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Living hominoids (apes and humans) are orthograde primates that rely on specialized modes of 

locomotion such as below-branch suspension, vertical climbing, and bipedalism. Identifying the 

functionally meaningful adaptations that characterize each locomotor type is therefore essential to make 

sound functional inferences about fossil species. Moreover, the hindlimb elements play an important 

role in primate locomotion, since they participate in body weight transmission, support and propulsion. 

Thus, this thesis focuses on the study of the (non-pedal) hindlimb remains of the Miocene great apes cf. 

Dryopithecus fontani, Pierolapithecus catalaunicus, Hispanopithecus laietanus and Hispanopithecus crusafonti 

from the Vallès-Penedès Basin (NE Iberian Peninsula), through morphometric and biomechanical analyses. 

These fossil apes are of utmost relevance to understand hominoid evolution because they constitute the 

largest currently available assemblage of fossil hominids (i.e., the great ape and human family) exhibiting 

the earliest unambiguous evidence of orthogrady. From an evolutionary viewpoint, these fossils represent 

a key moment for comprehending the origins of the orthograde behaviours. Hence, the aim of this thesis 

is to shed light on the positional behaviour of the Iberian fossil great apes and provide new insights 

on the evolutionary pathways of living hominoids locomotor modes. Results show that the hindlimb 

morphology of the Vallès-Penedès great apes is highly diverse. Each taxon combines a unique array of 

plesiomorphic (“monkey-like” or “stem hominoid-like”) and derived (modern ape-like) traits, associated 

with either quadrupedalism or orthograde-like behaviours, respectively. Overall, these results support 

SUHYLRXV�ZRUNV�VXJJHVWLQJ�WKDW�WKH�9DOOqV�3HQHGqV�WD[D�ZRXOG�FRPELQH�GLͿHUHQW�GHJUHHV�RI�DERYH�EUDQFK�

quadrupedalism and orthograde-like behaviours (vertical climbing and/or below-branch suspension). 

These results also highlight the mosaic nature of the hominoid postcranium evolution and provide 

new morphological evidence of the incipient orthograde-related modes of locomotion that currently 

characterize this group of primates (including human bipedalism).
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Los hominoideos actuales (simios y humanos) son primates ortógrados con comportamientos 

locomotores especializados como la suspensión, la escalada vertical y el bipedismo. En este sentido, 

LGHQWLÀFDU� DTXHOODV� DGDSWDFLRQHV� UHOHYDQWHV� GHVGH� XQ� SXQWR� GH� YLVWD� IXQFLRQDO� TXH� FDUDFWHUL]DQ� D�

cada tipo locomotor es esencial para poder hacer sólidas inferencias funcionales en los taxones fósiles. 

Asimismo, la pierna tiene un papel importante en la locomoción de los primates, ya que participa en la 

transmisión del peso corporal, y en tareas de soporte y propulsión. Por tanto, esta tesis se centra en el 

estudio de los restos de la extremidad posterior de los grandes simios antropomorfos cf. Dryopithecus 

fontani, Pierolapithecus catalaunicus, Hispanopithecus laietanus e Hispanopithecus crusafonti de la cuenca 

miocénica del Vallès-Penedès (NE Península Ibérica) mediante análisis morfométricos y biomecánicos. 

Además, los restos fósiles incluidos en esta tesis son de gran relevancia para comprender la evolución 

de los hominoideos, ya que constituyen actualmente el mayor conjunto disponible de homínidos fósiles 

(i.e., de la familia que incluye grandes simios antropomorfos y humanos) con evidencias inequívocas de 

ortogradía. Igualmente, desde un punto de vista evolutivo, estos taxones fósiles representan un momento 

clave para comprender el origen de los comportamientos ortógrados. Por tanto, el objetivo principal 

de esta tesis es arrojar luz en el comportamiento posicional de los taxones fósiles de grandes simios 

antropomorfos ibéricos, así como en los caminos evolutivos que condujeron a la locomoción observada 

en los hominoideos actuales. Los resultados muestran que la morfología de la pierna de los grandes 

simios antropomorfos del Vallès-Penedès es muy diversa. Además, cada taxón combina características 

