (1986, 

1987) found that the subscapularis muscle does not act as a unit in hominoids (Larson, 

1988, 1995): its more caudal fibers contribute to pulling the humeral head downward, 

towards the axilla (as a synergist to the infraspinatus), while the more cranial fibers do not 

have that effect (Larson, 1995). Such fiber-function differentiation has been correlated to 

the divergent shapes of the subscapularis muscle (Larson, 1995), with hominoids and Ateles 

exhibiting subscapularis insertions that are narrow and spindle-shaped (Fig. 18, Ateles, 

Pongo, hylobatids, Pan and Gorilla) being such shape related to higher functional 

differentiation of the fibers (Larson, 1995); whereas quadrupedal monkeys exhibit big and 

round subscapualris insertions related to a lesser differentiation of the fibers. In this case, all 

the parts of the subscapularis muscle act as a unit causing inwards rotation of the humerus 

(Larson and Stern, 1986, 1987). In non-human apes and Ateles, this muscle is extremely 

important in the stabilization of the glenohumeral joint during the support phase of 

climbing (Larson and Stern, 1986), as well as during quiet quadrupedal and knuckle-

walking stance phases (Tuttle and Basmajian, 1978b). 

1.2 The glenoid cavity 

The results for the glenoid were more equivocal than those of the humerus, as 

illustrated by the great dispersion ranges exhibited by the groups in the analyses (Fig. 21). 

The shape of the glenoid did not seem to be driven by locomotor constraints as much as 

the proximal humerus. For instance, in all the analyses (Fig. 21) Pongo exhibited 

morphological similarities of the glenoid cavity with Lagothrix, with whom it does not 

share the same locomotor repertoire. The shape of the glenoid cavity of Pongo was narrower 

and more curved than those of the other apes and exhibited a lip-like reminiscent 

elongation of the cranial aspect, lightly resembling those of the quadrupedal monkeys (Fig. 

21). However, the distinctive morphology of the glenoid cavity of orangutans could be 

related to a greater passive stabilization of the joint in abducted postures of the arm, 

permitting ball-and-socket joint contact in the medial and superior aspect of the proximal 

humerus (Kapandji, 2007). Nevertheless, Robert’s (1974) morphocline from piriform (with 

a lip-like structure) to oval-shaped primate glenoids was present in the first axis of the 
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bgPCA (Fig. 21), with quadrupedal taxa falling towards one end and suspensory taxa 

towards the other, despite the equivocal overlap between Lagothrix and Pongo, with the 

consequent relatively monkey-like morphological affinities of the latter taxon, suggests that 

caution must be exercised when locomotor inferences are attempted based on the glenoid 

cavity alone (e.g., Roberts, 1974; MacLatchy et al., 2002).  

 
Fig. 21 bgPCA analysis of the glenoid cavity shape, PC1 vs PC2 scatterplot showing shape changes at the end 

of both axes. 

The glenoid notch (incisura acetabuli) determines the two existing typologies 

described for the human glenoid: type I, presence of a notch, giving way to a pear-shape, if 

the notch is not very well marked, or inverted comma shape, if the notch is greatly marked; 

and type II, round shape, which is determined by the absence of the notch. The presence 

frequency of a notch in the glenoid is about 50%, being a common trait in humans, not 

related to handedness or sexual dimorphism (Prescher and Klümpen, 1997). Some authors 

argued that the presence of a notch corresponded to the junction point in the glenoid of its 

two developmental units: the coracoid and the axillary border. However, the notch is 

located several millimeters below the occurrence of such junction when present.  

Differential growth of the two ossification centers of the glenoid might be a better 

explanation for the glenoid cavity morphology. In humans, the lower aspect of the glenoid 

grows to become round to accommodate a lowered round humeral head, and the 

glenohumeral joint behaves as a ball-and-socket; whereas the upper portion is better 

represented as an oversized tubercle (supraglenoid tubercle), where the long head of biceps 
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brachii attaches. Thus, to better understand the underlying causes of glenoid shape in 

primates, studies about glenohumeral integration and glenoid modularity should be 

undertaken. 
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2. Objective 2. Locomotor inferences of fossi ls :  
establishing the morphological affinities of 
the glenohumeral joint of Miocene 
catarrhines and Plio-Pleistocene hominins 

Once the usefulness of the glenohumeral to examine locomotor correlates was 

assessed, the fossil evidence was considered to shed new light on the locomotor behavior of 

fossil primates, including stem hominoids, early hominins, and Homo specimens. Also, 

further evidence for a number of fossil catarrhines was included, as comparative taxa. An 

unassigned individual from the Middle Miocene of Pakistan (GSP 28062) was also 

included in the analyses to attempt its genus assignment. It was described for the first time 

by Rose (1989), who hypothesized it could be a generalized small hominoid, although the 

evidence was not strong enough to fully support such contention.  

2.1 Miocene catarrhines 

Inferences of locomotor behavior based on evidence for the proximal humerus were 

attempted for a number of fossil catarrhine individuals from the Miocene, including stem 

catarrhines such as Aegyptopithecus zeuxis, the proconsulid (stem hominoid) Nyanzapithecus 

vancouveringorum, and pliopithecoids, including Pliopithecus antiquus and Epipliopithecus 

vindobonensis. Unfortunately, the scanty material for the glenoid cavity of Miocene taxa 

(only two glenoid fossae are known, the Moroto glenoid – Morotopithecus bishopi– and the 

glenoid of Nacholapithecus keirioi) was not available at this stage of the studies (see section 5 

for future perspectives). 

a) Aegyptopithecus zeuxis 

Generally, A. zeuxis has been regarded as an arboreal, above-branch palmigrade 

quadruped, more similar in terms of locomotion to Alouatta or Varecia (Fleagle and 

Simons, 1982; Fleagle, 1983; Harrison, 2013). This was based on comparisons of the 

proximal and distal morphology of both the humerus and the ulna, which pointed to a 

slow-moving, relatively short-limbed arboreal quadruped (Fleagle and Simons, 1982; 

Fleagle, 1983; but see Hamrick et al., 1995 and references therein for a different view). The 

results (Fig. 22) indicate that the morphometric affinities of the proximal humerus of A. 
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zeuxis are closer to those of arboreal quadrupedal taxa, showing similarities with both Cebus 

and Colobus. In fact, Colobus and Cebus exhibit quite similar proximal humeral 

morphologies, with the particular difference that Colobus displays a more flattened articular 

surface that further extends between the tubercles. This morphology, also displayed to some 

extent by A. zeuxis, provides a larger articular surface for the glenoid on the superior aspect 

of the humerus. Despite these minor differences, the locomotor repertoires of Cebus and 

Colobus are quite similar, mostly relying on quadrupedal walking and running, and 

displaying a quasi-equal use of vertical climbing behaviors (up to 25–30% during travel; 

Mittermeier and Fleagle, 1976; Gebo, 1992; Gebo and Chapman, 1995; Garber and Rehg, 

1999; Youlatos and Meldrum, 2011). Thus, although proximal humeri of strepsirrhines 

and Alouatta should be analyzed to better assess the morphological affinities of A. zeuxis, 

the analyses are consistent with this taxon being a generalized arboreal quadruped. 

 
Fig. 22 bgPCA analysis of the proximal humeral shape, PC1 vs PC2 scatterplot showing shape changes at the 

end of both axes and highlighting the position of the fossil taxa. 

b) Epipliopithecus  

Zapfe (1958, 1961) originally interpreted that Epipliopithecus was a generalized 

arboreal quadruped, even displaying some degree of terrestrial quadrupedalism. Subsequent 

qualitative analyses (Szalay and Delson, 1979; Fleagle and Simons, 1982; Fleagle, 1983; 

Langdon, 1986; Rose, 1994; Harrison, 2010a) concluded that Epipliopithecus would have 

combined a significant amount of hindlimb and forelimb suspension as well as vertical 

climbing with generalized arboreal quadrupedalism, thus most closely resembling the extant 

Ateles. Inferences of suspensory behaviors in Epipliopithecus were based on hindlimb 
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morphology (based on similarities in proximal femur, knee and ankle joint features with 

hylobatids; Fleagle, 1983; Langdon, 1986; Rose, 1994), as well as forelimb morphology. In 

particular, forelimb derived features of Epipliopithecus related to climbing and/or 

suspension include a round in cross-section, straight and slender humeral shaft and a 

proximally directed olecranon process of the ulna (Fleagle, 1983), coupled with a high 

degree of phalangeal curvature (Zapfe, 1958; Fleagle, 1983; Rose 1994). 

In addition, Epipliopithecus displays multiple primitive features in the forelimb, 

such as the retention of an entepicondylar foramen on the distal humerus and a simple 

hinge-like carpometacarpal joint in the thumb (Zapfe, 1958, 1961), further differing from 

extant hominoids in the lack of many features related to suspensory behaviors. Thus, 

Epipliopithecus displays an intermembral index (94) similar to those of Alouatta and 

Lagothrix, as well as an elbow joint that resembles that of Cebus, exhibiting a relatively short 

range of pronation-supination, and only stable in closed-pack position during full 

pronation, instead of being stable in all positions as in hominoids (Zapfe, 1958, 1961; Rose 

et al., 1992). Moreover, Epipliopithecus exhibits the primitive catarrhine condition of a 

non-translatory humeroulnar joint, in which the trochlear groove is directed 

anteroposteriorly (orthogonal to the humeroulnar joint axis, and without a pitch angle), 

preventing translation (Rose, 1988; Rose et al., 1992).  

In fact, previous multivariate analyses of the shoulder joint of Epipliopithecus 

stressed its similarity with those of Presbytis or Cebus (Ciochon and Corruccini, 1977). 

More recently, Rein et al. (2011) quantitatively reexamined various characters of the 

forelimb of Epipliopithecus, and inferred a significant amount of quadrupedalism for this 

taxon, based on the length of the olecranon process relative to the size of the ulna. 

However, the relative high degree of humeral torsion of Epipliopithecus would predict a low 

frequency of quadrupedalism —a combination most similar to that displayed by New 

World suspensory monkeys— whereas phalangeal curvature would support a significant 

amount of climbing behaviors as well (Rein et al., 2011).  

The shape analyses undertaken indicate that Epipliopithecus has its closest 

morphological affinities with the ateline Lagothrix (section 1.1.1, Figs. 22 and 23; Table 9). 

For the proximal humerus, both Lagothrix and Epipliopithecus exhibit a fairly globular 

articular surface, rounder on the superior aspect of the articular surface compared to the 

other arboreal quadrupeds (Cebus and Colobus), but clearly differing from the protruding 
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and extremely globular articular morphology of extant apes and Ateles. The more globular 

humeral head of the latter taxa provides them with a great range of circumduction at the 

shoulder joint, thus enabling virtually all combinations of abduction-adduction and 

flexion-extension movements (Larson, 1993). In this regard, the proximal humeral 

morphology of Epipliopithecus would have enabled a greater range of circumduction in 

overhead forelimb positions than those of strict arboreal quadrupeds (Fig. 3), although less 

than in orthograde suspensory taxa (extant apes and Ateles, see also section 1.1.1). This 

further agrees with the fact that Epipliopithecus more closely resembles generalized arboreal 

quadrupeds at the level of the tubercles (Fig. 3). Particularly, this taxon exhibits a round 

subscapularis insertion, which stresses the role of this muscle as a powerful internal rotator 

and stabilizer of the joint during the quadrupedal gait (Larson, 1988, 2007a), as well as 

relatively large tubercles with respect to the articular surface, as seen in more quadrupedal 

taxa. 

 
Fig. 23 PCA-MST of the extant taxa centroids and the scores for the fossil specimens. The fossil humeri 

models in anterolateral view are provided on the plot, whereas 3D warps of the mean shape for each extant 
taxon are represented below for illustrative purposes only. 
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The mix of –apparently contradictory– morphological features in the proximal 

humerus of Epipliopithecus agrees with previous inferences made by other authors (Rein et 

al. 2011), who highlighted the presence of other mixed characters (long and protruding 

olecranon process, indicative of quadrupedalism, but a degree of humeral torsion more 

compatible with suspensory behaviors). The combination of features indicated by our 

analyses in the proximal humerus of Epipliopithecus further explains its closest 

morphometric affinities with Lagothrix. As discussed above (section 1.1.1.) the latter taxon 

displays a locomotor repertoire mainly based on arboreal palmigrade quadrupedalism (both 

running and walking), but further exhibits a fair degree of suspensory behaviors. Like 

Epipliopithecus, Lagothrix displays a mixture of traits at the proximal humerus, which 

provides it with enough forelimb mobility in abducted positions to sporadically engage in 

suspensory behaviors, while at the same time being suitable for habitual arboreal 

quadrupedalism. Overall, our results for the proximal humerus support the previous 

contention, based on other forelimb features (Rose, 1983, 1988; Rose et al., 1992; Rein et 

al. 2011; Harrison, 2013), according to which Epipliopithecus was mainly an agile 

generalized arboreal quadruped that nevertheless engaged in suspensory behaviors during a 

comparatively small (but still significant) amount of time.  

c) Pliopithecus  

Unlike in the case of Epipliopithecus, the results for the proximal humerus of P. 

antiquus suggested closer morphometric affinities with Cebus (Figs. 22, 23 and Table 9). 

Previous authors deemed the overall morphology of the proximal humerus from La Grive 

as very similar (or even entirely comparable) to that of E. vindobonensis (Ginsburg and 

Mein, 1980; Rose, 1989; Harrison, 2013). However, our results indicate that these two 

taxa are not particularly similar regarding proximal humeral morphology, with Pliopithecus 

exhibiting closest morphometric similarities with Cebus, instead of with Lagothrix (as in the 

case of Epipliopithecus). Thus, like Cebus, Pliopithecus displays a broad, oval, and relatively 

flat humeral head, particularly on its superior aspect, which offers a large contact surface 

with the glenoid. This enables a more efficient force transmission through the shoulder 

joint during the weight-bearing phase of the quadrupedal gait (Larson, 1993; Preuschoft et 

al., 2010; Rafferty and Ruff, 1994; Rose, 1989). Such traits are characteristic of fairly strict 

arboreal quadrupeds, and imply restricted mobility at the shoulder joint in extended 

forelimb positions (Rose, 1989; Larson, 1993). Therefore, the morphology of the proximal 
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humerus of Pliopithecus suggests a locomotor repertoire more similar to that of Cebus, based 

on quadrupedal walking, leaping and a fair amount of vertical climbing (Gebo, 1992; 

Garber and Rehg, 1999; Youlatos and Meldrum, 2011), but with no evidence of enhanced 

mobility at the glenohumeral joint for sustained use of the forelimb in overhead positions 

(which would be necessary to engage in suspensory locomotion to a significant degree). 

Overall, the differences in proximal humeral morphology between E. vindobonensis 

and P. antiquus substantiate the contention that these taxa differed postcranially and, thus, 

behaviorally, at least in terms of locomotor repertoire. Accordingly, the results reinforce the 

view that Epipliopithecus is best distinguished at the genus rank from Pliopithecus, as 

recently argued in the light of postcranial differences between E. vindobonensis and 

Pliopithecus canmatensis, with the latter apparently lacking an entepicondylar foramen, as in 

crown catarrhines and dendropithecids (Alba and Moyà-Solà, 2014). In contrast to the 

more primitive condition of the distal humerus of Epipliopithecus, our results indicate that 

the proximal humerus of this taxon would be more derived than in Pliopithecus (at least, P. 

antiquus), by resembling Lagothrix in the possession of several features functionally related 

to a fair degree of suspensory behaviors.  

 
Fig. 24 DA of proximal humeral shape, depicted as a bivariate plot of the two first canonical variate functions 
for each individual (CV2 vs. CV1). Extant group centroids are depicted as bigger symbols with black outlines. 

 
  

101

II. Results and Discussion



Table 9. Classification results for the fossil specimens according to the DA of proximal humeral shape. 

Taxon 1st  group D2 2nd group D2 
Aegyptopithecus zeuxis Cebus 54.851 Colobus 89.337 
Nyanzapithecus vancouveringorum Cebus 51.227 Colobus 59.314 
Epipliopithecus vindobonensis Lagothrix 59.334 Ateles 77.407 
Pliopithecus antiquus Cebus 32.33 Hylobates 122.664 
Catarrhini indet. (GSP 28062) Lagothrix 127.981 Hylobates 135.266 

Abbreviations: D2, Squared Mahalanobis distance. 

 

d) Stem hominoids  

The proximal humeral morphology of N. vancouveringorum (Figs. 22, 23 and Table 

9) suggests a similar locomotor repertoire to that described above for A. zeuxis. As such, N. 

vancouveringorum displays in the proximal humerus a set of morphological features 

functionally related to pronograde quadrupedalism with a significant proportion of vertical 

climbing, including an oval and broad articular surface and a large lesser tubercle, reflecting 

the importance of the muscular internal rotator of the joint (subscapularis) for joint 

stabilization. Thus, the shape of the proximal humerus in Nyanzapithecus agrees well with 

the general view that stem hominoids were powerful-grasping, above-branch 

quadrupeds/cautious climbers with a pronograde body plan (Corruccini et al., 1975; 

Morbeck, 1975; Fleagle, 1983; Rose, 1983, 1993; Walker and Pickford, 1983; Begun et 

al., 1994; Ward, 1997, 2007; Dunsworth, 2006; Harrison, 2010a). 

e) The Middle Miocene proximal humerus from Pakistan  

Rose (1989) concluded that the unascribed specimen GSP 28062 more closely 

resembled the extant Cebus or Saimiri, being little derived from the primitive anthropoid 

(or stem catarrhine) condition (as represented by the humeri of Aegyptopithecus), although 

the pertinence to the stem hominoids could not be ruled out as Miocene hominoids 

present quite generalized morphologies as seen above (Ward, 1997). Rose (1989) inferred 

for this specimen a locomotor repertoire similar to extant generalized arboreal quadrupeds. 

In contrast, the results indicate that GSP 28062, like E. vindobonensis but unlike Pl. 

antiquus and stem hominoids, shows greater morphometric affinities with the extant ateline 

Lagothrix (Fig. 25, Table 9). This fact suggests for GSP 28062 a pronograde locomotor 

repertoire mostly relying on agile above-branch quadrupedalism and climbing, but further 

employing forelimb suspension to some significant degree, as in Lagothrix (Cant et al., 

2001, 2003; see further discussion above regarding Epipliopithecus). 
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In all analyses, GSP 28062 more closely resembled the extinct Epipliopithecus and 

the extant Lagothrix (Figs. 22, 23 and Table 9). The morphometric affinities of the former, 

together with its small estimated body mass (4–5 kg, see section 6.3, only slightly larger 

than that previously estimated by Rose in 1989 of ca. 3 kg), support an attribution to a 

small-bodied catarrhine. Among Miocene catarrhines, this small body mass overlaps with 

the smallest pliopithecids (such as Barberapithecus huerzeleri and Pliopithecus canmatensis; 

Moyà-Solà et al., 2013; Alba and Moyà-Solà, 2014) and, as noted by Rose (1989), 

indicates that the specimen cannot be attributed to Sivapithecus, which is the other 

catarrhine taxon present in the same area. Moreover, the specimen lacks postcranial 

adaptations for enhanced climbing activities previously reported for Sivapithecus (based on 

the carpals and metacarpals), which—in spite of a mainly pronograde bodyplan without 

suspensory adaptations—would have displayed more orthograde positional behaviors than 

inferred here for GSP 28062 (Rose, 1984; 1986; Madar et al. 2002, Pilbeam et al., 1990; 

Spoor et al., 1991; Pilbeam and Young, 2001; Larson 2007b; Ward, 2007). 

An alternative attribution of GSP 28062 to the sivaladapid Sivaladapis palaeindicus, 

also present at the Chinji Formation, cannot be discounted based on body size, since a BM 

of 5.6 kg (95% confidence interval, 5.2-6.0 kg) can be estimated for this taxon, using 

Gingerich et al.’s (1982) allometric equations and based on the size M1 of its holotype 

(reported by Thomas and Verma, 1979). However, as noted by Rose (1989), the 

morphology of GSP 28062 enables to discard an attribution to a strepsirrhine (the humeral 

head of the former being relatively broader mediolaterally than in lemurids and lorisids, 

and the lesser tubercle being more proximally situated relative to the greater tubercle than 

in strepsirrhines; Rose, 1989; Schmitt, 1996; Larson, 2007a). Therefore, based on the 

preserved morphology, an attribution of GSP 28062 to a small-bodied catarrhine seems 

much more reasonable. 

Small-bodied catarrhines are known from the Middle to Late Miocene of Indo-

Pakistan (Chopra and Kaul, 1979; Barry et al., 1986; Bernor et al., 1988; Harrison and 

Gu, 1999; Harrison, 2005), but their taxonomic affinities remain unclear. The material 

from the Kamlial and Manchar Formations, initially attributed to the pliopithecoid 

Dionysopithecus (Barry et al., 1986; Bernor et al., 1988) is however much older, and its 

taxonomic affinities are currently uncertain, being alternatively attributable to a 

dendropithecid (Harrison and Gu, 1999; Harrison, 2005, 2013). In turn, the isolated M3 

104

II. Results and Discussion



from the Nagri beds of Haritalyangar in the Siwaliks (Chopra and Kaul, 1979) is 

considerably younger (about 9–8 Ma). Formerly attributed to “Pliopithecus” krishnaii by 

Chopra and Kaul (1979) and to Krishnapithecus krishnaii by Ginsburg and Mein (1980), 

this tooth is insufficient to establish its taxonomic affinities (Harrison and Gu, 1999; 

Harrison, 2005, 2013). The conclusion is, therefore, that GSP 28062 is best left 

unassigned at the family level, although the results confirm that it can be confidently 

attributed to a small-bodied catarrhine displaying some degree of suspensory behaviors. 

Given the similarities in the latter regard with Epipliopithecus, an attribution to a small 

pliopithecoid cannot be ruled out. 

2.2 Early hominins 

Inferences of locomotor behavior based on evidence for the proximal humerus and 

the glenoid were attempted for a number of fossil Plio-Plesitocene hominins, including 

early hominins such as three Australopithecus taxa (Au. afarensis, Au. africanus and 

Australopithecus sp.), early Homo species including Homo erectus and Homo neanderthalensis.  

2.2.1 The proximal humerus 

a) AL 288-1 (A. afarensis)  

The proximal humerus morphology of AL 288-1 (Au. afarensis) exhibited mixed 

characteristics, showing some affinities with the modern humans (Fig. 26, 30 and Table 

10), with Pongo in the PCA and bgPCA (Fig. 26 and 27), as well as affinities with the 

smaller taxa (hylobatids, Ateles and Lagothrix) (Figs. 28 and 31). With the arboreal apes and 

atelines AL 288-1 shares the position and shape of the greater tubercle insertions, but the 

positioning of the humeral head respect to the tubercles as well as its overall shape in this 

hominin is more similar to the modern human morphotype (Fig. 32). The mosaic nature 

of early hominins has been found for a number of postcranial structures, including the 

forelimb and the shoulder region (Larson, 2007b; Lovejoy et al. 2009a, b; Kivell et al. 

2011), and the notion that Au. afarensis specimens tend to show more modern-looking 

characteristics than later australopiths has ben also highlighted for other cranial and 

postcranial regions (McHenry and Brown, 2008). However, a study by Lague (2014) on 

allometric changes in the distal humerus pointed out that for particularly small early 

hominin specimens (such as AL 288-1, to which the study specifically refers) if shape 
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changes are analyzed without taking into account the size-shape variation of the 

comparison sample (i.e. modern humans) could render the morphological associations of 

this region of such hominins more human-like than if size-shape is considered. Therefore, 

further analysis considering such caveat should be undertaken to assess the extent of the 

allometric effects in the proximal humerus, since the human-like characteristics of AL 288-

1 found in this study could be partly be associated to the effect of size-shape variation in 

humans (Lague, 2014). A hint to such contention can be observed in the regression of 

humeral shape onto CS (Fig. 28) where AL 288-1 exhibits a CS value more similar to the 

small taxa of the study, and a proximal humeral shape within the upper ranges of those 

groups (Ateles, Lagothrix, hylobatids), and also, well within the lower ranges of Pongo, only 

with a smaller CS value. However, it is clearly farther placed from the ranges of modern 

humans. 

 
Fig. 26 bgPCA analysis of the proximal humeral shape, PC1 vs PC2 scatterplot showing shape changes at the 

end of both axes and highlighting the position of the fossil taxa. 

b) Sts 7 (Au. africanus) 

Sts 7 (Au. africanus) is overall most similar to the large arboreal hominoids, 

particularly Pongo (Figs. 26, 28, 30, 31 and Table 10), sharing with this taxon a 

glenohumeral morphology related to high mobility in the joint (Larson, 1993, 1995 but see 

Chan, 2007, 2008 for a different view), including relatively globular articular surfaces in 
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the central and proximal aspects (Figs. 26 and 32). Such shape is related to an enhanced 

range of circumduction of the arm, enabling ball-and-socket contact with the glenoid in the 

central and superior aspects of the articular surface of the humerus possibly providing 

greater stabilization of the joint when the arm is abducted (Kapandji, 2007). Moreover, Sts 

7 shows a relative lateral placement of the teres minor insertion, as seen in the arboreal apes 

(Fig. 32, Pongo), and particularly Pongo, whom even exhibits a slightly protruding tubercle. 

Such condition is related to an enhancement of the teres minor muscle role as external 

rotator (Fig. 26). Powerful external rotation of the glenohumeral joint has been linked to 

the functional demands of arm-swinging and hoisting capabilities in the living taxon 

(Tuttle and Basmajian 1978a, b; Larson and Stern, 1986).  

 
Fig. 27 bgPCA analysis of the proximal humeral shape, PC1 vs PC2 scatterplot showing shape changes at the 

end of both axes. The asterisk represents the specimen AL 288-1 (A. afarensis). 

Pongo and modern humans overlap for a number of analyses (Figs. 26, 30 and 31), 

indicating a closer morphological relationship between humans and orangutans than for 

humans and African great apes related to a relative reduction of the supraspinatus insertion. 

Such pattern has been also observed for the morphology of the scapula where Pongo and 

Homo exhibited a reduced supraspinous fossa, suggesting a higher reliance on the 

infraspinatus muscle role in suspensory behaviors in Pongo over the pure abductor 

supraspinatus, and to an enhancement of speed and precision in humans related to 
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manipulatory purposes (Bello-Hellegouarch 2013). Thus, in spite of this morphological 

overlap, the Pongo-like features of Sts 7 proximal humerus suggests that this specimen 

retained arboreal capabilities in the glenohumeral joint, enabling high competence in the 

use of arboreal behaviors.  

 
Fig. 28 Regression of proximal humeral shape onto centroid size (CS). The warps represent the shapes at a CS 
of 40 in the lower end of the regression slope, broadly corresponding to the smaller taxa (Ateles, Lagothrix and 

hylobatids) and at 160 (higher end of the regression slope), mainly corresponding to Gorilla. 

c) Omo 119-73-2718 (Australopithecus sp.) 

Omo 119-73-2718 (Australopithecus sp.) showed general morphometric affinities 

with Lagothrix (Fig. 26, 30, 31 and Table 10). This specimen resembles Lagothrix in the 

oval outline of the articular perimeter and the presence of relatively large tubercles respect 

to the humeral head, with a wide and shallow bicipital groove (Fig. 32; Lagothrix). The 

morphological association of Omo 119-73-2718 and Lagothrix could be related to the fact 

that Lagothrix stands out as an example of an intermediate condition for the proximal 

humerus between strict arboreal quadrupeds and suspensory taxa (Kagaya, 2007). Lagothrix 

exhibits derived morphological aspects in the proximal humerus such as a rounder and less 

flattened articular surface of the humeral head with an increased globularity than in 

quadrupeds, particularly in its superior aspect, closely resembling Ateles and Pongo (Figs. 

26, 31 and 32). Differences between apes/Ateles (as Ateles mainly shares the proximal 
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humeral morphotype with Pongo) and Lagothrix are related to the moderate use of below-

branch locomotor behaviors of the latter taxon (Nakatuskasa, 1994). Lagothrix is capable of 

engaging in demanding arm circumduction behaviors, such as brachiation (Cant et al., 

2003), without showing extreme adaptations to such behaviors or an orthograde body plan. 

When humeral torsion (Larson, 1996, 2007c) is taken into account (Fig. 29), AL 

288-1 exhibits a correspondence of degree of humeral torsion (angle) with proximal 

humeral shape within the range of hylobatids, Sts 7 within the range of Pongo but also in 

lower end of H. sapiens values, and Omo 119-73-2718 shows a humeral head shape score 

closely situated in the higher end of the Lagothrix dispersion, but exhibiting a much higher 

torsion angle (Fig. 29). Thus, Omo 119-73-2718 exhibits a Lagothrix-like humeral shape, 

but also presents a degree of humeral torsion in the range of Pongo and H. sapiens, again 

showing a distinctive mix of traits in the humerus as seen in the other two australopiths 

specimens (Al 288-1 and Sts 7), providing further evidence of the mosaic nature of the 

early hominin postcranial features (e.g. Kivell et al., 2011). The regression of proximal 

humeral shape and torsion provides as well evidence that the functional features underlying 

the extensiveness (i.e. mobility) of the humeral head are not related to humeral torsion, as 

an increase of globularity or surface extension of the articular surface is not among the 

morphological traits that correlate with it (Rose, 1989). Thus, humeral torsion might be an 

‘orthograde trait’ for maintaining a correct orientation of the elbow in upright positions, 

whereas extensiveness of the articular surface of proximal humerus for enabling high 

mobility might be better seen as a suspension-related functional trait.   

Of the three australopiths specimens analyzed only Sts 7 showed some 

morphological affinities for the proximal humerus with Pan in the bgPCA (Fig. 26), 

although these have to be taken with great care because of the great overlap between extant 

hominoids (Fig. 26). If further analyses are considered, Sts 7 shows more morphological 

affinities with Pongo and even with modern humans, than with Pan or Gorilla (Figs. 30, 31 

and Table 10). Neither AL 288-1 nor Omo 119-73-2718 showed morphological affinities 

with the African great apes (Figs. 30, 31 and Table 10). This further suggests that hominins 

could have evolved from a generalized arboreal ancestor rather than a knuckle-walking 

ancestor, as has been argued (Richmond and Strait, 2000; Richmond et al., 2001).  
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Fig. 29 Bivariate plot of the results of the linear regression analysis of humeral torsion on proximal humeral 
shape. Convex hulls depict the range of dispersion of the different groups. Warps represent the mean torsion 

angle of Lagothrix (94.17) on the lower end of the slope and the mean torsion of Gorilla (152.71) in the 
higher end of the slope. 

 
Fig. 30 PCA-MST of proximal humeral shape of the extant taxa centroids and the scores for the fossil 

specimens. 
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Fig. 31 Hierarchical Cluster Analysis (Ward’s method) based on the group centroids (extant taxa) and scores 

(fossil individuals) delivered by the morphometric analyses of proximal humeral shape. 

 

b) Tabun 1 (H. neanderthalensis)  

Tabun 1 virtually showed the same morphotype than that of modern humans (Figs. 

26, 30, 41, 29 and Table 10), exhibiting a medio-laterally longer humeral head, with an 

increase of surface mostly on the medial aspect, which could be related to the lowered 

neutral position of the arm (Larson, 1995, 2007b; Kapandji, 2007). Also, the greater 

tubercle is overall smaller, with reduced insertion sites for the rotator cuff muscles, which 

may be indicating an early reduction on the reliance on the active stabilizers of the 

glenohumeral joint and a decrease of importance of the arm abductors (especially the m. 

supraspinatus, as discussed above (Roberts, 1974; Larson, 1995, 2007b; Potau et al., 2009; 

Bello-Hellegouarch et al., 2013) (Fig. 26 and 32). Thus, our results agree with the 

contention that the human morphotype is characteristically derived; possibly to enable 

more sophisticated manipulative capacities (Larson, 2007b). 
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Fig. 32 3D models of the three australopiths (A. afarensis, AL 288-1r; A. africanus, Sts 7; Australopithecus sp., 

Omo 119-73-2718) proximal humeri included in the study with a sample of extant taxa. The humeri are 
shown in proximal and posterior views. Pongo is shown as a representative of the arboreal ape shape and 

Lagothrix as a representative of a more generalized arboreal shape. 

 
Table 10 Matrix of Procrustes Distances among pair of groups for the proximal humeral shape, including 
extant taxon centroids and fossil specimens. The shortest distances between fossils and extant taxa centroids 
are highlighted in bold numbers. 

Taxon Tabun 1 Ateles AL 288-1 Sts 7 
Omo  
119- 
73-1827 

Gorilla H. sapiens Hylobatids Lagothrix Pan 

Ateles 0.2024          
AL 288.1 0.1754 0.2098         
Sts 7 0.1675 0.1658 0.2177        
Omo 
119- 
73-1827 

0.1896 0.1887 0.1706 0.2097       

Gorilla 0.2052 0.1311 0.2339 0.1528 0.2286      
H. sapiens 0.1319 0.1598 0.1671 0.1932 0.1548 0.1917     
Hylobatids 0.1936 0.0836 0.1943 0.1778 0.1870 0.1308 0.1623    
Lagothrix 0.2138 0.1617 0.1982 0.1791 0.1343 0.1959 0.1813 0.1704   
Pan 0.1847 0.1279 0.1809 0.1725 0.1655 0.1019 0.1331 0.1254 0.1600  
Pongo 0.1540 0.0896 0.1773 0.1492 0.1616 0.131 0.117 0.1022 0.1445 0.1078 
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2.2.2 The glenoid cavity 

As discussed in section 1.2, the results for the glenoid are more equivocal than those 

of the humerus, as illustrated by great dispersion ranges exhibited by the groups in the all 

the analyses (Fig. 33 and Table 11), thus, the shape of the glenoid is not driven by 

locomotor constraints as much as the proximal humerus.  

The Plio-Pleistocene fossils show varied affinities for the glenoid cavity, with AL 

288-1 mostly resembling the great apes (to the exception of Pongo; Figs. 33, 34 and Table 

11), Sts 7 resembling Lagothrix/Pongo and KNM-WT 15000 showing some morphological 

affinities with hylobatids, particularly the great flatness of the articular surface (Fig. 33). 

Nonetheless, when the overall shape of the glenoid is taken into account (Fig. 35, 36 and 

Table 11), KNM-WT shows a clear outgroup position. Such contention might indicate 

that KNM-WT glenoid morphology is unlike any of the extant taxa, but, when size is 

taken into account, KNM-WT appears more similar in glenoid shape to the great apes, 

even though being overall smaller (Fig. 34). The same trend is observed for both 

australopith specimens (Sts 7 and AL 288-1), with AL 288-1 showing the smallest CS of 

the three fossil specimens. In any case, the reasons of the morphological affinities of the 

glenoid cavity of the early hominin fossils remain mophofunctionally unclear.  

 
Fig. 33 bgPCA analysis of the proximal humeral shape, PC1 vs PC2 scatterplot showing shape 

changes at the end of both axes and highlighting the positions of the fossil taxa.  
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Other studies (DiVincenzo et al., 2012) found that the differences between glenoid 

morphology between species of the genus Homo are related to a differential degree of 

development between the centers of ossification of the glenoid (Scheuer and Black, 2004) 

due to an enlarged growth period in modern humans (Di Vincenzo et al., 2012), and that 

Australopithecus represents the plesiomorphic condition (in Di Vincenzo and colleagues 

(2012) study represented by Au. africanus and Au. sediba glenoid morphology).  

Table 11 Matrix of Procrustes Distances among pair of groups for the glenoid cavity shape, including extant 
taxon centroids and fossil specimens. The shortest distances between fossils and extant taxa centroids are 
highlighted in bold numbers. 

Taxon Ateles AL 288-1 Sts 7 Gorilla KNM-WT  
15000 H. sapiens Hylobatids Lagothrix Pan 

AL 288-1 0.0762         
Sts 7 0.1039 0.1262        
Gorilla      0.0914 0.0799 0.0935       
KNM-WT 15000  0.1563 0.1422 0.1844 0.1419      
H. sapiens       0.075 0.0832 0.106 0.0535 0.1203     
Hylobatids    0.0718 0.0833 0.1248 0.0839 0.0982 0.0491    
Lagothrix    0.0748 0.1042 0.0689 0.0794 0.1777 0.0825 0.1082   
Pan          0.0559 0.082 0.1007 0.0753 0.1269 0.0555 0.0604 0.072  
Pongo        0.0755 0.0971 0.0769 0.0755 0.1745 0.0812 0.1059 0.0356 0.0695 

 
Fig. 34 Regression of glenoid shape onto centroid size (CS). The warps represent the shapes at a CS of 15 in 

the lower end of the regression slope, broadly corresponding to the smaller taxa (Ateles, Lagothrix and 
hylobatids) and at 60 (higher end of the regression slope), mainly corresponding to Gorilla. 
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Fig. 35 PCA-MST of glenoid cavity shape of the extant taxa centroids and the scores for the fossil specimens. 

 

Fig. 36 Hierarchical Cluster Analysis (Ward’s method) based on the group centroids (extant taxa) and scores 
(fossil individuals) delivered by the morphometric analyses of glenoid cavity shape. 
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3. Objective 3. Evolutionary history of 
locomotion of hominoids based on the 
glenohumeral joint evidence  

The evolutionary implications of the investigated morphological traits (i.e. the 

geometric morphometric shape changes) for the locomotor and phylogenetic history of 

hominoids are reviewed in this section. 

3.1. Evidence from extant taxa 

In the context of analyzing the proximal humerus from an evolutionary point of 

view, the results obtained might point to the conclusion that suspension –or even 

hylobatid-like brachiation– was the locomotor pattern of all stem hominoids (e.g. Le Gros 

Clark, 1971; Tuttle, 1981; Fleagle and Simons, 1982). However, as shown above (1.1.2 

and 1.1.3) hylobatids are quite derived in their humeral morphology, showing as many 

derived traits as in the other parts of the arm. 

Also, the inclusion of the atelines in the study served to temper this assumption due 

to the observed morphological convergence with the pongines (Fig. 15). This, in addition 

to the fossil evidence that early Miocene Apes were non-suspensory (Moyà-Solà et al., 

2004; Ward, 2007), suggests that committed suspension, let alone brachiation, were 

probably not the basis of the hominoid ancestral locomotion (Moyà-Solà et al., 2004), so 

the idea of multiple emergences of suspensory characters during hominoid evolutionary 

history appears plausible (Almécija et al., 2007, 2009; Larson, 1998; 2007b; Lovejoy et al., 

2009a, b; Ward, 2007). This region seems to be prone to homoplastic processes in 

primates, together with the aforementioned Ateles’ morphological convergence with Pongo 

(Fig. 10, 15); there is also morphological convergence between Ateles and Brachyteles 

(Youlatos, 1996; 2008), the latter sharing a common ancestor with Lagothrix (Schneider, 

2000). 
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3.2. Co-evolution or decoupling? Orthogrady and suspension in 
hominoid evolution: evidence from the Miocene  

As indicated in previous sections, the proximal humeral region (and, by extension, 

the shoulder joint) seems quite prone to homoplasy when it comes to the acquisition of 

orthograde and/or suspensory adaptations (Larson, 1998, 2007b). This is evidenced by the 

similar proximal humeral morphology displayed by Ateles and extant apes (Kagaya, 2007), 

as confirmed here. This results further support the previous contention that Epipliopithecus 

displayed some forelimb suspensory adaptations, even though its main positional behavior 

would have consisted of generalized arboreal quadrupedalism. The morphofunctional 

similarities in proximal humeral morphology between Epipliopithecus and Lagothrix 

therefore highlight the decoupling between the acquisition of suspensory adaptations (at 

least, at the glenohumeral joint) and that of an overall orthograde body plan, since the 

latter is lacking in both taxa. Both Epipliopithecus and Lagothrix display proximal humeral 

morphologies enabling greater circumduction ranges in overhead limb positions than those 

of generalized arboreal quadrupeds, thus leading us to conclude that Epipliopithecus would 

have displayed, like Lagothrix, a fair amount of forelimb suspensory behaviors, without a 

concomitant shift towards an overall orthograde morphotype in torso and lumbar spine 

morphology (Fleagle, 1983; Rose, 1983, 1988, 1994; Rose et al., 1992; Rein et al., 2011; 

Harrison, 2013). Although this cannot be ascertained for the isolated humeral specimen 

GSP 28062 from the Miocene of Pakistan, similarities with Lagothrix in proximal humeral 

morphology further support the view that the evolution of some suspensory adaptations, 

superimposed to an otherwise pronograde body plan suitable for generalized arboreal 

quadrupedalism (as in Epipliopithecus), might have been more common among extinct 

catarrhines than is generally assumed. 

It has been repeatedly stressed that homoplasy has played a pervasive role in the 

acquisition of orthograde and/or suspensory behaviors during hominoid evolution, based 

on the evidence provided by multiple postcranial regions, such as the trunk, the hands, the 

wrist and the scapula (Larson and Stern, 1986, 1987; Larson, 1993, 1995, 1998, 2007b; 

Moyà-Solà et al., 2004, 2005; Almécija et al., 2007, 2009; Ward, 2007; Lovejoy et al., 

2009a, b; Bello-Hellegouarch et al., 2013). As far as suspensory behaviors are concerned, 

homoplasy might have also been frequent in non-hominoid extinct catarrhines, such as 

pliopithecoids, which has implications for the evolution of the locomotor apparatus in apes. 
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In particular, the lack of features suggestive of an orthograde body plan in non-hominoid 

catarrhines supports the view that the acquisition of suspension and other orthograde 

behaviors may be decoupled in the course of evolution. Interestingly, the opposite 

condition to that displayed by Epipliopithecus is found among several stem hominoids and 

putative stem great apes, in which orthograde features are found without being associated 

with forelimb suspensory adaptations. Thus, the Middle Miocene stem great ape 

Pierolapithecus (12.9 Ma), as evidenced by various anatomical regions, displays an 

orthograde body plan with no ulnocarpal articulation but without suspensory adaptations 

in the hand, thereby suggesting that suspensory adaptations are at least homoplastic 

between hylobatids and hominids (Moyà-Solà et al., 2004, 2005; Almécija et al., 2009; 

Alba et al., 2010; Alba, 2012; but see Deane and Begun, 2010, for a different 

interpretation). This might also be argued for pongines and hominines (Alba, 2012), 

especially given the apparently pronograde body plan without suspensory adaptations in the 

Middle Miocene (12 Ma) pongine Sivapithecus (Pilbeam et al., 1990; Madar et al., 2002). 

In fact, the earliest undisputed evidence for suspensory adaptations coupled with an 

orthograde body plan in the hominoid fossil record corresponds to the Late Miocene 

(10.0–9.6 Ma) great ape Hispanopithecus laietanus (Moyà-Solà and Köhler, 1996; Almécija 

et al., 2007; Alba et al., 2010, 2012; Alba, 2012; Susanna et al., 2014), in spite of the fact 

that this taxon is considered a stem great ape less closely related to Pongo than Sivapithecus 

(e.g., Alba, 2012). 

Among putative stem hominoids, Nacholapithecus displays adaptations for enhanced 

forelimb-dominated behaviors (Nakatukasa et al., 1998; Ishida et al., 2004), but no 

evidence of orthograde characters. Only the Early Miocene Morotopithecus (Gebo et al., 

1997; MacLatchy et al., 2000) seemingly exhibits orthograde features in the lumbar 

vertebrae coupled with some putative suspensory adaptations in the glenoid cavity of the 

scapula (Sanders and Bodenbender, 1994; MacLatchy et al., 2000; Nakatsukasa, 2008). 

Given the afropithecid-like facial morphology of this taxon (which lacks hominid facial 

synapomorphies; Harrison, 2010a), its postcranial morphology supports another instance 

of independent evolution of orthogrady and even suspensory behaviors among stem 

hominoids (Ward, 2007; Harrison, 2010a; Alba, 2012), although an independent loss of 

these features in later putative stem (Pierolapithecus) or crown (Sivapithecus) hominids 

cannot be completely discounted at present. However, this second alternative explanation 
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seems more unlikely, given the retention of these features in the secondarily semi-terrestrial 

African apes. Also, given the equivocal results found regarding the glenoid cavity of the 

scapula in this dissertation, the contention of suspensory characters in Morotopithecus based 

solely on glenoid morphology is not very well supported.  

Based on the current evidence, both orthogrady and suspension therefore appear to 

have independently arisen several times throughout ape evolution. Among large-bodied 

hominoids, the acquisition of an orthograde body plan seems to have taken place first 

(probably originally related to vertical climbing), with some of these adaptations being 

subsequently co-opted for suspension, apparently independently in some great ape lineages 

(Cartmill, 1985; Fleagle, 1976; Sarmiento, 1998; Nakatsukasa et al., 2003; Moyà-Solà et 

al., 2004, 2005; Almécija et al., 2007, 2009; Crompton et al., 2008; Alba, 2012). In 

contrast, Epipliopithecus and GSP 28062 illustrate that this must not necessarily be the case 

for smaller-bodied catarrhines, since in these taxa suspensory adaptations are apparently 

superimposed on an otherwise pronograde body plan. Although hylobatids have been 

frequently hypothesized to be descended from great ape-like ancestors through phyletic 

dwarfism (e.g., Pilbeam and Young, 2004), the meager fossil record of Miocene hylobatids 

(consisting exclusively of the still largely unpublished Yuanmoupithecus; Pan, 2006; 

Harrison et al., 2008) does not allow one to exclude their evolution from small-bodied, 

pronograde stem hominoids, with their orthograde and suspensory adaptations having 

evolved in parallel with those of great apes. If this was the case, the possibility cannot be 

excluded that the evolution of the hylobatid locomotor apparatus followed a different route 

than that of great apes, with the acquisition of suspensory adaptations having preceded in 

time that of a generalized orthograde body plan. This seems at least a plausible (although 

currently untested) hypothesis, in the light of current evidence on the positional behavior 

of Epipliopithecus. 

In any case, the evidence provided here on the proximal humerus further builds on 

the evidence of the mosaic evolution of the postcranial skeleton of the Miocene catarrhines 

(as previously stressed for other taxa, such as Pierolapithecus; Moyà-Solà et al., 2004, 2005; 

Almécija et al., 2007; 2009; Hammond et al., 2013), thus highlighting the complexity of 

the relationship between orthogrady and suspensory locomotion. Further studies including 

an array of primate and other mammalian taxa exhibiting broader positional behaviors and 

locomotor repertoires should be undertaken to assess the potential limitations of 3D 
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geometric morphometrics for making definitive statements regarding the relationship 

between morphology and function across distantly related groups. 

3.3 Mosaic evolution and arboreal capabil it ies:  evidence from 
early hominins 

Overall, the australopith specimens analyzed exhibit mosaic traits at the proximal 

humerus. AL 288-1 shows mixed characteristics between the derived condition of humans 

and a more generalized arboreal pattern, and Sts 7 and Omo 119-73-2718 show mixed 

arboreal traits, combining some Pongo-like features with more generalized characteristics 

resembling Lagothrix (especially in Omo 119-73-2718). The arboreal traits found in the 

proximal humerus of these three early hominins, however, are mainly related to the 

sustained use of the arms in overhead positions, which enable the use of a relatively 

significant amount of below-branch positional behaviors, as argued by some authors (e.g. 