SOHVLRPyUÀFDV��VLPLODUHV�D�ODV�GH�ORV�PRQRV�X�KRPLQRLGHRV�EDVDOHV��\�GHULYDGDV��VLPLODUHV�D�ODV�GH�ORV�

simios actuales), asociadas con cuadrupedismo y comportamientos ortógrados, respectivamente. En 

conjunto, estos resultados corroboran otros estudios previos en los que se sugiere que los taxones del 

Vallès-Penedès podrían combinar cuadrupedismo sobre las ramas con comportamientos ortógrados 

�HVFDODGD�YHUWLFDO�\�R�VXVSHQVLyQ��HQ�GLIHUHQWHV�JUDGRV��(VWRV�UHVXOWDGRV�SRQHQ�WDPELpQ�GH�PDQLÀHVWR�OD�

evolución en mosaico del esqueleto postcraneal de los hominoideos, y proporcionan nuevas evidencias 

morfológicas de los incipientes comportamientos ortógrados que más tarde caracterizarán a los miembros 

actuales de este grupo de primates (incluido el bipedismo de los humanos).



Science satisfies curiosity, gives you a new world view, 
gives man the ability to do things, gives him power.
-- Richard Feynman --



Se
ct

io
n 

I. 
IN

T
R

O
D

U
C

T
IO

N





25Introduction

Introduction

HOMINOID POSITIONAL BEHAVIOUR

The superfamily Hominoidea

Primates is an order of mammals that comprises a diverse set of species living worldwide, in highly 

GLͿHUHQW� KDELWDWV� DQG� ZLWK� QRWDEO\� GLͿHUHQW� HFRORJLFDO� EHKDYLRXUV� DQG� VL]HV� �DOPRVW� ���� VSHFLHV� RI�

primates are currently recognized; Fleagle 1980, 2013). A schematic representation of the living Primates 

FODVVLÀFDWLRQ�LV�GHSLFWHG�LQ�)LJXUH����7RJHWKHU�ZLWK�SODW\UUKLQHV��1HZ�:RUOG�PRQNH\V���FDWDUUKLQHV�EHORQJ�

to the infraorder Simiiformes (=Anthropoidea) within the suborder Haplorrhini (dry-nosed primates; 

Table 1; Kay et al. 1997; Groves 2001; Chatterjee et al. 2009). Thus, hominoids are catarrhine primates, 

group that include Old World monkeys, apes and humans (Fleagle 2013).

The superfamily Hominoidea currently comprises two families (Hylobatidae and Hominidae), but 

WKH� IRVVLO� UHFRUG�KDV�\LHOGHG� D�QXPEHU�RI� KRPLQRLG� IRVVLO� UHPDLQV��ZKLFK� DOORZV� WKH� LGHQWLÀFDWLRQ�RI�

three additional families (Table 2). There exists a general consensus that Hylobatidae (the “lesser apes”) 

and Hominidae (“great apes” and humans) are two monophyletic families that include the living genera 

Symphalangus, Nomascus, Hoolock, Hylobates, Pongo, Gorilla, Pan, and Homo (Table 2; Brandon-Jones et al. 

2004; Chatterjee et al. 2009). The three last genera made up the subfamily Homininae (African apes + 

hominins), while orangutans are the only living members of the Ponginae (Fleagle 2013).

Figure 1 Main taxonomic groups 
of primates. Anthropoids are 
depicted in more detail, until a 
family level. Hominids belong to 
the parvorder Catarrhini within 
the infraorder Simiiformes or 
Anthropoidea and the suborder 
Haplorrhini. [Art work by F. Desbordes]
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Introduction

Locomotion of the living hominoids

7KH�SRVLWLRQDO�EHKDYLRXU�SURÀOHV�RI�OLYLQJ�DQWKURSRLGV��LQFOXGLQJ�KRPLQRLGV��DUH�JUHDWO\�YDULHG�DQG�

they frequently combine several locomotor modes (with the exception of modern humans that are almost 

completely terrestrial bipeds; Fleagle 2013, though see Kraft et al. 2014; see also Appendix A). Although 

their positional behaviour repertoire is notably complex and diverse, living hominoids are altogether 

highly arboreal primates that favour climbing and/or suspensory behaviours, (Fleagle 1980, 2013; Isler 

2005; Thorpe and Crompton 2006; Hunt 2016). When compared to other primates the combination of 

climbing and suspension is the common trait that characterizes the positional repertoires of apes, with the 

exception of gorillas (with a very low frequency of suspension; Hunt 1991a, 2016; Isler 2005). Nonetheless, 

KRPLQRLGV� DOVR� VKRZ� VRPH� GLͿHUHQFHV� DPRQJ� WKHLU� SRVLWLRQDO� EHKDYLRXU� SURÀOHV� PDLQO\� UHJDUGLQJ�

ORFRPRWRU�W\SHV�IUHTXHQFLHV�DQG�NLQHPDWLFV��,VOHU��������(YHQ�LQWUDVSHFLÀF�GLͿHUHQFHV�KDYH�HYHQ�IRXQG�

during ontogeny (e.g., juvenile African apes and orangutans are more arboreal than adults; they climb 

more, with quicker cycles and lower duty factors; Doran 1992, 1997; Isler 2005).

Hylobatids and orangutans are the most arboreal hominoids, spending almost all their time on the 

trees (Hunt 1991a, 2016). Common chimpanzees (Pan troglodytes) spend around 50-60% of their daily 

activity in arboreal milieus, while mountain gorillas (Gorilla beringei) only occupy around 5% of their 

time on trees (arboreality in bonobos—Pan paniscus—would be intermediate between that of common 

chimpanzees and orangutans; Hunt 1991a, 2004). Nonetheless, the behaviours of great apes in an 

arboreal context would be apparently somewhat similar, that is, they all preferentially engage in vertical 

climbing and/or suspension for travelling on the trees (Hunt 2004; Fleagle 2013). Moreover, hylobatids 

and orangutans exhibit the highest levels of below-branch suspensory habits and the lowest degree of 

terrestrial quadrupedalism; whereas mountain gorillas represent the opposite pattern, since they are 

essentially terrestrial quadrupeds (Hunt 1991a; Gebo 1996). Chimpanzees would an intermediate pattern 

of arboreal vs terrestrial behaviours between Asian apes and gorillas (ibid). 

Parvorder PLATYRRHINI Parvorder CATARRHINI
Fam. Atelidae Superfam. CERCOPITHECOIDEA

Subfam. Atelinae Fam. Cercopithecidae
Fam. Nyctipithecidae Subfam. Cercopithecinae
Fam. Cebidae Subfam. Colobinae

Subfam. Cebinae Superfam. HOMINOIDEA
Subfam. Callitrichinae Fam. Hylobatidae

Fam. Pithecidae Fam. Hominidae
Subfam. Pithecinae Subfam. Ponginae
Subfam. Callicebinae Subfam. Homininae

SIMIIFORMES=ANTHROPOIDEA

Abbreviations: Superfam., superfamily; Fam., family; Subfam., subfamily.

Table 1 6\VWHPDWLF�FODVVLÀFDWLRQ�RI�WKH�OLYLQJ�SULPDWHV�EHORQJLQJ�WR�WKH�LQIUDRUGHU�6LPLLIRUPHV�
RU�$QWKURSRLGHD��&ODVVLÀFDWLRQ�EDVHG�RQ�*URYHV��������DQG�&KDWWHUMHH�et al. (2009). 
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0RUH�VSHFLÀFDOO\��K\OREDWLGV�DUH�KLJKO\�DUERUHDO�DQG�YHUVDWLOH�SULPDWHV�ZKRVH�SUHGRPLQDQW�ORFRPRWRU�

type is brachiation (a special type of suspension in which the pendulous movement is faster, displaying a 

SKDVH�RI�IUHH�ÁLJKW�EHWZHHQ�KDQGKROGV��)OHDJOH�������*LWWLQV�������+XQW�����D��9HUHHFNH�et al. 2006; Fig. 2g; 