Senut, 1980; Susman et al., 1984; Rose, 1991; Stern, 2000; Larson, 2007b, 2013). None 

of the three australopiths specimens analyzed shared the morphological condition of the 

African great apes (Gorilla and Pan), thus building on the contention that the last common 

ancestor of hominins and panins could have exhibited a more generalized arboreal 

locomotor repertoire, instead of knuckle-walking. The shape of the glenoid cavity failed to 

discriminate between extant taxa locomotion. Nevertheless, AL 288-1 and Sts 7 generally 

appear more similar to the great apes, and if further evidence from the shoulder girdle 

elements of is considered their general characteristics appear more similar to the arboreal 

apes and monkeys than to humans. One of these major features is the cranial orientation of 

the glenoid facet, which has been repeatedly measured in the Sts 7 specimen, with all 

studies reporting varied angles ranging from 103 to 125 degrees, indicating that the glenoid 

of this specimen faced more cranially than in humans (Campbell, 1966; Oxnard, 1968; 

Robinson, 1972; Vrba, 1979; Stern and Susman, 1983; Larson, 2007b). AL 288-1 does not 

preserve enough of the axillary border to measure the orientation of the glenoid, but 

estimates based on the glenoid orientation in respect to the ventral bar (Stern and Susman, 

1983; Larson, 2007b) suggest that the glenoid would also have been more cranially 

oriented in this specimen. The same pattern has been found for the juvenile Au. afarensis 

scapula DIK-1-1 (Alemseged et al., 2006; Green and Alemseged, 2012) as well as in A. 

sediba (specimen MH2; Churchill et al., 2013). Further arboreal features include a well 
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developed and laterally placed supraglenoid tubercle, an ape-like angle between the scapular 

spine and the axillary border, and a clavicle that lacks the characteristic human curvature of 

the medial end in dorsal view, which indicates that these two australopiths (AL 288-1 and 

Sts 7) might have maintained a high shoulder position in a funnel-shaped thorax, in 

addition to overall ape-like forelimb proportions (Voisin, 2006; Green et al., 2007; Larson, 

2007b; Green and Gordon, 2008; Curchill et al., 2013). All the evidence together suggests 

that the forelimbs of the analyzed australopith specimens (AL 288-1, Sts 7 and Omo 119-

73-2718) could have been functional when engaging in arm-rising behaviors. Particularly, 

the their overall shoulder girdle morphology enabled the sustention of abducted positions 

of the arm without the need of rotating the scapula upwards after the first 90 degrees of 

arm abduction, as in suspensory apes. The arboreal adaptations displayed throughout the 

australopith forelimb and thorax have been suggested to pose an advantage for niche 

exploitation (full adaptation to bipedal terrestriality on the ground, and to 

suspension/climbing on the trees) in early hominins (Sylvester, 2006). To this regard, the 

relaxation of locomotor constraints on the australopithecine hand proposed by several 

authors (Alba et al., 2003; Kivell et al., 2011; Almécija and Alba, 2014) does not necessarily 

preclude the possibility of this genus to display adaptations to the use of the arms in 

overhead positions during significant proportions of time. However, further evidence of 

late Miocene hominins and early Homo, as examples of the possible preceding and 

subsequent morphological conditions, as well as subsequent analyses on kinematics and 

biomechanics should be included in further studies to contrast the views conveyed in this 

dissertation. 

In any case, the evidence suggests that the glenohumeral joint morphology of 

australopiths may not be reflecting a relaxation of locomotor constraints, as it exhibits 

specialized traits related to forelimb-dominated arboreal behaviors. Moreover, australopiths 

do not only exhibit morphological affinities with humans and the arboreal apes, but also 

display similarities with the generalized NWM Lagothrix, showing a distinctive mix of 

primitive and derived characteristics (mosaic morphology) not found in any living great ape 

taxa. In this regard, the debate about the morphological affinities of early hominins should 

not be limited to human-like versus African great ape-like conditions. Instead, 

morphofunctional studies attempting locomotor inferences on early hominins would 

benefit from the inclusion of more generalized primate taxa that better characterize the 

121

II. Results and Discussion



evolutionary background of the hominoid lineage. The mosaic nature of the postcranial 

configurations of hominins might render relatively limited morphofunctional inferences 

based only on extant great ape genera. Notably, the results of this study build up on the 

contention that hominins could have evolved from an ancestor exhibiting quite generalized 

arboreal locomotor behaviors instead of the derived repertoire exhibited by the African 

great apes.  

The analysis of the proximal humeral shape of the Au. afarensis specimen in 

particular (A.L. 288-1) provided useful significant morphometric evidence that Au. 

afarensis might have practiced arboreal suspensory behaviors (Vrba, 1979; Susman et al. 

1984; Crompton et al. 2008; hypothesis contested by others, e.g., Latimer et al. 1987; 

Latimer and Lovejoy, 1989; Latimer, 1991), as well as further support for the contention 

that bipedal hominins evolved from a generalized arboreal ancestor (McHenry, 1986; 

Thorpe et al. 2007; Crompton et al. 2008, 2010; Lovejoy et al. 2009a, b). Such contention 

also indicates that australopiths did not evolve from a knuckle-walking ancestor – as argued 

by researchers who support the homology (synapomorphy) of knuckle-walking adaptations 

in chimpanzees and gorillas (Begun, 1992; Richmond and Strait, 2000; Richmond et al. 

2001; Corruccini and McHenry, 2001; Williams, 2010)–, suggesting that knuckle-walking 

might have evolved twice (Larson, 1996; Dainton and Macho, 1999; Kivell and Schmitt, 

2009). 
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4. Conclusions 

1. The proximal humerus of living primate taxa is a good proxy to discriminate locomotor 

behaviors. Moreover, the degree of suspension correlates well with morphofunctional 

traits in the proximal humerus, such as humeral head globularity and proximo-distal 

arrangement of the rotator cuff muscles insertion in the greater tubercle.  

2. The shape of the proximal humerus is mainly driven by the functional demands of 

locomotion. As such, phylogentically distant taxa like Ateles and Pongo exhibit a 

convergent morphology related to the use of the same locomotor behaviors.  

3. Two modules corresponding to a functional partition of the proximal humerus 

structures can be distinguished. The humeral head, or articular surface corresponds to 

one module and its function is related to the mobility of the joint, whereas the other 

module is comprised by the tubercles, and its function is related to joint stability.  

4. The shape of the humeral head responds to the stresses of locomotion, adding surface 

area in strategic regions depending on the force loading of the main locomotor behavior 

of the taxon.  

5. The shape of the tubercles also responds to force loadings, and the stabilization of the 

joint against stresses is achieved by changing the shape and the position/orientation of 

the rotator cuff’s insertions on the greater and lesser tubercles.  

6. The morphology of the glenoid cavity does not seem to be driven by functional 

demands. Instead, developmental processes might be responsible for the shape of the 

glenoid cavity of the taxa studied.  

7. The evident functional plasticity of the proximal humerus makes this structure a good 

proxy to draw morphofunctional inferences on extinct taxa, building on our knowledge 

about the locomotor behavior of Primate fossil specimens. 

8. The Early Miocene hominoids (represented in this study by Nyanzapithecus 

vancouveringorum) display a proximal humerus suited for generalized, arboreal 

quadrupedal locomotor repertoires, agreeing well with the contention that stem 

hominoids were powerful-grasping, above-branch quadrupeds/cautious climbers with a 

pronograde bodyplan.  

9. Unlike previous assumptions, the catarrhines Pliopithecus antiquus and Epipliopithecus 

vindobonsensis display different adaptations in the proximal humerus, thus reflecting an 

123

II. Results and Discussion



unequal display of locomotor repertoires, also suggesting a greater diversity of positional 

behaviors for Pliopithecoids than previously anticipated. 

10. Epipliopithecus vindobonensis shows some suspensory adaptations in the proximal 

humerus, as seen in the living taxon Lagothrix. Consequently, the distinctive 

locomotor adaptations of Epipliopithecus build on the contention that this taxon is 

better distinguished at a genus rank.  

11. The results offer further evidence for the decoupling of orthogrady and suspension 

during hominoid evolution. Epipliopithecus vindobonensis and the unassigned GSP 

28062 specimen of Pakistan show morphofunctional traits related to the use of 

suspension without the acquisition of an orthograde bodyplan. The living taxon 

Lagothrix is another example of such condition.  

12. Based on the current evidence, both orthogrady and suspension appear to have 

independently arisen several times throughout ape evolution. Among large-bodied 

hominoids, the acquisition of an orthograde bodyplan seems to have taken place first 

(probably originally related to vertical climbing), with some of these adaptations being 

subsequently co-opted for suspension, apparently independently in some great ape 

linages. 

13. Hylobatids could have evolved from small-bodied, pronograde stem hominoids, with 

their orthograde and suspensory adaptations having evolved in parallel with those of 

great apes. Moreover, the possibility cannot be excluded that the evolution of the 

hylobatid locomotor apparatus followed a different route than that of great apes, with 

the acquisition of suspensory adaptations having preceded in time that of a generalized 

orthograde bodyplan. 

14. The analysis of the glenohumeral joint of the australopiths are a further example of the 

mosaic nature of the postcranial traits of early hominins: AL 288-1 shows mixed 

characteristics between the derived condition of humans and a more generalized 

arboreal pattern, and Sts 7 and Omo 119-73-2718 show mixed arboreal traits, 

combining some Pongo-like features with more generalized characteristics resembling 

Lagothrix. 

15. None of the three australopiths specimens analyzed shared the morphological condition 

of the African great apes (Gorilla and Pan), thus building on the contention that the 
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last common ancestor of hominins and panins could have exhibited a generalized 

arboreal locomotor repertoire. 

16. The contention that bipedal hominins evolved from a generalized arboreal ancestor 

instead of a knuckle-walking ancestor favors the view that the knuckle-walking 

adaptations shown by chimpanzees and gorillas are a result of homoplasy. 

17. The arboreal traits found in the proximal humerus of these three early hominins are 

mainly related to the sustained use of the arms in overhead positions, which would 

have enabled the use of a relatively significant amount of below-branch positional 

behaviors. 

18. Analyses aiming at attempting locomotor inferences of early hominins should include a 

wider variety of taxa in the comparison sample than just the living hominoids. The 

morphological affinities with more generalized taxa shown by early hominins highlight 

the need of widening the comparison framework including generalized arboreal 

primates such as Lagothrix, or evidence from the Miocene apes/hominins if available. 
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5. Future perspectives 

This dissertation is but the first step towards a larger scale study of the locomotor 

adaptations of the hominoid forelimb from an evolutionary perspective. Due to the time 

constraints that a four-year PhD poses and the need of consistency throughout the research, 

many side projects, ideas, and extensions of some of the presented studies were not 

undertaken. In this section I will outline some of the (near) future projects I mean to carry 

out. 

a) Modularity of the glenoid cavity and further work on this structure  

The results of this dissertation regarding the glenoid cavity have to be further 

expanded by adding more comparative taxa, on one hand, and attempting different kind of 

tests, on the other. The morphology of the glenoid cavity might be related to 

developmental processes, being the result of differential growth between the two 

ossification centers that conform it, as has been discussed. Therefore, a logical next step is 

to undertake a modularity analysis of the glenoid cavity to assess the veracity of such 

statement.  

There are some fossil Miocene ape glenoid cavity remains that I plan on including 

in the analyses. First, the glenoid cavity of Nacholapithecus kierioi (KNM-BG 35250T; 

Nakastukasa et al., 2004) is already available for analysis, courtesy of Dr. Masato 

Nakatsukasa, who provided an impression mold of the glenoid of Nacholapithecus keirioi. 

The cranial end of the Nachola glenoid is missing; therefore, the landmark protocol devised 

for the analyses of the glenoid in this dissertation cannot be implemented as it is. However, 

several steps will be taken to ensure its analysis: I will attempt a manual reconstruction of 

the glenoid with molding clay, as the portion that is missing is very small, and the outline 

of the curvature of the cranial end is easily followed. Also, I will implement a missing 

landmark estimation technique –thin plate spline interpolation and regression prediction– 

to infer the position of the missing landmark. Then I will compare the results and establish 

if a reliable analysis of the Nacholapithecus glenoid can be done. 

Second, the analysis of the Moroto glenoid (Morotopithecus bishopii; MacLatchy et 

al., 2000) is of upmost importance, as all the suspensory inferences for this taxon have been 

derived from the morphology of this glenoid. Given the equivocal results on the glenoid 
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cavity functional constraints, reanalysis of the Moroto glenoid morphological affinities is 

needed in order to evaluate its suspensory capacities.  

b) Integration studies of the glenohumeral joint  

The study on proximal humeral modularity led to the finding that the proximal 

humerus is indeed functionally divided, as many authors have suggested but not tested. 

However, further analyses on the integration patterns of the glenohumeral joint, e.g., 

whether the glenoid cavity of the scapula and the humeral head conform a single unit that 

varies together or not, have to be conducted in order to achieve a clearer picture of how this 

joint behaves morphologically. Thus, integration analyses (covariance tests between blocks 

of landmarks, i.e. Partial Least Squares –PLS–) need to be carried out to investigate such 

contention. PLS integration analyses might also be useful for identifying greater congruence 

areas of the glenohumeral joint (i.e., with which part of the larger humeral head does the 

glenoid cavity acts like a ball-and-socket), which, in turn may be informative of what are 

the areas of maximum stability of the joint.  

c) Incorporation of muscular data 

During the course of this dissertation and, in collaboration with my supervisor Dr. Potau 

and my colleague Dr. Bello-Hellegouarch, extensive data on muscular weights, muscle 

cross-sectional area, as well as molecular data were recorded from muscular dissections of a 

large sample of primates. Studies linking hard tissue and soft tissue anatomy are scarce to 

date. Thus, a really interesting next step is to provide this link by studying the shape of the 

glenohumeral joint, and the shoulder girdle in general, in relation to all the soft tissue 

information already collected.  

d) Studying the forelimb  

The same techniques and studies developed in this PhD dissertation can be 

thoroughly applied to other parts of the shoulder girdle, and the forelimb in general. For 

instance, I am currently conducting a study of variation in clavicular morphology in 

African great apes using geometric morphometrics, focusing on morphofunctional 

correlates of locomotion and orthogrady in this bone. In a mid-term future, other parts of 

the forelimbs will be analyzed under the same framework, which has proven to yield 

important and useful results for the advance of the Anthropological discipline.  
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6. Statement of the advisors 

 This dissertation follows the official compendium of scientific articles format 

established by the University of Barcelona. The PhD candidate, Julia Arias-Martorell, has 

developed her research in the subject of Functional and Evolutionary Anatomy, focusing on 

the study of the glenohumeral joint of hominoid primates. The glenohumeral joint is a 

pivotal structure for studying the morphofunctional correlates of locomotion in Primates, 

as its shape is determined by the mechanical constraints exerted during force loading on the 

joint. The aim of the research was to study the functional correlates of the shape of the 

glenohumeral joint in an array of living primate taxa, including all the hominoids (the 

African great apes, Gorilla, Pan and Homo, and the Asian apes, Pongo and the hylobatids) 

and a selection of other anthropoid taxa to serve as locomotor and phylogenetic outgroups, 

which included two cercopitecoids, Colobus and Papio, and the platyrrhines Lagothrix, 

Ateles and Cebus. Three-dimensional Geometric Morphometrics were used throughout the 

research, which involved 3D laser scanning of the proximal humerus and the glenoid cavity 

of the scapula, bone model reconstructions, and landmark configurations design and 

analysis. 

 The pilot study of this dissertation, conducted during the first year of her PhD 

research, was published in 2012 in the Journal of Anatomy. It involved the analysis of living 

great ape taxa (Pan, Gorilla, Pongo and humans) to outline the morphological significance 

of the proximal humerus to assess the objectives of the dissertation. The sample used for 

this study came from the zoological parks of Barcelona and Madrid. The fact that captive-

breed primates might not engage in the same locomotor behaviors than wild primates was a 

concern from the start and, thus, subsequent samples used in all other analyses only 

included wild-caught specimens from international institutions, such the American Museum 

of Natural History (USA), the Powell-Cotton Museum (UK) and the University of Zurich 

(Switzerland).  

The PhD candidate made a three-month research stay (February to April, 2012) at 

the Anthropology Department of the New York University, under the supervision of Prof. 

Terry Harrison, Chair of Anthropology. The stay served to establish international 

collaborations with several researchers, which resulted in several publications (including 

three anatomical atlases). Julia Arias-Martorell has also been collaborating with the Institut 
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Català de Paleontologia (ICP, Sabadell), participating in fieldwork campaigns in Can 

Llobateres (a Miocene ape-bearing site in Catalunya) during the four years of her PhD. The 

collaboration with the ICP also resulted in two publications, one of them included in this 

dissertation.  

Five research articles have been included in the present PhD dissertation: four full-

length scientific papers and a short note, all included in referenced journals in the Science 

Citation Index, and two of them included in the Social Sciences Citation Index. Three out of 

the five publications have already been published, one has been formally accepted by the 

Journal of Human Evolution and is currently in press, therefore, the uncorrected proofs are 

included in the dissertation, and the fifth is currently under second review by PLoS ONE. 

The PhD candidate is the first author in all the papers included in the dissertation. The 

papers are introduced below, in chronological order, detailing the authorship of the papers, 

full title, year and journal of publication, quartile and impact factor of the journal at the 

year of publication (except the papers published in 2014, for which the 2013 IF is listed). 

In all studies, the PhD candidate was involved in designing the research, obtaining the 

sample, carrying out the analyses and writing the paper:  

1. Arias-Martorell J, Potau JM, Bello-Hellegouarch G, Pastor JF, Pérez-Pérez A. 2012. 

3D geometric morphometric analysis of the proximal epiphysis of the hominoid 

humerus. Journal of Anatomy, 221: 394-405. 

Impact Factor: 2.357 (2012); 5/21 Q1 [SCI: Anatomy & Morphology]. 

2. Arias-Martorell J, Potau JM, Bello-Hellegouarch G, Pérez-Pérez A. 2014. Brief 

communication: Developmental versus functional three-dimensional geometric 

morphometric-based modularity of the human proximal humerus. American 

Journal of Physical Anthropology, 154:459-465.  

Impact Factor: 2.514 (2013); 5/81 Q1 [SSCI: Anthropology]; 28/46 Q3 [SCI: 

Evolutionary Biology]. 

3. Arias-Martorell J, Tallman M, Potau JM, Bello-Hellegouarch G, Pérez-Pérez A. 

2014. Shape analysis of the proximal humerus in orthograde and semi-orthograde 

primates: correlates of suspensory behavior. American Journal of Primatology, DOI: 

10.1002/ajp.22306. 

Impact Factor: 2.136 (2013); 24/152 Q1 [SCI: Zoology]. 
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4. Arias-Martorell J, Alba DM, Potau JM, Bello-Hellegouarch G, Pérez-Pérez A. 

Morphological affinities of the proximal humerus of Epipliopithecus vindobonensis 

and Pliopithecus antiquus: suspensory inferences based on a 3D geometric 

morphometrics approach. Journal of Human Evolution, in press. 

Impact Factor: 3.867 (2013); 3/81 Q1 [SSCI: Anthropology]; 14/46 Q2 [CI: 

Evolutionary Biology]. 

5. Arias-Martorell J, Potau JM, Bello-Hellegouarch G, Pérez-Pérez A. Like father, like 

son: reassessment of the arboreal ability of Australopithecus though a 3D shape 

analysis of the shoulder joint. 

Under review by the journal PLoS One: 3.534 (2013); 8/55 Q1 [SCI: 

multidisciplinary sicences]. 

Other publications by the PhD candidate, which are not part of the present 

dissertation because they are beyond the scope of the PhD Dissertation, include: 

1. Potau JM, Artells R, Muñoz C, Díaz T, Bello-Hellegouarch G, Arias-Martorell J, 

Pérez-Pérez A, Monzó M. 2012. Expression of myosin heavy chain isoforms in the 

human supraspinatus muscle: variations related to age and sex. Cells Tissues Organs, 

196: 456-462. IF: 1.961 (2012). 

2. Alba DM, Casanovas-Vilar I, Almécija S, Robles JM, Arias-Martorell  J, Moyà-

Solà S. 2012. New dental remains of Hispanopithecus laietanus (Primates: 

Hominidae) from Can Llobateres 1 and the taxonomy of Late Miocene hominoids 

from the Vallès-Penedès Basin (NE Iberian Peninsula). Journal of Human Evolution 

63:  231-242. IF: 4.094 (2012).  

3. Diogo R, Potau JM, Pastor JF, de Paz FJ, Barbosa MM, Ferrero EM, Bello G, 

Burrows A, Aziz MA, Arias-Martorell  J, Wood BA. 2012. Photographic and 

descriptive atlas of Gibbons and Siamangs (Hylobates) - with notes on the attachments, 

variations, innervation, synonymy and weight of the muscles. New York: Science 

Publishers, Taylor & Francis. [Book] 

4. Bello-Hellegouarch G, Potau JM, Arias-Martorell  J, Pastor JF, Diogo R, Pérez-

Pérez A. 2012. The rotator cuff muscles in Hominoidea: evolution and adaptations 

to different types of locomotion. In: Hughes EF, Hill ME, eds. Primates: 
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Classification, Evolution and Behavior. Hauppage: Nova Science Publishers. [Book 

Chapter] 

5. Bello-Hellegouarch G, Potau JM, Arias-Martorell  J, Pastor JF, Pérez-Pérez. 

2013. A comparison of qualitative and quantitative methodological approaches to 

characterizing the dorsal side of the scapula in Hominoidea and its relationship to 

locomotion. International Journal of Primatology 34:315-336. IF: 1.994 (2013). 

6. Diogo R, Potau JM, Pastor JF, de Paz JF, Ferrero EM, Bello G, Barbosa M, Aziz 

AM, Burrows AM, Arias-Martorell  J, Wood B. 2013. Photographic and 

descriptive atlas of Chimpanzees - with notes on the attachments, variations, 

innervation, synonymy and weight of the muscles. New York: Science Publishers, 

Taylor & Francis. [Book] 
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weight of the muscles. New York: Science Publishers, Taylor & Francis. [Book] 
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Brief communication: Morphological effects of captivity: a geometric 

morphometric analysis of the dorsal side of the scapula in captive-bred and wild-

caught Hominoidea. American Journal of Physical Anthropology 152:306-310. IF: 
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Introducció 

 Aquesta tesi doctoral ha estat concebuda com a compendi de publicacions, per tant, 

hi ha un primer bloc que inclou la introducció, material i mètodes i la mostra, i un altre 

gran bloc que inclou una discussió global dels resultats, les conclusions i perspectives 

futures. L’última part inclou els articles que formen part de la tesi tal i com han estat 

publicats a les revistes (per a un d’ells s’han inclòs les proves d’impremta), excepte l’últim 

que està formatejat com la resta de la tesi doctoral perquè encara es troba en procés de 

revisió.  

 La present tesi doctoral versa sobre la història evolutiva dels hominoïdeus centrant-

se en un tema cabdal per a l’evolució humana com és la locomoció. En el present, els 

hominoïdeus estan representats per vuit gèneres (Hylobates, Symphalangus, Hoolock, 

Nomascus, que són els gibons i siamangs del Sud-Est Asiàtic; Pongo, el gran simi orangutan, 

també del Sud-Est Asiàtic; Gorilla i Pan, goril·les i ximpanzés, grans simis de l’Àfrica de 

l’oest; i una única espècie de Homo, nosaltres, els humans –Homo sapiens–). Els 

hominoïdeus formen part del infraordre Catarrhini, que inclou les superfamílies 

Cercopithecoidea i Hominoidea. Els catarrins varen originar-se a l’Àfrica desprès de la 

divergència amb els platirrins (mones del nou món, o mones sud-americanes).  

Filogènia i  taxonomia dels hominoïdeus 

Els hominoïdeus van originar-se presumiblement a l’Àfrica durant l’Oligocé Final, 

Miocè Inicial (26-25 Ma), just desprès de la divergència amb els cercopitècids. Els 

Hominoïdeus basals inclouen les famílies dels Proconsulids i una varietat de tàxons massa 

poc preservats o representats per a discernir-ne les relacions filogenètiques (per exemple, 

Kenyapithecus, Samburupithecus, Chororapithecus) (Harrison 1992; Ishida i Pickford, 1997, 

Ward i Duren, 2002; Harrison 2010a). Durant el Miocè Mitjà (16-12 Ma) els 

hominoïdeus corona (crown hominoids) fan la seva aparició a Euràsia. Els hominoïdeus 

Europeus inclouen els Dryopitecins, Hispanopitecins, i taxons sense clares afinitats 

filogenètiques (per exemple, Oreopithecus i Ouranopithecus). Els hominoïdeus asiàtics 

formen part d’una sola radiació filètica i s’inclouen dintre dels pongins (ancestres de Pongo), 

incloent Ankarapithecus, Sivapithecus, Gigantopithecus, Lufengpithecus i Korathpithecus 

(Harrison, 2010a; Fleagle, 2013). 
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Durant el Miocè Final i inicis del Pliocè varen originar-se els hominins, a l’Àfrica. 

La divergència entre goril·la i ximpanzé està datada (amb dades mol·leculars) al voltant dels 

10-8 Ma (Perelman et al., 2011), i entre els ximpanzés i humans, al voltant dels 6-5 Ma. Hi 

ha tres gèneres al datats entre els 6-4 Ma que s’erigeixen com a possibles ancestres més 

antics dels hominins (o del llinatge humà, exclusivament): Sahelanthropus, Ardipithecus i 

Orrorin (Senut et al., 2001; Brunet et al., 2002; White et al., 2009). Tot i això, les relacions 

filogenètiques entre aquests generes i la resta d’hominins encara no estan ben resoltes. Altres 

taxons, més tardans (Plio-Pleistocè), dels quals l’estatus d’hominin no se’ls discuteix, 

inclouen el genere Australopithecus, Paranthropus i Kenyanthropus.  

Durant el Pleistocè tardà (3-2 Ma) trobem la radiació del gènere Homo a l’Àfrica, 

expandint-se més tard per la resta del continent Eurasiàtic amb l’espècie H. erectus. Varis 

autors consideren H. erectus només a l’espècie asiàtica, anomenant als seus hominins 

contemporànis africans H. ergaster i als europeus H. heidelbergensis. Tot i això, les dues 

úniques espècies reconegudes globalment com a endèmiques d’hominin Europeu són H. 

antecessor i H. neanderthalensis.  

La locomoció dels hominoïdeus 

Hominoïdeus actuals  

Els hominoideus actuals es caracteritzen per la presència comportaments suspensors en el 

seu repertori locomotor. Els hilobàtids –gibons i siamangs– són totalment suspensors, 

emprant vàries formes de suspensió més habitualment que qualsevol altre primat (fins a un 

80% dels temps; Fleagle, 1974, 1976; Michilsens, 2012). Tenen un seguit d’adaptacions 

anatòmiques a aquests tipus de locomoció (per exemple, massa corporal petita, braços 

extremadament allargats, baixa torsió humeral, gran capacitat de rotació del canell), 

exhibint una forma particular de braquiació, anomenada ricochetal brachiation, que inclou 

una fase de vol entre braçades exclusiva d’aquest grup (Napier, 1963; Hunt, 1991a; Gebo, 

1996; Michilsens, 2009, 2010). Els orangutans són els primats arboris de més mida 

corporal i tenen un comportament locomotor molt complex. Fan servir locomoció 

compressiva ortògrada i pronògrada, combinat amb un ús freqüent de arm-swinging, 

braquiació, locomoció arbòria quadrumana i bridging per a desplaçar-se (Cant, 1992; 

Thrope i Crompton, 2006; Thrope et al., 2009; Crompton et al., 2010). Goril·les i 

ximpanzés utilitzen en exclusiva una forma secundària de locomoció terrestre, el knuckle-
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walking, per a desplaçar-se per terra, però les seves adaptacions (al braç) són bàsicament 

arbòries. Goril·les i ximpanzés pugen ocasionalment als arbres per niar i alimentar-se, i 

exhibeixen comportaments suspensors com ara climbing i braquiació (Crompton et al., 

2010). L’humà és l’únic hominoïdeu actual que camina exclusivament amb les extremitats 

posteriors, utilitzant una forma de locomoció bípeda per a moure’s. Els humans exhibeixen 

adaptacions anatòmiques particulars a aquest tipus de locomoció per tot el cos, èssent  

particularment importants a les extremitats posteriors (cames), que són força més llargues i 

fortes que els braços en aquesta espècie (Fleagle, 2013). 

Hominoïdeus fòssils  

La història evolutiva de la locomoció dels hominoïdeus, però, es caracteritza per una 

gran diversitat. Els hominoideus fòssils del Miocè Inicial i Mig d’Àfrica es caracteritzen per 

la retenció d’un pla corporal pronògrad, i també per exhibir un comportament locomotor 

generalitzat, sense especialitzacions suspensores, utilitzant per a desplaçar-se una 

combinació de palmigradia prènsil i quadrupedalisme arbori, juntament amb climbing –

escalada vertical– cautelós (Corrucini et al., 1975; Morbeck, 1975; Fleagle, 1983; Rose, 

1993; Ward, 2007). Tot i això, hi ha un parell d’exepcions a aquesta regla general: 

Morotopithecus bishopi, un hominoïdeu de gran mida d’Uganda (MacLatchy et al., 2000; 

MacLatchy, 2004). Facialment és molt similar a taxons contemporanis (Miocè inicial, 

aproximadament 20 Ma), però postcranialment és més semblant al grans simis actuals, ja 

que presenta adaptacions ortògrades (vertèbra UMP 67.28; MacLatchy et al., 2000) i 

suspensores, inferides a partir de la forma d’una cavitat glenoides de l’escàpula recuperada 

(MacLatchy, 2004). I també Nacholapithecus keiroi, del Miocè Mitjà de Kenya (15 Ma). 

Així doncs, aquest taxó presenta adaptacions postcranials que li haurien permès utilitzar una 

gran varietat de comportaments locomotors, espcialment comportaments no estereotípics 

(com ara els dels quadrúpedes estrictes) i antipronògrads, com ara climbing, clambering 

ortògrade, bridging i reaching (Ishida et al., 2004; Nakatsukasa i Kunimatsu, 2009).  

Durant el Miocè Mitjà i coincidint amb la dispersió dels hominoïdeus per Euràsia, 

va ocórrer una gran diversificació de taxons i comportaments locomotors. A Euràsia hi 

trobarem des del gran simi Asiàtic Sivapithecus, que exhibeix unes adaptacions postcranials 

primitives i generalitzades, compatibles amb l’ús de les extremitats en posicions semi-

abduïdes, utilitzant palmigradia pronógrada per sobre les branques (Pilbeam et al., 1990; 

Madar et al., 2002); fins a taxons més derivats, com ara Pierolapithecus catalaunicus, que 
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exhibeix adaptacions ortògrades al troncs i extremitats anteriors, però que no presenta 

evidències de suspensió, o Hispanopithecus laietanus, que té adaptacions a les mans similars a 

les del gran simi Asiàtic Pongo, indicant que el seu repertori locomotor hauria presentat un 

percentatge significatiu de comportaments suspensors derivats (Moyà-Solà, 2004, 2005; 

Almécija et al., 2007, 2009; Alba, 2012). De la mateixa manera, al Miocè final, trobem als 

boscos subtropicals de la Toscana-Sardenya el taxó Oreopithecus bambolii, possiblement un 

gran simi que exhibeix bipedisme, però que no guarda una relació filogenètica directa 

(ancestre-descendent) amb els pimers hominins bípedes, i que, per tant, va adquirir el 

bipedisme de forma indepent (Köhler i Moyà-Solà, 1997; Rook et al.,1999, 2000).   

Durant el Miocè final i el Plio-Pleistocè, com ja s’ha vist, varen evolucionar els 

hominins a l’Àfrica. Els primers hominins (Ardipthecus, Orrorin i Sahelanthropus) 

exhibeixen bipedisme facultatiu, ja que presenten unes extremitats posteriors força 

derivades (només es coneix l’esquelet postcranial de Ardipithecus i Orrorin), tot i que no 

tant com les dels hominins més recents o humans, però també exhibeixen retencions 

arbòries i trets primitius a les extremitats anteriors, consistents amb la presència de 

comportaments locomotors arbòris generalitzats, com ara palmigradia arbòria i clambering 

(Senut et al., 2001; Lovejoy et al., 2009a, b). 

Els australopits exhibeixen una adaptació completa al bipedisme (ja no és facultatiu, 

com en els taxons anteriors) per a les extremitats posteriors, però encara retenen adaptacions 

arbòries a les extremitats anteriors, tot i que la importància adaptativa d’aquests trets és 

molt discutida. Alguns autors defensen que els australopits eren parcialment arboris i 

podrien haver exhibit inclús comportaments suspensors (Senut, 1980; Stern i Susman, 

1981; 1983; Jungers, 1982, 1991; Larson, 1988; 2007a, 2013; Stern, 2000), d’altres diuen 

que podrien haver exhibit algun comportament arbòri esporàdicament degut a les 

retencions primitives del postcrani (Susman et al., 1984 MacLatchy 1996) i d’altres 

interpreten els trets arboris de les extremitats anteriors d’Australopithecus com a retencions 

primitives i neutrals, sense significació adaptativa (Tardieu i Preuschoft, 1996; Ward, 2002, 

2013). Aquestes morfologies amb trets primitius i derivats es conserven en els inicis del 

gènere Homo, especialment en Homo habilis i Homo rudolfensis, i no serà fins a l’aparició de 

Homo erectus (o ergaster) que hi haurà un canvi definitu cap a la morfologia humana 

moderna, tant de les extremitats posteriors com de les anteriors (Larson, 1988, 2007b, 

2009). 
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Ortogradia i  suspensió: el  paper de la homoplàsia 

L’ús de les extremitats anteriors en posicions elevades per a la locomoció suspesa ha 

estat íntimament lligat a una sèrie de característiques de l’esquelet postcranial dels primats: 

un tòrax més ample medio-lateralment que antero-posteriorment, invaginació espinal, 

clavícules llargues, escàpules posicionades dorsalment amb glenoides orientades lateralment, 

espatlles molt mòbils, desviació ulnar, absència d’articulació ulno-carpal, columna lumbar 

curta amb processos transversos posicionats dorsalment, fixació visceral i pèrdua de cua 

externa (per exemple, Keith, 1903, 1923; Andrews i Grooves, 1976; Gebo, 1996, 2010; 

Ward, 2007; Williams, 2012). El conjunt d’aquestes característiques s’anomena ortogradia 

(o o pla corporal erecte) i és un tret compartit per tots els hominoïdeus. Normalment, la 

presència de caràcters ortògrads s’acompanya amb la presència de caràcters suspensors. No 

obtant això, degut a la gran ampliació del registre fòssil d’hominoïdeus dels últims anys, ara 

per ara hi ha un fort debat respecte a 1) la homologia de tot aquets conjunt de trets 

ortògrads en el llinatge dels hominoïdeus (per tant, vistos com a una característica ancestral 

compartida i comuna a tot el llinatge) (Gebo et al., 1997; MacLatchy et al., 2000; 

MacLatchy, 2004; Crompton et al., 2008; Williams, 2012) i, 2) la automàtica assumpció 

de la presència de caràcters suspensors quan s’identifica la presència de caràcters ortògrads –

i viceversa (Moyà-Solà et al., 2004, 2005; Almécija et al., 2007). La possibilitat de què la 

presnència de caràcters ortògrads, al menys entre alguns dels gèners actuals d’hominoïdeu 

sigui deguda a homoplàsia és plausible, ja que hi ha almenys un exemple d’adquisició 

independent de caràcters ortògrads en la mona del nou món Ateles (mona aranya) (Larson, 

1998). De la mateixa manera, el fet que hi hagi un desacoblament entre caràcters ortògrads 

i caràcters suspensors també és plausible ja que en el registre fòssil hi ha exemples de 

primats hominoïdeus ortògrads que no exhibeixen suspensió (Pierolapithecus) i primats no 

hominoïdeus que, sense presentar un pla corporal ortògrad, manifesten caràcters 

suspensoris (Epipliopithecus) (Zapfe, 1959, 1961; Ciochon i Corruccini, 1977; Rose, 1983, 

1988; Moyà-Solà et al., 2004, 2005; Harrison, 2013).  

L’articulació glenohumeral:  anatomia i  funció 

 L’articulació glenohumeral és una articulació esfèrica sinovial en la qual l’escàpula 

articula amb l’húmer. Les principals estructures de l’articulació són la cara articular de 

l’húmer proximal i la cavitat glenoides de l’escàpula, juntament amb els tubercles de 

l’húmer (major i menor) (Fig. 1). La cara articular de l’húmer (cap humeral) és rodó i 
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globular, essent un terç d’esfera en els humans i separat dels tubercles per el coll anatòmic 

de l’húmer. Als tubercles major i menor hi ha les insercions tendinoses dels quatre músculs 

del manigot rotatori de l‘escàpula, els ventres musculars dels quals s’originen a les fosses 

escapulars (Fig. 3). Al tubercle major hi trobem la inserció de tres dels quatre músculs: el 

supraspinòs, el infraspinòs i el teres menor; i al tubercle menor hi ha l’inserció del múscul 

subescapular. Els dos tubercles estan separats per un canal ossi, el canal bicipital (per on 

passa el tendó llarg del bíceps brachii). L’epífisi proximal de l’húmer està connectada a la 

diàfisi per el coll quirúrgic de l’húmer (Testut i Latarjet, 1975; Rouviére i Delmas, 2002).  

La cavitat glenoides de l’escapula és excavada, però la seva concavitat es limitada 

respecte de la del cap humeral. En l’individu viu, la cavitat està completament rodejada per 

una porció de fibrocartílag, el labrum glenoïdal (Fig. 2), que proveeix la glenoides de 

concavitat addicional i més superfície d’articulació (Patton i Thiboudieau, 2010). La cavitat 

glenoides és, en mida, un terç del cap humeral en humans i grans simis (Terry i Chopp, 

2000). La seva superfície és piriforme o oval, essent més ampla en la seva porció inferior –

ventral– i més estreta en la seva porció superior –cranial. La cavitat glenoides s’uneix al cos 

escapular mitjançant el coll escapular.  

Les unitats de desenvolupament del l’húmer proximal tenen un origen histològic 

comú i són activats per les mateixes molècules, com ara el Indian hedgehog, els factors de 

creixement de fibroblasts (FGFs) i els gens Sox i Runx  (Hung, et al., 2007; Shimizu et al., 

2007; Pitsillides i Ashhurst, 2008). El centre d’ossificació primari es localitza al mig del cap 

humeral i apareix entre els 6 i els 20 mesos desprès del naixement en humans. Els dos 

centres d’ossificació secundaris, que formaràn el tubercle major i menor, apareixen entre els 

1 i 3 anys de vida (Rouviére i Delmas, 2002). El gen Hoxc6 està associat amb el 

desenvolupament de la glenoides i el procés coracoides (Churchill i Trinkaus, 1990), tot i 

que la glenoides, embriològicament, deriva del mesoderma lateral èssent possiblement una 

regió separada de la resta del cos escapular (Chevallier, 1977; Young, 2004). La glenoides 

s’ossifica a partir de dos centres (el centre subcoracoideu, i un centre que s’origina a la part 

inferior de la glenoides), fusionant-se amb el cos escapular als, aproximadament, 14 anys en 

les dones i als 17 anys els homes (Testut i Latarjet, 1975; Rouviére i Delmas, 2002).  

L’articulació glenohumeral és molt mòbil, permeten moviments en totes les 

direccions: flexió-extensió, abducció-adducció i rotació axial (Larson, 1993).El cap humeral 

dels primats terrestres quadrúpedes és pla en el seu aspecte cranial, essent estret i allargat en 
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el seu aspecte general. Aquestes característiques limiten el moviment a l’articulació degut a 

la posició lateralitzada de les escàpules en el tòra pronògrad (més ample dorso-ventralment 

que medio-lateralment) (Larson, 1988, 1993, 1995; Rose, 1989; Preuschoft et al., 2010). 

Al contrari, primats que exhibeixen comportaments suspensors tenen caps humerals grans i 

rodons (globulars), amb presència de tubercles reduïts, que no sobresurten per sobre del cap 

humeral, i rotats lateralment, permetent una expansió de la superfície articular, a la vegada 

que incrementa el rang de mobilitat de l’articulació (Larson, 1993).  

La cavitat glenoides exhibeix una morfoclina que inclou, en un extrem formes 

hemisfèriques (ovals o ovoides/piriformes), normalment atribuïdes a major mobilitat (i que 

es troba majoritàriament en els simis i humans), i en l’altre, glenoides en forma de pera o 

coma invertida (Roberts, 1974). La cavitat glenoides en forma de pera (que es troba 

majoritàriament en els cercopitècids) permet una major retracció humeral, prevenint la 

dislocació de la articulació (Larson, 1993). 

Degut a la gran mobilitat de l’articulació de l’espatlla, els hominoïdeus hominoïdeus 

fan servir més el manigot rotatori com a estabilitzador actiu de l’articulació que els primats 

quadrúpedes, que tendeixen a estabilitzar l’articulació mitjançant mecanismes passius 

(lligaments, la mateixa estructura de l’articulació, etc.). El patró de reclutament dels 

músculs del manegot en hominoïdeus ha estat estudiat mitjançant anàlisis 

d’electromiografia (Tuttle i Basmajian 1978a, b; Jungers i Stern, 1981; Larson i Stern, 

1986, 1987; Larson, 1988, 1993), determinant que: el múscul supraspinós és el principal 

responsable en la prevenció de desplaçament proximal de l’húmer causat per les forces del 

músucl deltoides en les primeres fases de l’elevació del braç; el múscul infraspinós es un 

abductor i rotador lateral, ajudant a l’abducció del braç en les fases intermèdies, i 

contribuint a la rotació lateral de l’extremitat; el teres menor és un adductor i un rotador 

lateral; i el subescapular és un múscul amb vàries porcions, que contribueixen  a la 

abducció–rotació medial en elevar el braç, i a la adducció –rotació medial (sense elevació 

del braç). Aquesta diferència en les parts del múscul és exclusiva dels hominoïdeus i es 

reflexa en la forma el·líptica de la faceta d’inserció del múscul a l’húmer proximal (Larson i 

Stern, 1986, 1987).  

Col·leccions, mostra i  procediments tridimensionals 

 La col·lecció de primats actuals (Taula 1 i 2) ha estat recollida en diverses 

institucions, tant nacionals com internacionals. Les institucions nacionals són: el Museo 
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Anatómico de Valladolid, de la Facultad de Medicina, Universidad de Valladolid; el Museu 

d’Història Natural de Barcelona; i el Servei de Donació de Cossos de la Facultat de Medicina, 

Universitat de Barcelona. Les institucions internacionals són: the American Museum of 

Natural History de Nova Yok (USA); l’Anthropologisches Institut und Museum de la 

Universitat de Zurich, i el Powell-Cotton Museum de Birchington (GB).  

 La col·lecció de fòssils inclou (Taula 3): DPC 1275, un húmer esquerre 

Aegyptopithecus zeuxis (Fleagle i Simons, 1982); KNM-RU 17376, un húmer proximal 

dret de Nyanzapithecus vancouveringorum (Harrison, 2002, 2010a); GSP 28062, un 

húmer proximal dret sense atribució (Rose, 1989); OE 304, húmer dret d’Epipliopithecus 

vindobonensis (Zapfe, 1959, 1960); húmer proximal dret sense número de Pliopithecus 

antiquus (Ginsburg i Mein, 1980); Sts 7, húmer proximal dret d’Australopithecus africanus 

(Broom et al., 1950); AL 288-1, húmer proximal esquerre i glenoides d’Australopithecus 

afarensis (Johanson et al., 1982); KNM-ER 1473, húmer proximal dret d’early Homo 

(podria ser un H. rudolfensis o Australopithecus sp.; Senut et al., 1980, Larson, 2009); Omo 

119-73-2718, húmer proximal esquerre d’hominin indet. (podria ser Australopithecus 

sp./Homo sp.; Howell i Coppens, 1976; McHenry, 1994); KNM-WT 15000, una 

escàpula completa d‘Homo erectus (Brown et al., 1985); Tabun 1, húmer dret complet 

d’Homo neanderthalensis (McCown i Keith, 1939); i, finalment, Skhul IV, un húmer 

esquerre d’hominin del Pleistocé final, probablement Homo sapiens (McCown i Keith, 

1939; Rhodes i Churchill, 2009).  

D’aquest mostra inical dos individus van haver de ser descartats, ja que no complíen 

els requisits de preservació necessaris per emprendre anàlisis de forma: KNM-ER 1473, 

és un húmer erosionat en la seva totalitat, les característiques generals de l’epífisi (tubercles, 

cap articular) poden ser observades, però el nivell d’erosió fa impossible de localitzar els 

landmarks anatòmics necessaris per al seu anàlisi; Skhul IV, és un húmer aparentment ben 

preservat, però la porció més distal del cap articular falta, això fa que la forma final de 

l’articulació resultés massa distorsionada per a poder analitzar-la (Fig. 4).  

L’anàlisi de les estructures de l’articulació glenohumeral es dugué a terme 

mitjançant morfometria geomètrica tridimensional (3D GM). La recollida de dades es va 

fer en dues fases, primer, amb l’escanejat tridimensional dels ossos (húmer i escàpula) i 

desprès, amb la recollida de la informació geomètrica dels landmarks dissenyats per a cada 

estudi concret (més informació a la secció 4 de la Introducció). La morfometria geomètrica 
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és una tècnica d’anàlisis que permet tractar estadísticament la informació recollida per 

configuracions de landmarks (coordenades x, y, z), permetent l’estudi quantitatius de la 

forma d’un objecte o entitat biològica. Les configuracions de landmarks dels diversos 

individus de l’estudi se superposen, traslladen i roten mitjançant el procediment de 

superimposició de Procrustes, i la forma resultant pot ser tractada com una variable 

estadística multidimensional i analitzada com a tal (Kendall, 1984; Goodall, 1991; Rolhf i 

Marcus, 1993; Dryden i Mardia, 1998; Rohlf, 1999; Webster i Sheets, 2010; Zelditch et 

al., 2012). Una sèrie de procediments estadístics s’han emprat per analitzar les dades de 

forma obtingudes mitjançant la morfometria geomètrica, entre d’altres Anàlisi de 

Components Principals (PCA), com a mètode d’ordinació principal, Anàlisi Discriminant 

(DA o CVA), per a la classificació de fòssils en grups actuals, Anàlisi Jeràrquic de Cluster, 

per a explorar les relacions fenètiques entre grups, regressions multivariades, per a explorar 

la relació entre certs aspectes de la forma i variables independents (preferència de substrat, 

percentatge de braquiació, torisó humeral, etc.), Anàlisi de Senyal Filogenètica i Coeficient 

RV de Modularitat. El gran avantatge que la 3DGM ofereix davant dels l’estadísitca feta 

amb variables lineals tradicionals és la possibilitat de visualitzar els resultats de les anàlisis en 

forma gràfica, en el format de canvis de forma (i.e. shape changes). Aquesta fàcil visualització 

té la propietat de comunicar canvis complexos més efectivament i intuïtivament que taules 

de coeficients (Klingenberg, 2013). En aquest tesi s’han fet servir dos tipus de representació 

de shape changes: warps tridimensionals, on una forma de referència (malla 3D) és 

deformada fins a obtenir la forma desitjada; i wireframes, on  esquemes de les formes se 

superposen per a il·lustrar els canvis de l’una a l’altra (Klingeberg, 2013) (Fig. 9). 

Objectius de la Tesi  

 Aquest tesi es proposa analitzar la regió articular de l’espatlla, o articulació 

glenohumeral, de primats hominoïdeus actuals i fòssils, ja que les característiques 

morfofuncionals d’aquesta estructura es poden correlacionar amb el comportament 

locomotor del diversos gèneres  (quadrupédia vs. suspensió), i, a l’hora, s’hi poden detectar 

grans patrons evolutius (adquisició de caràcters ortògrads) (p.e. Inman et al., 1944; Ashton 

i Oxnard, 1963; Napier i Napier, 1967; Roberts, 1974; Rose, 1983; Larson, 1988, 1993; 

Ruff, 2002, 2003). S’han identificat tres grans objectius de recerca: 
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Objectiu 1. Establir el potencial de l’articulació glenohumeral com a model per a  

estudiar les correlacions locomotores en primats hominoïdeus (p.e. Ciochon i Corruccini, 

1976; Fleagle i Simons, 1982; Rose, 1989; Larson, 1993, 1995; Kagaya, 2007; Preuschoft 

et al., 2010; Bello-Hellegouarch et al., 2013). 

Objectiu 2. Dur a terme inferències locomotores en primats fòssils, establint les afinitats 

morfològiques de catarrins del Miocè i hominins del Plio-Pleistocè, utilitzant el marc 

morfològic establert a l’objectiu número 1 (Moyà-Solà et al., 2004, 2005; MacLatchy et al., 

2000; Lovejoy et al., 2009a, b).  

Objectiu 3. Avaluar la història evolutiva de l’articulació glenohumeral dels hominoïdeus 

considerant la ocurrència de processos homoplàsics en aquesta articulació, utilitzant la 

evidència de diversos taxons no exclusivament homninoïdeus (Larson, 1988, 1995, 2007; 

Kagaya, 2007; Kivell i Schmitt, 2009; Hammond et al., 2012). Derivat d’aquest objectiu: 

1) testar la presència de desacoblament entre ortogradia i suspensió durant la història 

evolutiva dels hominoïdeus (Moyà-Solà et al., 2004, 2005; Almécija et al., 2007, 2009, 

2013) i 2) identificar i determinar la presència i tipus de caràcters arboris en aquesta 

articulació dels hominins del Plio-Pleistocè (Vrba, 1979; Susman et al., 1984; Stern, 2000; 

Crompton er al., 2008; Almécija, 2013). 
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Resultats i  Discussió 

Objectiu 1. L’articulació glenohumeral com a model per a estudiar les 

correlacions locomotores en primats  

L’húmer proximal  

L’epífisi sencera serveix per a discriminar grans categories locomotores en diversos 

gèneres de primats (Figs. 10, 11 i 12): es poden diferenciar dos clines morfològiques, entre 

quadrúpedes de qualsevol preferència de substrat (arboris/terrestres) i el grup dels 

hominoïdeus i Ateles (mona aranya). El gènere Lagothrix (mona platirrina, de nom comú 

‘mona llanuda’) normalment exhibeix una posició intermèdia en tots els anàlisis. Tot i que 

aquesta morfoclina podria relacionar-se amb una dicotomia de pronògrads vs. ortògrads, 

estudis de curvatura de les costelles (Kagaya et al.,  2008, 2009) han determinat que Ateles 

no exhibeix la mateixa obliqüitat de costelles que els hominoïdues, essent aquesta 

intermèdia entre els simis i els cercopitècids, per tant, el patró corporal d’Ateles no és 

verdaderament ortògrad, sinó que es troba a mig camí entre un prògrad i un ortògrad. 

D’aquesta manera, queda descartat que la primera clina distingeixi pronògrads d’ortògrads, 

i el que fa es agrupar els primats per locomoció, particularment, presència absència de 

suspensió. La segona clina morfològica distingeix usualment el grup dels grans simis 

africans (Pan, Gorilla) de la resta de taxons arboris, tot això, quan altres grups entren a 

l’anàlisi, adquireixen la posició de outgrup, ja sigui Homo sapiens (Fig. 11) o Papio (Fig. 

12).  

 Diversos factors –preferència de substrat (SP), centroide size (CS), mida corporal 

(BM) i percentatge de braquiació (BD)– van ser testats utilitzant regressions multivariades 

amb la forma de l’húmer proximal (Fig. 14 i Taula 7): mida corporal, subtrat i CS –mida– 

estan relacionats, indicant que primats més grans és més normal que siguin terrestres, de la 

mateixa manera que els primats terrestres són normalment quadrúpedes. En canvi, el 

percentatge de braquiació no es correlaciona amb la mida del primat, ja que, per exemple, 

taxons de mides ben diferents exhibeixen el mateix percentatge de braquiació i taxons que 

tenen la mateixa mida, no exhibeixen el mateix percentatge de braquiació (Cant, 1992; 

Thorpe et al., 2009). L’anàlisi de senyal filogenètica resultà no significatiu per a la forma 

del húmer proximal, indicant que els caràcters descrits estan més relacionats amb la 
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funcionalitat que amb la història evolutiva dels taxons implicats, com es pot apreciar en la 

convergència morfològica entre Ateles i Pongo (Fig. 15). 

 Ja que la forma de l’húmer proximal sembla ser determinada per la funció, es va 

estudiar la hipotètica divisió funcional de les estrucutures de l’húmer proximal mitjançant 

l’anàlisi de modularitat usant el coeficient RV (Escoufier, 1973; Klingenberg, 2008, 2009). 

Teòricament, la divisió funcional de l’húmer es basa en un compromís entre mobilitat i 

estabilització de l’articulació, essent la cara articular (cap humeral) encarregat de 

proporcionar la mobilitat necessària, i els tubercles (on s’hi inserten els músculs del 

manegot rotatori) els encarregats de estabilitzar l’articulació. L’anàlisis va detectar la 

presència de dos i tres mòduls –divisió embriològica– en l’húmer proximal, amb un major 

suport per a la hipòtesi dels dos mòduls –funcionalitat (Fig. 16).  

 Un cop determinada clara tendència a reflectir funció en l’húmer proximal en 

general, es van estudiar les correlacions morfofuncionals de l’articulació i els tubercles per 

separat per entendre quines propietats de les dues estructures es relacionen amb la seva 

funció proncipal. Diversos els aspectes morfològics del cap humeral es poden relacionar 

amb el grau de mobilitat de l’articulació i a la seva vegada, amb el grau de braquiació 

emprat pels diversos taxons (Figs. 14 i 17). Els hilobàtids mostraren formes del cap articular 

de l’húmer significativament diferenciades de les de la resta d’hominïdeus i els Ateles, 

denotant una adaptació a una gran mobilitat i a un alt grau de circumdució (Rafferty i 

Ruff, 1994). Aquesta selecció positiva es pot associar a la gran dependència d’aquest grup 

en la braquiació per a moure’s, ja que fan servir aquest mode de locomoció de forma 

gairebé exclusiva. Les mones aranya i els orangutans varen exhibir morfologies similars en 

alguns aspectes a les dels hilobàtids (gran globularitat), però diferent en alguns altres (menys 

rang de circumducció i menys projecció medial del cap humeral), segurament relacionats 

amb la no dependència de Ateles i Pongo en comportament locomotors de braquiació, però 

lligades a l’ús del mateix de forma freqüent. La superfície articular de l’húmer de goril·les i 

ximpanzés presentà essencialment les mateixes característiques que els taxons anteriors, 

indicant que aquests dos generes romanen perfectament adaptats a un grau elevat de 

mobilitat en l’articulació glenohumeral (Fig. 18, Pan Gorilla). Els humans moderns 

exhibiren una gran rotació interna del cap, relacionada amb les demandes funcionals de la 

rotació externa de l’articulació, essent aquesta especialment important ja que retarda el 

contacte entre el tubercle major i l’acromi durant l’elevació del braç (Inman et al., 1944; 
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Basmajian i De Luca, 1985). La mona llanuda (Lagothrix) exhibí un cap articular força 

globular i arrodonit en el seu aspecte superior, comparat amb la resta de quadrúpedes, tant 

arboris com terrestres, però no tan derivat com el del grup dels hominoïdeus i Ateles. La 

seva morfologia intermèdia correspons al seu comportament locomotor més ampli i més 

pronògrad. Els quadrúpedes terrestres i arboris exhibiren les morfologies esperades (caps 

humerals amplis i plans, de perímetre oval que progressa en l’espai bicipital), en 

concordança amb el seus comportaments locomotors pronògrads quadrúpedes.  

Varis els aspectes morfològics dels tubercles es poden relacionar amb l’estabilització 

de l’articulació i a la seva vegada, amb el mode de locomoció principal emprat pels diversos 

taxons. Els taxons que empren braquiació exhibiren una distribució alineada de les 

insercions del tubercle major, causada per un desplaçament lateral de la inserció del teres 

menor (Fig. 10) (Larson i Stern, 1986; Tuttle i Basmajian, 1978a, b). En canvi, els grans 

simis africans (goril·la i ximpanzé) exhibiren una distribució triangular de les insercions, 

probablement relacionades amb el knuckle-walking. Tots els hominoïdeus exhibiren la 

mateixa forma (allargada i prima o en forma de fus) per a la inserció del subescapular 

relacionada amb la divisió funcional del múscul (Larson, 1995).  

La cavitat glenoidea de l’escàpula 

La cavitat glenoides no distingí entre comportaments locomotors dels taxons (Fig. 

21), perquè la seva morfologia esta possiblement més relacionada amb la seva embriologia 

(Roberts, 1974; DiVincenzo et al., 2011) 

Objectiu 2. Dur a terme inferències locomotores en primats fòssi ls ,  

establint les afinitats morfològiques de catarrhins del Miocè i  hominins del 

Plio-Pleistocè, uti l itzant el  marc morfològic establert a l ’objectiu número 1 

Húmer proximal dels catarrins del Miocè 

L’anàlisi de Aegyptopithecus zeuxis (catarrí basal) suggereix un comportament 

locomotor per a aquest taxó depenent bàsicament de quarupedalisme arbori amb ús de 

vertical climbing, similar a taxons actuals com ara Colobus i Cebus (Figs. 22, 23, 24, 25 i 

Taula 9). En canvi per a Epipliopithecus vindobonensis, un component significatiu de 

suspensió va ser inferit (Rose, 1983), similar al dels taxó actual Lagothrix. Això contrastà 

amb l’anàlisi de l’atre pliopitècid inclòs, Pliopithecus antiquus, per al qual es va inferir un 
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repertori més similar al d’Aegyptopithecus, així suggerint que ambdós pliopitècids s’haurien 

de distingir a nivell de gènere.  

La morfologia de l’hominoïdeu basal analitzat (Nyanzapithecus vancouveringorum) 

suggerí un repertori similar al de Pliopithecus, Aegyptopithecus i els quadrúpedes actuals, en 

concordància amb la visió generalitzada que els hominoïdeus basals africans eren 

generalitzats en el seu comportament locomotor (Corrucini et al., 1975; Morbeck, 1975; 

Fleagle, 1983; Rose, 1983, 1993; Walker i Pickford, 1983; Begun et al., 2004; Ward, 

1997, 2007; Harrison, 2010a). El individu no assignat del Miocè Mitjà de Pakistan exhibí 

afinitats amb Epipliopithecus i Lagothrix, per tant probablement emprava comportaments 

suspensors. Tot i això, una atribució a nivell de gènere definitiva no es va poder aconseguir, 

essent la seva atribució a un catarrí de petita mida la millor aproximació que es pot donar. 

En qualsevol cas, una atribució a un pliopitècid o un hominoïdeu de petita mida tampoc es 

pot descartar definitivament (Figs. 22, 23, 24, 25 i Taula 9). 

 

Glenoides i húmer proximal dels early hominins 

 Els anàlisis del tres australopits suggereixen unes afinitats morfològiques de l’húmer 

proximal per a l’especimen AL 288-1 (Au. afarensis) a mig camí entre Pongo i humans 

moderns, per a l’especimen Sts 7 (Au. africanus) amb els simis arboris i Lagothrix, i per a 

l’espècimen Omo 119-73-2718 (Australopithecus sp.) amb Lagothrix (Figs. 26, 27, 30 31, i 

Taules 10 i 11). Tant AL 288-1 com Sts 7 exhibiren una morfologia hàbil per a una gran 

mobilitat a l’articulació, inclús amb el braç elevat, indicant la preservació de caràcters 

suspensors en ambdós espècimens. Per a Sts 7 i Omo 119-73-2718 les afinitats amb 

Lagothrix indiquen una morfologia intermèdia, amb capacitats supensores a la vegada que 

generalitzada –poc especialitzada, com les vistes en hominins més moderns (per exemple, 

Ardipithecus; White et al., 2009). Això es coneix com a morfologies mosaic, on hi ha 

presència de trets ancestrals i més moderns en una mateixa estructura. Aquest tipus de 

morfologies són força comuns en els hominoïdeus i hominins del Miocè, i en altres espècies 

d’australopit (per exemple en Au. sediba; Kivell et al., 2011).  

Altres estudis de la morfologia postcranial (McHenry i Brown, 2008) de restes 

d’hominins suggereixen que restes d’australopit més antigues, com ara AL 288-1, tendeixen 

a presentar una morfologia més emblant a la humana actual que taxons o espècimens més 

recents, tendència també observada en els nostres resultats, ja que AL 288-1 és l’hominin 
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més antic inclòs en l’estudi i l’únic que presenta afinitats amb els humans moderns (a part 

de Tabun 1, però que ja és un membre del gènere Homo). No obstant això, altres estudis 

(Lague, 2014) suggereixen que si no es té en compte l’al·lometria, els hominins de mida 

més petita (i particularment AL 288-1) tendeixen a exhibir morfologies més similars a les 

humanes del que realment són. Les regressions de la forma del cap d l’húmer amb el CS 

semblen indicar que, efectivament, AL 288-1 mostra una mida massa petita per a ser tant 

semblant als humans, i que les seves afinitats podrien ser més semblants als taxons de 

primats més petits inclosos en l’estudi (Fig. 28). 

En general, les anàlisis, suggereixen que aquest tres espècimens australopitec 

exhibiren comportaments locomotors amb un component arbori significatiu, exhibint 

morfologies mosaic combinant trets més smilars als simis arboris, i d’altres més 

generalitzats, en el cas d’Omo 119-73-2718, o més moderns, com en el cas de AL 288-1 

(Figs. 26, 27, 29, 30, 31, 32, 33, 34, 35, 36, i Taules 10 i 11).  

Tabun 1 (H. neanderthalensis) exhibí una morfologia de l’húmer proximal 

essencialment humana (Figs. 26, 27, 29, 30, 31 i taula 10), sense cap distinció especial 

respecte a nosaltres, i KNM-WT 15000 (H. erectus) exhibí una morfologia de la cavitat 

glenoides (Figs. 34, 35, 36 i Taula 11) d’un aspecte relativament humà, segurament 

relacionat amb la necessitat d’efectuar moviments ràpids i de precisió (Larson, 2007a).  

Objectiu 3. Avaluar la història evolutiva de l ’articulació glenohumeral dels 

hominoïdeus considerant la ocurrència de processos homoplàsics en aquest 

articulació en diversos taxons 

Hominoïdeus actuals 

Analitzant només taxons actuals hom podria arribar a la conclusió que la suspensió, 

o inclús una forma de braquiació similar a la emprada pels hilobàtids era el patró locomotor 

ancestral de tots els hominoïdeus. En canvi, el registre fòssil indica que aquest no era el cas, 

i que, els hominoïdeus del Miocè exhibeixen morfologies –i, per tant, comportaments 

locomotors– molt més primitives del que s’esperaria analitzant les morfologies actuals. La 

regió de l’espatlla, i en particular, l’articulació glenohumeral, sembla propensa a 

homoplàsies, com s’ha vist amb la convergència morfològica entre Ateles i Pongo (Youlatos, 

1996, 2008; Schneider, 2000).  
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Evidències de desacoblament entre suspensió i ortogradia 

 El fet que un pliopitècoideu de pla corporal pronògrad com Epipliopithecus 

exhibeixi comportaments suspensors (i com en el cas de Lagothrix), indica un 

desacoblament entre l’adquisició de suspensió i ortogradia. S‘ha dit repetidament que els 

processos homoplàsics han tingut un paper molt important en l’evolució del hominoïdeus, 

i, si es parla d’homoplàsia en l’adquisició de caràcters suspensors també hauria estat 

freqüent en taxons no-hominoïdeus, com els pliopitècoids, cosa que té implicacions per a 

l’evolució de l’aparell locomotor dels hominoïdeus. La condició exhibida per Lagothrix i 

Epipliopithecus indica l’adquisició de suspensió sense ortogradia, i el cas contrari es troba en 

els hominoïdeus del Miocè Mitjà (Pierolapithecus catalaunicus), que exhibeixen caràcters 

ortògrads sense suspensió (Moyà-Solà et al., 2004, 2005; Almécija et al., 2007, 2009). Això 

indica que l’adquisició de suspensió entre hilobàtids i homínids hauria de ser també el 

resultat de homoplàsia, i fins i tot, podria ser homoplàsic entre hominines i pongins, degut 

al pla corporal pronògrad exhibit per Sivapithecus (ancestre directe de Pongo) (Pilbeam et 

al., 1990; Madar et al., 2002). De fet, la primera evidència de presència de caràcters 

suspensors i ortogradia al mateix temps no es troba fins al Miocè Final, en el taxó 

Hispanopithecus laietanus (Moyà-Solà i Köhler, 1996; Almécija et al., 2007; Alba et al., 

2010, 2012; Alba, 2012; Susanna et al., 2014). Entre els hominoïdeus basals, només 

Morotopithecus sembla exhibir ambdós característiques, ja que les veértebres indiquen 

ortogradia i la glenoides de l’escàpula indicaria suspensió. Tot i això, com s’ha vist en aquest 

treball, els resultats de la glenoides no serveixen per a confirmar aquesta noció, ja que no 

s’han pogut identificar clares correlacions entre la forma de la glenoides i la locomoció 

exhibida pels taxons estudiats. Així doncs, basat en evidències actuals, ambdós ortogradia i 

suspensió semblen haver aparegut diverses vegades durant la història evolutiva dels 

hominoïdeus. Sembla que, entre els hominoïdeus de gran mida, els caràcters ortògrads 

haurien estat adquirits en una primera instància en relació amb el vertical climbing, i només 

més tard aquests mateixos caràcters haurien estat independentment co-optats per a la 

suspensió en els diversos llinatges (Cartmill, 1985; Fleagle, 1976; Sarmiento, 1998; 

Nakatsukasa et al., 2003; Moyà-Solà et al., 2004, 2005). En canvi, el cas d’Epipliopithecus 

il·lustra que aquest podria no haver estat el cas per als hominoïdeus de petita mida 

(hilobàtids), ja que la suspensió pot ser adquirida per taxons amb un pla corporal 

pronògrad abans del canvi de patró corporal. S’ha assumit que els hilobàtids evolucionaren 

150

III. Resum



a partir d’un hominoïdeu de gran mida a través de enanisme filètic, però l’exemple 

d’Epipliopithecus (i Lagothrix) no permet descartar que la seva història evolutiva no passés 

per un estadi de gran mida corporal, i que el seu orígen estigui en un hominoïdeu basal de 

petita mida amb pla corporal pronògrad però suspensor, i que adquirí la ortogradia més 

tard.  

Evolució mosaic i la retenció de capacitats arbòries en els hominins del Plio-Pleistocè 

 En general, les morfologies dels hominins estudiats (AL 288-1, Sts 7 i Omo 119-

73-2718) suggereixen que aquests podrien haver exhibit un repertori locomotor que 

inclouria un component significatiu de locomoció arbòria suspesa (p.e. Senut, 1980, 2006; 

Stern 2000; Larson, 1988, 2007b, 2013). El fet que Sts 7 i Omo 119-73-2718 no 

exhibeixin una morofologia humana, i AL 288-1 només ho faci parcialment indica que hi 

hauria un adaptació tipus de comportament suspensors (possiblement similars als del 

orangutan).  

 De la mateixa manera, el fet que alguns dels espècimens exhibeixin afinitats amb 

taxons més generalitzats, com Lagothrix, presentant morfologies mosaic o mixtes, amb 

caràcters derivats i caràcters primitius, fa que sigui necessària la inclusió de taxons més 

generalitzats a l’hora d’analitzar les afinitats dels early hominins. Limitar el marc comparatiu 

només a taxons actuals pot significar el biaix de les inferències de les morfologies de nodes 

ancestrals cap a massa derivades i no representatives de la història evolutiva real dels 

hominins (Lovejoy et al., 2009a, b; Almécija et al., 2013). 

 El fet que cap dels australopits exhibeixi similituds amb els grans simis africans és 

important pel fet que reafirma la noció que els hominins no evolucionar a partir d’un 

avantpassat ‘knuckle-walker’, sinó que l’avantpassat comú de hominins i panins hauria sigut 

un primat arbori més generalitzat, que podria haber exhibit comportaments suspensors 

(Lovejoy et al., 2009 a, b). Així, el tipus de locomoció knuckle-walking, que s’ha cregut 

d’origen comú  per a ximpanzés i goril·les, i per tnant també per als hominins (Begun, 

1992; Richmond i Strait, 2000; Richmond et al., 2001; Corruccini i McHenry, 2001), de 

fet hauria evolucionat independentment en ambdós grups de grans simis africans (Larson, 

1996; Dainton i Macho, 1999; Kivell i Schmitt, 2009) i mai hauria estat part del 

component locomotor dels hominins.  
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Conclusions 

1. L’húmer proximal dels primats és un bona regió per a estudiar i discriminar 

comportaments locomotors. A més a més, el percentatge de suspensió es pot 

correlacionar molt bé amb les característiques morfològiques del húmer proximal. 

2. La forma de l’húmer proximal està determinada per les demandes funcionals de la 

locomoció. Així, taxons filogenèticament distants com Ateles i Pongo, exhibeixen 

morfologies convergents relacionades amb l’ús dels mateixos comportaments 

locomotors. 

3. Es poden distingir dos mòduls en l’húmer proximal, el cap humeral, que es relaciona 

amb la mobilitat de l’articulació, i els tubercles, que es relacionen amb l’estabilització 

de l’articulació. 

4. La forma del cap humeral respon als estressos de la locomoció, afegint superfície 

articular allà on és necessari depenent del loading de les forces durant la locomoció. 

5. La forma dels tubercles també respon a loadings de forces durant la locomoció, i 

l’estabilització de l’articulació s’aconsegueix canviant la distribució, orientació i  forma 

de les facetes d’inserció dels músculs del manigot rotatori de l’escàpula.  

6. La morfologia de la cavitat glenoides no sembla estar relacionada amb les demandes 

funcionals de la locomoció. En canvi, processos de desenvolupament semblen ser els 

responsables de la seva forma final. 

7. La plasticitat funcional de l’húmer proximal el converteix en una estructura excel·lent 

per a intentar inferències morfofuncionals en taxons extingits. 

8. Els hominoïdeus del Miocè Inferior (en aquest estudi representats per Nyanzapithecus 

vancouveringorum) exhibeixen una morfologia en l’húmer proximal característica de 

quadrúpedes arboris generalitzats, amb un fort component de grasping i vertical 

climbing. 

9. Al contrari que prèvies assumpcions, els catarrins Pliopithecus antiquus i Epipliopithecus 

vindobonensis exhibeixen adaptacions diferents en l’húmer proximal, reflectint un 

repertori locomotor no igual, i suggerint una major diversitat en el repertori locomotor 

dels pliopitecoids del que s’havia inferit anteriorment. 
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10. Epipliopithecus vindobonensis exhibeix adaptacions suspensores en l’húmer proximal, 

com les del taxó actual Lagothrix. Així, les adaptacions locomotores particulars 

d’Epipliopithecus suggereixen que aquest taxó s’ha de distingir a nivell de gènere. 

11. Els resultats ofereixen evidències del desacoblament entre caràcters ortògrads i 

suspensors. Eipiliopithecus vindobonensis i GSP 28062 exhibeixen trets morfofuncioanls 

relacionats amb la suspensió sense presentar un pla corporal ortògrad. El taxó actual 

Lagothrix és una altre exemple d’aquesta condició. 

12. Entre els hominoïdeus de gran mida, la ortogradia s’hauria adquirit prèviament a la 

suspensió (relacionada amb el vertical climbing), i només desprès algunes de les 

adaptacions s’haurien co-optat per a la suspensió, possiblement independentment en 

els varis llinatges de grans simis. 

13. De la mateixa manera, els hilobàtids podrien haver evolucionat d’un hominoïdeu de 

petita mida i pronograde, així, les seves adaptacions ortògrades i suspensores haurien 

evolucionat independentment de les dels grans simis. A més a més, no es pot excloure 

la possibilitat que la evolució d l’aparell locomotor del hilobàtids hagués seguit una 

ruta diferent de la dels grans simis, adquirint primer caràcters suspensors i desprès el 

pla corporal ortògrad. 

14. Les afinitats morfològiques dels espècimens d’Australopithecus analitzats són de tipus 

mosaic, exhibint AL 288-1 (A. afarensis) una combinació entre trets arboris i el aptró 

humà, i Sts 7 (A. Africanus) i Omo 119-73-2718 (Australopithecus sp.) exhibint una 

combinació entre Pongo i Lagothrix.  

15. Cap dels tres australopits analitzats mostra similituds amb els grans simis Africans 

(goril·les i ximpanzés), evidenciant que l’ancestre comú entre panins i hominins podria 

haver exhibit repertori locomotor de tipus arbòri generalitzat. 

16. El fet que els hominins bípedes evolucionessin des de formes arbòries generalitzades 

indica que els hominins no varen evolucionar d’un ancestre knuckle-walker, per tant, 

aquest mode de locomoció va ser adquirit independentment per goril·les i ximpanzés.  

17. Els trets arboris trobats en els espècimens d’australopit analitzats estan relacionats amb 

l’ús de les extremitats anteriors en posicions elevades, cosa que hauria possibilitat l’ús 

de comportaments arboris en un cert grau.  

18. Les afinitats dels early hominins amb amb el taxó generalitzat Lagothrix fa que sigui 

necessària la inclusió de taxons més generalitzats a l’hora d’analitzar les afinitats 
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locomotores dels hominins, que representin millor els morfotip ancestral del qual els 

hominins varen evolucionar. Així doncs, limitar el marc comparatiu només a taxons 

actuals pot significar el biaix de les inferències de les morfologies de nodes ancestrals 

cap a massa derivades i no representatives de la història evolutiva real dels hominins.  
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Perspectives futures 

 Aquesta tesi és només el primer pas de cara a un estudi de més gran magnitud de les 

adaptacions locomotores del braç dels hominoïdeus des d'una perspectiva evolutiva. Així 

doncs, els projectes de futur que planteja aquesta tesi són: 

–Estudis de modularitat de la cavitat glenoides i estudis complets d’aquesta estructura. Els 

resultats de la cavitat glenoides s’han d’ampliar, afegint més taxons de comparació i 

intentant més tests, així com afegint els fòssils del Miocè per a aquests estructura 

(Morotopithecus bishopi i Nacholapithecus keiroi). 

–Estudis d’integració de l’articulació glenohumeral. Mitjançant estudis de partial Least 

Squares, el grau d’integració entre les dues parts de l’articulació podrà aportar informació 

molt important de cara al comportament morfofucnional d’aquesta articulació. 

–Incorporació de dades musculars. Estudis correlacionant dades musculars amb dades 

osteològiques són molt poc habituals, per tant, emprendre estudis analitzant forma i funció 

musculars és molt important. 

–Estudiant el braç. Les mateixes tècniques aplicades en aquesta tesi es poden aplicar a la 

resta del braç dels hominoïdeus. Ara mateix s’està duent a terme un estudi sobre variabilitat 

morfològica en les calvicules dels grans simis africans en relació amb la locomoció. En un 

futur a mig termini, altres parts del braç seran incorporades a la línia de recerca, ja que 

aquesta sembla ser de gran importància per a l’avenç de la disciplina antropològica.  
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Resum 

En aquest estudi es realitza un anàlisi de mofometria geomètrica tridimensional (3D 

GM) de l'epífisi proximal de l'húmer en grans simis actuals, incloent éssers humans, amb la 

finalitat de descriure amb precisió les diferències anatòmiques funcionals entre aquests 

taxons. A més, una mostra d'hominid fòssils d'Australopithecus afarensis va ser inclosa en els 

anàlisis multivariants de morfometria geomètrica per tal de provar el potencial d'aquest 

enfoc metodològic per a fer inferències a partir de restes fòssils de l'aparell locomotor. Els 

resultats obtinguts mostren diferències significatives en la morfologia del húmer proximal 

entre els taxons estudiats, que en gran part havien passat inavdertits fins ara. Basant-nos en 

consideracions morfofuncionals, aquestes diferències anatòmiques poden ser 

correlacionades amb els diversos repertoris locomtors dels taxons, confirmant així que 

l'húmer proximal és adequat per a la construcció d'inferències paleobiològiques sobre la 

locomoció. Els éssers humans moderns exhibeixen característiques marcadament divergents, 

que els diferencien tant dels grans simis actuals com de l'homínid fòssil d'Australopithecus 

afarensis. La morfologia de l'epífisi proximal de l'húmer d'aquest últim s'assembla més a la 

dels orangutans, el que suggereix que tot i les adaptacions de les extremitats posteriors a 

bipedisme, l'extremitat anterior d'aquest taxó era encara funcional en conductes arbòries, 

com el vertical climbing o la suspensió. 

Aquest article s’ha fet en col·laboració entre diversos autors, JAM, JMP, GHB i 

APP participaren en el disseny de l’estudi, anàlisis de dades i escriptura i revisió de l’article. 

JAM i GBH varen prendre la mostra. L’article es va publicar al Setembre de 2012 al Journal 

of Anatomy. 
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1Anthropology Unit, Animal Biology Department, University of Barcelona, Barcelona, Spain
2Unit of Human Anatomy and Embryology, University of Barcelona, Barcelona, Spain
3Anatomical Museum, Department of Anatomy and Radiology, University of Valladolid, Valladolid, Spain

Abstract

In this study we perform a three-dimensional geometric morphometric (3D GM) analysis of the proximal

epiphysis of the humerus in extant great apes, including humans, in order to accurately describe the functional

anatomical differences between these taxa. In addition, a fossil hominin specimen of Australopithecus afarensis

was included in a multivariate GM analysis in order to test the potential of this methodological approach for

making locomotor inferences from fossil remains. The results obtained show significant differences in proximal

humeral morphology among the taxa studied, which had thus far largely remained unnoticed. Based on

morphofunctional considerations, these anatomical differences can be correlated to differences in the

locomotor repertoires of the taxa, thus confirming that the proximal humerus is suitable for constructing

paleobiological inferences about locomotion. Modern humans display markedly divergent features, which set

them apart from both the extant great apes and the fossil hominin A. afarensis. The morphology of the

proximal epiphysis of the humerus of the latter more closely resembles that of the orangutans, thus suggesting

that despite hindlimb adaptations to bipedalism, the forelimb of this taxon was still functionally involved in

arboreal behaviors, such as climbing or suspension.

Key words: 3D geometric morphometrics; hominoidea; humerus; proximal epiphysis.

Introduction

The glenohumeral joint and orthogrady in hominoids

The glenohumeral joint is a synovial spherical joint in

which the glenoid cavity of the scapula articulates with

the humeral head. Possible motions of the glenohumeral

joint include virtually all combinations of movements: flex-

ion–extension; abduction–adduction; and axial rotation

(Larson, 1993). The principal structure of this joint is the

articular surface of the humeral head, which is rounded

and inflated, and consists of one-third of a sphere. It artic-

ulates directly with its reciprocal part in the scapula, the

glenoid cavity, which is actually flattened and far more

reduced than the humeral head, these differences in size

and shape being the cause of the wide motion range of

the joint. The proximal epiphysis of the humerus also con-

tains the insertions of the four rotator cuff muscles that

originate on the scapular fossae, and have their insertions

on the greater and lesser tubercles of the humerus. The

greater tubercle holds the insertions of the supraspinatus,

infraspinatus and teres minor, whereas the lesser tubercle

holds the insertion of the subscapularis (Aiello & Dean,

1990).

The most significant evolutionary changes undergone by

humeral morphology in hominoid primates are related to

the modifications experienced by the shoulder girdle while

adapting to orthograde positional behaviors. All extant

hominoids (hylobatids, pongids and hominids) display an

orthograde body plan characterized by substantial modifi-

cations of the axial skeleton (vertebrae, ribs and girdles) as

well as of the appendicular skeleton. These derived fea-

tures, shared by all extant hominoids, include a transversely

broad and dorsoventrally shallow rib cage, contrasting with

the transversely narrow and dorsoventrally deep rib cages

of the pronograde monkeys (Aiello & Dean, 1990; Larson,

1993; Ward, 1993). Pronograde posture is the ancestral con-

dition shared by primarily quadrupedal monkeys (Ward,

1993, 2007; Ward et al. 1993), including the first hominoids

– with the possible exception of Morotopithecus (MacLat-

chy et al. 2000). Stem hominoids displayed a pronograde

body plan suitable for generalized, above-branch quadru-

pedalism, with orthograde anatomical features having
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apparently evolved in a mosaic fashion in later hominoids

(Ward, 2007; Almécija et al. 2009). The orthograde rear-

rangement of the axial skeleton provided the anatomical

basis for the migration of the scapula onto the back of the

rib cage (Aiello & Dean, 1990), resulting in a dorsally posi-

tioned scapula with a glenoid cavity facing ventro-laterally

rather than ventrally (Inman et al. 1944; Aiello & Dean,

1990; Larson, 1993). Striking modifications have occurred in

the Hominoidea scapular shape and anatomical disposition,

which have enabled substantial functional modifications of

the rotator cuff muscles (Inman et al. 1944; Ashton &

Oxnard, 1963; Oxnard, 1967, 1968, 1969; Oxnard & Neely,

1969; Roberts, 1974; Larson & Stern, 1986, 1987; Crompton

et al. 1987; Larson, 1988, 1989, 1993, 1995; Aiello & Dean,

1990; Potau et al. 2011). The proximal morphology of the

humerus, as part of the glenohumeral joint, has been

accordingly modified, although this anatomical region has

received far less attention than the scapula in the literature.

The functional morphology of the hominoid proximal

humerus

Amongst the morphological features of the proximal

humerus in hominoids, humeral torsion has received the

most attention in studies of functional morphology (Larson,

1988, 1996, 2007a; Cowgill, 2007; Rhodes, 2007). Tradition-

ally, torsion is considered as an accommodation to the repo-

sitioning of the scapula onto the dorsal aspect of the

transversely wide rib cage of the hominoids (Larson, 1996).

When the forelimb is used in the parasagittal plane, a dor-

sally positioned scapula and a laterally facing glenoid cavity

demand a certain amount of humeral torsion while main-

taining the orientation of the elbow joint. Anatomically,

torsion is the result of the migration of the greater and les-

ser tubercles of the humerus, not the result of proximal

shaft torsion. Thus, torsion is mainly a by-product of an

expansion of the articular surface of the humeral head

(Fleagle & Simons, 1982; Rose, 1989; Aiello & Dean, 1990;

Larson, 1993). This produces the displacement of the bicipi-

tal groove inwards (Aiello & Dean, 1990) and the relative

constriction of the lesser tubercle in great apes, in compari-

son with the primitive pattern that lacks humeral torsion

(Inman et al. 1944; Aiello & Dean, 1990), whereas there

seems to be negligible variation in the size of the greater

tubercle among hominoids (Inman et al. 1944; Fleagle &

Simons, 1982; Rose, 1989; Larson, 1993). However, differ-

ences in humeral torsion between hominoids suggest that

other factors participate in the degree of torsion of each

species (Larson, 1988). Humeral torsion among hominoids

seems to have been independently acquired in order to

meet their locomotor needs (Larson, 1988; Rose, 1989). In

quadrupedal knuckle-walking behaviors, humeral torsion is

necessary to maintain fully functional arms in the parasagit-

tal plane, as an accommodation to the quadrupedal pos-

ture in animals with a dorsally placed scapula (Larson, 1988,

1993). Gibbons present the least degree of torsion among

hominoids, and this condition reflects a compromise

between the changes caused by the repositioning of the

scapula and the position of the elbow of the abducted arm

during brachiation (Larson, 1988). In humans, torsion seems

to be related to manipulative skills, although differences in

humeral torsion exist between modern western and non-

western populations, the latter showing lower degrees of

humeral torsion and, therefore, a higher degree of humeral

retroversion (Larson, 2007b). There is some confusion con-

cerning the use of the terms humeral torsion and humeral

retroversion in the literature (Larson, 2007a; Rhodes, 2007).

In the primitive condition of the humerus, the proximal

epiphysis faces the posterior aspect of the shaft, a condition

that is present in non-hominoid primates (Larson, 1996,

2007a). Humeral torsion is a derived feature measured by

the degree to which the humeral shaft rotates in a medial

direction (Evans & Krahl, 1945; Krahl & Evans, 1945; Krahl,

1947; Larson, 1996). In contrast, humeral retroversion con-

sists of a modified condition of the already twisted humerus

in which it is reoriented posteriorly, causing the ‘reduction’

of torsion. Thus, a reduction of humeral retroversion would

in fact increase humeral torsion and vice versa (Larson,

2007a,b; Rhodes, 2007).

The proximal epiphysis of the humerus is further charac-

terized by the presence of an extensive articular surface,

which enhances the movement in the articulation. The most

important feature of this complex is the degree to which

the tubercles are rotated to allow for additional articular

surface in the transverse plane (Corruccini & Ciochon, 1976;

Fleagle & Simons, 1982; Rose, 1989; Aiello & Dean, 1990; Lar-

son, 1993). An extensive, inflated articular surface is present

in the humeral head of hominoids, especially in Hylobates

(Jungers, 1988), enabling hominoids to achieve a substantial

degree of abduction–adduction and axial rotation even

when the joint is in a fully flexed position (Rose, 1989).

Mechanical models of the upper limb have been pro-

posed in many studies (Tuttle & Basmajian, 1978a,b; Larson

& Stern, 1986, 1987; Schmitt, 2003). According to Larson &

Stern (1986), in arm-raising arboreal primates the supraspin-

atus is the primary muscle responsible for preventing the

proximal displacement of the humeral head caused by the

deltoid. However, in motions combining abduction and lat-

eral rotation, the infraspinatus acts as primary synergist of

the deltoid. The ability of infraspinatus to contribute to

abduction seems to be related to its proximo-laterally ori-

ented insertion in the greater tubercle in hominoids,

whereas more terrestrial primates that do not use arm-

raising in their primary form of locomotion, such as the

cercopithecoids, seem to have more laterally facing inser-

tions for the infraspinatus (Larson, 1995). Larson (2007b)

also reported that shape differences in the subscapularis

facet reflect a functional differentiation of this muscle

affecting the degree of glenohumeral mobility: long and

narrow facets show a greater functional differentiation
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than rounder facets. This is related to the manner in which

tendinous fibers of the subscapularis insert on the lesser

tubercle: those on the most proximal part of the tubercle

seem to be involved in abduction and medial rotation,

whereas those on the distal parts are involved in adduction

and medial rotation. In this respect, hominoids display a

greater degree of functional differentiation, showing the

longest and narrowest facets, whilst cercopithecoids seem

to have a less specialized subscapularis, as they are reported

to show round insertion facets (Larson, 1995).

Geometric morphometrics (GM) and joint morphology

Three-dimensional (3D) numerical studies of proximal hum-

eral morphology have been attempted. However, they have

mainly been conducted in the prosthetic design field (Boi-

leau & Walch, 1997; Tanaka, 1999; Aroonjarattham et al.

2009), and none have applied 3D GM techniques, as is the

case with other postcranial elements, such as the articular

region of the proximal femur (Harmon, 2007, 2009; Holliday

et al. 2010), the proximal metatarsal shape (Proctor et al.

2008; Proctor, 2010), the shape of the proximal tibia (Turley

et al. 2011), elbow morphology (Drapeau, 2008), and stud-

ies of joint reciprocity (Harcourt-Smith et al. 2008). Here, we

present a 3D GM analysis of the proximal epiphysis of the

humerus, using newly-defined landmark points, in order to

evaluate and quantify differences in the shape of the hum-

eral head between various extant great ape genera, and to

try to relate these differences to their respective locomotor

repertoires. So far, the proximal epiphysis of the humerus

has not been considered an area with the potential for dis-

criminating locomotor adaptations among humans and

their hominin ancestors. However, the available literature

clearly indicates that locomotor factors determine to some

extent the morphology of this anatomical region (Corruccini

& Ciochon, 1976; Fleagle & Simons, 1982; Jungers, 1988;

Rose, 1989; Larson, 1993, 1995). Thus, the aim of this study

was to determine whether humans (Homo sapiens), chim-

panzees (Pan troglodytes), gorillas (Gorilla gorilla) and

orangutans (Pongo pygmaeus) can be adequately discrimi-

nated from each other based on their proximal humeral

morphology, so far poorly characterized from a functional

perspective but here evaluated by means of a 3D GM

approach. Finally, the relevance of this approach as a proxy

of locomotor behavior characterization in fossil hominini

was tested through an analysis of the proximal humeral

head shape of Australopithecus afarensis.

Materials and methods

The Hominoidea sample included in this study consisted of 34 proxi-

mal epiphyses of the humerus: ten H. sapiens (five males and five

females); nine P. troglodytes (five males and four females); nine G.

gorilla (five males and four females); and six P. pygmaeus (one male

and five females; Fig. 1; Table 1). The H. sapiens sample, of known

age and sex, was obtained from the Unit of Human Anatomy and

Embryology of the University of Barcelona (UB, Spain). The non-

human samples came from the Museum of Natural Sciences of

Barcelona (Barcelona, Spain) and the Anatomical Museum of the

University of Valladolid (UVA, Spain). Specimens from bothmuseums

were bred in captivity at various zoological parks in Spain and died

of natural causes. Captive primates usually exhibit locomotor reper-

toire frequencies that differ from those in the wild, and thus the

anatomical interpretations derived from this sample might require

confirmation with wild-bred specimens. Only clean, well-preserved,

left humeri of adult individuals were selected, based on museum

records when available, or determined by the full epiphyseal fusion

of the humerus. High-quality molds were made with a silicon-based

impression material (Speedex Putty polysiloxane condensation-type

silicon elastomer by Coltène/Whaledent), which included the bicipi-

tal groove and the greater and lesser tubercles on the proximal

epiphysis of the humerus. High-quality, positive epoxy casts (Ferro-

pur, Feroca Composites) were obtained from the negative molds.

The cast (Bone Clones Hominid Series, ref. SC-036D) of the partial left

humerus of specimen A.L.-288-1 ofA. afarensis (3.2ma, Hadar, Ethio-

pia; Johansson et al. 1982) was included in the analysis.

All the casts were scanned using a laser Next Engine 2000 surface

scanner (NextEngine, 401 Wilshire Blvd, Santa Monica, CA 90401,

USA) at a scanning resolution of 40 K (29) points inch�2, with 0.005-

inch point separation (ScanStudio HD software, NextEngine). The

scanned surfaces were edited and processed with the ScanStudio HD

CORE software package (NextEngine, 2006). The resulting scanswere

Fig. 1 Proximal epiphyses of the humeri of the analyzed taxa (from left to right): Gorilla gorilla, Pan troglodytes, Homo sapiens, Pongo pygmaeus

and the cast of Australopithecus afarensis, A.L. 288-1r.
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saved in Ply file format, which consists of triangular mesh data with

additional information about color and texture. This file format was

suitable for Landmark Editor (Wiley, 2006), the software for 3D land-

mark data acquisition that provided the landmark coordinates

required byMorphoJ (Klingenberg, 2011) for 3D GM analyses.

GM: landmark selection and setting

The landmark-based GM procedure is an effective method for cap-

turing information about the shape of an organism and for statisti-

cally testing shape differences between groups. It is also a powerful

and intuitive visualization method as data are recorded to capture

the geometry of the structure under study (Rohlf & Marcus, 1993;

Zelditch et al. 2004). Landmarks are multidimensional (2D or 3D)

coordinates of morphological markers fitted by superimposition

methods, which match homologous landmarks as closely as possible

by minimizing the Procrustes summed squared distances between

corresponding landmarks, so shape changes can be described as the

residuals of the superimposition explained as transformation vec-

tors (Rohlf & Marcus, 1993).

In this study, a total of 26 newly defined, single-point type III

(Bookstein et al. 1999; O’Higgins, 2000) landmarks were selected

(Fig. 2; Table 2). Although landmark homology cannot be absolutely

demonstrated, there is geometric equivalence between them across

analyzed specimens (Bookstein et al. 1999; O’Higgins, 2000; Harmon,

2007; Holliday et al. 2010). Six landmarks were defined in the articu-

lar surface of the humeral head: L1, the closest point to the bicipital

groove on the articular perimeter; L2, the most proximal point of

the articular perimeter, close to the supraspinatus insertion; L3, the

most distal point of the articular perimeter; L4, the middle point

between L2 and L3; L5, the most ventral point of the articular perim-

eter defined by the intercept of the perpendicular line to L2–L3

through L4; and L6, the most dorsal point of the articular perimeter

defined by the intercept of the perpendicular line to L2–L3 through

L4. Five landmark points were selected on each insertion area (proxi-

mal, distal, medial, lateral and central) of the rotator cuff muscles –

subscapularis L7–L11, supraspinatus L12–L16, infraspinatus L17–L21

and teres minor L22–L26 – considering that the supraspinatusmuscle

insertion is the most proximal one on the greater tubercle.

Data analysis

The landmark coordinates of the extant hominoid specimens were

analyzed with MorphoJ 3D GM, and then the A. afarensis specimen

coordinate information was added to the extant primate dataset

for comparison. In both cases, the coordinate raw data subsets

extracted from Landmark Editor software were transferred to the

MorphoJ statistical package (Klingenberg, 2011) and analyzed. The

first step in the morphometric analysis (Kendall, 1984; Bookstein,

1986; Rohlf & Marcus, 1993; Marcus et al. 1996; Dryden & Mardia,

1998; O’Higgins, 2000; Zelditch et al. 2004) consisted of carrying out

a General Procrustes Analysis (GPA) that rotated, scaled and super-

imposed all forms (registration), explaining the differences between

them in terms of landmark displacement vectors relative to this reg-

istration (Rohlf, 1999; O’Higgins, 2000; Zelditch et al. 2004). The

resulting GPA displacement vectors were ordinated by Principal

Components Analysis (PCA), reducing the complex multidimensional

data into a few eigenvectors that were linear combinations of the

landmark displacements, which explained shape variation among

samples (O’Higgins, 2000; Zelditch et al. 2004; Klingenberg, 2011).

A Multivariate Regression (MR) analysis of shape on centroid size

(CS) was performed to test the amount of shape variance that could

be explained by size differences, with Principal Components (PC),

indicative of shape, being the dependent variable and size (CS or log

CS) the independent one. The null hypothesis predicted that shape

was independent of size; MR determines the percentage of variance

explained by size and tests its significance (O’Higgins, 2000; Zelditch

et al. 2004; Klingenberg, 2011). MorphoJ allows MRs with a permu-

tation test of 1000 randomizations to be performed, and gives the

option of pooling the regressionwithin given subgroups as an exter-

nal variable. A pooled within-groups regression is the ideal way to

perform this test when dealing with groups where there must be a

correction for size effect among them. We chose to conduct the test

with the within-species pooled variable option including four

groups: G. gorilla, P. troglodytes, P. pygmaeus and H. sapiens. To

explore differences between groups, a Canonical Variate Analysis

(CVA) was conducted. Even though PCA and CVA are similar meth-

ods to ordinate and explore patterns within the whole sample, the

PCA computes variables suitable for examining variation among

individuals, whereas CVA creates variables to assess the relative posi-

tions of groups in a sample (Zelditch et al. 2004). In our study, group

sample sizes were smaller than the number of landmarks per individ-

ual. In these cases, CVA tends to overestimate the differences

between groups (Klingenberg, 2011). Therefore, we performed a

Discriminant Analysis (DA), a statistical method implemented to

assure the reliability of group differences found in CVA. The imple-

mentation in MorphoJ used Fisher’s classification rule, and the reli-

ability of the discrimination between groups was tested with a

leave-one-out, jack-knife cross-validation method. Parametric

T-square tests, also with permutation, were performed to compare

groupmeans within the DA inMorphoJ (Klingenberg, 2011).

Finally, the morphological affinities of the humeral proximal

epiphysis of A. afarensis A.L. 288-1r fossil specimen with those of

the extant hominoids were analyzed for a preliminary exploration

of shape with a PCA.

Results

Analysis of the extant hominoid subset

The PCA for the extant hominoid subset yielded 33 eigen-

vectors, of which the first three components explained

Table 1 Hominoid species analyzed, sample sizes and locomotor

pattern classification.

Species Male Female N Locomotion

Gorilla gorilla 5 4 9 Terrestrial

knuckle-walking

Pan troglodytes 5 4 9 Terrestrial

knuckle-walking /

arboreal arm

swinging

Pongo pygmaeus 1 5 6 Arboreal

quadrumanous

/arm swinging

Homo sapiens 5 5 10 Bipedalism

Australopithecus

afarensis

0 1 1 Bipedalism vs.

knuckle-walking

vs. climbing/

suspension

Total 16 19 35
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66.4% of total variance (48.2% PC1, 11.3% PC2 and 6.9%

PC3). The remaining eigenvectors were poorly representa-

tive (< 6% each) of total variance. The plot of PC1 vs. PC2

(59.5%) showed clear differences between groups, with

non-overlapping 95% equiprobable ellipses of group means

for most comparisons (Fig. 3). Homo sapiens, with negative

values for PC1, clearly differed from G. gorilla and P. troglo-

dytes, which overlapped for PC1 but showed significant dif-

ferences for PC2. Pongo pygmaeus showed an intermediate

position in the graph, around the 0 value for both compo-

nents, overlapping with neither the H. sapiens nor the Pan/

Gorilla clusters. PC3 (Fig. 3) did not discriminate between

groups, although P. pygmaeus showed slightly smaller val-

ues than the other groups.

Multivariate Regression tests (with permutations)

between PC and the CS showed that PC1 was not correlated

with CS (P = 0.2023), and only 3.05% of total shape

variation was attributable to size for the first PC. PC2 was

not correlated with CS either (P = 0.1900), although 13.1%

of the shape variation was predicted by size for this compo-

nent, as was also the case for PC3 (P = 0.0685), with 9.9% of

shape variation correlated to size differences. Thus, no sig-

nificant effect of size upon shape was observed.