Appendix A). Nonetheless, they are able to use a great variety of other locomotor types, such as leaping, 

bipedal walking, and climbing (Fleagle 1976, 1980; Gittins 1983; Vereecke et al. 2006). Although hylobatids 

can occasionally engage in quadrupedalism (0-4%), this behaviour is barely meaningful when compare 

with other primates (Fleagle 1980). Siamangs (Symphalangus) and gibbons (Nomascus, Hoolock, and 

Hylobates) tend to brachiate along large supports and climb among smaller ones. Bipedalism is commonly 

conducted along large horizontal branches (0-12%) and leaping is usually performed from large branches 

to smaller ones or lianas (0-24%; Fleagle 1976, 1980; Hunt 2004). Although all hylobatids prefer brachiation 

for travelling, the frequency they engage in this and other locomotor modes, as well as the support used 

GXULQJ�GLVSODFHPHQWV�� LV�GLͿHUHQW�DPRQJ�WKH�JHQHUD��)OHDJOH�������+XQW��������7KXV��IRU�H[DPSOH�� WKH�

larger siamangs (around 11 kg) climb more than the smaller gibbons (6 kg on average; Fleagle 1976, 1980).

Fam. incertae sedis Fam. Hylobatidae Subfam. Ponginae
Kamoyapithecus† Hylobates Trib. Sugrivapithecini†

Nomascus Sivapithecus†

Fam. Proconsulidae† Hoolock Ankarapithecus†

Subfam. Proconsulinae† Symphalangus Trib. Lufengpithecus†
Proconsul† Bunopithecus† Lufengpithecus†
Ekembo† Khorapithecus†
Ugandapithecus† Fam. Hominidae Trib. Pongini

Subfam. Nyanzapithecinae† Subfam. incertae sedis Pongo
Nyanzapithecus† Trib. Oreopithecini† Indopithecus†
Mabokopithecus† Oreopithecus† Gigantopithecus†
Rangwapithecus† Subfam. Kenyapithecinae† Subfam. Homininae
Turkanapithecus† Trib. Equatorini† Trib. incertae sedis
Xenopithecus† Equatorius† Nakalipithecus†

Subfam. incertae sedis Nacholapithecus† Chorapithecus†
Samburupithecus† Trib. Kenyapithecini† Sahelanthropus†

Kenyapithecus† Trib. Gorillini
Fam. Afropithecidae† Griphopithecus† Gorilla

Subfam. Afropithecinae† Subfam. Dryopithecinae† Trib. Panini
Afropithecus† Trib. Dryopithecini† Pan
Heliopithecus† Dryopithecus† Trib. Hominini
Morotopithecus† Pierolapithecus† Homo

Subfam. incertae sedis Anoiapithecus† Australopithecus†
Otavipithecus† Trib. Hispanopithecini† Paranthropus†

Hispanopithecus† Ardipithecus†

Trib. Ouranopithecini† Orrorin†
Ouranopithecus†

Trib. incertae sedis
?Udapnopithecus†

SUPERFAMILY HOMINOIDEA

Abbreviations: Fam., family; Subfam., subfamily; Trib., tribe; †, extinct taxa.

Table 2 6\VWHPDWLF�FODVVLÀFDWLRQ�RI�WKH�VXSHUIDPLO\�+RPLQRLGHD�LQFOXGLQJ�OLYLQJ�DQG�IRVVLO�WD[D��*HQHUD�LQFOXGHG�LQ�WKLV�ZRUN�
DUH�KLJKOLJKWHG�LQ�EROG��&ODVVLÀFDWLRQ�XSGDWHG�IURP�0R\j�6ROj�et al. (2009a), Casanovas-Vilar et al. (2011) and Alba (2012). 
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Figure 2 Locomotor modes. a, Terrestrial quadrupedalism (Papio anubis); b, arboreal quadrupedalism 
(Pygathrix nemaeus); c, slow climbing (Nycticebus coucang); d, knuckle-walking (Pan paniscus); e, leaping 
(Colobus guereza); f, vertical clinging and leaping (Tarsius tarsier); g-h, below-branch suspension 
(Symphalangus syndactylus and $WHOHV� JHRͿUR\L, respectively); i, clambering (Pongo abelii); j-k, vertical 