The CVA provided three eigenvectors explaining 100% of

total variance (77.1% CV1, 14.2% CV2 and 8.2% CV3). Per-

mutation tests run over Mahalanobis and Procrustes dis-

tance matrices showed significant differences between all

group pairs, with P < 0.0015 in all tests (Table 3). Leave-one-

out cross-validations showed that the post-hoc probabilities

of correct classification did not decrease in the Homo–Pan

comparison (100%), and showed a maximum reduction

(�27.3%) in the Gorilla–Pan one (Table 4). The plot of CV1

vs. CV2 (Fig. 4) showed a clear differentiation between most

of the groups considered. Homo fell on the positive side of

the CV1 axis, apart from all the other groups and showing

the lowest dispersion (95% ellipse of the sample mean) of

all groups. Again, Pongo showed intermediate values

between Pan, Gorilla and Homo, although it showed CV1

values closer to those of Pan and Gorilla, groups that could

be discriminated for CV2. The first axis (CV1) clearly

separated Homo from the rest of the Hominoidea, as well as

to a certain extent Pongo from Pan and Gorilla, but showed

no differentiation between the two knuckle-walkers. CV2,

instead, clearly set Pan apart, on the positive side of the axis,

from Gorilla, on the negative one, leaving Pongo and Homo

undifferentiated. CV3 showed a clear differentiation of Pon-

go from the other taxa (Fig. 4). Finally, the DA with cross-

validation test, conducted to check the consistency of the

differences between pairs of groups, showed significant dif-

ferences after randomizations for both the Mahalanobis

A B

C D

Fig. 2 Location of the defined landmark points of the proximal epiphysis of the humerus in (A) superior view, (B) full articular surface view, (C)

anterior view and (D) posterior view.
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and Procrustes distances for all comparisons except between

Gorilla and Pan, for which significant differences were

found for the Procrustes distance (P < 0.01) but not for the

T-square test (P = 0.092).

Shape differences between extant hominoids

Shape differences can be described from the CVA by plot-

ting shape transformations between pairs of taxa (Fig. 5).

Shape changes along CV1 between Pongo and the knuckle-

walkers (Fig. 5a) showed a greater inwards rotation of the

articular head of the humerus of Pongo compared with the

knuckle-walkers (Fig. 5a-1). The relative positions of the

muscle insertion areas on the greater tubercle also differed

in the two groups, with Pongo having an aligned disposi-

tion of the three attachments, and the distance between

the humeral head and the insertions was more similar, due

to their progressive proximal–distal separation with respect

to the humeral head (Fig. 5a-3). In contrast, knuckle-walkers

did not display this alignment of the insertion sites, with the

supraspinatus and teres minor insertions being closer to the

humeral head, while the infraspinatus insertion was clearly

separated from it (Fig. 5a-3). Pongo pygmaeus also showed

greater proximity between the subscapularis and supraspin-

atus insertion areas, resulting in a narrowing of the bicipital

groove (Fig. 5a-2). Shape changes along CV1 between

Homo and Pongo (Fig. 5b) showed the accentuation in

humans of the same inwards rotation of the humeral head

affecting the orangutan (Fig. 5b-1). This provides the

human articular surface with its characteristic oval shape, by

increasing the proximo-distal diameter, whilst that of the

orangutan preserves a greater dorso-ventral axis (Fig. 5b-1).

Regarding the tubercles, Homo displayed even more alig-

ned insertion areas of the great tubercle compared with

Pongo, and also a greater separation between the humeral

head and the supraspinatus and teres minor insertions

Table 2 Landmark numeration, categorization (after Bookstein et al. 1999; O’Higgins, 2000) and description.

Landmark Type Description

L1 III Closest point to the bicipital groove on the articular perimeter

L2 III Most proximal point of the articular perimeter, close to the supraspinatus insertion

L3 III Most distal point of the articular perimeter

L4 III Middle point between L2 and L3

L5 III Most ventral point of the articular perimeter defined by the intercept of the perpendicular line to L2–L3

through L4

L6 III Most dorsal point of the articular perimeter defined by the intercept of the perpendicular line to L2–L3

through L4

L7 III Most distal point of the subscapularis insertion

L8 III Most proximal point of the subscapularis insertion

L9 III Midpoint between L7 and L8

L10 III Farthest point to humeral head defined by the intercept with the subscapularis insertion perimeter of a

perpendicular line to L7–L8 through point L9

L11 III Closest point to humeral head defined by the intercept with the subscapularis insertion perimeter of a

perpendicular line to L7–L8 through point L9

L12 III Most anterior point of the supraspinatus insertion

L13 III Most posterior point of the supraspinatus insertion

L14 III Midpoint between L12 and L13

L15 III Farthest point to humeral head defined by the intercept with the supraspinatus insertion perimeter of a

perpendicular line to L12–L13 through point L14

L16 III Closest point to humeral head defined by the intercept with the supraspinatus insertion perimeter of a

perpendicular line to L12–L13 through point L14

L17 III Most distal point of the infraspinatus insertion

L18 III Most proximal point of the infraspinatus insertion

L19 III Midpoint between L17 and L18

L20 III Farthest point to humeral head defined by the intercept with the infraspinatus insertion perimeter of a

perpendicular line to L17–L18 through point L19

L21 III Closest point to humeral head defined by the intercept with the infraspinatus insertion perimeter of a

perpendicular line to L17–L18 through point L19

L22 III Most distal point of the teres minor insertion

L23 III Most proximal point of the teres minor insertion

L24 III Midpoint between L22 and L23

L25 III Farthest point to humeral head defined by the intercept with the teres minor insertion perimeter of a

perpendicular line to L22–L23 through point L24

L26 III Closest point to humeral head defined by the intercept with the teres minor insertion perimeter of a

perpendicular line to L22–L23 through point L24
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(Fig. 5b-3). Homo showed a markedly higher proximity

between the insertion areas of the subscapularis and supra-

spinatus, thus displaying a further narrowing of the bicipital

groove (Fig. 5b-2).

The distribution of groups along CV1 (Fig. 4) seemed to

vary depending on the degree of inwards rotation of the

humeral head, with knuckle-walkers (blue dotted outline in

Fig. 5a-1) showing a less rotated surface than Pongo (red

continuous outline in Fig. 5a-1), and Homo (blue outline in

Fig. 5b-1) having a more rotated one than Pongo (red con-

tinuous outline in Fig. 5b-1). Similarly, a progressive

enlargement of the greater tubercle can be observed

(Fig. 5a-1, b-1), caused by a greater alignment of the

insertion areas in Pongo and, especially, in Homo. This

alignment seems to be related to a progressive separation

between the humeral head and the insertion areas of

supraspinatus and teres minor in both species (Fig. 5a-3, b-

3), while the subscapularis insertion maintains its position

with respect to the humeral head in the knuckle-walkers

and shows a slight displacement towards the great tubercle

in Pongo and Homo (Fig. 5a-2, b-2). Together, the rotation

of the humeral head and the displacement of the subscapu-

laris have resulted in a narrowing of the bicipital groove,

mainly in humans. Shape changes along CV2 (Fig. 4)

showed a clear differentiation between Pan and Gorilla,

with Pan (blue dotted outline in Fig. 5c-1) showing an

inwards rotated humeral head compared with the Gorilla

(red outline in Fig. 5c-1), despite the infraspinatus insertion

area being similarly positioned in both (Fig. 5c-3). In

addition, compared with the Gorilla (Fig. 5c-3), Pan showed

a greater separation between the humeral head and the

insertion area of the supraspinatus, a greater proximity

between the humeral head and the teres minor insertion,

and a somewhat larger size of the subscapularis insertion

area, despite the position of the subscapularis insertion and

the width of the bicipital groove being similar in both

(Fig. 5c-2). Finally, sample distribution along CV3 (Fig. 4)

explained the larger and more inflated humeral articular

head of Pongo (red continuous outline in Fig. 5d)

compared with the other hominoid species considered

(Fig. 5d-2, d-3).

Comparison of A. afarensis with the extant hominoids

Bone Clones osteological replicas are considered artistic ren-

derings for instructive purposes, not reliable as scientifically

accurate reproductions. Thus, before using the A.L. 288-1r

cast for comparative purposes, 2D measurements of the

proximal humerus epiphysis were obtained from the cast

(averaging five repeated measures) and compared with

those provided by Johansson et al. (1982) for the original

fossil. Deviations of measurements between the original

and the cast were computed for two linear measurements

and one index: (1) antero-posterior diameter of the head

(APD: original 26.8 mm, cast 26.02 mm; �2.91%); (2) medio-

Fig. 3 Scatter plots of the first three PCs – PC1 vs. PC2 (upper plot)

and PC1 vs. PC3 (lower plot) – derived from the PCA within MorphoJ.

The ellipses include 95% confidence intervals of the means (group

centroids) of the extant hominoid samples analyzed: Gorilla gorilla

(red rhomboids); Homo sapiens (green dots); Pan troglodytes (dark

blue stars); and Pongo pygmaeus (pale blue triangles). The PCA was

separately computed including Australopithecus afarensis (asterisk) as

a group in order to explore its morphological affinities with the other

hominoid groups, clearly clustering within P. pygmaeus dispersion

range. The inclusion of A. afarensis in the PC analysis caused almost

no displacement of the position of the specimens in the other groups,

so only one PCA figure is shown for simplicity.

Table 3 Significance values (P) of the Mahalanobis and Procrustes distances between groups using 1000 permutations.

Species

Mahalanobis Procrustes

Gorilla Homo Pongo Gorilla Homo Pongo

Homo < 0.0001 – – < 0.0001 – –

Pongo 0.0002 < 0.0001 – 0.0004 0.0001 –

Pan < 0.0001 < 0.0001 0.0001 0.0013 < 0.0001 0.0008
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lateral diameter of the head (MLD: original 31.1 mm, cast

29.58 mm; �4.89%); and (3) head shape index (MLD/APD:

original 1.1604, cast 1.1369; �2.03%). The humeral head

MLD/APD index showed a deviation of about 2%, the cast

being shorter in the medio-lateral dimension. This devia-

tion, though not negligible, can be considered minimal for

the purpose of this preliminary comparison of the shape of

the humerus and is unlikely to greatly affect the overall

interpretation. Further analyses with more abundant and

reliable fossil casts will be required, but the inclusion of this

fossil specimen clearly shows the potential of this approach

for fossil analyses.

The PCA performed after the GPA including the A. afaren-

sis specimen yielded 34 PCs; the first component (PC1)

explained 47.4% of total variance (somewhat below the

48.2% obtained if A. afarensis was not included), the sec-

ond (PC2) 11.4% (11.3% if not included), and the third

(PC3) 6.9% (identical to that not including it). As in the pre-

vious analysis, the remaining PCs explained less than 6%

each. The GM of the cast of A. afarensis, compared with the

extant analyzed hominoids, clearly fell within the 95% equi-

probable ellipse of the Pongo sample (Fig. 3), away from

both Homo and the knuckle-walkers, with intermediate val-

ues for PC1, which was the most discriminant component.

Discussion

The greater degree of inwards rotation of the humeral

head of Homo and Pongo corresponds to a major dorsal

extension of the articular surface that could be related to

functional demands of external rotation of the glenohu-

meral joint in both taxa. In Pongo pygmaeus, external rota-

tion is especially important during the swing phase of

vertical climbing (Larson & Stern, 1986), while in H. sapiens

the external rotation retards contact between the greater

tubercle and the acromion during elevation of the arm in

the scapular plane (Inman et al. 1944; Basmajian & De Luca,

1985). Moreover, the inwards rotation also results in an

increase in the proximo-distal diameter of the humeral

head of H. sapiens as well as in an increase in its distal

region. This could be related to the neutral position of the

humerus when the arm is lowered, as the glenoid cavity of

the scapula articulates mainly with the distal region of the

humeral head when the arm is in a resting position (Kapan-

dji, 2007). Pongo pygmaeus seems to be less specialized in

this respect, but arm-raising involves the contact of the gle-

noid cavity with the central and lateral surfaces of the hum-

eral head (Kapandji, 2007), so the large and inflated

articular surface of Pongo pygmaeus might be a derived

anatomical characteristic for enhancing arboreal capabili-

ties, increasing the mobility of the glenohumeral joint

(Rose, 1989; Aiello & Dean, 1990). The knuckle-walkers dis-

play a less marked inwards rotation of the humeral head,

with a ventral expansion that allows greater amplitude of

internal rotation motion of the glenohumeral joint, which

is a very important feature in knuckle-walking behavior

(Larson & Stern, 1987). However, P. troglodytes shows

greater inwards rotation compared with G. gorilla, which

Table 4 Percentages of post-hoc correct classifications from the dis-

criminant functions and after leave-one-out cross-validation. (1) From

the discriminant CVA; (2) after cross-validation; (3) decrease in correct

classification % due to reduced sample sizes.

(1) (2) (3)

Gorilla gorilla–Homo sapiens 100 94.8 �5.2

Gorilla gorilla–Pongo pygmaeus 93.4 73.4 �19.6

Gorilla gorilla–Pan troglodytes 94.5 66.7 �27.3

Homo sapiens–Pongo pygmaeus 87.5 68.8 �18.3

Homo sapiens–Pan troglodytes 100 100 0

Pongo pygmaeus–Pan troglodytes 93.4 86.7 �6.3

Fig. 4 Scatter plots showing the dispersion of analyzed specimens

and groups (95% confidence interval ellipses of group mean) for CV1

vs. CV2 (upper plot) and CV1 vs. CV3 (lower plot). Note that Homo

sapiens (green dots) is the most homogeneous group, whereas the

other hominoids show greater dispersions. Pongo pygmaeus (pale blue

triangles) shows the highest dispersion. CV1 differentiates Homo and

Pongo from the other Hominoidea, CV2 distinguishes the two

knuckle-walkers, and CV3 discriminates Pongo from both the knuckle-

walkers and humans.
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could be related to a higher degree of arboreal locomotion

in the former (Larson & Stern, 1987).

Regarding the tubercles, in P. troglodytes and G. gorilla,

the placement of the infraspinatus insertions were compa-

rable, thus suggesting a similar function of this muscle in

both species, acting as a stabilizer of the glenohumeral joint

and preventing dorsal displacement of the humerus during

the stance and support phases of knuckle-walking, at least

in P. troglodytes, as no convincing electromyography stud-

ies have been conducted in G. gorilla (Tuttle & Basmajian,

1978a,b; Larson & Stern, 1986, 1987). Both knuckle-walkers

are also characterized by the position of the supraspinatus

insertion near the humeral head, when compared with Pon-

go pygmaeus and H. sapiens. This can be related to the simi-

lar function of the supraspinatus as a stabilizer of the

glenohumeral joint, together with the infraspinatus, during

the stance phase of knuckle-walking (Larson & Stern, 1986,

1987). This role as a stabilizer of the glenohumeral joint

played by the supraspinatus in P. troglodytes and G. gorilla

also results in an increase in the mass of this muscle as seen

in the greater size of the supraspinous fossa with respect to

the infraspinous fossa, as observed by Schultz (1934) and

Roberts (1974).

Compared with knuckle-walkers, Pongo pygmaeus sho-

wed a supraspinatus insertion that was more separated

from the humeral head. This could be related to a more

important function as an elevator of the upper limb of this

muscle in Pongo pygmaeus, in accordance with its more

arboreal locomotion. The less important role played by the

supraspinatus as a stabilizer of the glenohumeral joint in

Pongo pygmaeus, compared with the knuckle-walkers,

results in a lower relative mass of this muscle, as evidenced

by the relatively lower values of the size of the supraspinous

fossa reported by Roberts (1974). In this respect, it is impor-

tant to note that the more arboreal P. troglodytes presents

a supraspinatus insertion that is more separated from the

humeral head than the more terrestrial G. gorilla, in addi-

tion to a lesser relative mass of this muscle (Potau et al.

2011) and a relatively smaller supraspinous fossa (Roberts,

1974). The teres minor recruitment for humeral adduction

in arm swinging (Tuttle & Basmajian, 1978a,b; Larson &

Stern, 1986) might be the cause of the unexpected shape

and placement of this muscle insertion in Pongo pygmaeus.

It is relatively larger and farther placed, relative to the hum-

eral head, than in knuckle-walkers. The enhancement of

this muscle might be related to the more arboreal behavior

A

C

B

D

Fig. 5 Shape changes between group centroids derived from the CVA. The superimposition views (right side) corresponding to the orientations

(1, 2 and 3) of the humeri (left side): (1) superior; (2) bicipital groove and (3) major tubercle with humeral head profile. Comparisons shown corre-

spond to: (A) CV1 shape changes between Pongo (red continuous outline) and knuckle-walkers together (blue dotted outline); (B) CV1 shape

changes between Pongo (red continuous outline) and Homo (blue dotted outline); (C) CV2 shape changes between Gorilla (red continuous outline)

and Pan (blue dotted outline); (D) CV3 shape changes between Pongo (red continuous outline) and all other hominoids together (blue dotted out-

line). The orientations of the humerus shown have been chosen to optimally highlight the differences between the taxa.
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of Pongo pygmaeus, as hoisting and arm swinging are basic

mechanisms for a below branch locomotion (Tuttle &

Basmajian, 1978a,b; Larson & Stern, 1986). The infraspinatus

insertion displays a similar position with respect to the hum-

eral head both in Pongo pygmaeus and in the knuckle-

walkers. Nonetheless, Larson & Stern (1986) reported the

infraspinatus to be an essential muscle for resisting transar-

ticular tensile stresses during pendant suspension and arm

swinging. Pongo pygmaeus shared with G. gorilla and

P. troglodytes the location and morphology of the subscap-

ularis insertion, a muscle that is extremely important in the

stabilization of the glenohumeral joint during the support

phase of climbing (Larson & Stern, 1986), as well as during

quadrupedal and knuckle-walking stance phases (Tuttle &

Basmajian, 1978b).

Homo sapiens showed a morphological pattern of the

insertions of the greater tubercle that was radically differ-

ent from those of the knuckle-walkers and, to a lesser

extent, Pongo pygmaeus. As in Pongo pygmaeus, the

separation between the supraspinatus insertion area and

the humeral head could be related to the relatively smaller

size of the supraspinous fossa in H. sapiens (Roberts, 1974;

Potau et al. 2007, 2009). This morphology enhances the

important function of the supraspinatus muscle as an

elevator of the arm (Inman et al. 1944; Basmajian & De

Luca, 1985). The increased distance between the teres minor

insertion area and the humeral head in humans might be

related to the important role of this muscle as external rota-

tor of the glenohumeral joint during elevation of the arm

in the scapular plane (Inman et al. 1944; Basmajian &

De Luca, 1985).

Although 3D GM comparisons allowed for functional

interpretations of morphological variations in humeral

head shape and muscle insertion positions, metric compari-

sons of muscle insertion positions and scapular sizes and

shapes are required to test the accuracy of the functional

significance presented here.

Evolutionary perspectives

The reported differences in the location of the muscle

insertions in the proximal epiphysis of the humerus

between the various hominoid species studied, including

humans, along with their respective distinctive morphol-

ogy of the humeral head, provide the required framework

for enlightening locomotor inferences in the fossil record.

The attempted analysis of the proximal humeral epiphysis

of A.L. 288-1 provides useful preliminary information on

the locomotor behavior of the extinct species A. afarensis.

Its clearly divergent morphology from that of modern

humans and its allocation within the Pongo pygmaeus

confidence interval in the PCA analysis together provide

significant morphometric evidence suggesting that A. afar-

ensis might have practiced arboreal suspensory behaviors,

as suggested by various authors (Vrba, 1979; Susman et al.

1984, 1985; Crompton et al. 2008), although contested by

others (Latimer et al. 1987; Latimer & Lovejoy, 1989;

Latimer, 1991).

These alternative hypotheses have distinct evolutionary

implications. The resemblances shown here of the mor-

phological patterns of the proximal epiphysis of the

humerus between Pongo pygmaeus and A. afarensis

favor the view that bipedal hominins evolved from a

generalized arboreal ancestor (McHenry, 1986; Thorpe

et al. 2007; Crompton et al. 2008, 2010; Lovejoy et al.

2009a,b), instead of from a knuckle-walking ancestor, as

argued by researchers who support the homology (syna-

pomorphy) of knuckle-walking adaptations in chimpan-

zees and gorillas (Begun, 1992; Richmond & Strait, 2000;

Corruccini & McHenry, 2001; Richmond et al. 2001;

Williams, 2010). The greater similarities between Pongo

and Gorilla than between Pongo and Pan shown here,

suggest that the derived condition of Pan might have

appeared independently from that of Gorilla, which

might support the contention that knuckle-walking could

have evolved twice (Larson, 1996; Dainton & Macho,

1999; Kivell & Schmitt, 2009). However, further and more

detailed analyses of fossil apes and hominins (including

Ardipithecus) would certainly help to shed new light on

this debate. Our results also indicate that modern

humans display an extremely derived condition of the

glenohumeral joint, which would have adapted to

manipulative behaviors requiring greater speed and pre-

cision. African apes, on the contrary, display entirely dif-

ferent derived conditions as a result of adaptations to a

highly specialized suite of locomotor activities requiring

enhanced stability at the glenohumeral joint during

knuckle-walking in a joint complex primarily adapted to

arboreal behaviors (Larson & Stern, 1987).

Concluding remarks

The 3D GM study of the proximal epiphysis of the

humerus has revealed morphological differences between

the extant hominoids studied. These differences reflect

adaptations of the shoulder girdle to the locomotor

behaviors displayed by each taxon. The comparative mor-

pho-functional analysis of the human proximal epiphysis

of the humerus showed that humans display highly

derived features, which separate them from all other hom-

inoids, mainly related to the increase in speed and preci-

sion required for manipulative behaviors. Orangutans

showed a distinct functional anatomy of the proximal

epiphysis of the humerus, indicative of locomotor adapta-

tions to arboreal behaviors, whereas gorillas and chimpan-

zees displayed independently derived morphologies,

probably due to their mainly terrestrial locomotor behav-

iors. However, Pan showed a morphology reflecting both

terrestrial and arboreal conditions, although more adapted

to arboreality than Gorilla.
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Bookstein FL, Schäfer K, Prossinger H, et al. (1999) Comparing

frontal cranial profiles in archaic and modern Homo by mor-

phometric analysis. Anat Rec 257, 217–224.

Corruccini RS, Ciochon RL (1976) Morphometric affinities of the

human shoulder. Am J Phys Anthropol 45, 19–38.

Corruccini RS, McHenry H (2001) Knuckle-walking hominid

ancestors. J Hum Evol 40, 507–511.

Cowgill LW (2007) Humeral torsion revisited: a functional and

ontogenetic model for populational variation. Am J Phys

Anthropol 134, 472–480.

Crompton RH, Lieberman SS, Oxnard CE (1987) Morphometrics

and niche metrics in prosimian locomotion: an approach to

measuring locomotion, habitat, and diet. Am J Phys Anthropol

73, 149–177.

Crompton RH, Vereecke EE, Thorpe SKS (2008) Locomotion and

posture from the common hominoid ancestor to fully modern

hominins, with special reference to the last common panin/

hominin ancestor. J Anat 212, 501–543.

Crompton RW, Sellers WI, Thorpe SKS (2010) Arboreality, terrest-

riality and bipedalism. Phil Trans Royal Soc B 365, 3301–3314.

Dainton M, Macho GA (1999) Did knuckle-walking evolved

twice? J Hum Evol 36, 171–194.

Drapeau MSM (2008) Articular morphology of the proximal ulna

in extant and fossil hominoids and hominins. J Hum Evol 55,

86–102.

Dryden I, Mardia KV (1998) Statistical Shape Analysis. New York:

John Wiley.

Evans GF, Krahl VE (1945) The torsion of humerus: a phyloge-

netic survey from fish to man. Am J Anat 76, 303–337.

Fleagle JG, Simons EL (1982) The humerus of Aegyptopithecus ze-

uxis: a primitive anthropoid. Am J Phys Anthropol 59, 175–193.

Harcourt-Smith WE, Tallman M, Frost S, et al. (2008) Analysis of

selected hominoid joint surfaces using laser scanning and geo-

metric morphometrics: a preliminary report. In: Mammalian

Evolutionary Morphology: A Tribute to Frederik S. Szalay. (eds

Sargis EJ, Dagosto M), pp. 373–383. Berlin: Springer.

Harmon EH (2007) The shape of the hominoid proximal femur:

a geometric morphometric analysis. J Anat 210, 170–185.

Harmon EH (2009) The shape of the early hominin proximal

femur. Am J Phys Anthropol 139, 154–171.

Holliday TW, Hutchinson VT, Morrow MMB, et al. (2010) Geo-

metric morphometric analyses of hominid proximal femora:

taxonomic and phylogenetic considerations. HOMO 61, 3–15.

Inman VT, Saunders JB, Abbot LC (1944) Observations on the

function of the shoulder joint. J Bone Joint Surg Br 26, 1–30.

Johansson DC, Lovejoy CO, Kimbel WH, et al. (1982) Morphology

of the Pliocene partial hominid skeleton (A.L. 288-1) from the

Hadar Formation, Ethiopia. Am J Phys Anthropol 57, 403–451.

Jungers WL (1988) Relative joint size and hominoid locomotor

adaptations with implications for the evolution of hominid

bipedalism. J Hum Evol 17, 247–265.

Kapandji IA (2007) The Physiology of the Joints, Volume 1:

Upper Limb. Edinburgh: Churchill Livingstone.

Kendall DG (1984) Shape manifolds, procrustean metrics, and

complex projective spaces. Bull London Math Soc 16, 81–121.

Kivell TL, Schmitt D (2009) Independent evolution of knuckle-

walking in African apes shows that humans did not evolve

from a knuckle-walking ancestor. PNAS 106, 14 241–14 246.

Klingenberg CP (2011) MorphoJ: an integrated software pack-

age for geometric morphometrics. Mol Ecol Resour 11,

353–357.

Krahl VE (1947) The torsion of humerus: its localization, cause

and duration in man. Am J Anat 80, 275–319.

Krahl VE, Evans GF (1945) Humeral torsion in man. Am J Phys

Anthropol 3, 229–253.

Larson SG (1988) Subscapularis function in Gibbons and Chim-

panzees: implications for interpretation of humeral head tor-

sion in hominoids. Am J Phys Anthropol 76, 449–462.

Larson SG (1989) Role of supraspinatus in the quadrupedal loco-

motion of Vervets (Cercopithecus aethiops): implications for

interpretation of humeral morphology. Am J Phys Anthropol

79, 369–377.

Larson SG (1993) Functional morphology of the shoulder in pri-

mates. In: Postcranial Adaptation in Nonhuman Primates. (ed.

Gebo DL), pp. 45–69. DeKalb, Illinois: Northern Illinois Univer-

sity Press.

Larson SG (1995) New characters for the functional interpreta-

tion of primate scapulae and proximal humeri. Am J Phys

Anthropol 98, 13–35.

Larson SG (1996) Estimating humeral torsion on incomplete fos-

sil anthropoid humeri. J Hum Evol 31, 239–257.

Larson SG (2007a) Notes and comments on the definition of

humeral torsion: a comment on Rhodes (2006). Am J Phys

Anthropol 133, 819–821.

Larson SG (2007b) Evolutionary transformation of the hominin

shoulder. Evol Anthropol 16, 172–187.

Larson SG, Stern JT (1986) EMG of Scapulohumeral muscles in

the Chimpanzee during reaching and “arboreal” locomotion.

Am J Anat 176, 171–190.

© 2012 The Authors
Journal of Anatomy © 2012 Anatomical Society

3D GM humeral evolutionary anatomy, J. Arias-Martorell et al.404

197



Larson SG, Stern JT (1987) EMG of Chimpanzee shoulder muscles

during knuckle-walking: problems of terrestrial locomotion in

a suspensory adapted primate. J Zool 212, 629–655.

Latimer BM (1991) Locomotor adapatations in Australopithecus

afarensis: the issue of arboreality. In: Origine(s) de la Bipédie

Chez les Hominidés. (eds Coppens Y, Senut B), pp. 234–244.

Paris: CRNS.

Latimer BM, Lovejoy CO (1989) The calcaneus of Australopithe-

cus afarensis and implications for the evolution of bipedality.

Am J Phys Anthropol 78, 369–386.

Latimer BM, Ohman JC, Lovejoy CO (1987) Talocrural joint in

African hominoids: implications for Australopithecus afarensis.

Am J Phys Anthropol 74, 155–175.

Lovejoy CO, Simpson SW, White TD, et al. (2009a) Careful

climbing in the Miocene: the forelimbs of Ardipithecus rami-

dus and humans are primitive. Science, 326, 70e1–70e8.

Lovejoy CO, Suwa G, Simpson SW, et al. (2009b) The Great

Divides: Ardipithecus ramidus reveals the postcrania of our

last common ancestor with African Apes. Science, 326,

101–106.

MacLatchy LM, Gebo D, Kityo R, et al. (2000) Postcranial func-

tional morphology of Morotopithecus bishopi, with implica-

tions for the evolution of modern ape locomotion. J Hum

Evol 39, 159–183.

Marcus L, Corti M, Loy A, et al. (eds) (1996) Advances in

Morphometrics. New York: Plenum Press.

McHenry H (1986) The first bipeds: a comparison of the A. afar-

ensis and A. africanus postcranium and implications for the

evolution of bipedalism. J Hum Evol 15, 177–191.

O’Higgins P (2000) The study of morphological variation in the

hominid fossil record: biology, landmarks and geometry. J

Anat 197, 103–120.

Oxnard CE (1967) The functional morphology of the primate

shoulder as revealed by comparative anatomical, osteometric

and discriminant function techniques. Am J Phys Anthropol

26, 219–240.

Oxnard CE (1968) The architecture of the shoulder in some

mammals. J Morphol 126, 249–290.

Oxnard CE (1969) Evolution of the human shoulder: some possi-

ble pathways. Am J Phys Anthropol 30, 319–331.

Oxnard CE, Neely PM (1969) The descriptive use of neighbor-

hood limited classification in functional morphology: an anal-

ysis of the shoulder in primates. J Morphol 129, 127–148.

Potau JM, Bardina X, Ciurana N (2007) Subacromial space in

African Great Apes and subacromial impingement syndrome

in humans. Int J Primatol 28, 865–880.

Potau JM, Bardina X, Ciurana N, et al. (2009) Quantitative analy-

sis of the deltoid and rotator cuff muscles in humans and

great apes. Int J Primatol 30, 697–708.

Potau JM, Artells R, Bello G, et al. (2011) Expression of myosin

heavy chain isoforms in the supraspinatus muscle of different

primate species: implications for the study of the adaptation

of primate shoulder muscles to different locomotor modes. Int

J Primatol 32, 931–944.

Proctor DJ (2010) Three-dimensional morphometrics of the prox-

imal metatarsal articular surfaces of Gorilla, Pan, Hylobates,

and shod and unshod humans. Unpublished PhD Dissertation.

University of Iowa.

Proctor DJ, Broadfield D, Proctor K (2008) Quantitative three-

dimensional shape analysis of the proximal hallucial metatar-

sal articular surface in Homo, Pan, Gorilla and Hylobates. Am J

Phys Anthropol 135, 216–224.

Rhodes JA (2007) Humeral torsion and retroversion in the litera-

ture: a reply to Larson. Am J Phys Anthropol 133, 820–821.

Richmond BG, Strait DS (2000) Evidence that humans evolved

from a knuckle-walking ancestor. Nature 404, 382–385.

Richmond BG, Begun DR, Strait DS (2001) Origin of human

bipedalism: the knuckle-walking hypothesis revisited. Yrbk

Phys Anthropol 116, 70–105.

Roberts D (1974) Structure and function of the primate scapula.

In: Primate Locomotion. (ed. Jenkins F), pp. 171–200. New

York: Academic Press.

Rohlf FJ (1999) Shape statistics: Procrustes superimposition and

tangent spaces. J Classif 16, 197–223.

Rohlf FJ, Marcus L (1993) A revolution in morphometrics. Trends

Ecol Evol 8, 129–132.

Rose MD (1989) New postcranial specimens of Catarrhines from

Middle Miocene Chinji Formation, Pakistan: descriptions and a

discussion of proximal humeral functional morphology in

anthropoids. J Hum Evol 18, 131–162.

Schmitt D (2003) Substrate size and primate forelimb mechanics:

implications for understanding the evolution of primate loco-

motion. Int J Primatol 24, 1023–1036.

Schultz AH (1934) Some distinguishing characters of the moun-

tain gorilla. J Mammal 15, 51–61.

Susman RL, Stern JT, Jungers WL (1984) Arboreality and bipe-

dality in the Hadar hominids. Folia Primatol 43, 113–156.

Susman RL, Stern JT, Jungers WL (1985) Locomotor adaptations

in the Hadar hominids. In: Ancestors: The Hard Evidence. (ed.

Delson E), pp. 184–192. New York: Alan R. Liss.

Tanaka H (1999) Numerical analysis of the proximal humeral

outlines: bilateral shape differences. Am J Hum Biol 11, 343

–357.

Thorpe SKS, Holder RL, Crompton RH (2007) Origin of human

bipedalism as an adaptation for locomotion on flexible

branches. Science 316, 1328–1331.

Turley K, Guthrie EH, Frost SR (2011) Geometric morphometric

analysis of tibial shape and presentation among Catarrhine

taxa. Anat Rec 294, 217–230.

Tuttle RH, Basmajian JV (1978a) Electromyography of Pongid

shoulder muscles II. Deltoid, rhomboid and rotator cuff. Am J

Phys Anthropol 49, 47–56.

Tuttle RH, Basmajian JV (1978b) Electromyography of Pongid

shoulder muscles III. Quadrupedal positional behavior. Am J

Phys Anthropol 49, 57–70.

Vrba ES (1979) A new study of the scapula of Australopithecus

from Sterkfontein. Am J Phys Anthropol 51, 117–130.

Ward CV (1993) Torso morphology and locomotion in Proconsul

nyanzae. Am J Phys Anthropol 92, 291–328.

Ward C (2007) Postcranial and locomotor adaptations of homi-

noids. In: Handbook of Paleoanthropology Part 2. (eds Henke

W, Tattersall I), pp. 1011–1030. Berlin: Springer.

Ward CV, Walker A, Teaford MF, et al. (1993) Partial skeleton of

Proconsul nyanzae from Mfangano Island, Kenya. Am J Phys

Anthropol 90, 77–111.

Wiley DF (2006) Landmark Editor 3.0. IDAV, University of Cali-

fornia, Davis, (http://graphics.idav.ucdavis.edu/research/ Evo-

Morph).

Williams SA (2010) Morphological integration and the evolution

of knuckle-walking. J Hum Evol 58, 432–440.

Zelditch ML, Swiderski DL, Sheets HD, et al. (2004) Geometric

Morphometrics for Biologists: A Primer. New York: Academic

Press.

© 2012 The Authors
Journal of Anatomy © 2012 Anatomical Society

3D GM humeral evolutionary anatomy, J. Arias-Martorell et al. 405

198



2. Arias-Martorell  J,  Potau JM, Bello-
Hellegouarch G, Pérez-Pérez A (2014) Brief 
communication: Developmental versus 
functional three-dimensional geometric 
morphometric-based modularity of the human 
proximal humerus. American Journal of 
Physical Anthropology ,  154:459-465.  

  



Resum 

L'húmer proximal està format per tres centres d'ossificació secundaris durant la 

trajectòria postnatal de l'infant humà. Els centres d'ossificació es converteixen més tard en 

les estructures de la superfície articular, tubercle major, i tubercle menor. Hi ha una 

suposada divisió funcional entre la superfície articular i els tubercles, amb la superfície 

articular èssent la principal responsable del rang de moviment de l'articulació de l'espatlla, i 

els tubercles, on s’hi troben les insercions dels músculs del manegot rotador, es dediquen 

principalment a assegurar l'articulació humeral contra possibles dislocacions. Amb l'ús de 

morfometria geomètrica en tres dimensions, hem testat la presència d'aquestes divisions de 

desenvolupament i funcionals en l'húmer proximal, applicant el coeficient RV d'Escoufier a 

aquests mòduls hipotètiques. Els nostres resultats indiquen que l'húmer proximal podria ser 

una estructura integrada. No obstant això, s’ha trobat un senyal –tot i que feble– per a la 

configuració modular, amb un suport una mica més fort per a la hipòtesi dels dos mòduls, 

que representen els límits entre les regions funcionals de l'epífisi: la superfície articular i els 

tubercles. 

Aquest article s’ha fet en col·laboració entre diversos autors, JAM, JMP, GHB i 

APP participaren en la revisió i discussió de l’article. JAM s’encarregà de dissenyar l’estudi, 

prendre la mostra, analitzar les dades, i escriure l’article. L’article es va publicar en forma de 

nota curta al American Journal of Physical Anthropology a l’Abril de 2014. 
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Brief Communication: Developmental Versus Functional
Three-Dimensional Geometric Morphometric-Based
Modularity of the Human Proximal Humerus

Julia Arias-Martorell, Josep Maria Potau, Ga€elle Bello-Hellegouarch, and Alejandro P�erez-P�erez*

Anthropology Unit, Animal Biology Department, University of Barcelona, 08028 Barcelona, Spain

KEY WORDS covariation; shape analysis; shoulder joint; Homo sapiens

ABSTRACT The proximal humerus is formed by
three secondary ossification centers during the postnatal
trajectory of the human infant. The ossification centers
later grow into the structures of the articular surface,
major tubercle, and minor tubercle. There is a purported
functional division between the articular surface and the
tubercles, with the articular surface mainly responsible
for the range of movement of the shoulder joint, and the
tubercles bearing the insertions of the rotator cuff
muscles, mainly devoted to securing the joint against
humeral displacement. Using three-dimensional geomet-

ric morphometrics, we tested the presence of such devel-
opmental and functional divisions in the proximal
humerus, applying the RV coefficient of Escoufier to
these a priori hypothesized modules. Our results indi-
cate that the proximal humerus might be a generally
integrated structure. However, a weak signal for modu-
lar configuration was present, with slightly stronger
support for the two modules depicting the boundaries
between the purported functional regions of the epiphy-
sis: the articular surface and the tubercles. Am J Phys
Anthropol 154:459–465, 2014. VC 2014 Wiley Periodicals, Inc.

The occurrence of modularity in distinct contexts
(genetic, developmental, and functional) is a major field
of study with larger aims of understanding how struc-
tures are morphologically organized, how they vary, and,
ultimately, how they evolve (Reidl, 1978; Cheverud,
1982, 1984; Wagner, 1996; Klingenberg, 2005, 2009,
2010; Hallgr�ımsson et al., 2009; Klingenberg et al.,
2010). There is an ongoing debate about the roles played
by functional and developmental factors and their inter-
actions in influencing morphological variation (Klingen-
berg, 2005; Hallgr�ımsson et al., 2009; Klingenberg et al.,
2010). One viewpoint is that genetic modularity should
evolve to match developmental and functional modular-
ity (Reidl, 1978; Cheverud, 1982, 1984; Wagner, 1996),
whereas more recent studies highlight development as
the source of all phenotypic variation (Nemeschal, 1999;
Young and Hallgr�ımsson, 2005; Zelditch and Swiderski,
2011). According to the latter viewpoint, for genetic (or
phenotypic) modularity to match functional modularity,
developmental interactions must evolve to match func-
tional interactions. Even though both viewpoints are
consistent with each other, there is debate about the
adaptive status of integration and the relative roles of
development and function (Klingenberg and Zaklan,
2000; Klingenberg et al., 2003; Klingenberg, 2005, 2010;
Hallgr�ımsson et al., 2009).

In terms of modularity, there seems to be incongru-
ence between the developmental units that form the
proximal epiphysis of the human humerus and the func-
tional units into which it is ultimately divided (Klingen-
berg, 2005; Breuker et al., 2006; Klingenberg et al.,
2010). This makes the proximal epiphysis of the human
humerus a suitable case study for analyzing the impact
of development and function on modularity.

The developmental units of the proximal humerus
(i.e., secondary ossification centers of the epiphysis) have
a common histological origin and share the action of par-
ticular transcription factors and signaling molecules dur-

ing their developmental trajectory (Hung et al., 2007;
Shimizu et al., 2007; Pitsillides and Ashhurst, 2008).
This might indicate that the proximal epiphysis is an
integrated—the opposite to modular—structure. How-
ever, the ossification centers do not appear or fuse at the
same time (Testut and Latarjet, 1975; Rouvi�ere and Del-
mas, 2002). The ossification of the proximal epiphysis
occurs in one primary and two accessory centers. The
primary center is located in the articular head and
appears 6–20 months after birth. The two secondary cen-
ters correspond to the formation of the minor and major
tubercles, which appear 1–3 years after birth (Rouvi�ere
and Delmas, 2002). The two tubercles fuse by the bicipi-
tal groove, and the minor tubercle then immediately
fuses with the humeral head. At the age of 5 or 6 years,
the major tubercle fuses with the humeral head as well
(Testut and Latarjet, 1975). This process results in a sin-
gle bone piece, which remains independent from the dia-
physis until an approximate age of 25 or 26 years
(Rouvi�ere and Delmas, 2002).
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From a functional perspective, the resulting structures
of the proximal humerus develop highly differentiated
roles. The articular surface has a purported functional
role related to arm mobility (Rafferty and Ruff, 1994).
Specifically, its external size and shape are closely
related to arm range of movement (Ruff and Runestad,
1992; Larson, 1993; Rafferty and Ruff, 1994). Studies
linking the shape of humeral proximal articulation with
the locomotor functional signal have been mostly con-
ducted in primates, particularly in non-human apes
(Larson, 1993, 1995; Arias-Martorell et al., 2012). Even
though humans do not use the forelimbs to perform loco-
motive tasks, we share the derived aspect of the gleno-
humeral joint with the non-human apes, a trait probably
related to the need for overall increased arm mobility to
perform fast and precise manipulative tasks (Arias-Mar-
torell et al., 2012).

In contrast, the other two remaining structures of the
proximal humerus—the major and minor tubercles—
bear the tendinous insertions of the rotator cuff muscles
(subscapularis, supraspinatus, infraspinatus, and teres
minor), which are primarily dedicated to securing the
joint against dislocation and aiding other more powerful
muscles of external layers in their action (e.g., the deltoid
in overhead postures; Inman et al., 1944; Roberts, 1974;
Larson, 1993, 1995; Potau et al., 2009). The insertions of
the rotator cuff muscles cover the surface of both
tubercles entirely. The shape and size of the tubercles
respond to different properties of the muscles of the rota-
tor cuff, such as their size and activity pattern (Larson,
1995; Arias-Martorell et al., 2012). Humans and non-
human apes have narrower and oval-shaped subscapula-
ris insertions and accordingly shaped minor tubercles,
which correspond to a fast and precise muscle (Larson,
1995). In the major tubercle, the disposition of the three
insertions also determines the size and shape of the
tubercle, which seems to be associated with the diverse
biomechanical stresses (tensile, compressive, or shearing)
operating at the glenohumeral joint (Larson, 1995).

In summary, the modularity of the proximal humerus
could respond to the presence of developmental units or
functional units. Functional modularity would be
expressed as the presence of two modules (i.e., one for
the articular surface and one for the two tubercles),
whereas developmental modularity would be expressed
as the presence of three modules (one for the articular
surface and one for each tubercle).

In light of this developmental and functional mis-
match, the aim of this study was to test the presence of
modular partitions among the structures of the proximal
humerus using a priori hypothesized modules depicting:
(a) the purported functional division between the hum-
eral head and the tubercles (two-module hypothesis),
and (b) the developmental units defined by the ossifica-
tion centers of the epiphysis (three-module hypothesis).

MATERIAL AND METHODS

The sample consisted of 39 humeri obtained from the
Body Donation Service of the Clinic Hospital of Barce-
lona managed by the Anatomy Department of the Medi-
cal School of the University of Barcelona and stored in
the Osteology Collection of the same department. Both
left and right humeri were sampled, and all were from
adults of known age and sex.

The humeri were scanned with a three-dimensional
(3D) Next Engine laser scanner (model 2020i), which is

capable of scanning at a resolution of 0.1 mm space-
point separation with a density of 40k (23) points. The
resulting triangular meshes were imported into the
Landmark Editor software (Wiley, 2006) where the land-
mark points were collected. 3D landmark-based geomet-
ric morphometrics is a method of analysis that uses 3D
coordinates in space (x, y, and z) corresponding to a
series of (preferably) homologous points of a biological
structure as variables to conduct numerical analysis on
the shape (Bookstein et al., 1999; Zelditch et al., 2012).
In this study, we collected a set of 23 3D landmarks that
recorded the shape of the articular surface of the
humerus as well as the shape of its major and minor
tubercles (see Table 1 and Fig. 1). The landmarks were
selected partially based on our previous study (Arias-
Martorell et al., 2012): landmarks L1–L9 correspond to
the articular surface of the proximal humerus; land-
marks L10–L13 to the minor tubercle, outlining the sub-
scapularis insertion; and landmarks L14–L23
correspond to the major tubercle, outlining the main
shape of the tubercle, following the external contour of
the supraspinatus, infraspinatus, and teres minor inser-
tions. L1–L5 served as anchors for sliding the semiland-
marks (L6–L9) using the approach of minimizing the
Procrustes distance. Each landmark slides separately on
lines tangent to the respective curve. Sliding removes
the effect of arbitrary placement by minimizing the posi-
tion of the semilandmarks with respect to the average
shape of the sample (Bookstein, 1997; Gunz et al., 2005;
Adams and Ot�arola-Castillo, 2013; Gunz and Mitter-
oecker, 2013). Semilandmark sliding was computed in
the Geomorph package for geometric morphometric anal-
yses (Adams and Ot�arola-Castillo, 2013) developed for R
(R Development Core Team, 2008).

Data analysis

The general Procrustes analysis was conducted on the
entire set of landmarks (including the two regions under
study) in R (R Development Core Team, 2008). The anal-
ysis registered the coordinates with regard to one
another by rotating, scaling, and translating the land-
mark configurations to minimize the sum of squares dif-
ferences among them (Rohlf, 1999; Zelditch et al., 2012).

RV coefficient modularity analysis. The analysis of
modularity was conducted in MorphoJ (Klingenberg,
2011) using the RV coefficient of Escoufier (Escoufier,
1973; Klingenberg, 2008, 2009) to test whether the data
are consistent with the modules we propose. The RV coef-
ficient and its generalization (multi-set RV coefficient or
RVM; Klingenberg, 2008, 2009) is one of the several geo-
metric morphometric approaches to modularity (see Zel-
ditch et al., 2012 and Klingenberg, 2013 for reviews), and
it is a measure of the strength of the association between
the coordinates of two or more sets of landmarks. The
method measures the between-block relative to within-
block covariance, generating a distribution of RV values
by randomly partitioning the data into the same number
of modules, with the same number of landmarks per mod-
ule as in the hypothesis (Klingenberg, 2009). If the
hypothesis holds, its RV coefficient should be the lowest
value, or at least near the lower extreme of the distribu-
tion of RV values for all the randomly generated parti-
tions (Klingenberg, 2009). One limitation of modularity
analyses in geometric morphometrics stems from the fact
that the covariances among landmarks may be a function
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of the distance between them (Adams et al., 2013). If so,
such constrain would, for instance, render the null model
used in the present study as unreasonable.

In this study, the modules of the proximal humerus
are bound to be spatially adjacent, because of the natu-
ral continuous configuration of the structures involved.
Therefore, we restricted the creation of random modules
for testing spatially contiguous ones (Klingenberg, 2009).
Moreover, we conducted our modularity tests using a
single Procrustes fit, which automatically considers the
information about the connection of the subsets. Thus,
our ascription of landmarks to each of the hypothesized

modules was mutually exclusive, with each landmark
belonging to only one of the designated subsets (Klingen-
berg, 2009).

To test our first hypothesized modules (two-module
hypothesis), we divided the 23 landmarks applied to the
proximal humerus structures into two modules (Fig. 2a),
corresponding to the functional process. This configura-
tion established nine landmarks in the humeral head
and 14 landmarks in the tubercles as a single module.
For the second hypothesized modules (three-module
hypothesis), the landmarks of the proximal epiphysis
were subdivided into three modules (Fig. 2b), including

TABLE 1. Landmark numeration, structure adscription (articular surface and tubercles), landmark type (after Bookstein et al.,
1999; O’Higgins, 2000) and description

Landmark Type Description

Articular surface
1 II Closest point to the bicipital groove on the articular perimeter
2 II Most medial point of the articular perimeter
3 II Intersection point in the articular perimeter between the minor

tubercle and the articular surface in a superior view
4 II Intersection in the articular perimeter between the major

tubercle and the articular surface in a superior view
5 II Maximum point of the curve of the articular surface

in the mediolateral plane
6 SL Middle point between L1 and L3 on the articular perimeter
7 SL Middle point between L2 and L3 on the articular perimeter
8 SL Middle point between L1 and L4 on the articular perimeter
9 SL Middle point between L2 and L4 on the articular perimeter

Tubercles
10 II Distal end of the outline of the subscapularis insertion
11 II Proximal end of the outline of the subscapularis insertion
12 II Lateral point of the outline of the subscapularis insertion
13 II Medial point of the outline of subscapularis insertion
14 II Anterior end of the outline of the supraspinatus insertion
15 II Lateral point of the outline of the supraspinatus insertion
16 II Medial point of the outline of the supraspinatus insertion
17 II Distal end of the outline of the infraspinatus insertion
18 II Proximal end of the outline of the infraspinatus insertion
19 II Lateral point of the outline of the infraspinatus insertion
20 II Medial point of the outline of the infraspinatus insertion
21 II Distal end of the outline of the teres minor insertion
22 II Lateral point of the outline of the teres minor insertion
23 II Medial point of the outline of the teres minor insertion

Fig. 1. Landmark points on the articular surface and tubercles of the humerus: black dots represent the anchor landmarks or
homologs (L1–L5) to which the rest of the landmarks on the perimeter of the articular surface were slid (semilandmarks L6–L9
are represented by the black circles). The gray dots are the landmarks on the tubercles (L10–L23). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

MODULARITY OF THE PROXIMAL HUMERUS 461

American Journal of Physical Anthropology

203

http://wileyonlinelibrary.com


9 landmarks in the humeral head, 10 in the major tuber-
cle, and 4 in the minor tubercle, corresponding to the
developmental process.

Factors correction. Bilateral asymmetry (between
left and right humeri) and sexual dimorphism effects
were removed from the data prior to the analysis by gen-
erating an alternate covariance matrix pooled within
those groups, which was used as a method of correction
by subtracting the differences among group means (Klin-
genberg, 2009).

Allometry is expected to have an integrative influence
on morphology (Klingenberg, 2009); thus, we corrected
its effects on our modules by using the covariance
matrix of the residuals (pooled by sex and side) of the
multivariate regression on centroid size to test the mod-
ularity hypotheses again (Klingenberg, 2009).

RESULTS

Modularity hypotheses

Sex-side corrected analysis. The number of parti-
tions considered in all modular analyses was 100,000. In
total, 1,624 partitions displayed lower RV coefficients
than the RV yielded by the two-module hypothesis (pro-
portion of 0.016; Table 2 and Fig. 3), and 4,589 parti-
tions displayed lower RVM coefficients than the RVM

yielded by the three-module hypothesis (proportion of
0.046).

Allometry-corrected analysis. For the two-module
hypothesis, 4,089 partitions displayed lower RV coeffi-
cients (proportion of 0.041; Table 2 and Fig. 3). For the
three-module hypothesis, 4,892 partitions displayed
lower RVM coefficients (proportion of 0.049).

Fig. 2. (a) Two-module hypothesized partitions showing the landmarks that were ascribed to the first module (black circles;
articular surface, L1–L19) and landmarks belonging to the second module (gray dots; the tubercles, L10–L23). (b) Three-module
hypothesized partitions showing the landmarks belonging to the first module (black circles; articular surface, L1–L9), second mod-
ule (black dots; minor tubercle, L10–L13), and the third module (gray dots; the major tubercle, L14–L23). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

TABLE 2. Results for the two- and three-module hypotheses

Two modules RV No. partitions<RV Proportion Minimum RV
SS corrected 0.386 1,624 0.016 0.325
CS corrected 0.419 4,089 0.041 0.320
Three Modules RVM No. partitions<RVM Proportion Minimum RVM

SS corrected 0.319 4,589 0.046 0.236
CS corrected 0.333 4,892 0.049 0.260

The table provides the RV coefficient for the two-module hypothesis, RVM coefficient for the three-module hypothesis, the number
of partitions with an RV or RVM coefficient lower than that of the respective hypothesis, proportion of the total 100,000 partitions,
and the coefficient for the partition with the minimum RV or RVM detected by the analysis. Results are shown for sex-side cor-
rected (SS corrected), and sex-side plus centroid size corrected (CS corrected) covariance matrices.
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DISCUSSION

For both the two- and three-module hypotheses, all the
observed correlations were in the lower end of their dis-
tributions (Fig. 3), as would be expected for compart-
ments depicting distinct morphological modules.
However, there was little difference between the observed
RV value and most of the RV values for the randomized
partitions (Table 2 and Fig. 3). These narrow ranges of
RV coefficients for the randomized partitions could indi-
cate that the proximal humerus is integrated, the oppo-
site of modular. However, when dealing with modules
tested based on landmark data, several studies have
found a similar pattern, in which the strength of the cova-
riation varies within a fairly narrow range because the
difference between the observed and the arbitrary sub-
sets of landmarks is relatively small (Klingenberg, 2009,
2010; Bruner et al., 2010; Drake and Klingenberg, 2010;
Ivanovič and Kalezič, 2010). In any case, the results of
this study show that a modular configuration in the
human proximal humerus cannot be unequivocally ruled
out, even though the modularity signal seems to be weak.

The results did not vary greatly across tests but for
the two-module hypothesis, which displayed the lowest
number of partitions with less RV coefficient (1,624 par-
titions) when size was not removed, but 4,089 partitions
with less RV when size was subtracted (Table 2 and Fig.

3). Therefore, the results suggest that allometry did not
exert an integrating effect on the sample studied.

The RV coefficients in every test suggest that there is
slightly stronger support for the two-module functional
hypothesis than for the three-module developmental
hypothesis. A possible cause for the functional association
of the tubercles could be their bearing of the insertion sites
of the rotator cuff muscles. In particular, the rotator cuff
muscles of the scapula in humans are capable of neutraliz-
ing the forces of the muscular motors of the scapula with
large lever arms, such as the deltoid, due to the specific
location of their insertions, which is close to the center of
rotation of the glenohumeral joint (Berghs et al., 2011).
Therefore, the stabilizing function depends on the location
of the tubercles with respect to the head and on the posi-
tion and tilt of the facets where the rotator cuff tendons
attach (Berghs et al., 2011). The size and activity patterns
of the musculature inserting on the tubercles may be gen-
erating covariance between the two structures and thus
producing the modular pattern observed (under the pal-
impsest model; Hallgr�ımsson et al., 2009). In this study,
however, we did not test the integration between the two
tubercles, but the possibility of their independence from
the articular surface. Therefore, more accurate analyses
evaluating the degree of integration between these two
structures are required to substantiate this conclusion.

Fig. 3. Histograms showing the results of the evaluation of modularity. The left column shows the results for the two-module
hypothesis for sex-side (sex-side corrected), and sex-side plus centroid size (CS corrected) corrected covariance matrices. The right
column shows the same for the three-module hypothesis. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Regarding the articular surface, the observed modular
trend might be related to the fact that the humeral head
is functionally coupled with the glenoid surface of the
scapula, which, in turn, might promote integration
between these two parts of the joint. Young (2004) found
that modular partitions could be defined in the hominoid
scapula, with the glenoid cavity acting as a single mod-
ule among most hominoid species. The modular signal of
the glenoid surface in hominoids might suggest its func-
tional integration with the humeral head. However, this
hypothesis needs to be further tested in future studies.

Given the equivocal results, the existence of develop-
mental modularity in the proximal humerus needs to be
further assessed by analyzing the covariance structure
of fluctuating asymmetry (Klingenberg and McIntyre,
1998; Klingenberg and Zaklan, 2000; Klingenberg et al.,
2001). Likewise, using partial least squares analysis
(e.g., Rolian et al., 2010) to assess the integration
between the tubercles and between the articular surface
of the humerus and the glenoid surface of the scapula
should provide a clearer picture of how the proximal
humerus is organized in terms of modularity and
integration.
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Ivanovič A, Kalezič ML. 2010. Testing the hypothesis of mor-
phological integration on a skull of a vertebrate with biphasic
life cycle: a case of study of the alpine newt. J Exp Zool 314B:
527–538.

Klingenberg CP. 2005. Developmental constraints, modules, and
evolvability. In: Hallgr�ımsson B, Hall BK, editors. Variation:
a central concept in biology. San Diego: Academic Press. p
213–230.

Klingenberg CP. 2008. Morphological integration and develop-
mental modularity. Annu Rev Ecol Evol Syst 39:115–132.

Klingenberg CP. 2009. Morphometric integration and modular-
ity in configurations of landmarks: tools for evaluating a pri-
ori hypotheses. Evol Dev 11:405–421.

Klingenberg CP. 2010. Evolution and development of shape:
integrating quantitative approaches. Nat Rev Gen 11:
623–635.

Klingenberg CP. 2011. MorphoJ: an integrated software package
for geometric morphometrics. Mol Ecol Resour 11:353–357.

Klingenberg CP. 2013. Cranial integration and modularity:
insights into evolution and development from morphometric
data. Hystrix Ital J Mammal 24:45–58.

Klingenberg CP, Badyaev AV, Sowry SM, Beckwith NJ. 2001.
Inferring developmental modularity from morphological inte-
gration: analysis of individual variation and asymmetry in
bumblebee wings. Am Nat 157:11–23.

Klingenberg CP, Debat V, Roff DA. 2010. Quantitative genetics
of shape in cricket wings: developmental integration in a
functional structure. Evolution 64:2935–2951.

Klingenberg CP, McIntyre GS. 1998. Geometric morphometrics
of developmental instability: analyzing patterns of fluctuating
asymmetry with Procrustes methods. Evolution 52:
1363–1375.

Klingenberg CP, Mebus K, Auffray JC. 2003. Developmental
integration in a complex morphological structure: how dis-
tinct are the modules in the mouse mandible? Evol Dev 5:
522–531.

Klingenberg CP, Zaklan SD. 2000. Morphological integration
between developmental compartments in the Drosophila
wing. Evolution 54:1273–1285.

Larson SG. 1993. Functional morphology of the shoulder in pri-
mates. In: Gebo DL, editor. Postcranial adaptation in nonhu-
man primates. DeKalb: Northern Illinois University Press. p
45–69.

Larson SG. 1995. New characters for the functional interpreta-
tion of primate scapulae and proximal humeri. Am J Phys
Anthropol 98:13–35.

Nemeschal HL. 1999. Morphometric correlation patterns in
adult birds (Fringillidae: Passeriformes and Columbiformes)
mirror the expression of developmental control genes. Evolu-
tion 53:899–918.

O’Higgins P. 2000. The study of morphological variation in the
hominid fossil record: biology, landmarks and geometry. J
Anat 197:103–120.

464 J. ARIAS-MARTORELL ET AL.

American Journal of Physical Anthropology

206



Pitsillides AA, Ashhurst DE. 2008. A critical evaluation of spe-
cific aspects of joint development. Dev Dynam 237:2284–2294.

Potau JM, Bardina X, Ciurana N, Camprub�ı D, Pastor JF, de
Paz F, Barbosa M. 2009. Quantitative analysis of the deltoid
and rotator cuff muscles in humans and great apes. Int J Pri-
matol 30:697–708.

R Development Core Team. 2008. R: a language environment
for statistical computing. Vienna, Austria: R Foundation for
Statistical Computing. Available at: http://www.R-project.org.

Rafferty KL, Ruff CB. 1994. Articular structure and function in
Hylobates, Colobus and Papio. Am J Phys Anthropol 94:395–
408.

Reidl R. 1978. Order in living organisms. New York: Wiley.
Roberts D. 1974. Structure and function of the primate scapula.
In: Jenkins F, editor. Primate locomotion. New York: Aca-
demic Press. p 171–200.

Rohlf FJ. 1999. Shape statistics: procrustes superimposition
and tangent spaces. J Classif 16:197–223.

Rolian C, Lieberman DE, Hallgr�ımsson B. 2010. The co-
evolution of human hands and feet. Evolution 64:1558–1568.

Rouvi�ere H, Delmas A. 2002. Anatomie humaine descriptive,
topographique et fonctionnelle. Tome 3: Membres. Paris:
Masson.

Ruff CB, Runestad JA. 1992. Primate limb bone structural
adaptations. Annu Rev Anthropol 21:407–433.

Shimizu H, Yokohama S, Asahara H. 2007. Growth and differ-
entiation of the developing limb bud from the perspective of
chondrogenesis. Develop Growth Differ 49:449–454.

Testut L, Latarjet A. 1975. Tratado de anatom�ıa humana. Tomo
I: Osteolog�ıa, artolog�ıa y miolog�ıa. Barcelona: Salvat.

Wagner GP. 1996. Homologues, natural kinds and the evolution
of modularity. Am Zool 36:36–43.

Wiley DF. 2006. Landmark editor. Davis: University of
California.

Young NM. 2004. Modularity and integration in the hominoid
scapula. J Exp Zool B Mol Dev Ecol 302:226–240.

Young NM, Hallgr�ımsson B. 2005. Serial homology and the evo-
lution of mammalian limb covariation structure. Evolution
59:2691–2704.

Zelditch ML, Swiderski DL. 2011. Epigenetic interaction: the
developmental route to functional integration. In: Hallgr�ıms-
son B, Hall BK, editors. Epigenetics: linking genotype and
phenotype in development and evolution. Berkeley: Univer-
sity of California Press. p 290–316.

Zelditch ML, Swiderski DL, Sheets HD. 2012. Geometric mor-
phometrics for biologists: a primer. Amsterdam: Elsevier.

MODULARITY OF THE PROXIMAL HUMERUS 465

American Journal of Physical Anthropology

207

http://www.R-project.org


	   	  

 



3. Arias-Martorell  J,  Tallman M, Potau JM, 
Bello-Hellegouarch G, Pérez-Pérez A (2014) 
Shape analysis of the proximal humerus in 
orthograde and semi-orthograde primates: 
correlates of suspensory behavior. American 
Journal of Primatology .  DOI: 
10.1002/ajp.22306. 



Resum 

"Locomoció suspensora" és una expressió que abasta una sèrie de formes 

especialitzades de locomoció que els primats ortògrads utilitzen per desplaçar-se per sota les 

branques. Aquest tipus de locomoció implica una sèrie de característiques per tot el cos 

associades amb l'ús de l'extremitat anterior en posicions d’elevació de la mà per sobre el 

nivell de l’espatlla. L'articulació glenohumeral és una de les principals articulacions 

implicades en la locomoció suspensora eficaç, sent objecte d'un delicat equilibri entre un alt 

grau de mobilitat i l'estabilització necessària per a endegar amb èxit comportaments de 

suspensió. Aquí presentem un estudi de morfometria geomètrica 3D que explora la forma 

de l'húmer proximal de sis gèneres ortògrads i semi-ortògrads (Hylobates, Pongo, Pan, 

Gorilla, Ateles i Lagothrix) i un gènere pronògrad, Colobus, per determinar en quina mesura 

els requisits de cara a la suspensió de l'aparell locomotor estan dirigint l’adquisició de la 

forma d'aquesta epífisi. Els resultats mostren la presència d'una mofoclina relacionada amb 

el grau de suspensió en la forma de la superfície articular, amb taxons que usen la supsensió 

en un alt grau (és a dir, Hylobates) presentant trets morfològics particulars a la superfície 

articular que proporcionen un major rang de circumducció. La col·locació i l'orientació de 

les facetes d'inserció dels músculs del manegot rotatori als tubercles apareixen associats amb 

les forces diverses que operen en l'articulació durant l’ús de quadrupedia o durant l’elevació 

de la mà per sobre del nivell de l’espatlla. 

Aquest article s’ha fet en col·laboració entre diversos autors, JAM, MT, JMP, GHB 

i APP participaren en el disseny de l’estudi i en la revisió i discussió de l’article. JAM 

s’encarregà de prendre la mostra, analitzar les dades, i escriptura de l’article. L’article va ser 

publicat a l’American Journal of Primatology al Setembre de 2014. 
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Shape Analysis of the Proximal Humerus in Orthograde and Semi‐Orthograde
Primates: Correlates of Suspensory Behavior

JULIA ARIAS‐MARTORELL1, MELISSA TALLMAN2, JOSEP MARIA POTAU3, GAËLLE BELLO‐HELLEGOUARCH1,
AND ALEJANDRO PÉREZ‐PÉREZ1*
1Anthropology Unit, Animal Biology Department, University of Barcelona, Barcelona, Spain
2Department of Biomedical Sciences, Grand Valley State University, Allendale, Michigan
3Unit of Human Anatomy and Embryology, University of Barcelona, Barcelona, Spain

“Suspensory locomotion” is an expression that encompasses a series of specialized forms of locomotion
that mainly orthograde primates use to achieve below‐branch traveling. It implies a number of features
in the entire body associatedwith the use of the forelimb in overhead positions. The glenohumeral joint is
one of the main joints involved in effective suspensory locomotion, being subject to a delicate balance
between the high degree of mobility and stabilization needed to successfully engage in suspensory
behaviors. Here, we present a 3D geometric morphometric study that explores the form of the proximal
humerus of six orthograde and semi‐orthograde genera (Hylobates, Pongo, Pan, Gorilla, Ateles, and
Lagothrix) and a pronograde genus, Colobus, to determine to what extent suspensory locomotor
requirements are driving the shape of this epiphysis. Results show the presence of amorphocline related
to degree of suspension in the shape of the articular surface, with highly suspensory taxa (i.e.,Hylobates)
exhibiting particular morphological traits at the articular surface that provide a greater range of
circumduction. The placement and orientation of the rotator cuffmuscles’ insertion sites on the tubercles
appear associated with the divergent forces operating at the joint in quadrupedal or above‐head use of
the hand. Am. J. Primatol. © 2014 Wiley Periodicals, Inc.

Key words: forelimbs under tension; geometric morphometrics; comparative anatomy;
brachiation percentage; shoulder girdle

INTRODUCTION

Suspension includes a number of associated
forms of below‐branch traveling [Hunt et al., 1996].
Brachiation is the most extreme form of suspensory
locomotion and can be defined as the bimanual
sequence of rhythmic movements for traveling along
elevated structures without the aid of either the hind
limbs or the tail [Bertram, 2004; Cheyne, 2011]. It can
be subdivided into two different forms [Carpenter,
1976; Cheyne, 2011; Fleagle, 1974, 1976; Hunt
et al., 1996; Tuttle, 1968, 1972]: continuous contact
brachiation, where the primate moves exchanging
handholds and always has contact with the supports,
and ricochetal brachiation, where the animal propels
its body through the air, including a contact‐loss
phase with the support [Carpenter, 1976; Cheyne,
2011; Fleagle, 1974; Hunt et al., 1996; Preuschoft &
Demes, 1984]. Of all suspensory primates, Hylobates
is the only group that truly engages in brachiation as
primary form for traveling (50–80% of the time
[Fleagle, 1974, 1976; Hunt, 1991a; Michilsens, 2012;
Michilsens et al., 2009, 2010]) and the only one to
substantially perform ricochetal brachiation
[Bertram, 2004; Cheyne, 2011]. Adapting to this

rather specialized form of locomotion has provided
Hylobates with distinct skeletal features [Preuschoft
& Demes, 1984, 1985], including a true ball‐and‐
socket joint allowing a 180° of rotation at the wrist
[Schmidt, 2010], elongated forelimbs with respect to
body mass (BM) with powerful flexor muscles
[Michilsens, 2012; Michilsens et al., 2009, 2010;
Preuschoft, 2002], and highly flexible forelimb joints,
which engage in major rotational forces [Carpenter,
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1976; Larson, 1988, 1993; Michilsens, 2012; Michi-
lsens et al., 2011; Preuschoft & Demes, 1984, 1985].
Also, Larson [1988] reported gibbons to have a lesser
degree of humeral torsion as compared to chimpan-
zees and humans, suggesting this morphology to be a
compromise between the repositioning of the scapula
and the position of the elbow during brachiation.

Other suspensory primates, often also regarded
as brachiators [e.g., Cant et al., 2003; Jenkins
et al., 1978], actually engage in adapted forms of it
[Cheyne, 2011]. The suspensory platyrrhines (Ateles,
Brachyteles, and Lagothrix) use their prehensile tails
as a fifth limb during traveling [Hunt et al., 1996;
Youlatos, 2008], and rarely, if ever, engage in
ricochetal brachiation (�1% of use in Ateles and un‐
reported in Lagothrix [Cant et al., 2003]). Of these
three forelimb‐dominated locomotor species, Ateles
employs tail‐assisted full‐stride brachiation as its
primary form for traveling (23% of the time [Cant
et al., 2001; Kagaya, 2007]), which mechanically
performs as an inverse double pendulum with a bend
point at the middle of the tail, raising the center of
mass of the animal and increasing the contact phase
of the tail with the substrate [Cant et al., 2001, 2003;
Kagaya, 2007; Martin, 2003]. The muriqui, Brachy-
teles, exhibits morphological characteristics related
to agile tail‐assisted forelimb suspension that bring
this group morphologically closer to Ateles than to
Lagothrix, to whom it is more closely related
phylogenetically [Youlatos, 1996, 2008]. Lagothrix
exhibits a variety of locomotor behaviors combining
pronograde progression, forelimb swing and tail‐
assisted non‐consecutive (half‐stride) brachiation
(which composes 11% of its locomotor repertoire
[Cant et al., 2001; Kagaya, 2007]).

Pongo is the largest of the arboreal extant
primates [Thorpe & Crompton, 2006; Thorpe et al.,
2009]. Cant [1992] described female orangutans as
using mainly orthograde clambering and vertical
climbing of single supports. However, Thorpe &
Crompton [2006] and Thorpe et al. [2009] reported a
broader locomotor repertoire including all forms of
suspension (about a 13% of the time spent in
traveling by brachiation [Crompton et al., 2010])
and pronograde‐like progression in all levels of the
canopy. Pongo also shows a number of derived
skeletal features related to its suspensory behaviors,
such as considerably curved phalanges, which is a
consequence of their length in combination with
heavy loads applied in flexed postures (at a functional
level [Bock & von Wahlert, 1965]). Such morphologi-
cal trait has a biological role as to allowing the large‐
bodied orangutans to securely grasp slender vertical
supports [Almécija et al., 2007; Bock & von Wahlert,
1965].

Pan and Gorilla primarily engage knuckle‐
walking, a unique form of terrestrial quadrupedal
locomotion. However, both Pan and Gorilla occasion-
ally display suspensory behaviors [Hunt, 1991a].

Crompton et al. [2010] report that mountain gorillas
(Gorilla beringei) perform brachiation 0.1% of the
time, lowland gorillas (Gorilla gorilla) 3.6%, and
common chimpanzees (Pan troglodytes) 0.8% of the
time. Male, adult gorillas seldom climb into trees due
to their massive weights, but both genera have been
reported to present suspensory adapted features all
over the postcranial skeleton, particularly striking in
the shoulder girdle even though neither Pan or
Gorilla are primarily suspensory or arboreal taxa
[Arias‐Martorell et al., 2012; Larson, 1988; Larson &
Stern, 1987].

Colobus is a genus that includes at least five
species of pronograde, arboreal quadrupeds. Their
primary form of locomotion consists of quadrupedal
galloping, bounding, and leaping [Gebo & Chapman,
1995; Mittermeier & Fleagle, 1976; Morbeck, 1977,
1979; Rose, 1974, 1979]. Its morphological character-
istics are those of a committed arboreal quadruped,
with restricted mobility at the shoulder when the arm
is in extended position but with a fair range of motion
when flexed [Larson, 1993; Rose, 1989]. Colobus were
traditionally included in the morphological sub‐cate-
gory of semi‐brachiators [Napier & Napier, 1967];
however, their primary form of locomotion is quadru-
pedal progression in themiddle and upper levels of the
canopy [Gebo & Chapman, 1995; Mittermeier &
Fleagle, 1976; Rose, 1974, 1979] and so their inclusion
in this category has been contested [Mittermeier &
Fleagle, 1976]. Also, Mittermeier & Fleagle [1976] and
Gebo&Chapman [1995] explicitly report that nouse of
brachiation was observed for traveling in Colobus
(specifically in Colobus guereza and Procolobus (Pilio-
colobus) badius [Gebo & Chapman, 1995; Groves,
2007; Ting, 2008a,b]). However, there are other genera
in the Colobinae that use broader levels of the canopy
and overhead arm postures [McGraw, 1998; Stern &
Goldstone, 2005], especially Pygathrix nemaeus which
performs a substantial amount of suspensory behav-
iors [Byron & Covert, 2004].

Morphological differences between orthograde
(upright posture; wide and shallow thorax) and
pronograde (quadrupedal posture; deep and narrow
thorax) primates are easily observed in the shoulder
girdle [e.g., Ashton & Oxnard, 1963; Inman et al.,
1944; Larson, 1993; Schultz, 1930; Young, 2008], and
are particularly striking on the humerus. The
proximal humerus of pronograde monkeys is flat-
tened in its cranial aspect, and is narrowand elongate
overall with protruding tubercles above the humeral
head. These are features that restrict mobility at the
glenohumeral joint because of the lateral position of
the scapula on the narrow thorax [Larson, 1988,
1993, 1995; Preuschoft et al., 2010; Rose, 1989].
Orthograde primates have large, globular articular
surfaces, with tubercles lying well below the superior
most aspect of the humeral head, thus enhancing
mobility at the shoulder joint [Harrison, 1989;
Larson, 1993, 1995; Rose, 1989].
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The rotator cuff muscles insert in the minor
(subscapularis) and the major (supraspinatus, infra-
spinatus, and teres minor) tubercles of the humerus
and their activity patterns in primates have been
thoroughly investigated with electromyographical
data (EMG) [e.g., Larson and Stern, 1986, 1987;
Tuttle &Basmajian, 1978] showing awide variability
and variety of recruiting patterns during both
quadrupedal and overhead postures. Preuschoft
[1973] investigated the mechanics of the limb of the
chimpanzee and Preuschoft et al. [2010] further
assessed the mechanics of the shoulder girdle of
hominoids using morphological features of the
scapula, the clavicle, and the humerus. Their results
supported previous EMG studies, and found that the
morphology of the shoulder girdle was related to force
flow, size, and direction, which corresponded to
various locomotor behaviors [Preuschoft, 1973,
2004; Preuschoft et al., 2010].

Using three‐dimensional geometric morphomet-
rics, a powerful shape analysis tool, we aimed to: first,
discover which aspects of proximal humeral shape
are positively correlated with increasing suspensory
behaviors; second, determine if there are particular
anatomical structures that are correlated with a
differential use of brachiation in terms of amount of
time; and third, determine whether any morphologi-
cal traits correlated with suspensory locomotion
converge in phylogenetically distant lineages. We
also tested other independent factors that could
influence the shape of the joint, such as substrate
preference, BM, bone size, and phylogeny [Turley
et al., 2011].

METHODS

This research was approved by the Institutional
Animal Care and Use Committee of the University of
Barcelona, met the animal research requirements of
Spain, and adhered to the American Society of
Primatologists Principles for the Ethical Treatment
of Nonhuman Primates.

In this study, 113 primates in 7 different genera
were analyzed: 15 Gorilla, 17 Pan, 20 Pongo, 20
Hylobates, 9 Ateles, 18 Lagothrix, and 14 Colobus
(Table I). The two Ateline genera were included for
their usage of suspensor locomotor modes (particu-
larly brachiation) and because they are useful to
evaluate the direct influence of selective pressures
and mechanical factors on shape as stated by Wolff’s
law and Pauwels’ causal morphogenesis [Pauwels,
1960; Wolff, 1986]. Also, in this study, colobines have
been used as an outgroup to the other taxa, as
representative of the shape of a non‐suspensor and
non‐orthograde primate. Also, the colobines mainly
share substrate use with Hylobates [Mittermeier &
Fleagle, 1976], which makes them interesting for
exploring the role of biological constraints on articu-
lar morphology.

The primates were sampled at the American
Museum of Natural History (AMNH, New York,
USA) and at theAnthropological Institute&Museum
of Zurich University (UZH, Zurich, Switzerland)
(Table I), and were all wild‐shot specimens. Well
preserved adults were chosen based on the museum
records or determined by full fusion of the epiphyses
of the long bones. Right humeri were preferred for
sampling but left humeri were selected when the
right onewasmissing or damaged, and thenmirrored
during the scanned image editing process.

The sampling methodology consisted of laser
scanning humeri with a portable laser scanner Next
Engine (2020i model, Next Engine, 401 Wilshire
Blvd., SantaMonica, CA,USA) capable of scanning at
a resolution of 0.00500 space‐point separation with a
density of 40k (2�) points. The triangle meshes were
edited and then brought into Landmark Editor
(Wiley, 2005, http://graphics.idav.ucdavis.edu/re-
search/EvoMorph) in order to collect the landmarks.
Three‐dimensional landmark‐based geometric mor-
phometrics is a method of analysis that uses three‐
dimensional (x, y, z) coordinates to define a series of
(preferably) homologous points on a biological struc-
ture. These coordinates are then used as variables
(after some processing; see below) to conduct numeri-
cal analysis on shape [Bookstein et al., 1999; Zelditch
et al., 2004].

The landmarks in this study were designed to
capture the morphology of the proximal humeral
epiphysis. The landmarks used in this study have
been partially based on a previous work by the
authors ([Arias‐Martorell et al., 2012]; Fig. 1,
Table II); however, they have been increased in
number and modified, applying grids and single‐
point landmarks, to capture more specifically the
shape of the overall proximal epiphysis, including its
two main structures: the articular surface and the
insertions of the rotator cuffmuscles on themajor and
minor tubercle. The total number of landmarks was
41 (Fig. 1, Table II), where the first 25 landmarks
corresponded to the articular surface (Fig. 1a,
Table II) and were applied in form of a 25‐point
grid in which the first 9 landmarks were placed
manually and the rest of points were automatically
spaced at equal distances from the original points.
The first five landmarks (type II landmarks L1 to L5,
Fig. 1a, Table II) then served as anchor to the rest of
the points (type III landmarks L6 to L9 and semi‐
landmarks L10 to L25, Fig. 1a, Table II), which were
slid along a tangent to the curve during superimposi-
tion to their most analogous positions by minimizing
the Procrustes distances between the reference and
target specimen [Adams & Otárola‐Castillo, 2013;
Bookstein, 1997; Gunz et al., 2005; Rohlf &
Slice, 1990] using the Geomorph package [Adams &
Otárola‐Castillo, 2013] within the R software (R
Development Core Team, 2008, http://www.R‐project.
org, 2008). The increased number of landmarks on
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this structure with respect to our previous analysis
[Arias‐Martorell et al., 2012] arises from the necessi-
ty of carefully characterizing both the overall contour
of the articular surface as well as its perimeter. It has
been argued that are small changes within this
structure provide suspensory primates with their
characteristic shoulder joint mobility for overhead
postural and locomotor behaviors [Larson, 1993;
Rose, 1989]. The rest of the landmarks (type II
landmarks, L26 to L41) were designed to outline the
insertion sites of the rotator cuff on the tubercles. L26
to L29 correspond to the subscapularis insertion on
the minor tubercle and L30 to L41 correspond to the
three insertions on themajor tubercle (supraspinatus
(L30 to L33), infraspinatus (L34 to L37), and teres
minor (L38 to L41), Fig. 1b, Table II).

The Independent Factors
A variety of factors are laid out in Table I, which

have in common their independence from each other.

Centroid size, which is the square root of the sum of
squared distances between all of the landmarks in a
configuration and its centroid [Bookstein, 1991], was
used as a proxy for bone size. The centroid sizemeans
formales and females for each genus are also detailed
in Table I. Average BMwas extracted from the tables
provided by the work of Smith & Jungers [1997],
given the impossibility of knowing the actual BM of
each individual (Table I). The weight was assigned
according to the sex and species of the individuals.
There were some specimens for which no information
on the sex was available in the museum’s records. In
order to assign a BM to those individuals, two criteria
were followed: for the species that show low or no
sexual dimorphism (Hylobates,Ateles, andLagothrix)
the mean of male and female weight was assumed as
BM for the un‐sexed individual; for species with
marked sexual dimorphism (Gorilla, Pan, Pongo, and
Colobus) a discriminant analysis with a posteriori
classification of two linear measurements of the
humeral head (antero‐posterior and medio‐lateral

TABLE I. Individuals Sampled for This Study ByGenus, Species, Sex, theMean Centroid Size per Genus, theMean
Body Mass (BM) for Males/Females per Genus, Substrate Preferences (SP) for Males/Females per Genus,
Brachiation Percentage (BD) per Genus and the Museum Provenance of the Sample per Genus

Genus Species N M F UND
Mean centroid
size (CS), M/F

Body mass
(BM), M/F

Substrate
preferencea

(SP) (0–10), M/F

Brachiation
percentageb

(BD) Museum(s)

Hylobates 20 65.94/59.24 0.1/0.1 80%c AMNH
Hylobates hoolock 1 4 2 6.87/6.88
Hylobates concolor 2 1 0 7.79/7.62
Hylobates agilis 1 3 0 5.88/5.82
Hylobates syndactylus 2 2 0 11.90/10.70
Hylobates moloch 0 1 0 6.58/6.25
Hylobates sp. 0 0 1

Pongo 20 156.51/123.84 6/0.2 13%d AMNH/UZH
Pongo pygmaeus 8 10 0 78.50/35.80
Pongo abelii 0 2 0

Pan 17 0 134.29/124.77 4/3 0.8%e AMNH
Pan troglodytes troglodytes 6 3 0 59.70/45.80
Pan troglodytes schweinfurtii 7 1 0 42.70/33.70

Gorilla Gorilla gorilla 15 10 5 0 200.44/159.90 170.40/71.50 6/4 3.6%f AMNH
Ateles 9 66.53/59.64 0.1/0.1 23%g AMNH/UZH

Ateles belzebuth 1 0 0 8.29/7.85
Ateles geoffroyi 2 3 1 7.78/7.29
Ateles paniscus 0 1 0 9.11/8.44
Ateles fusciceps 0 1 0 8.89/9.16

Lagothrix 18 57.85/56.46 7.28/7.02 0.1/01 11%h AMNH/UZH
Lagothrix lagothrica 6 8 1
Lagothrix sp. 1 0 2

Colobus 14 58.55/61.75 0.1/0.1 0%i AMNH/UZH
Colobus guereza 6 2 0 13.5/9.2
Colobus angolensis 3 1 0 9.68/7.57
Colobus verus 1 0 0
Colobus satanas 1 0 0

aSubstrate references extracted from Turley et al. [2011].
bPercent of time each genus spends performing brachiation during traveling.
cBased on Andrews & Groves [1976], Carpenter [1976], Michilsens et al. [2009, 2010].
dCrompton et al. [2010], Sujardito & van Hoof [1986], Thorpe & Crompton [2006].
eCrompton et al. [2010], after Doran [1996], Hunt [2004], Remis [1995], Tuttle & Watts [1985].
fLowland gorilla data: Crompton et al. [2010], after Doran [1996], Hunt [2004], Remis [1995], Tuttle & Watts [1985]. The mountain gorilla spends a more
significant amount of time in brachiation: 3.6% [Crompton et al., 2010].
gCant et al. [2001], Kagaya [2007].
hCant et al. [2001], Kagaya [2007].
iGebo & Chapman [1995], Mittermeier & Fleagle [1976], Rose [1974, 1979].
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breadths) of the unassigned individuals was per-
formed in SPSS v.15 (SPSS Corp., IBM, Chicago, IL).
We lacked such information for one Gorilla, two
Colobus, and two Pongo. The unknown Gorilla
classified as male (Discriminant Analysis, Wilk’s
l¼ 0.74; df¼ 2; P< 0.001; 94% of correct classifica-
tion after cross‐validation), the twoColobus classified
as male (Discriminant Analysis, Wilk’s l¼ 0.974;
df¼ 2; P¼ 0.888; 57% of correct classification after
cross‐validation), and the two Pongo classified as
female (Discriminant Analysis, Wilk’s l¼ 0.100;
df¼ 4; P< 0.001; 85% of correct classification after
cross‐validation). Substrate preferences were based
on the work of Turley et al. [2011], where the authors
were able to significantly account for shape differ-
ences based on ametric variable describing substrate
preferences among several groups of catarrhine taxa
(Table I). The variable brachiation percentage used in
this study has been compiled from observations from
a variety of works (noted in Table I) and accounts for
the total time of brachiation in each genus during
traveling (Table I).

Multivariate Data Analysis

The set of analyses described below was per-
formed three times: first, on the entire set of
landmarks depicting the whole proximal epiphysis
(no. of landmarks¼ 41); second, on the articular
surface subset (no. of landmarks¼ 25); and third, on
the tubercle subset (no. of landmarks¼ 16). By
analyzing the subsets separately, we tested whether

or not the two structures of the proximal epiphysis of
the humerus would respond to different constraints
as a result of a functional differentiation [Arias‐
Martorell et al., 2014]. P‐values less than or equal to
0.05 (two‐tailed test) were considered significant in
all the analyses.

A generalized Procrustes analysis was applied to
each landmark subset independently using the R
software (R Development Core Team, 2008, http://
www.R‐project.org, 2008). In a generalized Procrus-
tes analysis, the raw coordinates are registered to one
another by rotating, scaling, and translating the
landmark configurations to minimize the sum of
squares differences among them [Rohlf, 1999; Zel-
ditch et al., 2004]. The registered coordinates were
imported intoMorphoJ (v. 1.06a) [Klingenberg, 2011]
and a principal components analysis was used to
ordinate the Procrustes aligned coordinates of each
subset, reducing themultidimensional data to a set of
eigenvectors according to the accumulation of maxi-
mum variability criteria in each vector. Then, the
distribution of the sample was explored by plotting
the first against the second principal component for
each subset. The extreme shapes of the two first
principal component axes for each subset were
extracted and warped to a Lagothrix model mesh
using Landmark Editor (as in every subsequent
warping; Wiley, 2005, http://graphics.idav.ucdavis.
edu/research/EvoMorph) and have been thoroughly
described in the following section of the principal
component analysis results (Fig. 2). A two‐tailed
permutation test of 10,000 replicates was performed

Fig. 1. Location of the defined landmarks (type II landmarks are represented by black dots and black numbers; type III landmarks are
represented by black circles and black numbers; and the semi‐landmarks are represented by black circles and red numbers, Table II) in (a)
the articular surface in superior, posterior, anterior, and full articular views, respectively; and (b) the tubercles in anterior, posterior, and
superior views, respectively, also showing the reference orientation used for the description and discussion of the shape changes in the
analyses.
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using both Procrustes and Mahalanobis distances
to test for significant differences among the genera
and family mean principal component scores
[Klingenberg, 2011].

In order to test for a phylogenetic signal in these
data, shape of the proximal humerus was mapped
onto a phylogenetic tree using branch lengths
extracted from Perelman et al. [2011] in MorphoJ
(v. 1.06a) [Klingenberg, 2011; Klingenberg &
Gidaszewski, 2010]. Landmark configurations repre-

senting hypothetical taxonomic units (the nodes in
the tree) were computed using squared‐change
parsimony [Maddison, 1991]. A two‐tailed permuta-
tion test of 10,000 replicates was performed to
determine if shape changes were significantly corre-
lated with phylogeny in these groups. In addition, the
phylogenetic tree and hypothetical taxonomic units
were mapped onto a principal component analysis of
the extant mean shapes, creating a phylomorpho-
space in which homoplasy is evident where branches

TABLE II. Landmark Numeration by Subset (Articular Surface and Tubercles), Type (I, II, III and Semi‐
Landmarks) After Bookstein et al. [1999], Gunz et al. [2005], and O’Higgins [2000]; and Description

Landmark Type Description

Articular surface
1 II Closest point to the bicipital groove on the articular perimeter
2 II Maximum curvature point of the articular perimeter on the medial aspect
3 II Intersection point in the articular perimeter between the minor tubercle and the articular surface

in a superior view
4 II Intersection in the articular perimeter between the major tubercle and the articular surface in a

superior view
5 II Maximum point of curvature of the articular surface in the medio‐lateral plane
6 III Middle point between L1 and L3 on the articular perimeter
7 III Middle point between L2 and L3 on the articular perimeter
8 III Middle point between L1 and L4 on the articular perimeter
9 III Middle point between L2 and L4 on the articular perimeter
10 SL Middle point between L1 and L6 on the articular perimeter
11 SL Middle point between L3 and L6 on the articular perimeter
12 SL Middle point between L3 and L7 on the articular perimeter
13 SL Middle point between L2 and L7 on the articular perimeter
14 SL Middle point between L1 and L8 on the articular perimeter
15 SL Middle point between L4 and L8 on the articular perimeter
16 SL Middle point between L4 and L9 on the articular perimeter
17 SL Middle point between L2 and L9 on the articular perimeter
18 SL Middle point between L1 and L5 on the articular surface
19 SL Middle point between L2 and L5 on the articular surface
20 SL Middle point between L11 and L18 on the articular surface
21 SL Middle point between L3 and L5 on the articular surface
22 SL Middle point between L12 and L19 on the articular surface
23 SL Middle point between L15 and L18 on the articular surface
24 SL Middle point between L4 and L5 on the articular surface
25 SL Middle point between L16 and L19 on the articular surface

Tubercles
26 II Distal end of the outline of the subscapularis insertion
27 II Proximal end of the outline of the subscapularis insertion
28 II Lateral point of the outline of the subscapularis insertion
29 II Medial point of the outline of subscapularis insertion
30 II Anterior end of the outline of the supraspinous insertion
31 II Posterior end of the outline of the supraspinous insertion
32 II Lateral point of the outline of the supraspinous insertion
33 II Medial point of the outline of the supraspinatus insertion
34 II Distal end of the outline of the infraspinatus insertion
35 II Proximal end of the outline of the infraspinatus insertion
36 II Lateral point of the outline of the infraspinatus insertion
37 II Medial point of the outline of the infraspinatus insertion
38 II Distal end of the outline of the teres minor insertion
39 II Proximal end of the outline of the teres minor insertion
40 II Lateral point of the outline of the teres minor insertion
41 II Medial point of the outline of the teres minor insertion
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from phylogenetically distant taxa overlap [Rohlf,
2002; Sidlauskas, 2008].

Finally, multivariate linear regressions were
used to evaluate the correspondences between the
above‐mentioned factors (Table I, within‐humerus
size, BM, substrate preferences, and brachiation
percentage [Frost et al., 2003; Turley et al., 2011],

discussed below) and the Procrustes coordinates.
Performing a multivariate linear regression of the
Procrustes coordinates onto a particular independent
variable allows for the extraction of the exact shape
component related to that particular external factor
[Adams & Nistri, 2010; Drake & Klingenberg, 2008;
Turley et al., 2011]. The regressions were pooled by
sex in order to eliminate any effects due to sexual
dimorphism [Turley et al., 2011]. We performed the
regressions on the Procrustes coordinates separately
for each factor on each subset to assess the amount of
variance explained by each factor. There were seven
un‐sexed individuals (corresponding to the non‐
dimorphic species, see above) throughout the sample
(Table I), which were removed for these analyses
(N¼ 106). The regressions were also repeated by
pooling by family in order to see the shape changes
that were common to all three families; however, the
results were not appreciably different from previous
analyses and are thus not presented here.

Shape differences (articular surface plus tu-
bercles) at the most extreme points of the regressions
for the external factors (centroid size, BM, substrate
preferences (Fig. 4a,b) and brachiation percentage
(Fig. 5a,b)) were extracted and warped to a model
mesh to allow for visual aid throughout the discus-
sion about form and function correlates.

Finally, themean shapes of each genus (articular
surface plus tubercles) were also extracted and
warped onto a model humerus, in order to highlight
the shape of each taxon involved in this study (Fig. 6).

RESULTS

Principal Components Analysis
Overall epiphysis

The principal components analysis (Fig. 2a)
yielded 112 principal components (Table III). The

Fig. 2. Principal component 1 (PC1) versus principal component
2 (PC2) scatterplots showing the distribution of groups in the
sample and the shape changes in each end of each axis for (a) the
overall epiphysis, (b) the articular surface, and (c) the tubercles
subset.

Fig. 3. Principal component 1 (PC1) versus principal component
2 (PC2) scatterplot of the mean shape of each genera of the study
(including all species) with the phylogenetic tree projected onto
the morphospace. The morphological convergence of Ateles and
Pongo is evident by the proximity of their means (highlighted in
red).
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scatterplot of principal component 1 (PC1) against
principal component 2 (PC2) showed a distribution of
groups for PC1 (32.94% of the variance, Table III)
with Colobus, Lagothrix (on the negative side of the

axis) and Ateles (positive side) are aligned, showing
some overlap but clearly separated. Ateles consis-
tently overlapped with the hominoids at the positive
side of the axis. The distribution of shapes for PC1

Fig. 4. Three‐dimensional warps of the shape changes in posterior, anterior and superior views for the regressions on the external factors.
The three external factors have common trajectories of shape changes, therefore, they have been compiled in two sets as follows: (a) shape
changes corresponding to large centroid size, large bodymass, and terrestrial substrate preferences; and (b) shape changes corresponding
to small centroid size, small body mass, and arboreal substrate preferences.

Fig. 5. Three‐dimensional warps of the shape changes in posterior, anterior, and superior views for the regressions onto the brachiation
percentage factor: (a) shape changes corresponding to large brachiation percentage, and (b) shape changes corresponding to small
brachiation percentage.
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Fig. 6. Three‐dimensionalwarps of themean shapes of each genus in the sample in posterior, anterior, and superior views. In the superior
views, the range of antero‐posterior circumduction in the articular surface for each genus is highlighted by bold dashes for exemplary
purposes only. A greater range of circumduction is achieved by the alignment of both anterior and posterior limits of the articular surface
in Hylobates.
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showed a clear transition from more quadrupedal‐
like epiphyses, with the extreme shape showing large
tubercles and a smaller articular surface with respect
to the tubercles, including articular progression into
the bicipital groove, to suspensor‐like epiphyses, with
the extreme shape showing a bigger and rounder
articular surface without articular surface progres-
sion into the bicipital groove and relatively smaller
tubercles. Also, the effects of humeral torsion can be
seen on PC1, as the tubercles are effectively
positioned more laterally on the positive end of the
axis with respect to the negative end of the axis.
Colobines, at the negative end of the axis, present no
medial rotation of the head. The distribution of
groups on PC2 (15.54% of the variance, Table III) was
characterized by a separation between the two
African Apes (Pan and Gorilla) at the positive end
of the axis and the rest of the groups remaining
largely undifferentiated on the negative side. The
main differences between the extreme shapes were
related to the orientation and shape of the rotator cuff
insertions on the tubercles. On the positive extreme
of the axis, the shape showed the insertion of the
infraspinatus to be bigger and more proximally
oriented (Fig. 2a, proximal view) and the subscapu-

laris insertion was more distally separated from the
articular surface with respect to the extreme shape of
the negative side of the axis.