climbing (Colobus guereza and Gorilla beringei, respectively); and l, bipedalism (Homo sapiens).
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Orangutans (genus Pongo) inhabit in the forests of Borneo (P. pygmaeus) and Sumatra (P. abelii). The 

latter species and the female Bornean orangutans are completely arboreal. However, males of P. pygmaeus 

usually go down to the ground (about 20% of their locomotion) to cross gaps of the canopy (Rodman 1979; 

Cant 1987; Povinelli and Cant 1995). These primates are the largest extant mammals that expend the most 

of their time on the trees (males reach up to 80 kg and females 40 kg; Cant 1987). A large body mass is a 

serious constrain to move in an arboreal milieu and, hence, orangutans locomotor repertoire is probably 

highly associated with its large size in an extent degree (related to spatial discontinuity in the canopy, and 

fragility and compliance of the arboreal supports; Cartmill 1985; Cant 1987, 1992). Orangutans mainly rely 

on suspension (more than 80%) and clambering, using orthograde positions and varied combinations of 

IRUHOLPE�KLQGOLPE�XVH��6XJDUGMLWR�������6XJDUGMLWR�DQG�YDQ�+RRͿ�������&DQW�������+XQW�����D��)LJ���L���

Otherwise, when they move quadrupedally (even below branches), they travel with a pronograde-like 

position, with the body as close to the substrate as the limbs permit (Cant 1987). 

African apes comprise chimpanzees (Pan troglodytes), bonobos (Pan paniscus), and gorillas (Eastern 

gorillas: Gorilla beringei—mountain gorilla, G. b. beringei, and Grauer’s gorilla, G. b. graueri—and Western 

gorillas: Gorilla gorilla; Caldecott and Miles 2005). Among hominoids, quadrupedal walking for travelling 

is only predominant within African apes (especially in bonobos and gorillas, constituting more than 60%), 

which travel by using their characteristic knuckle-walking mode, usually on the ground (Fig. 2d; Hunt 

1991a, 2004, 2016; Doran 1993; Gebo 1996). This type of locomotion is the most common when chimpanzees 

move between feeding patches and even when travel with no recognizable purpose (more than 98.5% of 

their locomotor activity; Susman 1984; Hunt 1992; Gebo 1996). Even though, chimpanzees and bonobos 

also climb frequently (around 50.4% in bonobos; Hunt 1992, 2004, 2016). Gorillas do not engage regularly 

in arboreal travelling (especially the large males), but when they do, these animals usually move by 

means of climbing behaviours (a locomotor mode that can reach up to the 71% of the arboreal travelling; 

Fig. 2k; Remis 1995; Gebo 1996). Nevertheless, the primary locomotor type of gorillas is also quadrupedal 

walking (although lowland gorillas climb around 19.7% of their activity time; Hunt 2004).

Finally, modern humans are undoubtedly the top terrestrial bipeds and use both hindlimbs to travel 

while hands are free of locomotor tasks (Fig. 2l; Fleagle 2013). Nonetheless, humans are able to engage 

in some other locomotor modes, such as vertical climbing, which is practiced by some modern hunter-

gatherers to obtain food (Kraft et al. 2014).

Postcranial anatomy of the Hominoidea

$V�VHHQ�LQ�WKH�SUHYLRXV�VHFWLRQ��OLYLQJ�KRPLQRLGV�KDYH�YHU\�GLYHUVH�DQG�ÁH[LEOH�SRVLWLRQDO�EHKDYLRXU�

repertoires, with each taxon combining several locomotor modes. Nonetheless, all hominoids (with only 

few exceptions) share an array of (functionally meaningful) morphological adaptations related to body 