Articular surface subset
The principal components analysis (Fig. 2b)

yielded 68 principal components (Table III). The
scatterplot of principal component 1 (PC1) against
principal component 2 (PC2) showed a clear separa-
tion of Colobus on one end of PC1 (42.05% of the
variance, Table III), whereas Gorilla, Pan, Pongo,
and Ateleswere clustered on the negative end of PC1,
remaining largely undifferentiated. Lagothrix occu-
pied an intermediate position overlapping with both
Colobus and the Ateles‐Pongo cluster. Most of the
Hylobates were clustered on the negative end, and a
few of them exhibited the most extreme shape on
PC1. The distribution of individuals across PC1 was
related mainly to the degree of recession of the
articular surface from the intertubercular space. On
the positive side, the extreme shape was character-
ized by a clear incursion of the articular surface
towards the bicipital groove (Fig. 2b, proximal view),
and on the negative side, the extreme shape was
characterized by a clear recession of the articular

TABLE III. PC Eigenvalues, Percentage of Variance and Cumulative Percentage of Variance Values (up to <95%)
for Each Subset

Overall epiphysis Articular surface Tubercles

PC Eigenvalues
%

Variance
Cumulative

% PC Eigenvalues
%

Variance
Cumulative

% PC Eigenvalues
%

Variance
Cumulative

%

1 0.00677735 32.944 32.944 1 0.00480074 42.054 42.054 1 0.00771604 28.352 28.352
2 0.00319720 15.541 48.485 2 0.00200698 17.581 59.636 2 0.00603315 22.168 50.52
3 0.00232438 11.298 59.783 3 0.00114818 10.058 69.694 3 0.00304644 11.194 61.714
4 0.00137617 6.689 66.473 4 0.00071368 6.252 75.945 4 0.00150700 5.537 67.251
5 0.00075297 3.66 70.133 5 0.00063188 5.535 81.481 5 0.00124907 4.59 71.841
6 0.00065868 3.202 73.334 6 0.00042378 3.712 85.193 6 0.00100446 3.691 75.532
7 0.00051526 2.505 75.839 7 0.00031413 2.752 87.945 7 0.00090773 3.335 78.867
8 0.00045787 2.226 78.065 8 0.00024969 2.187 90.132 8 0.00069761 2.563 81.43
9 0.00038818 1.887 79.952 9 0.00019028 1.667 91.799 9 0.00065101 2.392 83.822
10 0.00036471 1.773 81.724 10 0.00016808 1.472 93.271 10 0.00055951 2.056 85.878
11 0.00034804 1.692 83.416 11 0.00013004 1.139 94.41 11 0.00042809 1.573 87.451
12 0.00029106 1.415 84.831 12 0.00012725 1.115 95.525 12 0.00036953 1.358 88.809
13 0.00026319 1.279 86.11 13 0.00031253 1.148 89.957
14 0.00023700 1.152 87.262 14 0.00028413 1.044 91.001
15 0.00020157 0.98 88.242 15 0.00023706 0.871 91.872
16 0.00017872 0.869 89.111 16 0.00021134 0.777 92.649
17 0.00016426 0.798 89.909 17 0.00020015 0.735 93.384
18 0.00015992 0.777 90.687 18 0.00019487 0.716 94.101
19 0.00014863 0.722 91.409 19 0.00016638 0.611 94.712
20 0.00013606 0.661 92.07 20 0.00015159 0.557 95.269
21 0.00011919 0.579 92.65
22 0.00010587 0.515 93.164
23 0.00009866 0.48 93.644
24 0.00009356 0.455 94.099
25 0.00009081 0.441 94.54
26 0.0000827 0.402 94.942
27 0.0000731 0.355 95.298
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surface from the bicipital groove. This distribution of
articular shapes and taxonomic groups corresponds
to degree of mobility, with taxa with purportedly
higher mobility at the shoulder joint at the negative
side of the axis and thosewith lessermobility—linked
to the more pronograde taxa—at the positive side of
the axis. PC2 (17.58% of the variance, Table III)
separates Hylobates and Colobus, overlapping at the
negative part of the axis. Hylobates also overlapped
with the other hominoids andAteles to a lesser extent.
On the positive end of the axis, more oval‐shaped
articular perimeters were observed (Fig. 2b, full
articular view), as well as a quite rounded and
inflated contour in the proximal aspect of the
articular surface. On the negative end of the axis,
the perimeter of the articular surface appeared more
round and the overall aspect of the surface contour
more flattened.

Tubercles subset
The principal components analysis (Fig. 2c)

yielded 41 principal components (Table III). The
scatterplot of principal component 1 (PC1) against
principal component 2 (PC2) showed a clear differen-
tiation on PC1 (28.35% of the variance, Table III) of
the knuckle‐walking taxa (Gorilla and Pan) on the
positive end of the X‐axis, even though they
somewhat overlapped with the other hominoids
and Ateles. The distribution of shapes was driven
by the orientation and arrangement of rotator cuff
muscles insertions on the major tubercle. At the
positive end of PC1, there was a triangular organiza-
tion of insertions, with bigger and more cranially
(superiorly) oriented insertions for the supraspinatus
and infraspinatus, whereas at the negative end of
PC1 the insertions were organized in a proximo‐
distal distribution. This is achieved by an outwards
displacement of the teres minor insertion, which
positioned it right below the infraspinatus insertion.
PC2 (22.17% of the variance, Table III) separated
Colobus (although largely overlapping with Lago-
thrix and with Ateles to a lesser extent) on the
negative end of the Y‐axis (Fig. 2c). Lagothrix has an
intermediate position between Colobus and the
undifferentiated taxa at the positive end. Ateles,
Hylobates, and Pongo overlapped for both PC1 and
PC2. The shape distribution along PC2 is related to
differences in the subscapularis insertion on the
minor tubercle. On the positive side of PC2 a narrow
and oval‐shaped insertion site characterized the
extreme shape, whereas in the negative end of PC2
the subscapularis insertion shape was rounded and
bigger.

The results from permutation analyses are
reported in Table IV. There were significant pairwise
differences (P� 0.05) between all pairs of groups
using both Procrustes and Mahalanobis distances for
all three landmark configurations (Table IV).

Phylogenetic Analysis

Shape of the proximal humerus was not signifi-
cantly associated with phylogeny based on permuta-
tion test of the Procrustes aligned coordinates
(phylogenetic signal, tree length¼ 0.05651598;
N¼ 113; P¼ 0.1446) and the principal components
scores (phylogenetic signal, tree length¼
0.05651598;N¼ 113;P¼ 0.1394). Figure 3 illustrates
the distribution of extant taxon means and hypothet-
ical taxonomic units in phylomorphospace. The
morphological convergence of Pongo and Ateles can
easily be observed in the similar position on both axes
(Fig. 3). Also, both genera are closer to the means of
the other hominoids, thus separating Ateles from the
other Ateline in the sample, Lagothrix.

Multivariate Regressions
Overall epiphysis

All regressions were significant at a P‐value less
than 0.05. The amount of variance explained by each
factor was different, with the centroid size containing
the highest percentage of variance (11.90%), followed
by the percentage of time spent in brachiation
(11.69% of variance) (Table V).

Articular surface
All regressions were significant (P< 0.05). Cen-

troid size again contained the greatest percentage of
variance (12.85%), followed by the substrate prefer-
ences (11.56%), and brachiation percentage (11.52%)
(Table V).

Tubercles
As in the previous subsets, all the regressions

were significant (P< 0.05) and the regression on
centroid size contained the greatest proportion of
variation, accounting for 14.66% of the shape vari-
ance. The regression on the substrate preference
followed, explaining a 13.85% of the variance
(Table V).

Shape changes
The descriptions are based on the full dataset,

including the articular surface and the tubercles
together, since the shape changes observed for each of
the subsets separately were the same as those
described here. Thus, the descriptions offered below
include the shape changes in both the articular
surface and the tubercles, described separately and
thoroughly, as well as those related to the relative
positioning of both structures with respect to each
other.

The vectors of shape changes describing large
centroid size, large BM, and terrestrial substrate
preference, as well as small centroid size, small BM,
and arboreal substrate preference were virtually
identical. Therefore, these shapes have been

Am. J. Primatol.

Morphology and Locomotion in the Proximal Humerus / 11

221



TABLE IV. Results for thePermutationTests ofGroupDifferences for theThreeSubsets of Landmarks forBoth the
Procrustes and Mahalanobis Distances, and Their Respective Significance Levels

Group Procrustes distance Sig. Mahalanobis distance Sig.

Overall epiphysis
AT‐CO 0.22255260 <0.001 8.8997 <0.001
AT‐GG 0.13023903 <0.001 5.0965 <0.001
AT‐HY 0.09064374 <0.001 5.4746 <0.001
AT‐LG 0.13518212 <0.001 6.7055 <0.001
AT‐PA 0.13212791 <0.001 7.2866 <0.001
AT‐PO 0.08121302 <0.001 5.8161 <0.001
CO‐GG 0.23516099 <0.001 15.0702 <0.001
CO‐HY 0.24415324 <0.001 11.8998 <0.001
CO‐LG 0.15302053 <0.001 8.0403 <0.001
CO‐PA 0.21175682 <0.001 12.6725 <0.001
CO‐PO 0.23206255 <0.001 15.1338 <0.001
GG‐HY 0.14522974 <0.001 8.2346 <0.001
GG‐LG 0.15720777 <0.001 10.2353 <0.001
GG‐PA 0.08106026 <0.001 7.2323 <0.001
GG‐PO 0.13748709 <0.001 8.3316 <0.001
HY‐LG 0.18641715 <0.001 11.4908 <0.001
HY‐PA 0.15240912 <0.001 10.1922 <0.001
HY‐PO 0.11885151 <0.001 10.1922 <0.001
LG‐PA 0.14876370 <0.001 13.8994 <0.001
LG‐PO 0.13164373 <0.001 11.7790 <0.001
PA‐PO 0.13646492 <0.001 9.0024 <0.001

Articular surface
AT‐CO 0.16789357 <0.001 9.8006 <0.001
AT‐GG 0.07477146 <0.001 6.0923 <0.001
AT‐HY 0.08537957 <0.001 7.0439 <0.001
AT‐LG 0.10388970 <0.001 9.5561 <0.001
AT‐PA 0.05826445 <0.05 6.469 <0.05
AT‐PO 0.04163611 <0.05 4.3934 <0.05
CO‐GG 0.19369942 <0.001 12.7300 <0.001
CO‐HY 0.19000441 <0.001 5.8090 <0.001
CO‐LG 0.12530447 <0.001 8.6094 <0.001
CO‐PA 0.17249474 <0.001 17.3587 <0.001
CO‐PO 0.16043623 <0.001 15.0727 <0.001
GG‐HY 0.09370038 <0.001 9.9665 <0.001
GG‐LG 0.14005493 <0.001 12.7041 <0.001
GG‐PA 0.05462078 <0.001 10.1760 <0.001
GG‐PO 0.08591646 <0.001 8.8700 <0.001
HY‐LG 0.16377005 <0.001 14.6479 <0.001
HY‐PA 0.07536888 <0.001 9.6975 <0.001
HY‐PO 0.09067960 <0.001 11.1228 <0.001
LG‐PA 0.13362247 <0.001 13.1630 <0.001
LG‐PO 0.09104838 <0.001 9.7363 <0.001
PA‐PO 0.07622592 <0.001 7.9571 <0.001

Tubercles
AT‐CO 0.20838612 <0.001 7.9255 <0.001
AT‐GG 0.19927618 <0.001 9.2681 <0.001
AT‐HY 0.08548671 <0.05 5.2588 <0.05
AT‐LG 0.12763533 <0.001 12.9601 <0.001
AT‐PA 0.18764303 <0.001 14.0454 <0.001
AT‐PO 0.12079385 <0.001 6.9573 <0.001
CO‐GG 0.24568678 <0.001 18.9967 <0.001
CO‐HY 0.20510661 <0.001 17.9602 <0.001
CO‐LG 0.12544717 <0.001 8.8231 <0.001
CO‐PA 0.23504674 <0.001 23.5865 <0.001
CO‐PO 0.22182513 <0.001 15.1669 <0.001
GG‐HY 0.19445123 <0.001 11.9411 <0.001
GG‐LG 0.19512165 <0.001 19.5065 <0.001
GG‐PA 0.08191053 <0.001 9.8609 <0.001
GG‐PO 0.21005113 <0.001 14.5731 <0.001
HY‐LG 0.12250526 <0.001 16.2556 <0.001
HY‐PA 0.18470301 <0.001 32.9746 <0.001
HY‐PO 0.11965035 <0.001 18.8853 <0.001
LG‐PA 0.18169262 <0.001 32.4908 <0.001
LG‐PO 0.1462665 <0.001 19.6586 <0.001
PA‐PO 0.18252029 <0.001 21.2562 <0.001

Group abbreviations: Colobus (CO), Lagothrix (LG), Ateles (AT), Pongo (PO), Hylobates (HY), Pan (PA), Gorilla (GG).
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described once for all three factors (Fig. 4a: large
centroid size, large BM, and terrestrial substrate
preference; and Fig. 4b: small centroid size, small
BM, and arboreal substrate preference). The shape
descriptors for the percentage of brachiation regres-
sion did not follow the same pattern as the above‐
mentioned factors, so the shape changes for this
factor have been described separately (Fig. 5a,b).

Large centroid size/large body mass/terrestrial
substrate preference

The groups in the sample with the largest
centroid size, BMs and preference for terrestriality
were mainly male Gorilla, followed by Pan, male
orangutans and female Gorilla (Fig. 4a). In these
taxa, the outline of the articular surface was circular
(Fig. 4a, anterior and posterior views, perimeter
outline) but for a slight peak of articular surface in
the lateral direction, approaching the bicipital groove
(Fig. 4a, superior view, perimetral outline). The
articular surface’s proximal aspect was globular
and the overall contour was spherical (Fig. 4a,
superior view). The tubercles were small with respect
to the articular surface but the supraspinatus and the
infraspinatus insertions were extremely big, with
respect to the overall size of the major tubercle, and
projected laterally (Fig. 4a, superior view). The
infraspinatus insertion was oriented cranially
(Fig. 4a, posterior view and superior view) and the
subscapularis insertion on the minor tubercle was
narrow and spindle shaped (Fig. 4a, anterior view).
Both tubercles were projected laterally, causing the
bicipital groove to become deep and narrow (Fig. 4a,
superior view).

Small centroid size/small body mass/arboreal
substrate preference

The taxa with smallest centroid size, BMs and
preference for arboreality were Colobus, Lagothrix,
Ateles, and Hylobates (Fig. 4b). The articular surface
perimeter was mostly circular; it showed an accentu-
ated peak towards the bicipital groove, but no actual
progression into it (Fig. 4b, superior view). The
supraspinatus and infraspinatus insertions were

small and the infraspinatus insertion was cranially
oriented. The subscapularis insertion was big and
round and placed more anteriorly, causing the
bicipital groove to become shallow and wide
(Fig. 4b, superior view). The tubercles appeared large
with respect to the articular surface, and, even
though the major tubercle was mainly projected
laterally, it also showed a slight posterior offset
(Fig. 4b, superior view).

Large brachiation percentage
The taxon associated with a large amount of time

spent in brachiation in this study was Hylobates. In
Hylobates, there was an expansion of articular
surface area in the direction of the major tubercle,
particularly at the teresminor insertion level (Fig. 5a,
posterior view). In addition, there was a cylindrical
projection of the surface in the medial plane (Fig. 5a,
superior view). The contour of the surface was
rounded and higher in the proximal direction than
that of the less suspensory taxa. There was no
projection of articular surface onto the intertuber-
cular space, and the perimeter of the surface was
fairly circular (Fig. 5a, superior view). There was a
large degree of separation between the articular
surface and the supraspinatus insertion plane. The
tubercles appeared projected laterally (Fig. 5a, pos-
terior view), and this lateral projection resulted in a
decrease of space for the bicipital groove, particularly
by the placing of the minor tubercle laterally. The
tubercles also appeared to be smaller in size than
those at the other extreme of the regression (Fig. 5a,
superior view vs. 5b, superior view). The insertions on
the major tubercle followed a proximo‐distal pattern,
with no cranial orientation of the infraspinatus
insertion (Fig. 5a, posterior view). There was a clear
lateral displacement of the teres minor insertion,
showing a protruding tubercle for the insertion site of
the muscle. This displacement was the principal
cause of the proximo‐distal alignment of the three
insertions (Fig. 5a, posterior view). Regarding their
sizes, the infraspinatus and supraspinatus insertions
appeared smaller than in the other taxa (Fig. 5a vs.
Fig. 5b, posterior and superior views).

TABLE V. Results of the Multivariate Linear Regressions Carried Out for Each External Factor Considered:
Centroid Size (CS), Body Mass (BM), Substrate Preferences (SP), and Brachiation Percentage (BD) (see the
Materials and Methods Section and Table I for Details)

CS BM SP BD

% Variance Sig. % Variance Sig. % Variance Sig. % Variance Sig.

Procrustes coordinates
FULL EPI 11.90 <0.001 8.77 <0.001 10.98 <0.001 11.69 <0.001
ART SURF 12.85 <0.001 8.91 <0.001 11.56 <0.001 11.52 <0.001
TUBS 14.66 <0.001 11.89 <0.001 13.85 <0.001 6.95 <0.001

All regressions were carried out pooled by sex to control for the sexual dimorphism component of the shape.
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Small brachiation percentage
The taxa mainly associated with this end of the

regression wereColobus, followed by Pan andGorilla
(Fig. 5b). The articular surface appeared rounded and
broad in the antero‐posterior plane (Fig. 5b, superior
view); however, the degree of globularity in the
antero‐posterior direction was less than that seen in
the committed brachiators (Fig. 5a, superior view).
There was a maximum projection of surface towards
the bicipital groove and the articular surface was
smaller overall (Fig. 5b, superior view)with respect to
the tubercles. The contour of the articular surface
appeared more flattened in an oblique, medio‐lateral
direction. There was less separation between the
supraspinatus facet plane and the superior aspect of
the head than in the previous shape description
(Fig. 5b vs. Fig. 5a, posterior views). The supra-
spinatus and infraspinatus insertions were big, with
the infraspinatus showing a lateral projection and
cranial/proximal orientation (Fig. 5b, posterior and
superior views). The bicipital groove was wide and
the minor tubercle was placed more anteriorly than
in the other taxa (Fig. 5b vs. Fig. 5a, superior views).

DISCUSSION
BMand substrate preferencewere largely related

to centroid size, as it accounted for all aspects of shape
also accounted for by BM and substrate preference
(Fig. 4). This is somewhat intuitive, as large animals
are more likely to be terrestrial than small ones, with
the exception of orangutans, which are arboreal
primates with large BMs (Table I) [Cant, 1992;
Thorpe et al., 2009]. However, the amount of time
spent traveling by suspensory modes does not
correlate easily with size, as differently sized animals
perform the sameamount of suspension. For instance,
Lagothrix andPongo engage in brachiation almost the
same percentage of time (11% and 13%, respectively,
Table I) but are very different in size, whereas
Colobus and Lagothrix, are fairly similar in size
(with the exception of male C. guereza which are
substantially larger; Table I) but perform very
differently in suspension, with Colobus never engag-
ing in such behaviors andLagothrix doing it an 11% of
the time. Another example is that of Lagothrix and
Ateles, which are of similar body sizes, but the former
spends 23% of its traveling time in suspension,
whereas the latter only 11%. The dependence of the
investigated traits on function rather than on
phylogeny allows us to propose functional interpre-
tations of shape, and to try to elucidate if the
morphological characters described are connected to
the amount of suspension exhibited by different taxa.

Articular Surface
The degree of globularity and the shape of the

perimeter of the articular surface of the humerus are

largely indicative of its range of motion [Harrison,
1989; Larson, 1993; Rafferty & Ruff, 1994; Rose,
1989; Ruff & Runestad, 1992]. Hylobates’ articular
surface proved to be different from those of the other
hominoids and Ateles (Figs. 2b and 5a), in that
Hylobates has the most globular articular surface
with a circular perimeter. This can be seen in the
second axis of the principal component analysis (PC2)
on the articular surface (Fig. 2b) and in the results of
the regression on brachiation percentage (Fig. 5a),
and is probably an indication of a positive selection
towards high mobility rates and wide‐range circum-
duction capabilities at the shoulder joint (Figs. 5a
and 6) [Rafferty & Ruff, 1994; Ruff & Runestad,
1992]. Such positive selection could be explained by
the high dependence on brachiation when traveling
(up to an 80% of the time) in Hylobates. The model of
brachiation kinematics proposed by Usherwood &
Bertram [2003] and Bertram [2004] offers further
interesting insight into the anatomical features
exhibited by the hylobatid proximal humerus. Even
though this model did not imply the forces acting
across the joint, it is based upon the assumption that,
during richochetal brachiation, when the arm begins
to bear the full load, the body pivots around the
shoulder joint and a large portion of energy that
would be lost in a tension collision is converted to
rotational energy at the glenohumeral joint
[Bertram, 2004]. Such pivoting at shoulder joint
would require a great range of movement in the
antero‐posterior direction, because of the high degree
of internal–external rotation needed [Larson, 1988].
The articular surface of the Hylobates shows a
morphology enhanced for a large range of movement
in the antero‐posterior plane achieved by a lateral
progression of the minor tubercle, allowing the
articular surface to expand in that direction
(Fig. 5a, posterior view). The cylindrical projection
of the articular surface in the medial plane (Fig. 5a,
superior view) is also indicative of an overall
expanded articular surface. The forces acting at the
glenohumeral joint would be expected to determine
its shape, and great forces would result in enlarged
surface areas to distribute such forces on a surface
large enough to avoid overloading [Preuschoft, 1973;
Preuschoft et al., 2010]. The morphological features
of the proximal humerus of Hylobates are quite
unique, a fact that is clearly highlighted when the
articular morphologies of the other more suspensory
taxa, Ateles and Pongo, are taken into account. They
also show enhanced morphology towards high mobil-
ity (very round and globular articular surfaces,
Fig. 2b) but with some different characteristics
from that of Hylobates, probably related to their
non‐dependence on brachiating behaviors for travel-
ing. In particular, Ateles and Pongo, when observed
from a superior view, exhibit a maximum expansion
of the articular surface in the lateral direction
(towards the bicipital groove) but it is much reduced
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as compared to Hylobates (Figs. 5a and 6, Ateles,
Pongo vs. Hylobates, superior view). Such features
contribute to a differential range of circumduction in
the antero‐posterior plane, which Ateles and Pongo
mainly share (Fig. 6, Ateles and Pongo, superior
view).

Apart from this characteristic, there are other
aspects of their shape that cause Ateles and Pongo to
converge morphologically, such as the articular
surface, which is most globular in its proximal aspect
(rather than medially), and a similar configuration
for the distribution of the muscle insertions on the
major tubercle. These features caused their proximal
humeral shape to completely overlap in the principal
components analysis results (Fig. 2a,b) and are likely
related to the full adaptation of the shoulder joint of
Ateles to suspensory and forelimb‐dominated locomo-
tor behaviors [Kagaya, 2007; Ruff & Runestad, 1992].
Remarkably, this morphological overlap ofAteles and
Pongo’s articular features (Fig. 2a–c) is contrary to
the findings in previous studies conductedwith linear
measurements of the glenohumeral joint (such as
linear lengths of articular surfaces, radii of curvature,
arc lengths, and central angles for both the humerus
and the glenoid) on Atelines and Hylobates [Kagaya,
2007], which established that Ateles more closely
resembled Hylobates in its proximal humeral mor-
phology. The explanation for this disagreement in the
two studies’ results could be explained by the lack of
Pongines as comparative sample in the work of
Kagaya [2007].

Gorilla and Pan are a unique case of use of
quadrupedal locomotion in a joint that shows
morphological traits related to the use of derived
suspensory locomotor behaviors at the humeral head
level [Hunt, 1991b; Larson & Stern, 1987], highlight-
ed by its morphology (big, globular humeral heads
with rounded articular surface perimeters). Such
shapes (Figs. 2 and 6, Pan andGorilla) are indicative
that these two genera remain perfectly adapted to a
high degree of mobility with full range of movement
(Fig. 6, Pan and Gorilla) [Preuschoft, 1973; Ruff &
Runestad, 1992]. The forelimbs of Pan bear less than
20% of their total body weight [Kimura, 1985;
Preuschoft, 1973, 2004] during quadrupedal behav-
iors. The forces carried by the forelimbs in quadrupe-
dal locomotion in these animals are much lower than
those occurring in suspension [Preuschoft, 1973;
Preuschoft et al., 2010].

Besides the clear similarity between the shapes
of the two African apes, there are particular differ-
ences in the articular surface shape that differentiate
these two genera: Pan has an articular surface that is
more flattened in its superior aspect than Gorilla,
with less articular surface available in the medial
part of the posterior aspect (Fig. 6, Pan and Gorilla,
posterior view). There, Gorilla exhibits a larger
articular surface, and an expansion towards the
major tubercle, at the teres minor insertion level.

Also, to a lesser degree, Gorilla exhibits a medial
cylindrical projection of the articular surface, moder-
ately resembling that of theHylobates (Fig. 6,Gorilla
and Hylobates). Both characteristics enhance the
range of circumduction for the joint of Gorilla. It is
commonly accepted that Pan is engaged in more
arboreal suspensory‐like behaviors than Gorilla.
However, in this study, only the lowland gorilla (G.
gorilla, which engages in brachiation during a 3.6% of
the time, Table I) and the common chimpanzee (P.
troglodytes, which only engages in brachiation a 0.8%
of the time, Table I) were included. If mountain
gorillas (G. beringei) (which only engage in suspensory
behaviors a 0.1% of the time [Crompton et al., 2010;
Schultz, 1934]) and Pan paniscus (the more suspen-
sory species of Pan [Doran & Hunt, 1994; Hollihn,
1984; Hunt, 1991a]) were to be considered, the results
could be different,withPan exhibitingmore enhanced
features for arm‐rising behaviors than Gorilla.

Non‐brachiators have broad, oval‐shaped, and
flat humeral heads that extend between the tubercles,
offering a large surface of contact with the glenoid
which allows the articulation to effectively transmit
forces during the weight‐bearing phase of the gait
[Larson, 1993; Preuschoft et al., 2010; Rafferty &
Ruff, 1994; Rose, 1989]. The general characteristics of
the articular surface of less brachiating taxa tend tofit
this pattern (Fig. 2b and 5b), although an amalgam of
various locomotor repertoires are represented in the
negative end of the degree of brachiation regression.
When looking at the shape changes exhibited by the
different groups in the principal components analysis
(Fig. 2b) and also the mean shape of each genus
(Fig. 6), it can be appreciated that their shapes are
dissimilar. For example, Lagothrix’s oval‐shaped
articular surface (Fig. 6, Lagothrix) anatomically
corresponds to its broader, more pronograde‐like
locomotor repertoire [Cant et al., 2001, 2003;
Kagaya, 2007]. However, even though its shape is
more similar to that of colobines, Lagothrix is still
capable of engaging in demanding arm circumduction
behaviors, such as brachiation [Cant et al., 2003].
Lagothrix exhibits a rounder and less flattened
articular surface than Colobus (Fig. 6, Colobus and
Lagothrix), and its shape is halfway between colo-
bines and the suspensors, features also highlighted by
Lagothrix’s intermediate position in the principal
components analyses (Fig. 2a,b). Maybe this unique
array of pronograde/orthograde features provides
Lagothrixwith the necessarymobility for sporadically
engaging in suspensory behaviors (Fig. 6, Lagothrix).
The degree of gobularity is increased in Lagothrix
setting it apart from Colobus and linking it to the
more suspensory taxa (Fig. 6, Lagothrix).

Tubercles

The taxa that engage in high percentages of
brachiation when traveling, such as Hylobates
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(Table I), have insertion sites on the major tubercle
aligned in a proximo‐distal direction, mainly
achieved by the lateral displacement of the teres
minor insertion (Fig. 5a, posterior view). The other
two highly suspensory taxa (Pongo and Ateles) also
follow this pattern (Fig. 6, Ateles and Pongo), which
might be advantageous due to the relative position-
ing of the insertions with respect to each other and to
the head.

Teres minor is activated in Pongines in overhead
humeral adduction [Larson & Stern, 1986; Tuttle &
Basmajian, 1978], the basic movement for above‐
branch reaching and hoisting where it needs cooper-
ation from the pectoralis major and latissimus dorsi
muscles because the latter are not confined to the
shoulder blade, but connect the forelimb directly to
the trunk [Jungers & Stern, 1981; Preuschoft
et al., 2010]. More arboreal taxa (Fig. 4b, posterior
view) display a relative amount of lateral displace-
ment of the teres minor insertion with respect to the
articular surface, and highly suspension‐dependent
taxa (Figs. 5b, and 6, Hylobates, Pongo, and Ateles)
even display a protruding tubercle for its insertion,
maybe corresponding to a more active teres minor
muscle.

The infraspinatus muscle has been established
as the main stabilizer of the glenohumeral joint
against forces pushing the humerus head away or
along the glenoid surface, mainly during pendant
suspension and the support phase of arm‐swinging/
brachiation [Larson, 1995; Larson & Stern, 1986;
Roberts, 1974]. In hominoids, this has been related to
a higher degree of cranial/superior orientation of the
muscle’s facet (Fig. 6,Pongo,Hylobates,Gorilla,Pan).
However, among hominoids, Hylobates displays the
least cranially orientated facet (Figs. 5a, superior
view, 6, Hylobates), which agrees with previous
findings by Larson [1995]. Hylobatids are less
dependent on the infraspinatus as abductor and
lateral rotator during arm‐rising due to their low
degree of humeral torsion [Larson, 1988, 1995] than
the other hominoid taxa and Ateles, which shows an
orientation of the insertion similar to Pongo (Fig. 6,
Ateles and Pongo). Also, an electromyographical
study on the externalmuscles involved in brachiation
of Ateles and Hylobates by Jungers & Stern [1981]
found the recruiting patterns of both species to be
considerably different, emphasizing the specificity of
the hylobatid brachiation. Gorillas and chimpanzees
show the greatest degree of cranial orientation of the
infraspinatus facet (Fig. 6, Pan and Gorilla), corre-
sponding to their greater degree of humeral torsion
[Larson, 1995], and this corresponds to their depen-
dence on the infraspinatusmuscle to act as synergist
to the deltoid in arm‐rising behaviors. However, in
the knuckle‐walking taxa, infraspinatus is also
usually recruited into exerting antigravitational
forces in aid of the supraspinatus [Larson, 1993,
1995; Larson & Stern, 1987] as these two muscles

bear the responsibility of maintaining stability in a
joint that is highly mobile [Larson & Stern, 1987].

The electromyographical studies of Larson and
Stern [1986, 1987] also found that the subscapularis
muscle does not act as a unit [Larson, 1988, 1995]. Its
more caudal fibers contribute to pulling the humeral
head downward, towards the axilla (as a synergist to
the infraspinatus), while the more cranial fibers do
not have that effect [Larson, 1995]. Such fiber‐
function differentiation its been correlated to the
divergent shapes of the subscapularis muscle
[Larson, 1995]: hominoids and Ateles exhibit sub-
scapularis insertions that are narrow and spindle‐
shaped (Fig. 6, Lagothrix, Ateles, Pongo, Hylobates,
Pan, and Gorilla) being such shape related to more
functional differentiation of the fibers [Larson, 1995];
whereas quadrupedal monkeys exhibit big and round
subscapularis insertions related to less differentia-
tion of the fibers. In this case, all the parts of the
subscapularis muscle act as a unit causing inwards
rotation of the humerus [Larson&Stern, 1986, 1987].

However, the relative development of the shoul-
der muscles also depends from the necessity to
establish equilibrium at the shoulder joint between
the external forces that are applied to the hand and
the muscles acting across the joint, also taking into
account the excursion of the humerus on the glenoid
surface [Preuschoft, 1973, 2004; Preuschoft et al.,
2010]. Therefore, specific biomechanical studies
quantifying the forces exerted by the rotator cuff
muscles under the above postulated assumptions are
needed in order to obtain more reliable data on
muscular forces, which would provide further valida-
tion of the results of our study.

GENERAL CONSIDERATIONS

In an evolutionary context, the proximal epiphy-
sis of the humerus might point to the conclusion that
suspension—or even hylobatid‐like brachiation—
was the locomotor pattern of all stem hominoids
[e.g., Fleagle & Simons, 1982; Le Gros Clark, 1971;
Tuttle, 1981]. However, Hylobates are quite derived
in their humeral morphology, showing as many
derived traits as in the other parts of the arm.

Also, the inclusion of the Atelines in the study
serves to temper this assumption due to the observed
morphological convergencewith the pongines (Fig. 3).
This, in addition to the fossil evidence that early
Miocene Apeswere non‐suspensory [Moyà‐Solà et al.,
2004; Ward, 2007], suggests that committed suspen-
sion, let alone brachiation, were probably not the
basis of the hominoid ancestral locomotion [Moyà‐
Solà et al., 2004], so the idea of multiple emergences
of suspensory characters during hominoid evolution-
ary history appears plausible [Almécija et al., 2007,
2009; Larson, 1998, 2007; Lovejoy et al., 2009a,b;
Ward, 2007]. This region seems to be prone to
homoplastic processes in primates, together with
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the aforementioned Ateles’ morphological conver-
gence with Pongo (Fig. 3); there is also morphological
convergence between Ateles and Brachyteles [Youla-
tos, 1996, 2008], who shares a common ancestor with
Lagothrix [Schneider, 2000].

Therefore, the nature of the relationship between
orthograde/suspensory features in relation to the
probable clambering origins of the hominoids
[Ward, 2007] will have to be further examined with
the study of the fossil record available for this joint,
which is proven to be a unique case of study for
assessing locomotor patterns in diverse primate
genera [Arias‐Martorell et al., 2012; Larson, 1995].
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Resum 

La suspensió juga un paper important en la configuració adaptativa de la morfologia 

postcranial dels primats, i per tant permet fe rinferències sobre aquest comportament 

posicional en taxons extingits. L'húmer proximal s'erigeix com una regió clau per inferir les 

capacitats de suspensió de les extremitats anteriors, ja que la seva morfologia es pot vincular 

amb eficàcia, i des d'un punt de vista funcional, a les diferències en l'ús de la suspensió 

entre taxons de primats. Aquí proporcionem una avaluació de les capacitats de suspensió de 

dos pliopitecoideus (Epipliopithecus vindobonensis i Pliopithecus antiquus) per mitjà d'una 

anàlisi de morfometria geomètrica 3D de la forma de l'húmer proximal. La mostra 

comparativa inclou húmers proximals de vuit gèneres d’antropoideus actuals, així com 

altres catarins fossils (el propliopitecoideu Aegyptopithecus zeuxis, l'hominoïdeu basal 

Nyanzapithecus vancouveringorum, i catarrí de mida petita sense assignar, GSP 28062, del 

del Miocè Mitjà de Pakistan). També es proporcionen estimacions de massa corporal 

mitjançant regressions alomètriques del diàmetre superoinferior del cap humeral. Els 

nostres resultats recolzen un cert grau de comportaments suspensoris usant l’extremitat 

anterior per Epipliopithecus i GSP 28062. Al contrari que análisis qualitatives anteriors, la 

nostra anàlisi mostra que Pliopithecus antiquus té una morfologia glenohumeral diferent, 

molt més a similar a la mostrada pels quadrúpedes arboris generalitzats, sense mostrar 

evidències d’adaptacions a la suspensió (com en Aegyptopithecus i i els hominoïdeus basals 

d'Àfrica). 

Aquest article s’ha fet en col·laboració entre diversos autors, JAM, DMA, JMP, 

GHB i APP participaren en la revisió i discussió de l’article. JAM i DMA s’encarregaren de 

dissenyar l’estudi i escriure l’article i JAM de prendre la mostra i analitzar les dades. L’article 

va ser acceptat oficialment al Journal of Human Evolution a l’Agost de 2014. S’han inclòs les 

proves d’impremta sense corregir ja que l’article encara no s’ha publicat oficialment. 
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a b s t r a c t

Suspension plays a major adaptive role in shaping primate postcranial morphology, which therefore
enables this positional behavior to be inferred in extinct taxa. The proximal humerus stands as a key
region for inferring forelimb suspensory capabilities because its morphology can be effectively linked,
from a functional viewpoint, to differences in suspension use between primate taxa. Here we provide an
assessment of the suspensory capabilities of two pliopithecoids (Epipliopithecus vindobonensis and
Pliopithecus antiquus) by means of a 3D geometric morphometric analysis of proximal humeral shape.
The comparative sample includes proximal humeri from eight extant anthropoid genera, as well as other
extinct catarrhines (the propliopithecoid Aegyptopithecus zeuxis, the stem hominoid Nyanzapithecus
vancouveringorum, and an unascribed small catarrhine, GSP 28062, from the Middle Miocene of
Pakistan). Body mass estimates based on allometric regressions of humeral head superoinferior diameter
are also provided. Our results support some degree of forelimb suspensory behaviors for Epipliopithecus
and GSP 28062. In contrast, and unlike previous qualitative assessments, our analysis shows that
P. antiquus has a distinct glenohumeral morphology, much closer to that displayed by generalized
arboreal quadrupeds with no evidence of suspensory adaptations (as in Aegyptopithecus and stem
hominoids from Africa).

© 2014 Published by Elsevier Ltd.

Introduction

Inferring the positional behavior of extinct catarrhines has been
the subject of intense paleoprimatological research, with particular
emphasis on the emergence of orthogrady and below-branch sus-
pensory behaviors, as well as the role played by homoplasy in
primate evolution (Fleagle, 1983; Rose, 1983, 1989; Larson, 1998;
MacLatchy et al., 2000; Moy�a-Sol�a et al., 2004, 2005; Ward, 2007;
Alba, 2012). It has long been recognized (e.g., Keith, 1903, 1923)
that crown hominoids are characterized by a suite of derived
postcranial features (generally referred to as the ‘orthograde body

plan’), which are suitable for performing several types of ortho-
grade (or ‘antipronograde’; Stern, 1975) behaviors, in which the
trunk is held vertically and the limbs are frequently under tension
(Benton, 1974; Larson, 1998; Ward, 2007). However, the fact that all
extant apes practice some degree of both vertical climbing and
below-branch suspension (Hunt, 1991, 2004) has led to conflicting
hypotheses concerning the adaptive role of forelimb suspension in
the origin of orthograde features, with some authors stressing it
(Gebo, 1996) and others favoring vertical and/or cautious climbing
instead (Cartmill and Milton, 1977; Sarmiento, 1995). Morpholog-
ical differences between hylobatids and great apes have been
interpreted as suggesting that forelimb suspensory behaviors
evolved in parallel (Larson, 1998), as further supported by the more
primitive morphology displayed by putative stem hominids (Pier-
olapithecus) or even the pongine Sivapithecus (Pilbeam et al., 1990;
Madar et al., 2002; Moy�a-Sol�a et al., 2004; Alba, 2012). This
contention is also made more plausible in light of the convergent
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suspensory adaptations displayed by the NewWorld monkey Ateles
(Larson, 1998; Arias-Martorell et al., in press). Forelimb suspension
has been further inferred for some extinct catarrhines, most
notably Epipliopithecus, although interpretations on the signifi-
cance of suspensory behaviors in this taxon differ among authors,
with some emphasizing quadrupedalism over

Q2

suspension and vice
versa (Zapfe, 1959, 1961; Ciochon and Corrucini, 1977; Fleagle,
1983; Rose, 1983, 1988, 1994; Rose et al., 1992; Rein et al., 2011;
Harrison, 2013).

The proximal humerus stands out as a critical region for
inferring the extent of below-branch forelimb suspensory behav-
iors in extinct primates, since in extant taxa its major morpho-
logical traits can be functionally interpreted as an adaptation to
the requirements of positional behavior (Larson, 1993, 1995; Arias-
Martorell et al., 2012, in press). The proximal humerus of terres-
trial quadrupedal monkeys is flattened on its cranial aspect, and
narrow and elongated overall, with relatively large and protruding
tubercles above the articular surface. These features restrict
mobility at the joint because of the lateral position of the scapula
on a narrow thorax (Jolly, 1967, 1972; Fleagle and Simons, 1978,
1982; Larson, 1988, 1993, 1995; Harrison, 1989; Rose, 1989;
Preuschoft et al., 2010). Arboreal quadrupedal monkeys display a
similar morphology, but the articular surface is more globular,
particularly on its medial part, and the tubercles do not markedly
protrude from the articular surface (Rose, 1989; Larson, 1993,
1995). Finally, primates practicing a fair degree of below-branch
locomotor behaviors (from frequently to committedly) typically
show protruding and large, globular humeral articular surfaces,
with relatively small tubercles situated well below the superior-
most aspect of the humeral head, which increases the degree of
mobility at the glenohumeral joint (Rose, 1989; Larson, 1993,
1995).

Epipliopithecus vindobonensis is one of the best-known Miocene
catarrhines, with abundant postcranial remains from several in-
dividuals (Zapfe,1958,1961). However, there is still debate about its
locomotor abilities. Thus far, the positional behavior of this taxon
has been diversely characterized, from a generalist arboreal and
terrestrial quadruped to an agile above-branch walker and runner,
further displaying significant proportions of climbing, as well as
hind limb and forelimb suspension (Zapfe, 1958, 1961; Fleagle,
1983; Rose, 1983, 1989, 1994; Rein et al., 2011; Harrison, 2013).
However, the question of whether Epipliopithecus displayed fore-
limb suspensory adaptations still remains open. Moreover, given
that the postcranial morphology of other pliopithecoids is poorly
known (due to the scarcity of fossil remains), there has been a
tendency to assume that all pliopithecoid genera displayed similar
locomotor adaptations to those of Epipliopithecus (Ginsburg and
Mein, 1980; Rose, 1989; Rein et al., 2011; Harrison, 2013). During
recent years, however, preliminary evidence suggests that Epi-
pliopithecus would have significantly differed from other pliopi-
thecoids, including the crouzeliid Barberapithecus (Moy�a-Sol�a et al.,
2013) and the pliopithecid Pliopithecus sensu stricto (s.s.) (Alba and
Moy�a-Sol�a, 2014), at least in elbow morphology.

Here we aim to investigate the morphometric affinities of the
proximal humerus of E. vindobonensis compared with Pliopithecus
antiquus (the type species of the genus), to assess their taxonomic
implications as well as to interpret them from a morphofunctional
viewpoint to make inferences about positional behavior. To do so,
we use 3D geometric morphometric techniques, which constitute a
powerful tool to conduct quantitative analyses of shape. Besides
comparing the pliopithecoids mentioned above with an array of
extant anthropoids, we also compare their proximal humeri with
those of other extinct catarrhines, in order to shed new light on the
complexity of catarrhine locomotor evolution from the Late
Oligocene to the end of the Middle Miocene.

Material and methods

Studied sample

Fossil sample The fossil sample includes casts of the following
specimens (see Table 1 for further details): the pliopithecoids (stem
catarrhines) E. vindobonensis (Zapfe, 1958, 1961) and P. antiquus
(Ginsburg and Mein, 1980); the propliopithecoid (stem
catarrhine) Aegyptopithecus zeuxis (Fleagle and Simons, 1982;
Fleagle, 1983); the proconsulid (putative stem hominoid)
Nyanzapithecus vancouveringorum (Harrison, 2002, 2010, first
described and originally assigned to Dendropithecus macinnesi or
Proconsul africanus by; Gebo et al., 1988); and an unassigned right
proximal humerus (Rose, 1989) from the Middle Miocene of
Pakistan. Scans of fossil specimens were obtained from high-
quality casts housed at the Center for the Study of Human Origins
(CSHO) at the Anthropology Department of the New York
University (NYU) and in Eric Delson's collection at the American
Museum of Natural History (AMNH, New York).
Extant comparative sample A total of 131 humeri from eight extant
anthropoid genera were analyzed (Table 2), including platyrrhines
(Ateles, Lagothrix and Cebus), a cercopithecoid monkey (Colobus),
and hylobatids (genera Hylobates, Hoolock and Symphalangus,
which were analyzed together as Hylobates sensu lato), as well as
great apes (genera Gorilla, Pan and Pongo). Specimens were
scanned at the AMNH and at the Anthropologisches Institut und
Museum of the Universit€at Zürich (UZH, Zurich, Switzerland).
Only wild-shot adult specimens were included in the sample,
based on museum records, full epiphyseal fusion of the long
bones and/or emergence of the third molars. Right humeri were
selected, except when missing or damaged, in which cases left
humeri were scanned and mirror-imaged.
Body mass estimation Body mass estimates for the extinct taxa
were derived based on the allometric equation of bodymass (BM, in
kg) against humeral head superoinferior diameter (HHSI, in mm)
reported by Ruff (2003, his Table 7, “total sample” equation,
including cercopithecoids þ hominoids). These estimates should
be taken with great care, since Ruff (2003) did not recommend
the use of this equation for taxa of unknown locomotor affinities.
This is because the separate regressions for cercopithecoids and

Table 1
Details of the fossil sample, including catalog number, description, age and site.

Taxon Catalog No. Description Age Site

Epipliopithecus vindobonensis OE 304 Right humerus Early Middle Miocene D�evínsk�a Nov�a Ves (Slovakia)
Pliopithecus antiquus w/n (La Grive) Right proximal humerus Late Middle Miocene La Grive-Saint Alban (France)
Aegyptopithecus zeuxis DPC 1275 Left humerus Late Oligocene Jebel Qatrani (Fayum, Egypt)
Nyanzapithecus

vancouveringorum
KNM-RU 17376 Proximal right humerus Early Miocene Hiwegi Formation (Rusinga Island, Kenya)

Catarrhini indet. GSP 28062 Right proximal humerus Middle Miocene Chinjj Formation (Siwaliks, Pakistan)

Abbreviations: w/n e without number.
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apes have different slopes, so that the regression for the whole
sample might therefore result in larger errors of estimate than
usual for other postcranial BM estimators reported by this author.
However, due to preservational reasons, this is the only estimator
than can be applied to all of the analyzed specimens. Confidence
intervals of 95% and 50% were computed for each BM estimate
based on the standard error of estimate (SEE) of the equation
provided by Ruff (2003). The detransformation bias correction
factor provided by the same author was also applied. Humeral
head superoinferior diameter was measured, following Ruff
(2002), with the humeral head and neck held perpendicular to
the observer's line of sight. Measurements were taken to the
nearest 0.1 mm digitally from the virtual models.

3D geometric morphometrics

Virtual models The humeri were scanned with a 3D Next Engine
laser surface scanner model 2020i, at a resolution of 0.1 mm space-
point separation with a density of 40k (2�) points. The resulting
triangular meshes were edited, all of the left specimens (both
fossil and extant humeri) were mirror-imaged, and then the
models were imported into the Landmark Editor software (Wiley,
2006), in which the landmark points were collected.

Landmark protocol Three-dimensional landmark-based geometric
morphometrics (3D GM) is a method of analysis that uses 3D
coordinates in space (x, y, z) corresponding to a series of
(preferably) homologous points on an anatomical structure as
variables to conduct numerical analyses of shape (Bookstein et al.,
1999; Zelditch et al., 2004). In this study, we used 17 landmarks
and four semilandmarks in 3D, which recorded the shape of the
proximal articular surface of the humerus as well as the shape of
its greater and lesser tubercles (Table 3 and Fig. 1). The selected
landmarks were applied with the Landmark Editor software
(Wiley, 2006). They are based on previous studies by the authors

(Arias-Martorell et al., 2012, in press), but adapted to the fossil
sample requirements: landmarks L1eL5 correspond to the
articular surface of the proximal humerus, landmarks L6eL9 to the
lesser tubercle (outlining the subscapularis insertion), and
landmarks L10eL17 correspond to the greater tubercle (outlining
the main shape of the tubercle). In turn, L10eL13 outline the
contour of the supraspinatus insertion in the superior aspect of
the tubercle, while L14eL17 follow the external contour of the
infraspinatus and teres minor insertions together, or the general
lateral insertion facet of the tubercle where both insertions are
located. The four semilandmarks are located on the articular
surface, being placed at equal distances from landmarks L1 to L5
by the software. In order to correct for the arbitrary placing of the
semilandmarks, a sliding procedure was applied. L1eL5 served as
anchors for sliding the semilandmarks (SL1eSL4), using the
approach of minimizing the Procrustes distance. Each landmark
slides separately along tangent lines to the respective curve.
Sliding removes the effect of arbitrary placement by minimizing
the position of the semilandmarks with respect to the average
shape of the sample (Bookstein, 1997; Gunz et al., 2005; Adams
and Ot�arola-Castillo, 2013; Gunz and Mitteroecker, 2013).
Semilandmark sliding was performed with the Geomorph package
for geometric morphometric analyses (Adams and Ot�arola-Castillo,
2013) developed for R (R Development Core Team, 2008).

Multivariate analyses

Generalized Procrustes analysis A generalized Procrustes analysis
(GPA) was applied to the configurations of landmarks using the R
software. In a GPA, the raw coordinates are registered to one

Table 2
Details of the comparative sample, including sample sizes as well as museum
provenance.

Taxon N Museum(s)

Hoolock hoolock 7 AMNH
Nomascus concolor 3 AMNH
Hylobates agilis 4 AMNH
Hylobates moloch 1 AMNH
Symphalangus syndactylus 4 AMNH
Hylobatidae indet. 1 AMNH
Pongo pygmaeus 18 AMNH, UZH
Pongo abelii 2 UZH
Pan troglodytes troglodytes 9 AMNH
Pan troglodytes schweinfurthii 8 AMNH
Gorilla gorilla 15 AMNH
Ateles belzebuth 1 AMNH, UZH
Ateles geoffroyi 6 AMNH, UZH
Ateles paniscus 1 AMNH, UZH
Ateles fusciceps 1 AMNH, UZH
Lagothrix lagotricha 15 AMNH, UZH
Lagothrix sp. 3 AMNH, UZH
Colobus guereza 8 AMNH, UZH
Colobus angolensis 4 AMNH, UZH
Colobus verus 1 AMNH, UZH
Colobus satanas 1 AMNH, UZH
Cebus capucinus 5 UZH
Cebus apella 3 UZH
Cebus albifrons 9 UZH
Cebus olivaceus 1 UZH
TOTAL 131

Abbreviations: AMNH, American Museum of Natural History, New York, USA; N,
sample size; UZH, Anthropologisches Institut und Museum, Universit€at Zürich,
Zurich, Switzerland.

Table 3
Landmark definition (numeration, typea and description) by subset (articular surface
and tubercles).

Landmark Type Description

Articular surface

L1 II Most proximal point to the articular perimeter to the
major tubercle prominence in a posterior/anterior view

L2 II Maximum curvature point of the articular perimeter in
the mediolateral and anteroposterior plane

L3 II Most distal point of the articular perimeter
L4 II Intersection point in the articular perimeter between the

minor tubercle and the articular surface in superior view
L5 II Intersection in the articular perimeter between the major

tubercle and the articular surface in superior view
SL1 SL Middle point between L1 and L2 on the articular surface
SL2 SL Middle point between L2 and L3 on the articular surface
SL3 SL Middle point between L2 and L4 on the articular surface
SL4 SL Middle point between L2 and L5 on the articular surface

Tubercles

L6 II Distal end of the outline of the subscapularis insertion
L7 II Proximal end of the outline of the subscapularis insertion
L8 II Lateral point of the outline of the subscapularis insertion
L9 II Medial point of the outline of subscapularis insertion
L10 II Anterior end of the outline of the supraspinatus insertion
L11 II Posterior end of the outline of the supraspinatus insertion
L12 II Lateral point of the outline of the supraspinatus insertion
L13 II Medial point of the outline of the supraspinatus insertion
L14 II Distal end of the infraspinatus þ teres minor insertion sites

(lateral insertions site plane)
L15 II Proximal end of the infraspinatus þ teres minor insertion

sites
L16 II Lateral point of the infraspinatus þ teres minor insertion

sites
L17 II Medial point of the infraspinatus þ teres minor insertion

sites

a Types of landmarks (I, II, III) after Bookstein et al. (1999), Gunz et al. (2005), and
O'Higgins (2000). Semilandmarks (SL) after Gunz et al. (2005).
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another by rotating, scaling and translating the landmark config-
urations to minimize the sum of squared differences among them
(Rohlf, 1999; Zelditch et al., 2004) and projected onto the tangent
space afterwards.
Between-group principal components analysis A between-group
principal components analysis (bgPCA) was conducted in
MorphoJ (Klingenberg, 2011) in order to explore major patterns
of shape differences among the taxa. This method relies initially
on the group mean configurations, so that the scores of the
individuals are computed a posteriori using vector products, thus
taking into account the intraspecific variation of the extant group
samples (Mitteroecker and Bookstein, 2011). The scores for the
fossil specimens were computed manually afterwards.

Shape changes were explored by plotting the second principal
component (bgPC2) against the first (bgPC1) derived from the
bgPCA for each subset. The extreme shapes of the two first axes
were extracted and warped to a Lagothrix model mesh (chosen
because of its generalized and intermediate morphology; Arias-
Martorell et al., in press), using Landmark Editor (as in every sub-
sequent warping; Wiley, 2006). A minimum spanning tree (MST),
based on Procrustes distances (calculated as the square root of the
sum of squared difference between two landmark configurations;
Bookstein, 1991), was employed to explore the closest morpho-
metric similarities between bgPCA group centroids and fossil
specimens in the morphospace.
Discriminant analysis We conducted a canonical variate discrimi-
nant analysis (DA) based on the Procrustes coordinates using SPSS
v. 20 (Chigaco, IL). Extant taxa were grouped a priori based on
genus, whereas the fossils were left ungrouped and classified by the
analysis based on classification probabilities (in turn, derived on the
basis of Mahalanobis square distances, D2). Only those discriminant
functions with a significant Wilk's lambda were employed. The
performance of the analysis for discriminating among extant taxa
was assessed on the basis of cross-validation percentages.
Hierarchical cluster analysis (Ward's method) The morphometric
affinities between the studied taxa were further assessed based on
dendograms derived from a hierarchical cluster analysis (based on
Ward'smethod) conducted in PAST v.3 (Hammer et al., 2001). Cluster
analyseswere carried out for both the bgPCAand theDA, by using the
scores of extant taxa centroids and those of fossil individuals.

Results

Body mass estimates

The BM estimates derived for the fossil specimens based on
superoinferior humeral head diameter are reported in Table 4.
Overall, the studied extinct taxa range from about 4 kg to 11 kg. The
smallest taxon corresponds to the catarrhine of uncertain affinities

represented by GSP 28062, from the Middle Miocene of Pakistan,
for which a BM between 4 and 5 kg is estimated. The remaining
investigated taxa display somewhat larger body sizes, including the
specimen attributed to P. antiquus from La Grive (Ginsburg and
Mein, 1980), with an estimated BM of 10e11 kg. In general, these
estimates roughly agree with those provided for the same taxa in
the literature (e.g., Fleagle, 2013), although being slightly higher for
A. zeuxis and E. vindobonensis (which according to our estimates are
similar in size to N. vancouveringorum, i.e., 8e9 kg). The estimate
derived for GSP 28062 is also slightly higher than that of ca. 3 kg
previously provided by Rose (1989) for the same specimen.

Morphometric analyses

bgPCA The analysis (Fig. 2) yielded seven principal components
explaining 100% of the variance. Principal component 1
(explaining 65.6% of variance) reflects a gradient from pronograde
to orthograde taxa, with pronograde monkeys (Colobus and
Cebus) overlapping at the positive end of this axis, while apes and
Ateles fall at the negative end of this axis. Lagothrix shows an
intermediate position along this axis, broadly overlapping with
Cebus, but also overlapping to some extent with both Hylobates
and Ateles. As shown in Fig. 2 by the vectors of shape changes
towards the negative end of PC 1, orthograde/suspensory taxa are
characterized by small and laterally rotated tubercles relative to
the articular surface, which shows an overall spherical contour
and a very globular proximal aspect. In these taxa, there is a
lateral extension of the articular surface towards the bicipital
groove but without progression onto the intertubercular space
(Fig. 2). Consequently, the bicipital groove is deep and narrow,
whereas the lesser tubercle is spindle-shaped and relatively small
(Fig. 2). In contrast, pronograde taxa (situated towards the

Figure 1. Landmark configuration used in the 3D GM morphometric analysis of the proximal humerus, in superior (a), posterior (b) and anterior (c) views (the orientation
convention adopted in this study is that of human anatomy, in which the articular surface of the humerus faces medially and not posteriorly, as in most primates). Black circles
represent the homologous landmarks from the humeral head, gray circles the homologous landmarks from the tubercles, and unfilled circles the semilandmarks (located only on
the articular surface).

Table 4
Body mass estimates based on the superoinferior humeral head diameter of the
studied specimens.

Taxon Catalog No. HHSI BME 50% CI min 95% CI min

Catarrhini indet. GSP 28062 12.9 4.2 4.1 4.4 3.7 4.7
Aegyptopithecus zeuxis DPC 1275 17.4 8.3 8.1 8.5 7.8 8.8
Epipliopithecus

vindobonensis
OE 304 (ind. II) 18.0 8.9 8.8 9.1 8.4 9.4

Pliopithecus antiquus La Grive w/n 19.1 10.1 9.9 10.2 9.6 10.6
Nyanzapithecus

vancouveringorum
KNM-RU 17376 17.7 8.5 8.4 8.7 8.1 9.0

Abbreviations: BME, body mass estimate (in kg); CI, confidence interval for the
prediction; HHSI, humeral head superoinferior breadth (in mm); w/n, without
number.
BME were derived from an allometric equation for catarrhine sex/species means
provided by Ruff (2003, Table 7). CIs were computed based on the standard error of
estimate of the regression, also following Ruff (2003).
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positive end of PC 1) are characterized by larger tubercles and
relatively smaller articular surfaces relative to the tubercles
(Fig. 2). In these taxa, the articular surface shows a slight
progression onto the intertubercular space (bicipital groove). The
latter, in turn, is wide and shallow, resulting in a great separation
between the tubercles, the lesser one showing a large and round
insertion site for the subscapularis muscle (Fig. 2).

Principal component 2 (12.9% of variance) does not show a clear
separation of groups, which overlap extensively with one another.
Correspondingly, shape changes along this axis are very subtle. The
taxa (hylobatids) situated towards the positive end of PC 2 show a
very globular humeral head, extensively protruding above the tu-
bercles, and showing a medial projection (Fig. 2). The tubercles are
small and laterally situated, and, in the greater tubercle, the infra-
spinatus insertion faces posteriorly and the teres minor insertion
shows a lateral displacement. The lesser tubercle shows a spindle-
shaped insertion site for the subscapularis (Fig. 2). Towards the
negative end of PC 2, the taxa show a slightly larger greater tubercle
relative to the articular surface, and the infraspinatus insertion
faces more cranially. The lesser tubercle is slightly more anteriorly
situated. The contour of the humeral head does not differ from the
previously described, being globular and protruding on its proximal
aspect, and with a fairly marked medial projection (Fig. 2).

The fossils fall mostly within the 95% confidence ellipses of the
pronograde arboreal taxa: P. antiquus and N. vancouveringorum are

situated in the overlapping area between Cebus, Colobus and
Lagothrix, GSP 28062 falls within the overlapping area of Cebus and
Colobus, and E. vindobonensis is situated within that of Lagothrix. In
contrast, A. zeuxis falls outside of the confidence ellipses of the
extant taxa, with a more positive value than any extant monkey for
the PC 1. However, the MST (Fig. 3) shows that GSP 28062 and
A. zeuxis appear more similar to each other and to
N. vancouveringorum than to any extant taxon when all of the axes
are taken into account simultaneously.

The cluster analysis based on PC scores (Fig. 4a) separates two
major clusters, one grouping apes with Ateles, and the other
grouping all of the remaining taxa. Among the latter, two distinct
subclusters may be distinguished: a smaller one including GSP
28062, E. vindobonensis and Lagothrix, and the other encompassing
all of the remaining pronograde taxa (both extinct and extant).
Within the latter subcluster, Pliopithecus is grouped with
N. vancouveringorum and Cebus. A. zeuxis occupies an outgroup
position relative to the latter subclusters.

Discriminant analysis The analysis (Table 5) yielded seven
discriminant functions (all of them significant at p < 0.05), which
provide a good discrimination among the extant genera (100%
original cases correctly classified, 97.7% when cross-validation is
employed). The plot of the second (CV 2; 16.1% of variance)
against the first (CV 1; 56.5% of variance) canonical variate is
provided in Fig. 5. Canonical variate 1 shows a pronograde/

Figure 3. Results of the between-group principal components analysis of proximal humeral shape, depicted as a minimum spanning tree (bgPCA-MST) of the extant taxa centroids
and the scores for the fossil specimens. The fossil humeri models in anterolateral view are provided on the plot, whereas 3D warps of the mean shape for each extant taxon are
represented below for illustrative purposes only.
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orthograde morphocline, from pronograde genera (Colobus and
Cebus, on the positive end), to orthograde genera (Ateles and
apes, on the negative end), and with Lagothrix showing an
intermediate position around the zero value. Canonical variate 2
exclusively separates Lagothrix from the rest of the taxa (but for
one Ateles specimen), appearing isolated at the positive end of
the axis. All fossils appear outside the dispersion ranges of any
groupdexcept A. zeuxis, which resembles Colobusdwith GSP

28062, N. vancouveringorum, E. vindobonensis and P. antiquus
showing similar CV 1 values to Lagothrix. However, these taxa do
not show the extreme positive CV 2 values of Lagothrix, and thus
their positions remain between the dispersion ranges of Cebus
and those of the orthograde taxa for CV 1.

Based on Mahalanobis distances from extant group centroids,
the analysis classifies the fossil specimens investigated as Cebus,
Colobus, Lagothrix, or hylobatid, depending on the case (Table 6),
although in all instances the significance of the classification
probabilities (p < 0.001) indicate that the fossils are outside the
range of variation of the extant species (as expected, since they
belong to different taxa). Both A. zeuxis and N. vancouveringorum
are classified as Cebus as the first option and as Colobus as second
option. Regarding pliopithecoids, P. antiquus is classified as Cebus as
the first option and as a hylobatid as the second one, although being
closer to the centroid of the former. In contrast, E. vindobonensis is
classified as Lagothrix as first option and as Ateles as second, being
much closer to the centroid of the former. GSP 28062 is classified as
hylobatid as a first option and as Lagothrix as second, although the
distances to the centroids of the two extant taxa are quite similar.

The cluster analysis based on the discriminant scores (Fig. 4b)
separates two main clusters, one grouping the hominoids and
Ateles, and the other grouping all of the remaining taxa. Among the
latter, two subclusters are distinguished, one grouping A. zeuxis
with Colobus, and the other encompassing the rest of the taxa, with
E. vindobonensis and Lagothrix clustering together, and with
P. antiquus and N. vancouveringorum clustering with Cebus. GSP
28062 is left unclustered within the major cluster of pronograde
and extinct taxa.

Discussion

The proximal humerus of Aegyptopithecus and Nyanzapithecus

Aegyptopithecus Generally, A. zeuxis has been regarded as an
arboreal, above-branch palmigrade quadruped, more similar in

Figure 4. Results of the hierarchical cluster analysis (Ward's method) based on the group centroids (extant taxa) and scores (fossil individuals) delivered by the morphometric
analyses of proximal humeral shape: (a) between-group principal components analysis (bgPCA); (b) canonical variate discriminant analysis (DA).

Table 5
Results of the canonical variate discriminant analysis (DA) based on the Procrustes
coordinates of the 3D GM analysis of proximal humeral shape.

Canonical variate functions

CV1 CV2 CV3 CV4 CV5 CV6 CV7

Eigenvalue 55.897 15.956 9.335 6.755 5.024 3.991 2.055
% of Variance 56.5 16.1 9.4 6.8 5.1 4.0 2.1
Cumulative % of

Variance
56.5 72.6 82.0 88.8 93.9 97.9 100

Canonical Correlation 0.991 0.970 0.950 0.933 0.913 0.894 0.820

Scores at group centroids and extinct taxa

CV1 CV2 CV3 CV4 CV5 CV6 CV7

Ateles �2.607 3.047 3.849 1.733 1.931 �1.392 �4.244
Lagothrix 2.354 6.854 �0.772 �1.394 2.344 �1.386 1.378
Cebus 9.326 1.145 �0.279 �2.833 �3.663 0.492 �0.822
Pongo �4.795 2.392 �2.985 3.264 �0.872 2.649 �0.016
Pan �7.789 �4.558 �3.251 �3.697 1.682 0.165 �0.614
Gorilla �7.559 �1.865 0.501 1.804 �2.810 �3.767 0.890
Hylobatids �2.011 �1.847 5.544 �0.537 0.437 1.932 1.125
Colobus 13.938 �5.489 �1.369 2.981 2.044 �0.666 0.222
Aegyptopithecus

zeuxis
16.565 �5.053 �3.494 �1.571 �8.441 �1.768 �2.000

Nyanzapithecus
vancouveringorum

6.232 �1.703 �3217 0.024 0.837 0.459 1.492

Epipliopithecus
vindobonensis

4.089 1.336 �2.826 �0.481 3.136 �2.765 �3.359

Pliopithecus antiquus 4.993 �0.027 2.271 �2.865 1.753 0.917 �1.100
Catarrhini indet.

(GSP 28062)
1.303 �1.699 �1.495 �4.62 5.445 1.971 3.542
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terms of locomotion to Alouatta or Varecia (Fleagle and Simons,
1982; Fleagle, 1983; Harrison, 2013). This has been based on
comparisons of the proximal and distal morphology of both the
humerus and the ulna, which point to a slow-moving, relatively
short-limbed arboreal quadruped (Fleagle and Simons, 1982;
Fleagle, 1983; but see Hamrick et al., 1995 and references therein
for a different view). Our study indicates that the morphometric
affinities of the proximal humerus of A. zeuxis are closer to those
of arboreal quadrupedal taxa, showing similarities with both
Cebus and Colobus (Figs. 2 and 4; Table 6). In fact, Colobus and
Cebus exhibit quite similar proximal humeral morphologies, with
the particular difference that Colobus displays a more flattened
articular surface that further extends between the tubercles
(Fig. 3). This morphology, also displayed to some extent by
A. zeuxis, provides a larger articular surface for the glenoid on the
superior aspect of the humerus. Despite these minor differences,
the locomotor repertoires of Cebus and Colobus are quite similar,
mostly relying on quadrupedal walking and running, and
displaying a quasi-equal use of vertical climbing behaviors (up to
25e30% during travel; Mittermeier and Fleagle, 1976; Gebo, 1992;
Gebo and Chapman, 1995; Garber and Rehg, 1999; Youlatos and
Meldrum, 2011). Thus, although proximal humeri of
strepsirrhines and Alouatta should be analyzed to better assess
the morphological affinities of A. zeuxis, our analysis is consistent
with this taxon being a generalized arboreal quadruped.

Nyanzapithecus The proximal humeral morphology of
N. vancouveringorum (Figs. 3 and 4; Table 6) suggests a similar
locomotor repertoire to that described above for A. zeuxis. As
such, N. vancouveringorum displays in the proximal humerus a set
of morphological features functionally related to pronograde
quadrupedalism with a significant proportion of vertical climbing,
including an oval and broad articular surface and a large lesser
tubercle, reflecting the importance of the muscular internal
rotator of the joint (subscapularis) for joint stabilization. Thus,
the shape of the proximal humerus in Nyanzapithecus agrees well
with the general view that stem hominoids were powerful-
grasping, above-branch quadrupeds/cautious climbers with a
pronograde body plan (Corrucini et al., 1975; Morbeck, 1975;
Fleagle, 1983; Walker and Pickford, 1983; Rose, 1983, 1993; Begun
et al., 1994; Ward, 1997, 2007; Dunsworth, 2006; Harrison, 2010).

The proximal humerus of pliopithecoids

Epipliopithecus Zapfe (1958, 1961) originally interpreted
Epipliopithecus as a generalized arboreal quadruped, even
displaying some degree of terrestrial quadrupedalism.
Subsequent qualitative analyses (Szalay and Delson, 1979; Fleagle
and Simons, 1982; Fleagle, 1983; Langdon, 1986; Rose, 1994;
Harrison, 2010) concluded that Epipliopithecus would have
combined a significant amount of hind limb and forelimb
suspension as well as vertical climbing with generalized arboreal
quadrupedalism, thus most closely resembling the extant Ateles.
Inferences of suspensory behaviors in Epipliopithecus were based
on hind limb morphology (based on similarities in proximal
femur, knee and ankle joint features with hylobatids; Fleagle,
1983; Langdon, 1986; Rose, 1994), as well as forelimb
morphology. In particular, forelimb derived features of
Epipliopithecus related to climbing and/or suspension include a
straight, slender and round in cross-section humeral shaft and a
proximally directed olecranon process of the ulna (Fleagle, 1983),
coupled with a high degree of phalangeal curvature (Zapfe, 1958;
Fleagle, 1983; Rose, 1994).

On the other hand, Epipliopithecus displays multiple primitive
features in the forelimb, such as the retention of an entepicondylar
foramen on the distal humerus and a simple hinge-like carpome-
tacarpal joint in the thumb (Zapfe, 1958, 1961), further differing
from extant hominoids in the lack of many features related to
suspensory behaviors. Thus, Epipliopithecus displays an inter-
membral index (94) similar to those of Alouatta and Lagothrix, as
well as an elbow joint that resembles that of Cebus, i.e., exhibiting a
relatively short range of pronationesupination, and only stable in
closed-pack position during full pronation, instead of being stable
in all positions as in hominoids (Zapfe,1958,1961; Rose et al., 1992).
Moreover, Epipliopithecus exhibits the primitive catarrhine condi-
tion of a non-translatory humeroulnar joint, in which the trochlear
groove is directed anteroposteriorly (orthogonal to the humer-
oulnar joint axis, and without a pitch angle), preventing translation
(Rose, 1988; Rose et al., 1992).

In fact, previous multivariate analyses of the shoulder joint of
Epipliopithecus stressed its similarity with those of Presbytis or
Cebus (Ciochon and Corrucini, 1977). More recently, Rein et al.
(2011) quantitatively re-examined various characters of the fore-
limb of Epipliopithecus, and inferred a significant amount of quad-
rupedalism for this taxon, based on the length of the olecranon
process relative to the size of the ulna. However, the relative high
degree of humeral torsion of Epipliopithecus predicts a low fre-
quency of quadrupedalismda combination most similar to that
displayed by New World suspensory monkeysdwhereas phalan-
geal curvature supports a significant degree of climbing as well
(Rein et al., 2011). Overall, the latter authors suggested that

Figure 5. Results of the canonical variate discriminant analysis (DA) of proximal hu-
meral shape, depicted as a bivariate plot of the two first canonical variate functions for
each individual (CV 2 versus CV 1). Extant group centroids are depicted as bigger
symbols with black outlines.

Table 6
Classification results for the fossil specimens according to the canonical variate
discriminant analysis (DA) of proximal humeral shape reported in Table 5.

Taxon 1st group D2 2nd group D2

Aegyptopithecus zeuxis Cebus 132.073 Colobus 148.424
Nyanzapithecus vancouveringorum Cebus 60.094 Colobus 90.219
Epipliopithecus vindobonensis Lagothrix 63.488 Ateles 101.343
Pliopithecus antiquus Cebus 56.248 Hylobatid 76.205
Catarrhini indet. (GSP 28062) Hylobatid 108.152 Lagothrix 110.761

Abbreviations: D2, Squared Mahalanobis distance.
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Epipliopithecus would have been adapted to perform significant
amounts of both quadrupedalism and climbing, possibly coupled
with some degree of forelimb suspension, although they did not
explicitly examine skeletal correlates of suspensory behaviors (Rein
et al., 2011).

The results of our multivariate analyses indicate that Epi-
pliopithecus has its closest morphological affinities with the ateline
Lagothrix (Figs. 3 and 4; Table 6), which is mainly an arboreal
quadruped. For the proximal humerus, both Lagothrix and Epi-
pliopithecus exhibit a fairly globular articular surface, rounder on
the superior aspect of the articular surface comparedwith the other
arboreal quadrupeds (Cebus and Colobus), but clearly differing from
the protruding and extremely globular articular morphology of
extant apes and Ateles. Themore globular humeral head of apes and
Ateles provides them with a great range of circumduction at the
shoulder joint, thus enabling virtually all combinations of abduc-
tioneadduction and flexioneextension movements (Larson, 1993).
The proximal humeral morphology of Epipliopithecus would have
enabled a greater range of circumduction in overhead forelimb
positions than those of strict arboreal quadrupeds (Fig. 3), although
less than in orthograde suspensory taxa (extant apes and Ateles).
This further concurs with the fact that Epipliopithecus more closely
resembles generalized arboreal quadrupeds in tubercular
morphology (Fig. 3). In particular, this taxon exhibits a round sub-
scapularis insertion on the lesser tubercle, which highlights the role
of this muscle as a powerful internal rotator and stabilizer of the
joint during quadrupedal gait (Larson, 1988, 2007a), as well as
relatively large tubercles with respect to the articular surface, as
seen in more quadrupedal taxa.

The mix of (apparently contradictory) morphological features in
the proximal humerus of Epipliopithecus matches previous in-
ferences made by other authors (Rein et al., 2011), who highlighted
the presence of other mixed characters (long and protruding
olecranon process, indicative of quadrupedalism, but a degree of
humeral torsion more compatible with suspensory behaviors). The
combination of features indicated by our analyses in the proximal
humerus of Epipliopithecus further explains its closest morpho-
metric affinities with Lagothrix. The latter taxon displays a loco-
motor repertoire that mainly includes arboreal palmigrade
quadrupedalism (both running and walking), but it further exhibits
a fair degree of suspensory behaviors. In particular, Lagothrix em-
ploys Ateles-like tail-assisted brachiation (without aerial phase)
about 11% of the time when traveling (Cant et al., 2001, 2003;
Kagaya, 2007). Like Epipliopithecus, Lagothrix displays a mixture of
traits at the proximal humerus, which provides it with enough
forelimb mobility in abducted positions to sporadically engage in
suspensory behaviors, while at the same time being suitable for
habitual arboreal quadrupedalism (Arias-Martorell et al., in press).
Overall, our results for the proximal humerus support the previous
contention, based on other forelimb features (Rose, 1983, 1988;
Rose et al., 1992; Rein et al., 2011; Harrison, 2013), that Epi-
pliopithecus was mainly an agile arboreal quadruped that engaged
in forelimb suspensory behaviors for a comparatively small (but
still significant) amount of time.

Pliopithecus There are two pliopithecoids recorded by dental re-
mains at the French locality of La Grive: the pliopithecid P. antiquus,
from fissure filling PB A, and the crouzeliid Plesiopliopithecus
(¼Crouzelia) rhodanicus from fissure filling L7 (Ginsburg and Mein,
1980; Mein and Ginsburg, 2002). However, while according to
Senut (2012), Ginsburg and Mein (1980) attributed the proximal
humerus from this locality to the crouzeliid, in fact these authors
attributed it to P. antiquus, based on morphological similarities
(both size and shape) to the pliopithecid E. vindobonensis
(assigned by them to the genus Pliopithecus). An attribution of the

La Grive humerus to P. antiquus is further supported by the BM
mass estimate around 10e11 kg reported here for this specimen,
since the size of the M2 holotype of Pl. rhodanicus (taken from
Ginsburg and Mein, 1980), based on Gingerich et al.'s (1982)
allometric equations, yields a much lower BM estimate of merely
3.1 kg (95% confidence interval, 2.9e3.4 kg), whereas the M2 of Pl.
rhodanicus from La Grive (Hürzeler, 1954) gives a higher BM
estimate of 6.9 kg (95% confidence interval, 6.4e7.4 kg).
Therefore, an alternative attribution of the humeral fragment
from La Grive to the crouzeliid can be discounted on the basis of
size.

With regard to the shape analysis of the proximal humerus from
La Grive, unlike in the case of Epipliopithecus, our results suggest
closer morphometric affinities with Cebus (Figs. 3 and 4; Table 6).
Previous authors deemed the overall morphology of the proximal
humerus from La Grive as very similar (or even entirely compara-
ble) to that of E. vindobonensis (Ginsburg and Mein, 1980; Rose,
1989; Harrison, 2013). However, our results indicate that these
two taxa are not particularly similar regarding proximal humeral
morphology, with Pliopithecus exhibiting closest morphometric
similarities with Cebus, instead of with Lagothrix (as in the case of
Epipliopithecus). Thus, like Cebus, Pliopithecus displays a broad, oval,
and relatively flat humeral head, particularly on its superior aspect,
which offers a large contact surface with the glenoid. This enables a
more efficient force transmission through the shoulder joint during
the weight-bearing phase of the quadrupedal gait (Rose, 1989;
Larson, 1993; Rafferty and Ruff, 1994; Preuschoft et al., 2010).
Such traits are characteristic of fairly strict arboreal quadrupeds,
and imply restricted mobility at the shoulder joint in extended
forelimb positions (Rose, 1989; Larson, 1993). Therefore, the
morphology of the proximal humerus of Pliopithecus suggests a
locomotor repertoire more similar to that of Cebus, based on
quadrupedal walking, leaping and a fair amount of vertical climbing
(Gebo, 1992; Garber and Rehg, 1999; Youlatos and Meldrum, 2011),
but with no evidence of enhanced mobility at the glenohumeral
joint for sustained use of the forelimb in overhead positions (which
would be necessary to engage in forelimb suspension to a signifi-
cant degree).

Overall, the differences in proximal humeral morphology be-
tween E. vindobonensis and P. antiquus substantiate the suggestion
that these taxa differed postcranially and, thus, behaviorally, at
least in terms of positional behaviors. Accordingly, our results
reinforce the view that Epipliopithecus is best distinguished at the
genus rank from Pliopithecus, as recently argued in the light of
postcranial differences between E. vindobonensis and Pliopithecus
canmatensis, with the latter apparently lacking an entepicondylar
foramen, as in crown catarrhines and dendropithecids (Alba and
Moy�a-Sol�a, 2014). In contrast to the more primitive condition of
the distal humerus of Epipliopithecus, our results indicate that the
proximal humerus of this taxon would be more derived than in
Pliopithecus (at least, P. antiquus), by resembling Lagothrix in the
possession of several features functionally related to a fair degree of
forelimb suspensory behaviors. Certainly, the morphology of the
proximal humerus of Lagothrix is not as derived as that of apes and
Ateles, but remains unspecialized overall (Arias-Martorell et al., in
press). Additional postcranial remains of Pliopithecus spp. would
therefore be required to further evaluate the locomotor diversity
within this genus as well as its purported differences compared
with E. vindobonensis, especially in the light of differences in body
size. In the latter regard, P. canmatensis is significantly smaller
(about 5e6 kg in males; Alba and Moy�a-Sol�a, 2014) than either
E. vindobonensis or P. antiquus (respectively, 8e9 kg and 10e11 kg,
according to the BM estimates derived in this paper; Table 4).
Current evidence based on the proximal humerus, in any case, in-
dicates that E. vindobonensis exhibited more forelimb-dominated
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behaviors than the slightly larger P. antiquus, and the same possi-
bility remains open for the much smaller P. canmatensis according
to the preliminary data reported by Alba and Moy�a-Sol�a (2014).

The Middle Miocene proximal humerus from Pakistan

The unascribed specimen GSP 28062 from the Middle Miocene
of Pakistan, described by Rose (1989), deserves particular attention
from both a taxonomic and functional point of view. Rose (1989)
concluded that this specimen more closely resembled the extant
Cebus or Saimiri, being little derived from the primitive anthropoid
(or stem catarrhine) condition (as represented by the humeri of
Aegyptopithecus). Therefore, Rose (1989) inferred a locomotor
repertoire for this specimen similar to extant generalized arboreal
quadrupeds. In contrast, our analyses indicate that GSP 28062, like
E. vindobonensis but unlike P. antiquus and stem hominoids, shows
greater morphometric affinities with the extant ateline Lagothrix.
This fact suggests that GSP 28062 mostly relied on pronograde
positional behaviors, including agile above-branch quadrupedalism
and climbing, but further employing forelimb suspension to some
significant degree, as in Lagothrix (Cant et al., 2001, 2003; see
further discussion above regarding Epipliopithecus).

Largely, GSP 28062 more closely resembles extinct Epi-
pliopithecus and extant Lagothrix (Fig. 4, Table 6). The morpho-
metric affinities of GSP 28062, together with its small estimated
body mass (4e5 kg, only slightly larger than that previously esti-
mated by Rose, 1989), support an attribution to a small-bodied
catarrhine. Among Miocene catarrhines, this small body mass
overlaps with the smallest pliopithecids (such as Barberapithecus
huerzeleri and P. canmatensis; Moy�a-Sol�a et al., 2013; Alba and
Moy�a-Sol�a, 2014) and, as noted by Rose (1989), indicates that the
specimen cannot be attributed to Sivapithecus, which is the other
catarrhine taxon recorded in the same area. Moreover, the spec-
imen lacks postcranial adaptations for enhanced climbing activities
previously reported for Sivapithecus (based on the carpals and
metacarpals), whichdin spite of a mainly pronograde body plan
without forelimb suspensory adaptationsdwould have displayed
more orthograde positional behaviors than inferred here for GSP
28062 (Rose, 1984, 1986; Pilbeam et al., 1990; Spoor et al., 1991;
Pilbeam and Young, 2001; Madar et al., 2002; Ward, 2007;
Larson, 2007a).

An alternative attribution of GSP 28062 to the sivaladapid
Sivaladapis palaeindicus, also recorded at the Chinji Formation,
cannot be discounted based on body size, since a BM of 5.6 kg (95%
confidence interval, 5.2e6.0 kg) can be estimated for this taxon,
using Gingerich et al.'s (1982) allometric equations and based on
the size M1 of its holotype (reported by Thomas and Verma, 1979).
Rose (1989) concluded that the morphology of GSP 28062 dis-
counts an attribution to a strepsirrhine (the humeral head of the
former being relatively broader mediolaterally than in lemurids
and lorisids, and the lesser tubercle being more proximally situated
relative to the greater tubercle than in strepsirrhines; Rose, 1989;
Schmitt, 1996; Larson, 2007a). Therefore, based on the preserved
morphology, an attribution of GSP 28062 to a small-bodied catar-
rhine seems more likely, although an alternative attribution to a
sivaladapid cannot be entirely ruled out at the moment.

Small-bodied catarrhines are known from the Middle to Late
Miocene of Indo-Pakistan (Chopra and Kaul,1979; Barry et al., 1986;
Bernor et al., 1988; Harrison and Gu, 1999; Harrison, 2005), but
their taxonomic affinities remain unclear. The material from the
Kamlial and Manchar Formations, initially attributed to the plio-
pithecoid Dionysopithecus (Barry et al., 1986; Bernor et al., 1988), is
however much older, and its taxonomic affinities are currently
uncertain, being alternatively attributable to a dendropithecid
(Harrison and Gu, 1999; Harrison, 2005, 2013). In turn, the isolated

M3 from the Nagri beds of Haritalyangar in the Siwaliks (Chopra
and Kaul, 1979) is considerably younger in age (about 9e8 Ma).
Formerly attributed to ‘Pliopithecus’ krishnaii by Chopra and Kaul
(1979) and to Krishnapithecus krishnaii by Ginsburg and Mein
(1980), this tooth is insufficient to establish its taxonomic affin-
ities (Harrison and Gu, 1999; Harrison, 2005, 2013). We therefore
conclude that GSP 28062 is best left unassigned at the family level.
Although our results suggest that its attribution to a small-bodied
catarrhine (maybe a pliopithecid) displaying some degree of fore-
limb suspensory behaviors is likely, an alternative attribution to a
sivaladapid cannot be completely ruled out.

Conclusions

The proximal humeral region (and, by extension, the shoulder
joint) seems quite prone to homoplasy when it comes to the
acquisition of orthograde and/or suspensory adaptations (Larson,
1998, 2007b; Arias-Martorell et al., 2012, in press). This is evi-
denced by the similar proximal humeral morphology displayed by
Ateles and extant apes (Kagaya, 2007; Arias-Martorell et al., in
press), as confirmed by our study. Our analyses further support the
previous contention that Epipliopithecus displayed some forelimb
suspensory adaptations, even though its main positional behavior
would have consisted of generalized arboreal quadrupedalism. The
morphofunctional similarities in proximal humeral morphology
between Epipliopithecus and Lagothrix therefore highlight the
decoupling between the acquisition of suspensory adaptations (at
least, at the glenohumeral joint) and that of an overall orthograde
body plan, since the latter is lacking in both taxa. Both Epi-
pliopithecus and Lagothrix display proximal humeral morphologies
enabling greater circumduction ranges in overhead limb positions
than those of generalized arboreal quadrupeds, thus leading us to
conclude that Epipliopithecuswould have displayed, like Lagothrix, a
fair amount of forelimb suspensory behaviors, without a concom-
itant shift towards an overall orthograde morphotype in torso and
lumbar spine morphology (Fleagle, 1983; Rose, 1983, 1988, 1994;
Rose et al., 1992; Rein et al., 2011; Harrison, 2013; Arias-Martorell
et al., in press). Although this cannot be ascertained for the iso-
lated humeral specimen GSP 28062 from the Miocene of Pakistan,
similarities with Lagothrix in proximal humeral morphology further
support the view that the evolution of some suspensory adapta-
tions, superimposed to an otherwise pronograde body plan suitable
for generalized arboreal quadrupedalism (as in Epipliopithecus),
might have been more common among extinct catarrhines than is
generally assumed.

It has been repeatedly stressed that homoplasy has played a
pervasive role in the acquisition of orthograde and/or suspensory
behaviors during hominoid evolution, based on the evidence pro-
vided by multiple postcranial regions, such as the trunk, the hands,
the wrist and the scapula (Larson and Stern, 1986, 1987; Larson,
1993, 1995, 1998, 2007b; Moy�a-Sol�a et al., 2004, 2005; Ward,
2007; Alm�ecija et al., 2007, 2009; Lovejoy et al., 2009a,b; Bello-
Hellegouarch et al., 2013). As far as suspensory behaviors are con-
cerned, homoplasymight have also been frequent in non-hominoid
extinct catarrhines, such as pliopithecoids, which has implications
for the evolution of the locomotor apparatus in apes. In particular,
the lack of features suggestive of an orthograde body plan in non-
hominoid catarrhines supports the view that the acquisition of
suspension and other orthograde behaviors may be decoupled in
the course of evolution. Interestingly, the opposite condition to that
displayed by Epipliopithecus is found among several stem homi-
noids and putative stem great apes, in which orthograde features
are found without being associated with forelimb suspensory ad-
aptations. Thus, the Middle Miocene stem great ape Pierolapithecus
(12.9 Ma), as evidenced by various anatomical regions, displays an

J. Arias-Martorell et al. / Journal of Human Evolution xxx (2014) 1e1310

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130

YJHEV1984_proof ■ 3 September 2014 ■ 10/13

Please cite this article in press as: Arias-Martorell, J., et al., Morphological affinities of the proximal humerus of Epipliopithecus vindobonensis and
Pliopithecus antiquus: Suspensory inferences based on a 3D geometric morphometrics approach, Journal of Human Evolution (2014), http://
dx.doi.org/10.1016/j.jhevol.2014.08.012 242



orthograde body plan with no ulnocarpal articulation but without
suspensory adaptations in the hand, thereby suggesting that sus-
pensory adaptations are at least homoplastic between hylobatids
and hominids (Moy�a-Sol�a et al., 2004, 2005; Alm�ecija et al., 2009;
Alba et al., 2010; Alba, 2012; but see Deane and Begun, 2008, for
a different interpretation). This might also be argued for pongines
and

Q3
hominines (Alba, 2012), especially given the apparently pro-

nograde body plan without suspensory adaptations in the Middle
Miocene (12 Ma) pongine Sivapithecus (Pilbeam et al., 1990; Madar
et al., 2002). In fact, the earliest undisputed evidence for suspen-
sory adaptations coupled with an orthograde body plan in the
hominoid fossil record corresponds to the Late Miocene
(10.0e9.6 Ma) great ape Hispanopithecus laietanus (Moy�a-Sol�a and
K€ohler, 1996; Alm�ecija et al., 2007; Alba et al., 2010, 2012; Alba,
2012; Susanna et al., 2014), in spite of the fact that this taxon is
considered a stem great ape less closely related to Pongo than
Sivapithecus (e.g., Alba, 2012).

Among putative stem hominoids, Nacholapithecus displays ad-
aptations for enhanced forelimb-dominated behaviors
(Nakatsukasa et al., 1998; Ishida et al., 2004), but no evidence of
orthograde characters. Only the Early Miocene Morotopithecus
(Gebo et al., 1997; MacLatchy et al., 2000) seemingly exhibits
orthograde features in the lumbar vertebrae coupled with some
putative suspensory adaptations in the glenoid cavity of the scapula
(Sanders and Bodenbender, 1994; MacLatchy et al., 2000;
Nakatsukasa, 2008). Given the afropithecid-like facial
morphology of this taxon (which lacks hominid facial synapomor-
phies; Harrison, 2010), its postcranial morphology supports
another instance of independent evolution of orthogrady and even
suspensory behaviors among stem hominoids (Ward, 2007;
Harrison, 2010; Alba, 2012), although an independent loss of
these features in later putative stem (Pierolapithecus) or crown
(Sivapithecus) hominids cannot be completely discounted at pre-
sent. However, this second alternative explanation seems more
unlikely, given the retention of these features in the secondarily
semi-terrestrial African apes.

Based on the current evidence, both orthogrady and suspen-
sion therefore appear to have independently arisen several times
throughout ape evolution. Among large-bodied hominoids, the
acquisition of an orthograde body plan seems to have taken place
first (probably originally related to vertical climbing), with some of
these adaptations being subsequently co-opted for suspension,
apparently independently in some great ape lineages (Fleagle,
1976; Cartmill, 1985; Sarmiento, 1998; Nakatsukasa et al., 2003;
Moy�a-Sol�a et al., 2004, 2005; Alm�ecija et al., 2007, 2009;
Crompton et al., 2008; Alba, 2012; Arias-Martorell et al., in
press). In contrast, Epipliopithecus and GSP 28062 illustrate that
this must not necessarily be the case for smaller-bodied catar-
rhines, since in these taxa suspensory adaptations are apparently
superimposed on an otherwise pronograde body plan. Although
hylobatids have been frequently hypothesized to be descended
from great ape-like ancestors through phyletic dwarfism (e.g.,
Pilbeam and Young, 2004), the meager fossil record of Miocene
hylobatids (consisting exclusively of the still largely unpublished
Yuanmoupithecus; Pan, 2006; Harrison et al., 2008) does not allow
one to exclude their evolution from small-bodied, pronograde
stem hominoids, with their orthograde and suspensory adapta-
tions having evolved in parallel with those of great apes. If this
was the case, the possibility cannot be excluded that the evolution
of the hylobatid locomotor apparatus followed a different route
than that of great apes, with the acquisition of suspensory adap-
tations having preceded in time that of a generalized orthograde
body plan. This seems at least a plausible (although currently
untested) hypothesis, in the light of current evidence on the po-
sitional behavior of Epipliopithecus.

In any case, the evidence provided here on the proximal hu-
merus further builds on the evidence of the mosaic evolution of the
postcranial skeleton of the Miocene catarrhines (as previously
stressed for other taxa, such as Pierolapithecus; Moy�a-Sol�a et al.,
2004, 2005; Alm�ecija et al., 2007, 2009; Hammond et al., 2013),
thus highlighting the complexity of the relationship between
orthogrady and suspensory locomotion. Further studies including
an array of primate and other mammalian taxa exhibiting broader
positional behaviors and locomotor repertoires should be under-
taken to assess the potential limitations of 3D geometric morpho-
metrics for making definitive statements regarding the relationship
between morphology and function across distantly related groups.
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Resum 

L'evidència postcranial per al taxon Australopithecus indica que els australopitecs 

eren bípedes capaços; en canvi, la morfologia de les extremitats anteriors i en particular la 

de la cintura escapular suggereix que els australopitecs esàven parcialment adaptats a un estil 

de vida arbòria. Tot i això, la naturalesa d'aquestes adaptacions arborícoles encara no està 

clara, així com el tipus de conductes arbòries que australopitecs podrien haver utilitzat. En 

aquest estudi es va analitzar la forma de l'articulació de l'espatlla (húmer proximal i la 

cavitat glenoidea de l'escàpula) de tres espècimens de australopitec: AL 288-1 (A. afarensis), 

STS 7 (A. africanus) i Omo 119-73-2718 (Australopithecus sp.) amb morfometria 

geomètrica en 3D. La seva morfologia es va comparar amb una àmplia gamma de tàxons 

antropoïdeus actuals, així com alguns hominins fòssils addicionals (l’H. erectus espècimen 

KNM-WT 15000 i l'H. neanderthalensis espècimen Tabun 1). Els nostres resultats 

indiquen que la morfologia mosaic d'AL 288-1 és més semblant a Homo sapiens i Pongo, 

mentre l’espatlla de STS 7 és més semblant als simis arboris i no presenta afinitats amb els 

humans. Omo 119-73-2718 presenta afinitats morfològiques amb la mona llanuda 

(Lagothrix) del Nou Món, més generalitzada i arbòria. L'espatlla dels espècimens 

d’australopitec per tant mostren una combinació de trets primitius i derivats 

(globularització humeral, l'augment de la rotació interna i externa de l'articulació), 

relacionada amb l'ús del braç en posicions elevades per sobre el cap. Els espècimens del 

gènere Homo mostren afinitats generals amb H. sapiens a l'espatlla, el que indica una plena 

correspondència de la morfologia de l’espatlla d'aquests homínins amb el morfotipus dels 

humans moderns. 

Aquest article s’ha fet en col·laboració entre diversos autors, JAM, JMP, GHB i 

APP participaren en la revisió i discussion de l’article. JAM s’encarregà de dissenyar l’estudi, 

prendre la mostra, analitzar les dades i escriure l’article. La primera correcció del Journal 

Plos One es va rebre a l’Agost de 2014, i es va reenviar per a una segona revisió al Setembre 

de 2014. La versió inclosa en aquesta tesi és la versió corregida tenint en compte els 

comentaris dels revisors.  
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ABSTRACT 

  

 The postcranial evidence for the Australopithecus genus indicates that australopiths were 

able bipeds; however, the morphology of the forelimbs and particularly that of the shoulder 

girdle suggests that australopiths were partially adapted to an arboreal lifestyle. However, the 

nature of such arboreal adaptations is still unclear, as well as the kind of arboreal behaviors that 

australopiths might have engaged in. In this study we analyzed the shape of the shoulder joint 

(proximal humerus and glenoid cavity of the scapula) of three australopith specimens: AL 288-1 

(A. afarensis), STS 7(A. africanus) and Omo 119-73-2718 (Australopithecus sp.) with 3D 

geometric morphometrics. Their morphology was compared to a wide array of living anthropoid 

taxa, as well as some additional fossil hominins (the H-. erectus specimen KNM-WT 15000 and 

the H. neanderthalensis specimen Tabun 1). Our results indicate that the morphology of AL 288-

1 mosaic traits resembling Homo sapiens, and Pongo, whereas STS 7 shoulder is most similar to 

the arboreal apes and does not present affinities with Homo sapiens. Omo 119-73-2718 exhibits 

morphological affinities with the more arboreal generalized New World monkey Lagothrix. The 

shoulder of the australopith specimens thus shows a combination of primitive and derived traits 

(humeral globularity, enhancement of internal and external rotation of the joint), related to use 

of the arm in overhead positions. The genus Homo specimens show overall affinities with H. 

sapiens at the shoulder, indicating full correspondence of these hominins’ shoulder with the 

modern human morphotype.  

 

 

Keywords: Australopithecus; early hominins; 3D geometric morphometrics; forelimbs; 

arboreality   
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INTRODUCTION 

 

The African hominin Australopithecus is characterized by being adapted to an orthograde 

–or upright– body plan exhibiting a dorsoventrally flattened funnel-shaped thorax, as evidenced 

by cranial and trunk features, e.g. [1–5]. Also, pelvic and hindlimb evidence (well known at least 

for three australopith species: A. afarensis, A. africanus and A. sediba, [6–8]) suggests that habitual 

bipedalism was common among their locomotor repertoire, being largely obligated bipeds when 

on the ground [9–13], whereas features of the forelimb suggest that australopiths engaged in ape-

like arboreal locomotor behaviors [4], [14–16]. As such, australopiths show high intermembral 

and brachial indices and relatively long and curved manual phalanges, which are usually related 

to arboreality, e.g. [16], [33–35]. However, there is no consensus over the characterization of the 

arboreal positional behavior of australopiths [4] [14–16] [40], [41], debate remaining on what 

arboreal positional repertoire australopiths could have displayed (e.g. climbing behaviors, 

suspensory behaviors) [36–38], with some of the literature pointing out that these early hominins 

might have not engaged in arboreality at all [11–13], [43–45]. 

The shoulder joint has been key anatomical region for making inferences on positional 

behaviors in living and fossil primates [17–21]. Anatomically, the glenohumeral joint is 

constituted by the proximal humerus and the glenoid cavity of the scapula. In the proximal 

humerus, two structures can be differentiated in terms of functionality, the humeral head, or 

articular surface of the humerus, and the major and minor tubercles, which bear the insertion 

sites of the rotator cuff muscles –subscapularis, supraspinatus, infraspinatus and teres minor– that 

control the movement and stability of the joint [22–24]. Primates displaying below-branch 

locomotor behaviors typically show protruding and large, globular humeral articular surfaces, 

with relatively small tubercles lying well below the superiormost aspect of the humeral head, 

which increases the mobility and the motion range of the glenohumeral joint [21], [22], [24–

26]; contra [27], [28]. Moreover, among suspensory apes and Ateles, distinctive proximal 

humeral morphologies can be discriminated in relation to the use of suspension. This group of 

primates (apes and Ateles) also presents an ovate shape of the glenoid outline, with a smooth and 

moderately curved articular surface, possibly reflecting an adaptation to rapid limb motion with 

high acceleration increment and wide range of rotational shoulder movements [19], [29]. 

Furthermore, arboreal quadrupedal primates have distinctive shoulder joint morphology 

compared with terrestrial quadrupeds, in that the shoulder joint is fairly globular (although not 
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as much as in apes/Ateles), particularly in its medial aspect  [25], [26], [30–32]. Humeral torsion 

has been linked to the dorsal positioning of the scapula on an orthograde thorax (wider 

mediolaterally and flattened anteroposteriorly), which causes the glenoid cavity of the scapula to 

face laterally. Concomitantly, the proximal humerus faces medially to maintain glenohumeral 

articulation. Some authors have suggested that the extensiveness of the humeral head is caused by 

the lateral migration of the lesser tubercle [25] whereas others maintain that surface extensiveness 

(i.e. mobility) and humeral torsion are independent features that may or may not appear together 

[26]. The shoulder joint, thus, is essential part of the locomotor apparatus of primates in general, 

with well-established morphofunctional correlates, thus serving as a good proxy to attempt 

functional inferences of the shoulder joint and locomotor behavior of fossil hominins. 

Here we aim at investigating the morphometric affinities of the glenohumeral joint of 

three australopith specimens from three different taxons (AL 288-1 (A. afarensis), Sts 7 (A. 

africanus), Omo 119-73-2718 (Australopithecus sp.)) to make locomotor inferences from a 

morphofunctional viewpoint. To do so, we use 3D geometric morphometrics techniques to 

conduct quantitative analyses of the shape of the proximal humerus and the glenoid cavity of the 

scapula. Besides comparing the australopiths mentioned above with a varied array of extant 

anthropoids, we also compared their proximal humeri with those of other fossil hominoids and 

hominins, in order to shed new light on the positional repertoire these three australopiths 

specimens.  

 

MATERIAL AND METHODS 

The fossil sample includes five Plio-Pleistocene specimens (Table 1): the left proximal 

humerus and glenoid cavity of the specimen AL-288-1  (A. afarensis, Hadar, Kenya), the right 

proximal humerus and glenoid of STS 7 (A. africanus, Sterkfontein, S. Africa), the left proximal 

humerus of Omo 119-73-2718 (Australopithecus sp., Omo, Kenya), the right humerus of Tabun 

1 (H. neanderthalensis, Mount Carmel, Israel) and the right glenoid cavity of the scapula of 

KNM-WT 15000 (H. erectus, Nariokotome, Kenya).  The scans of the fossil specimens were 

obtained from high-quality casts housed at the Center for the Study of Human Origins (CSHO) 

at the Anthropology Department of the New York University (NYU) and in Eric Delson’s 

collection at the American Museum of Natural History (AMNH, New York).   

The extant comparative sample for the proximal humerus included 133 individuals from 

eight primate taxa (Table 2): two New World monkeys, Lagothrix and Ateles and five hominoids, 
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hylobatids (including Hylobates, Hoolock and Symphalangus), Pongo, Gorilla, Pan and modern H. 

sapiens (including white American, black American and Khosian individuals),  

The extant comparative sample for the glenoid cavity included 96 individuals from the 

same primate taxa, which were mainly the associated glenoids to the former humeral specimens, 

with the exception that the H. sapiens sample included only white modern humans (Table 2).  

All specimens were scanned at the American Museum of Natural History (AMNH, New 

York, USA), the Anthropologisches Institut und Museum of the Universität Zürich (UZH, 

Zurich, Switzerland) and the Powell-Cotton Museum (Birchington, UK). The modern 

European Caucasian sample of H. sapiens was provided by the Body Donation Service of the 

Universitat de Barcelona. Only wild-shot adult non-human primates were included in the 

sample, based on museum records, full epiphyseal fusion of the long bones and/or the emergence 

of the third molars. Right humeri were selected, except when missing or damaged, in which cases 

left humeri were scanned and mirror-imaged during the editing process (for both extant primates 

and fossils).  

 

3D geometric morphometrics 

The bones (humeri and glenoids) were scanned with a 3D Next Engine laser surface 

scanner model 2020i, at a resolution of 0.1 mm space-point separation with a density of 40k (2x) 

points. The resulting triangular meshes were edited, and then the models were imported into the 

Landmark Editor software (v. 3.0.0.6) [47], in which the landmark points were collected. 

In this study, we applied a protocol of 21 landmarks and 4 semilandmarks in the 

proximal humerus, which recorded the shape of the proximal articular surface as well as the shape 

of its greater and lesser tubercles (Fig. 1a; Table 3). The landmark protocol is based on previous 

studies by the authors [22], [24]. Landmarks L1 to L16 correspond to the tubercles: L1 to L4 

outline the subscapularis insertion site in the minor tubercle; on the major tubercle, L5 to L8 

outline the supraspinatus insertion; L9 to L12 outline the infraspinatus insertion; and, L13 to L16 

outline the teres minor insertion. L17 to L21 conform the humeral head landmarks, which were 

recorded as three point curves with Landmark Editor. This way, the four semilandmarks located 

on the articular surface were automatically equally spaced from the landmarks (L17 to L21) on 

the curves (Fig. 1a; Table 3).  

The glenoid cavity protocol was devised to represent its overall morphology (Fig. 1b; 

Table 3), with a total of 5 landmarks on the margin of the glenoid surface area, corresponding to 
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the point of maximum curvature on the proximal aspect, the point of maximum curvature on 

the distal aspect, the point of maximum curvature on the anterior aspect, the point of maximum 

curvature on the posterior aspect, and the point of maximum craniocaudal curvature in the 

center of the articular surface (Fig. 1b; Table 3). Four semilandmarks were collected in the 

margin (outline) of the articular surface of the glenoid, between the pairs of landmarks located in 

the surface outline (L1-L3, L2-L3, L1-L4, L2-L4) and four additional semilandmarks were 

recorded in the surface area, between L1 and L5, L2-L5, L3-L5 and L4-L5, to record the 

craniocaudal and anteroposterior curvatures of the surface (Fig. 1b; Table 3). 

The landmark protocol was designed in order to meet the requirements of the fossil 

remains. Only external the points of the insertion facets were recorded in order to avoid any 

affectation caused by erosion, which is only reported in some of the central parts of the 

supraspinatus and infraspinatus/teres minor facets. The landmarks on the humeral head captured 

its perimeters only where the surface was intact (preserving homology), and the surface of all the 

specimens used was good enough preserved to allow the use of automatically generated 

semilandmarks. In order to correct for the arbitrary placing of the latter, a sliding procedure was 

applied. In the humeral head, L17 to L21 served as anchors for sliding the semilandmarks (SL1 

to SL4), using the approach of minimizing the Procrustes distance. During the sliding process, 

each landmark slides separately along tangent lines to the respective curve, removing the effect of 

arbitrary placement by minimizing the position of the semilandmarks with respect to the average 

shape of the sample [48–51]. Semilandmark sliding was performed with the Geomorph package 

(v. 1.1-4) for geometric morphometric analyses [50] developed for R (v. 3.0.2) [52]. 

 

Multivariate analyses 

Every analysis was applied to both subsets separately (proximal humerus and glenoid 

cavity): first, a generalized Procrustes analysis (GPA) was applied to the configurations of 

landmarks using the R software. The GPA registered the raw coordinates to one another by 

rotating, scaling and translating the landmark configurations to minimize the sum of square 

differences among them [53], [54] and then projected them onto the tangent space. Afterwards, 

a between-group Principal Components Analysis (bgPCA) was conducted in MorphoJ (v. 1.06a) 

[55] in order to explore major patterns of shape variation among taxa [56]; the scores for the 

fossil specimens were computed manually. MorphoJ computes a PCA on the covariance matrix 

of the group average shape and then the resulting PC coefficients are used with the dataset of the 
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individual observations to plot the scatter of the specimens. Shape changes were explored by 

plotting the first principal component (PC1) against the second one (PC2) derived by the 

bgPCA (see also below). A minimum spanning tree (MST) of, based on Procrustes distances 

(calculated as the square root of the sum of square difference between two landmark 

configurations [57]) was applied to the bgPCA showing the closest morphological relationships 

between group centroids, and, finally, a dendogram derived from a hierarchical cluster analysis 

(based on Ward’s method and conducted in PAST v.3, [58]) using Procrustes Coordinates of 

group centroids (i.e. the whole shape) were employed to explore the closest morphometric 

similarities between the extant groups and the fossil specimens  in the morphospace. 

Allometric regressions of centroid size (CS) against Procrustes Coordinates were 

computed for each dataset. The procrustes coordinates account for all the shape in the 

morphospace, thus resulting in a holistic exploration of the relationship between size and shape 

[57].  

A multivariate regression between torsion angle and proximal humeral shape (as 

Procrustes Coordinates) was conducted to explore the relationship between these two variables. A 

boxplot was used to illustrate the values of torsion in each extant group and the fossils, indicating 

the mean and the dispersion ranges for the extant taxa. Torsion angles were calculated in the 

virtual models following Larson [59], [60]. Humeral torsion is the orientation of the humeral 

heads (measured as a line dividing it in two halves) relative to the mediolateral axis of the distal 

humerus. 90 degrees instead of 0 degrees were measured in humeral heads facing posteriorly 

(e.g., in Cebus), to enable direct comparison with previous works on humeral torsion [59], [60]. 

As such, torsion values for the fossils were extracted from Larson [59] and incorporated to our 

data. Only torsion values for Al 288-1 (A. afarensis ), Sts 7 (A. africanus ) and Omo 119-73-2718 

(Australopithecus sp.) were available. 

For visualization, in the bgPCA, the extreme shapes of the two first axes were extracted 

and explored, and in the regressions, in order to explore the particular aspects of shape related to 

the factors tested, shapes at the end of the horizontal axis (independent factor) were extracted as 

well. A generic model mesh representative of the mean shape of each analysis (bgPCA, CS 

regression and torsion regression) provided by MorphoJ was constructed in Landmark Editor 

and then the extreme shapes were warped to it using Landmark Editor.  
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RESULTS 

 

Proximal humerus  

The bgPCA for the proximal humerus yielded six principal components (PCs) explaining 

100% of the variance (Table 4). For PC1 (explaining 33.45% of the variance) Lagothrix falls on 

the positive end of the axis, as well as the group of modern humans, with these two groups 

greatly overlapping. In the negative end there is a cluster of the group of apes together with Ateles 

(Fig. 2a). Vectors of shape change towards the positive end of the PC1 are driven by the presence 

of large tubercles respect of the articular surface. The bicipital groove is wide, related to a 

relatively anteriorly positioned minor tubercle, which appears rounded and large overall. The 

articular surface does not show progression onto the intertubercular space, but exhibits a lateral 

expansion towards it, conferring the articular surface an oval outline. Nevertheless, its shape is 

overall rounded and fairly globular. In contrast, the shape changes towards the negative end of 

the axis represented by hominoids and Ateles show more globular (on the superior aspect) and 

enlarged articular surface respect to the tubercles. The minor tubercle is laterally positioned, 

which in turn affects the bicipital groove, which becomes deep and narrow. The minor tubercle 

is also smaller and spindle-shaped, and, in the major tubercle, the supraspinatus insertion site 

appears reduced.  

For PC2 (31.71% of the variance) the Homo sapiens group exhibits the most positive 

values, although there is some overlap with the groups of Pongo and Ateles. The latter group 

overlaps with all the hominoid taxa due to its wide dispersion range. Some Lagothrix specimens 

exhibit the most negative values for PC2).  The vectors of shape change towards the positive end 

of the axis show a relative flattening of the articular surface on its proximal aspect, which displays 

a pronounced lateral expansion towards the bicipital groove, even though it appears narrow and 

deep. The overall aspect of the articular surface is globular and rounded, but displays an oval 

outline. The major tubercle is reduced with little space for the supraspinatus insertion and the 

infraspinatus insertion is oriented cranially respect to the shape of the negative end of the PC. 

The teres minor insertion is more medially positioned, not exhibiting the laterally protruding 

tubercle seen in the other morphologies. The minor tubercle is overall smaller, tilted latero-

medially, and exhibiting an oblique orientation. Towards the negative end of the axis, the taxa 

show nearly spherical articular surface contours (in anterior and posterior views), being rounded 

and medially and superiorly protruding, as well as shorter on its medio-lateral diameter. The 
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tubercles are laterally oriented and the bicipital groove is slightly less deep and narrow than 

previously described. The insertion site for the supraspinatus is big and triangular, and the 

infraspinatus insertion is not oriented cranially, but faces posteriorly. The minor tubercle is 

spindle-shaped and its major axis displays a primarily proximo-distal orientation. 

The fossil hominins fall mostly within the ellipses of the orthograde taxa (Fig. 2a): AL 

288-1 (A. afarensis) falls within the ellipse of Pongo, near the modern human variation and 

overlapping with one Pongo specimen; Tabun 1 (Homo neanderthalensis) falls within the 

overlapping zone of Pongo, H. sapiens and Ateles ; STS 7(A. africanus) is situated in the middle of 

the orthograde main scatter of points, in the overlapping ellipses of Pongo, Pan, hylobatids and 

Ateles; However, Omo 119-73-2718 (Australopithecus sp.) falls at the edge of the 95% equal 

frequency ellipse of Lagothrix, although overlapping with the group of moern humans for PC1.  

In the MST-PCA (Fig. 3a) Al 288-1 more closely resembles modern humans in the PC1 

vs PC2 graph, as well as it exhibits the shortest Procrustes distance to this group when the overall 

shape is taken into account (Table 5a). STS 7 (A. africanus) appears more closely resembles 

Pongo, also exhibiting the shortest Procrustes distance to it for the whole shape. Omo 119-73-

2718 (Australopithecus sp.) appears between Lagothrix and the other hominin AL 288-1, but 

exhibits the shortest distance to the extant Lagothrix. Tabun 1 more closely resembles modern 

humans, exhibiting the shortest distance to this group as well.  

The cluster analysis based on Procrustes Coordinates (Fig. 4a) separates two major 

clusters, one grouping the Lagothrix with two hominins, AL 288-1 and Omo 119-73-2718, and 

the other encompassing the orthograde taxa and the remaining hominins. Within the latter, two 

subclusters are distinguished, one grouping the hylobatids, the African great apes and Ateles, and 

the other encompassing Pongo and H. sapiens with Sts 7 and Tabun 1.  

The regression of shape onto CS was significant at P < 0.000, explaining a 9.43% of the 

variance. On the lower end of the regression slope (Fig. 5a) the taxa with lower values of CS 

(Lagothrix, Ateles and hylobatids) exhibited a proximal huemeral shape with round and fairly 

globular articular surfaces, exhibiting a maimum expansion towards the bicipital groove, with 

relatively large tubercles with a somewhat wide bicipital groove. The insertions in the greater 

tubercle appeared proximodistally aligned, with a triangular shape of the supraspinatus insertion, 

a cranial orientation of the infraspinatus and a laterally placed and big teres minor insertion. On 

the higher end of the regression slope, taxa with high CS values (Gorilla exhibited the higher CS 

values) exhibited a medially shorter articular surface that does not protrude excessively above the 
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tubercles. The laterally flaring and large greater tubercle exhibits a smaller supraspinatus insertion, 

a big infraspinatus insertion and a more medially positioned teres minor insertion. Al 288-1 falls 

between the two clusters of extant taxa, although positioned closer to the group of hylobatids, 

Lagothrix and Ateles. Sts 7 exhibits an expected proximal humeral shape for its CS value, falling 

well within the ranges of Pongo. Omo 119-73-2718, however, exhibits a much higher CS value 

(in the ranges of the great ape taxa) than expected for its proximal humeral shape (in the ranges 

of the smaller taxa: hylobatids, Ateles and Lagothrix). 

Mean values of the genera for humeral torsion are reported in Table 6, with hylobatids 

displaying the lower values of humeral torsion for the extant hominoids and the African great 

apes (particularly Gorilla) and humans displaying the higher values, agreeing well with previous 

results by Larson [59], [60]. The regression analysis between torsion and proximal humeral shape 

was significant (P < 0.001), and torsion explained an 8.70% of variance. The regression graph 

(Fig. 6) shows the African apes and H. sapiens at the higher (positive) end of the slope, 

corresponding to higher values of torsion and Lagothrix placed in the lower (negative) end of the 

slope, displaying virtually no torsion. AL 288-1 displays higher torsion values than expected for 

its shape, although it fits well within the hylobatids and Ateles ranges. Sts 7 position on the 

regression slope is within the ranges of the orthograde taxa, specifically for Pongo but also being 

on the lower end of the modern human ranges. However, Omo 119-73-2718 clearly exhibits 

higher torsion angles than expected regarding its proximal humeral shape, as evidenced by its 

lowered position (within the higher ranges of Lagothrix but also the lower ranges of hylobatids) 

in the regression slope.  The overall aspects of proximal humeral shape that are related to 

humeral torsion as it increases (i.e. the features that change as torsion values increase remain the 

same but are emphasized) are the lateral migration of the lesser tubercle, a lateral flaring of the 

greater tubercle, and a medially short (and even flat) articular surface, that exhibits a great 

anteroposterior diameter (superior view) and that does not protrude excessively above the 

tubercles. The boxplot (Fig. 7) showing torsion values per group (including the fossil specimens) 

showed that the dispersion ranges of the great apes and Ateles broadly overlapped, being Pongo 

the taxon with greater dispersion ranges. Hylobatids and Lagothrix exhibited lowered positions 

agreeing with their lower torsion values, being Lagothrix the taxon with lesser dispersion ranges. 

The fossils fell on the dispersion ranges of the apes (to the exception of Gorilla) and Ateles, 

farther away from Lagothrix. 
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Glenoid cavity 

The bgPCA for the glenoid cavity yielded 6 principal components explaining 100% of 

the variance (Table 4). For PC1 (explaining 42.27% of the variance) Pongo and Lagothrix (that 

virtually occupy the same position on the plot) overlap with Pan and Ateles falling towards the 

positive end of the axis, with the rest of the groups (Gorilla, H. sapiens and hylobatids) 

overlapping towards the negative end (Fig. 2b). Hylobatid specimens show the most negative 

values for PC1. In general, there are wide dispersion ranges for all taxa producing a great overlap 

between group ellipses and individuals. The shape changes vectors towards the positive end of 

PC1 show that taxa situated towards this end exhibit narrow and cranially elongated glenoid 

surfaces, with a relatively pronounced cranio-caudal curvature. On the contrary, towards the 

negative and of the axis, the taxa exhibit nearly round glenoid surfaces with a great widening of 

the caudal aspect, also exhibiting great flatness and wide oval outline.   

PC2 (explaining 25.49% of the variance) shows a wide overlap of taxa (Fig. 2b). As 

shown by the vectors of shape changes towards the positive end of the axis (Fig. 2b), the taxa 

situated to this end exhibit a slight curvature of the glenoid surface, with a piriform (pear-

shaped) outline as a result of a widening of the caudal part. Towards the negative end, the taxa 

more elongated glenoid surfaces, more curved cranio-caudally than in the positive end, with a 

narrow oval outline.  

AL 288-1 (Australopithecus afarensis) falls within the main scatter of points of the 

orthograde taxa, in the overlapping ellipses of H. sapiens, Pan, Ateles and hylobatids; STS 7 (A. 

africanus ) falls in the ellipses of both Pongo and Lagothrix; and, KNM-ER 15000 (H. erectus ) is 

situated among the hylobatids, showing very negative values for PC1 (Fig. 2b). In the MST-PCA 

(Fig. 3b) Al 288-1 appears more similar to Ateles, Sts 7 to Lagothrix and KNM-WT 15000 

(despite being the most distantly situated taxon) to the hylobatids. Procurstes distances among 

groups (Table 5b) indicated that AL 288-1 exhibited the shortest distance to Gorilla, but being 

nearly at the same distance from groups of Pan, H. sapiens and the hylobatids. Sts 7, instead, was 

more closely situated to Lagothrix than to any other taxon, and KNM-WT 15000 exhibited the 

shortest distance to the hylobatids.  

The cluster analysis based on Procrustes Coordinates separates KNM-WT from the rest 

of the taxa, being positioned as an outgroup (Fig. 4b). Within the major cluster, two subclusters 

are separated. One cluster groups Sts 7 with Lagothrix and Pongo, and the other cluster is again 
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subdivided into two subclusters: one grouping AL 288-1 with Ateles and Pan and the other 

assembling extant taxa (Gorilla, hylobatids and H. sapiens).  

The regression of shape onto CS was significant at P < 0.05, explaining a 4.84% of the 

variance. The shape changes along the regression slope were slight, since the variance explained is 

very little. On the lower end of the regression slope the taxa with low values of CS (Lagothrix, 

Ateles and hylobatids) exhibited a glenoid cavity shape with an oval outline, with a slight notch 

presence on the anterior aspect, and exhibiting a relatively pronounced cranio-caudal curvature. 

Towards the higher end of the regression slope the taxa exhibited glenoid surfaces with a 

narrower caudal portion a more pronounced cranio-caudal curvature (Fig. 5b). Al 288-1 falls 

between the two clusters of extant taxa, although positioned closer to the group of great apes. Sts 

7 exhibits an expected proximal humeral shape for its CS value, falling well within the ranges of 

H. sapiens, Pan and Pongo. KNM-WT 15000 exhibits a glenoid shape well within the ranges of 

the great apes (except Gorilla), but with a CS value in the lower end of the great ape distribution. 

 

DISCUSSION 

 

The proximal humerus 

The proximal humerus morphology of AL 288-1 (A. afarensis ) exhibited mixed 

characteristics, showing some affinities with the modern humans (Fig. MST, Table), with Pongo 

in the bgPCA (Fig. 2a), as well as affinities with the smaller taxa (hylobatids, Ateles and 

Lagothrix) (Figs. 4a, 5a and 6). With the arboreal apes and atelines AL 288-1 shares the position 

and shape of the greater tubercle insertions, but the positioning of the humeral head respect to 

the tubercles as well as its overall shape in this hominin is more similar to the modern human 

morphotype (Fig. 8). The mosaic nature of early hominins has been found for a number of 

postcranial structures, including the forelimb and the shoulder region [14], [74–76], [95] and 

the notion that A. afarensis specimens tend to show more modern-looking characteristics than 

later australopiths has ben also highlighted for other cranial and postcranial regions [112]. 

However, a study by Lague [113] on allometric changes in the distal humerus pointed out that 

for particularly small early hominin specimens (such as AL 288-1, to which the study specifically 

refers) if shape changes are analyzed without taking into account the size-shape variation of the 

comparison sample (i.e. modern humans) could render the morphological associations of this 

region of such hominins more human-like than if size-shape is considered. Therefore, further 
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analysis considering such caveat should be undertaken to assess the extent of the allometric effects 

in the proximal humerus, since the human-like characteristics of AL 288-1 found in this study 

could be partly be associated to the effect of size-shape variation in humans [113]. A hint to such 

contention can be observed in the regression of humeral shape onto CS (Fig. 5a) where AL 288-1 

exhibits a CS value more similar to the small taxa of the study, and a proximal humeral shape 

within the upper ranges of those groups (Ateles, Lagothrix, hylobatids), and also, well within the 

lower ranges of Pongo, only with a smaller CS value. However, it is clearly farther placed from 

the ranges of modern humans. 

Sts 7(A. africanus) is overall most similar to the large arboreal hominoids, particularly 

Pongo (Figs. 2a, 3a, 4a, 5a and Table 5), sharing with this taxon a glenohumeral morphology 

related to high mobility in the joint [21], [25] (but see [27], [28] for a different view), including 

relatively globular articular surfaces in the central and proximal aspects (Figs. 2b and 8). Such 

shape is related to an enhanced range of circumduction of the arm, enabling ball-and-socket 

contact with the glenoid in the central and superior aspects of the articular surface of the 

humerus possibly providing greater stabilization of the joint when the arm is abducted [22], [24], 

[62]. Moreover, Sts 7 shows a relative lateral placement of the teres minor insertion, as seen in the 

arboreal apes (Fig. 8, Pongo), and particularly Pongo, whom even exhibits a slightly protruding 

tubercle. Such condition is related to an enhancement of the teres minor muscle role as external 

rotator (Fig. 2a). Powerful external rotation of the glenohumeral joint has been linked to the 

functional demands of arm-swinging and hoisting capabilities in the living taxon [22], [24], [63–

65]. Pongo and modern humans overlap for a number of analyses (Figs. 2a, 3a 4a), indicating a 

closer morphological relationship between humans and orangutans than for humans and African 

great apes related to a relative reduction of the supraspinatus insertion. Such pattern has been also 

observed for the morphology of the scapula where Pongo and Homo exhibited a reduced 

supraspinous fossa, suggesting a higher reliance on the infraspinatus muscle role in suspensory 

behaviors in Pongo over the pure abductor supraspinatus, and to an enhancement of speed and 

precision in humans related to manipulatory purposes [81]. Thus, in spite of this morphological 

overlap , the Pongo-like features of Sts 7 proximal humerus suggests that this specimen retained 

arboreal capabilities in the glenohumeral joint, enabling high competence in the use of arboreal 

behaviors.  

Omo 119-73-2718 (Australopithecus sp.) showed general morphometric affinities with 

Lagothrix (Fig. 2a, 3a, 4a and Table 5).  This specimen resembles Lagothrix in the oval outline of 
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the articular perimeter and the presence of relatively large tubercles respect to the humeral head, 

with a wide and shallow bicipital groove (Fig. 8; Lagothrix). The morphological association of 

Omo 119-73-2718 and Lagothrix could be related to the fact that Lagothrix stands out as an 

example of an intermediate condition for the proximal humerus between strict arboreal 

quadrupeds and suspensory taxa [24], [70]. Lagothrix exhibits derived morphological aspects in 

the proximal humerus such as a rounder and less flattened articular surface of the humeral head 

with an increased globularity than in quadrupeds, particularly in its superior aspect, closely 

resembling Ateles and Pongo (Figs. 2a, 3a and 8). Differences between apes/Ateles (as Ateles mainly 

shares the proximal humeral morphotype with Pongo [24]) and Lagothrix are related to the 

moderate use of below-branch locomotor behaviors of the latter taxon. Lagothrix is capable of 

engaging in demanding arm circumduction behaviors, such as brachiation [71], without showing 

extreme adaptations to such behaviors or an orthograde body plan. As such 

intermediate/generalized arboreal morphologies might be more representative of the basal 

morphotype from which hominins evolved than the suspension-derived extant great apes [24], 

[26], [72], [73]. Recent evidence from the relatively primitive limb morphology of Ardipithecus 

ramidus (Late Miocene, 4.4 Ma, [74–76]) also build on the contention that the last common 

ancestor between chimpanzees and humans could have exhibited a more primitive condition 

than previously expected from the suspension-derived morphologies of the living apes. Thus, the 

ancestors of hominins might have exhibited generalized arboreal traits making it plausible for the 

analyzed australopith specimens to show mixed traits at the proximal humerus, and even some 

characters resembling Lagothrix, particularly striking in Omo 119-73-2718 [26], [72].  

When humeral torsion is taken into account (Fig. 6, 7 and Table 6), AL 288-1 exhibits a 

correspondence of degree of humeral torsion (angle) with proximal humeral shape within the 

range of hylobatids, Sts 7 within the range of Pongo but also in lower end of H. sapiens values, 

and Omo 119-73-2718 shows a humeral head shape score closely situated in the higher end of 

the Lagothrix dispersion (Fig. 6), but exhibiting a much higher torsion angle (Fig. 7). Thus, Omo 

119-73-2718 exhibits a Lagothrix-like humeral shape, but also presents a degree of humeral 

torsion in the range of Pongo and H. sapiens, again showing a distinctive mix of traits in the 

humerus as seen in the other two australopiths specimens (Al 288-1 and Sts 7), providing further 

evidence of the mosaic nature of the early hominin postcranial features [14], [74–76], [95]. The 

regression of proximal humeral shape and torsion provides as well evidence that the functional 

features underlying the extensiveness (i.e. mobility) of the humeral head are not related to 
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humeral torsion, as an increase of globularity or surface extension of the articular surface is not 

among the morphological traits that correlate with it [26]. Thus, humeral torsion might be an 

‘orthograde trait’ for maintaining a correct orientation of the elbow in upright positions, whereas 

extensiveness of the articular surface of proximal humerus for enabling high mobility might be 

better seen as a suspension-related functional trait.  

Of the three australopiths specimens analyzed only Sts 7 showed some morphological 

affinities for the proximal humerus with Pan in the bgPCA (Fig. 2a), although these have to be 

taken with great care because of the great overlap between extant hominoids (Fig. 2a). If further 

analyses are considered, Sts 7 shows more morphological affinities with Pongo and even with 

modern humans, than with Pan or Gorilla (Figs 3a, 4a, 6 and Table 5). Neither AL 288-1 nor 

Omo 119-73-2718 showed morphological affinities with the African great apes (Figs. 3a, 4a and 

Table 5). This further suggests that hominins could have evolved from a generalized arboreal 

ancestor rather than a knuckle-walking ancestor, as has been argued [114], [115]. Moreover, 

African great apes exhibit a wide range of locomotor behaviors [116], including all types of 

below-branch locomotion, thus the morphology of the glenohumeral joint of Gorilla and, to a 

lesser extent, Pan (as this taxon displays greater arboreality [66–68]) mostly reflects the 

compromise between secondarily acquired terrestriality in a joint primarily adapted to an 

arboreal lifestyle [24], [65], [69], a pattern that was not observed in the early hominins included 

in this study.  

Tabun 1 virtually showed the same morphotype than that of modern humans (Figs. 2a, 

3a, 4a, 6 and Table 5), exhibiting a medio-laterally longer humeral head, with an increase of 

surface mostly on the medial aspect [22], which could be related to the lowered neutral position 

of the arm [14], [21], [22], [62]. Also, the major tubercle is overall smaller, with reduced 

insertion sites for the rotator cuff muscles, which may be indicating an early reduction on the 

reliance on the active stabilizers of the glenohumeral joint and a decrease of importance of the 

arm abductors (especially the m. supraspinatus, as discussed above [14], [19], [21], [80], [81], 

(Fig. 2a, 7). Thus, our results agree with the contention that the human morphotype is 

characteristically derived; possibly to enable more sophisticated manipulative capacities [14], 

[22]. 
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The glenoid cavity 

The results for the glenoid are more equivocal than those of the humerus, as illustrated by 

great dispersion ranges exhibited by the groups in the bgPCA and the Procrustes distances among 

groups (Fig. 2b and Table 5). The shape of the glenoid does not seem to be driven by locomotor 

constraints as much as the proximal humerus. For instance, in all the analysis (Figs. 2b, 3b, 4b) 

Pongo exhibits morphological similarities of the glenoid cavity with Lagothrix, with whom it does 

not share the same locomotor repertoire. The shape of the glenoid cavity of Pongo is certainly 

narrower and more curved than those of apes and exhibits a lip-like reminiscent elongation of the 

cranial aspect (Fig. 2b). However, the distinctive morphology of the glenoid cavity of orangutans 

could be related to a greater passive stabilization of the joint in abducted postures of the arm, 

permitting ball-and-socket joint contact in the medial and superior aspect of the proximal 

humerus [22], [62] (Fig. 8). Nevertheless, Robert’s [19] morphocline from slightly piriform to 

oval-shaped primate glenoids is present in the first axis of the bgPCA (Fig. 2b), but the equivocal 

overlap between Lagothrix and Pongo, with the consequent relatively monkey-like morphological 

affinities of the latter taxon, suggests that caution must be employed when locomotor inferences 

are attempted based on the glenoid cavity alone, e.g., [19], [29]. The fossils show varied affinities 

for the glenoid cavity, with AL 288-1 mostly resembling the great apes (to the exception of 

Pongo; Figs. 2b and 3b and Table 5), Sts 7 resembling Lagothrix/Pongo and KNM-WT 15000 

showing some morphological affinities with hylobatids, particularly the great flatness of the 

articular surface (Fig. 2b). Nonetheless, when the overall shape of the glenoid is taken into 

account (Fig. 4b and Table 5), KNM-WT shows a clear outgroup position (Figs. 3b and 4b). 

Such contention might indicate that KNM-WT glenoid morphology is unlike any of the extant 

taxa, but, when size is taken into account, KNM-WT appears more similar in glenoid shape to 

the great apes, even though being overall smaller (Fig. 5b). In any case, the reasons of the 

morphological affinities of the glenoid cavity of the early hominin fossils remain 

mophofunctionally unclear. Other studies [82] found that the differences between glenoid 

morphology between species of the genus Homo are related to a differential degree of 

development between the centers of ossification of the glenoid [83] due to an enlarged growth 

period in modern humans [82], and that Australopithecus represents the plesiomorphic condition 

(in Di Vincenzo and colleagues [82] study represented by A. africanus and A. sediba glenoid 

morphology). 
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General considerations 

Overall, the australopith specimens analyzed exhibit mosaic traits at the proximal 

humerus. AL 288-1 shows mixed characteristics between the derived condition of humans and a 

more generalized arboreal pattern, and Sts 7 and Omo 119-73-2718 show mixed arboreal traits, 

combining some Pongo-like features with more generalized characteristics resembling Lagothrix 

(especially in Omo 119-73-2718). The arboreal traits found in the proximal humerus of these 

three early hominins, however, are mainly related to the sustained use of the arms in overhead 

positions, which enable the use of a relatively significant amount of below-branch positional 

behaviors, as argued by some authors (e.g. [4], [14], [15], [38], [40], [41]). None of the three 

australopiths specimens analyzed shared the morphological condition of the African great apes 

(Gorilla and Pan), thus building on the contention that the last common ancestor of hominins 

and panins could have exhibited a more generalized arboreal locomotor repertoire, instead of 

knuckle-walking. The shape of the glenoid cavity failed to discriminate between extant taxa 

locomotion. Nevertheless, AL 288-1 and Sts 7 generally appear more similar to the great apes, 

and if further evidence from the shoulder girdle elements of is considered their general 

characteristics appear more similar to the arboreal apes and monkeys than to humans. One of 

these major features is the cranial orientation of the glenoid facet, which has been repeatedly 

measured in the Sts 7 specimen, with all studies reporting varied angles ranging from 103 to 125 

degrees, indicating that the glenoid of this specimen faced more cranially than in humans [14], 

[84–88]. AL 288-1 does not preserve enough of the axillary border to measure the orientation of 

the glenoid, but estimates based on the glenoid orientation in respect to the ventral bar [14], [88] 

suggest that the glenoid would also have been more cranially oriented in this specimen. The same 

pattern has been found for the juvenile A. afarensis scapula DIK-1-1 [89], [90], as well as in A. 

sediba (specimen MH2, [91]). Further arboreal features include a well developed and laterally 

placed supraglenoid tubercle, an ape-like angle between the scapular spine and the axillary 

border, and a clavicle that lacks the characteristic human curvature of the medial end in dorsal 

view, which indicates that these two australopiths (AL 288-1 and Sts 7) might have maintained a 

high shoulder position in a funnel-shaped thorax, in addition to overall ape-like forelimb 

proportions [14], [34], [35], [92], [91]. All the evidence together suggests that the forelimbs of 

the analyzed australopith specimens (AL 288-1, Sts 7 and Omo 119-73-2718) could have been 

functional when engaging in arm-rising behaviors. Particularly, the their overall shoulder girdle 

morphology enabled the sustention of abducted positions of the arm without the need of 
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rotating the scapula upwards after the first 90 degrees of arm abduction, as in suspensory apes. 

The arboreal adaptations displayed throughout the australopith forelimb and thorax have been 

suggested to pose an advantage for niche exploitation (full adaptation to bipedal terrestriality on 

the ground, and to suspension/climbing on the trees) in early hominins [93]. To this regard, the 

relaxation of locomotor constraints on the australopithecine hand proposed by several authors 

[94–96] does not necessarily preclude the possibility of this genus to display adaptations to the 

use of the arms in overhead positions during significant proportions of time. However, further 

evidence of late Miocene hominins and early Homo, as examples of the possible preceding and 

subsequent morphological conditions, as well as subsequent analyses on kinematics and 

biomechanics should be included in further studies to contrast the views conveyed in this study. 

 

CONCLUSIONS 

The results of this study show that the early hominins AL 288-1, Sts 7 and Omo 119-73-

1827 exhibit differential glenohumeral joint morphologies, showing affinities with modern 

humans, the arboreal apes, and the generalized NWM Lagothrix. The morphologies of these early 

hominins thus display a distinctive mix of primitive and derived characteristics (mosaic 

morphology) not found in any living great ape taxa. In this regard, the debate about the 

morphological affinities of early hominins should not be limited to human-like versus African 

great ape-like conditions. Instead, morphofunctional studies attempting locomotor inferences on 

early hominins would benefit from the inclusion of more generalized primate taxa that might 

better characterize the evolutionary background of the hominoid lineage. The mosaic nature of 

the postcranial configurations of hominins might render relatively limited morphofunctional 

inferences based only on extant great ape genera. Notably, the results of this study build up on 

the contention that hominins could have evolved from an ancestor exhibiting quite generalized 

arboreal locomotor behaviors instead of the derived repertoire exhibited by the African great 

apes.  
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TABLES 

Table 1. Details of the fossil sample 

Taxon Museum 

reference 

Anatomical 

element1 

Side Period Site Museum(s)2 

Australopithecus 

afarensisa 

AL 288-1 PH/G Left Plio-

Pleistocene 

Hadar, Kenya CSHO 

Australopithecus 

africanusb 

STS 7 PH/G Right Plio-

Pleistocene 

Sterkfontein, 

South Africa 

CSHO 

Australopithecus sp.c Omo 119-

73-2718 

PH Left Plio-

Pleistocene 

Omo, Kenya AMNHED 

Homo neanderthalensisd Tabun 1 PH Right Plio-

Pleistocene 

Mount Carmel, 

Israel 

CSHO 

Homo erectuse KNM-WT 

15000 

G Right Plio-

Pleistocene 

Nariokotome, 

Kenya 

CSHO 

Nyanzapithecus 

vancouveringorumf 

KNM-ER 

17476 

PH Right Miocene Rusinga Island, 

Kenya 

CSHO 

1 PH – Proximal humerus; G – Glenoid cavity of the scapula 
2 CSHO – Center for the Study of Human Origins, Anthropology Department, NYU (USA); 
AMNHED – Eric Delson’s collection at the American Museum of Natural History (AMNH, 
New York). 
a [6], [97], also known as “Lucy”. 
b [7], [86], [87]. 
c It was described as A. cf. africanus by Howell and Coppens [98], Howell [99], and McHenry 
and Temerin [100]; McHenry [101] later changed its attribution to Homo sp., but it was re-
assigned to Australopithecus sp. by Larson [14]. 
d [102], [103], [104], [105]. 
e [106], [107]. 
f [108], [109]; first described and originally assigned to Dendropithecus macinnesi or Proconsul 
africanus by Gebo and colleagues [110]. 
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Table 2. Details of the comparative sample, including sample sizes (N) as well as museum 

provenance. 

Taxon N Museum(s) 

 PROXIMAL HUMERI GLENOIDS  

Hoolock hoolock 7 2 AMNH 

Nomascus concolor 3 2 AMNH 

Hylobates agilis 4 2 AMNH 

Hylobates moloch 1 - AMNH 

Symphalangus syndactylus 4 4 AMNH 

Hylobates sp. 1 1 AMNH 

Pongo pygmaeus 18 14 AMNH, UZH 

Pongo abelii 2 2 UZH 

Pan troglodytes troglodytes 9 6 AMNH 

Pan troglodytes schweinfurtii 8 8 AMNH 

Gorilla gorilla 15 14 AMNH 

Ateles belzebuth 1 1 AMNH, UZH 

Ateles geoffroyi 6 5 AMNH, UZH 

Ateles paniscus 1 - AMNH, UZH 

Ateles fusciceps 1 - AMNH, UZH 

Lagothrix lagothrica 15 12 AMNH, UZH 

Lagothrix sp. 3 4 AMNH, UZH 

African American 12 - AMNH 

White American 17 - AMNH 

Bushmen 5 - AMNH 

White European - 19  

TOTAL 133 96  
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Table 3. Landmark configurations for the proximal humerus and the glenoid, with type1 and 

description 

Landmark Type Description 

PROXIMAL HUMERUS 

Tubercles 

L1 II Distal end of the subscapularis insertion aspect 

L2 II Proximal end of the subscapularis insertion aspect 

L3 II Lateral point of the subscapularis insertion aspect 

L4 II Medial point of subscapularis insertion aspect 

L5 II Anterior end of the supraspinatus insertion aspcet 

L6 II Posterior end the supraspinatus insertion aspect 

L7 II Lateral point the supraspinatus insertion aspect 

L8 II Medial point the supraspinatus insertion aspect 

L9 II Distal end of the infraspinatus insertion aspect 

L10 II Proximal end of the infraspinatus insertion aspect 

L11 II Lateral point of the infraspinatus insertion aspect 

L12 II Medial point of infraspinatus insertion aspect 

L13 II Distal end of the teres minor insertion aspect 

L14 II Proximal end of the teres minor insertion aspect 

L15 II Lateral point of the teres minor insertion aspect 

L16 II Medial point of teres minor insertion aspect 

Articular surface 

L17 II 
Intersection point between articular perimeter and the major tubercle prominence in a 

posterior/anterior view 

L18 II 
Maximum curvature point of the articular perimeter in the mediolateral and 

anteroposterior plane 

L19 II Most medial point of the articular perimeter 

L20 II 
Intersection point in the articular perimeter between the minor tubercle and the 

articular surface in superior view 

L21 II Intersection in the articular perimeter between the major tubercle and the articular 

surface in superior view 

SL1 SL Middle point between L17 and L18 on the articular surface 

SL2 SL Middle point between L18 and 19 on the articular surface 

SL3 SL Middle point between L20 and L18 on the articular surface 

SL4 SL Middle point between L21 and L18 on the articular surface 

GLENOID 

L1 II Maximum curvature point on the proximal aspect 
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L2 II Maximum curvature point on the distal aspect 

L3 II Maximum curvature the point on the anterior aspect 

L4 II Maximum curvature point on the posterior aspect 

L5 II Maximum craniocaudal curvature point in the center of the articular surface 

SL1 SL Middle point between L1 and L3 

SL2 SL Middle point between L3 and L2 

SL3 SL Middle point between L2 and L4 

SL4 SL Middle point between L4 and L1 

SL5 SL Middle point between L1 and L5 

SL6 SL Middle point between L2 and L5 

SL7 SL Middle point between L3 and L5 

SL8 SL Middle point between L4 and L5 

1 Landmark type (I, II and III) assignation according to Bookstein [48], O’Higgins [111] and 
Gunz et al. [49]; SL - Semilandmark 
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Table 4. PCs variance, total variance for each PC and cumulative variance 

PH Variance % Total variance % Cumulative 
PC1 0.00392776 33.45 33.45 
PC2 0.00372287 31.71 65.16 
PC3 0.00193589 16.49 81.64 
C4 0.00096323 8.20 89.85 

PC5 0.00066852 5.69 95.54 
PC6 0.00052354 4.46  100 

GL   
 

PC1 0.00182942 42.26 42.26 

PC2 0.00110351 25.49 67.76 

PC3 0.00042648 9.85 77.61 

PC4 0.00041352 9.55 87.16 

PC5 0.00030056 6.94 94.11 

PC6 0.00025498 5.89 100 

PH – Proximal humerus 
GL – Glenoid cavity 
  

277



 

Table 5. Matrix of Procrustes Distances among pair of groups for A) the proximal humerus and 

B) the glenoid cavity shape, including extant taxon centroids and fossil specimens. The shortest 

distances between fossils and extant taxa centroids are highlighted in bold numbers. 

A) Proximal humerus  

Taxon Tabun 1 Ateles AL 288-1 Sts 7 
Omo  
119- 
73-1827 

Gorilla H. sapiens Hylobatids Lagothrix Pan 

Ateles 0.2024          
AL 288.1 0.1754 0.2098         
Sts 7 0.1675 0.1658 0.2177        
Omo 
119- 
73-1827 

0.1896 0.1887 0.1706 0.2097       

Gorilla 0.2052 0.1311 0.2339 0.1528 0.2286      
H. sapiens 0.1319 0.1598 0.1671 0.1932 0.1548 0.1917     
Hylobatids 0.1936 0.0836 0.1943 0.1778 0.1870 0.1308 0.1623    
Lagothrix 0.2138 0.1617 0.1982 0.1791 0.1343 0.1959 0.1813 0.1704   
Pan 0.1847 0.1279 0.1809 0.1725 0.1655 0.1019 0.1331 0.1254 0.1600  
Pongo 0.1540 0.0896 0.1773 0.1492 0.1616 0.131 0.117 0.1022 0.1445 0.1078 

B) Glenoid cavity 

Taxon Ateles AL 288-1 Sts 7 Gorilla KNM-WT  
15000 H. sapiens Hylobatids Lagothrix Pan 

AL 288-1 0.0762         
Sts 7 0.1039 0.1262        
Gorilla      0.0914 0.0799 0.0935       
KNM-WT 15000  0.1563 0.1422 0.1844 0.1419      
H. sapiens       0.075 0.0832 0.106 0.0535 0.1203     
Hylobatids    0.0718 0.0833 0.1248 0.0839 0.0982 0.0491    
Lagothrix    0.0748 0.1042 0.0689 0.0794 0.1777 0.0825 0.1082   
Pan          0.0559 0.082 0.1007 0.0753 0.1269 0.0555 0.0604 0.072  
Pongo        0.0755 0.0971 0.0769 0.0755 0.1745 0.0812 0.1059 0.0356 0.0695 
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Table 5. Humeral torsion values per taxon means with sample sizes (N) and standard deviations 

(SD) 

Genus Mean N SD 

Ateles 116.63 5 6.01 

Lagothrix 94.17 11 5.86 

Cebus 95.77 17 2.16 

Pongo 132.36 6 16.24 

Pan 139.41 17 11.21 

Gorilla 152.71 15 7.11 

Hylobatids 112.40 18 9.63 

H. sapiens 135.32 33 11.14 

Total 124.51 122 21.74 
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FIGURE LEGENDS 

 

Figure 1. a) Landmark configurations used in the 3DGM morphometric analysis of the proximal 

humerus and glenoid cavity of the scapula. a) configuration for the proximal humerus, in 

superior (1), posterior (2) and anterior (3) views; b) configuration for the glenoid cavity in 

frontal (4) and side (5) views.  Black circles represent the homologous landmarks from the 

humeral head and the glenoid articular surface, grey circles the homologous landmarks from the 

tubercles of the proximal humerus, and white circles the semilandmarks (located only on the 

articular surface of the humerus and the glenoid). 

 

Figure 2. Results of the between-group Principal Components Analyses (bgPCA) depicted as a 

bivariate plot of the two first bgPCA scores for each individual (bgPC2 vs. bgPC1). a) proximal 

humeral shape: humeral head shape changes along each axis are shown in posterior, anterior and 

superior views at their extreme ends; b) glenoid cavity shape: glenoid shape changes along each 

axis are shown in frontal and side views at their extreme ends. 95% equal frequency ellipses of 

the groups are depicted. 

 

Figure 3. Results of the between-group Principal Components Analyses, depicted as a minimum 

spanning tree (bgPCA-MST). Scores for the extant taxa centroids and the scores for the fossil 

specimens are shown: a) bgPCA-MST of the proximal humerus; b) bgPCA-MST of the glenoid 

cavity.  

 

Figure 4. Results of the hierarchical cluster analysis (Ward’s method) based on the group 

centroids (extant taxa) and scores (fossil individuals) delivered by the bgPCA analyses. a) Cluster 

for the proximal humerus results; b) cluster for the glenoid cavity results. 

 

Figures 5. Bivariate plot of the results of the linear regression of Centroid Size (CS) onto a) 

proximal humeral shape; b) glenoid cavity shape. In a) the warps represent the shapes at a CS of 

40 in the lower end of the regression slope, broadly corresponding to the smaller taxa (Ateles, 

Lagothrix and hylobatids) and at 160 (higher end of the regression slope), mainly corresponding 

to Gorilla; in b) the warps represent the shapes at a CS of 15 in the lower end of the regression 

slope, broadly corresponding to the smaller taxa (Ateles, Lagothrix and hylobatids) and at 60 
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(higher end of the regression slope), mainly corresponding to Gorilla. Convex hulls depict the 

range of dispersion of the different groups. 

 

Figure 6. Bivariate plot of the results of the linear regression analysis of humeral torsion on 

proximal humeral shape. Convex hulls depict the range of dispersion of the different groups. 

Warps represent the mean torsion angle of Lagothrix (94.17)on the lower end of the slope and 

the mean torsion of Gorilla (152.71) in the higher end of the slope. 

 

Figure 7. Boxplot of the means and dispersion ranges of humeral torsion values per living taxon, 

including the value for the fossil hominins. 

 

Figure 8. 3D models of the three australopiths (A. afarensis, AL 288-1r; A. africanus, STS 7; 

Australopithecus sp., Omo 119-73-2718) proximal humeri included in the study with a sample of 

extant taxa. The humeri are shown in proximal and posterior views. Pongo is shown as a 

representative of the arboreal ape shape and Lagothrix as a representative of a more generalized 

arboreal shape.  
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