organization for forelimb-dominated arboreal locomotion (Ward 2015; Hunt 2016). 
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7KXV��D�JHQHUDOL]HG�LQFUHDVHG�ERG\�VL]H�LQ�KRPLQRLGV��UHODWLYH�WR�PRQNH\V��PLJKW�LQÁXHQFH�LQ�VRPHKRZ�

the appearance of suspensory behaviours (Preuschoft and Demes 1984; Fleagle 2013). Beyond a certain 

body mass, it is easier to move below the branches (suspension) than to struggle to stay balanced on top of 

them or even shift through more terrestrial habits (Cartmill 1985; Gebo 1996). Suspensory behaviours are 

also probably related to reaching supports in many directions (favouring eccentric positions of limbs and 

joints), and to negotiate terminal branches in arboreal milieus to harvest ripe fruit (Preuschoft and Demes 

1984; Fleagle 2013; Ward 2015; Hunt 2016). This would also be the case of clambering that also permits 

crossing gaps between discontinuous arboreal supports (i.e., “bridging”; Appendix A) more safely than 

doing it by leaping (Cartmill 1985; Youlatos 1993). Furthermore, unlike suspension, clambering permits 

WR�IHHG�RQ�WKH�VOHQGHUHVW�EUDQFKHV�E\�GLVWULEXWLQJ�WKH�ERG\�ZHLJKW�RYHU�GLͿHUHQW�OLPEV�DQG�VXSSRUWV�WKDW�

would otherwise break under the weight of the animal (Cartmill 1985; Cant 1987; Crompton et al. 2010). 

Importantly, many of the features that characterize suspensory behaviours could also be considered 

DV� DGDSWDWLRQV� IRU� YHUWLFDO� FOLPELQJ� DQG�RU� FODPEHULQJ�� EHLQJ� GL΀FXOW� WR� GLVFHUQ� ZKHWKHU� WKH\� DUH�

adaptations for one or another locomotor mode (Gebo 1996; Crompon et al. 2010). Moreover, these 

three positional behaviours (suspension, vertical climbing and clambering) particularly distinguish the 

ORFRPRWRU�SURÀOHV�RI�QRQ�KXPDQ�KRPLQRLGV��ZKLFK�XVH� WKHP�LQ�GLͿHUHQW� IUHTXHQFLHV� �VHH�DERYH���)RU�

WKLV�UHDVRQ��WKHVH�WKUHH�ORFRPRWRU�FDWHJRULHV�ZLOO�EH�FRQVLGHUHG�WRJHWKHU�DV�69&&��VXVSHQVLRQïYHUWLFDO�

FOLPELQJïFODPEHULQJ���LI�QRW�VDLG�RWKHUZLVH��7DEOH�����/LNHZLVH��DOWKRXJK�QRQ�KXPDQ�KRPLQRLGV�DUH�WKH�

top suspensory primates, some platyrrhines (mainly Ateles, Brachyteles and in some lesser extent Lagothrix) 

also show morphological similarities with apes mainly related to arm-hanging and suspension (Cant 

1987; Gebo 1996; Larson 1998a; Hirasaki et al. 2000; Cant et al. 2001, 2003; Arms et al. 2002; Youlatos 2002). 

Monkey-like Ape-like
Intermembral index Low High
Thorax Narrow Broad

Lumbar region Long Short
Tail Present Absent

Forelimb

Scapular position Lateral Dorsal
Glenoid fossa shape Elliptical Ovoid
Humeral trochlea shape Non-spool Spool
Ulnar olecranon process Long Short
Ulna-triquetrum contact Present Absent
Phalanges Short Long

Straight Curved
Hindlimb

Femoral head Semi-spherical Spherical
Patellar groove Deep Shallow
Femoral condyles Symmetric Asymmetric

Patellar apex Present Absent (except 
hylobatids)

Tibial articular surface shape Squared Rectangular

ANATOMICAL ADAPTATIONS

Table 3 Comparisson of some of 
the most representative features that 
GLͿHUHQWLDWH�PRQNH\V�DQG�DSHV�
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Therefore, living primates can be distinguished in two separated groups depending on their body 

SODQ��D�VSHFLÀF�DVVHPEODJH�RI�PRUSKRORJLFDO� WUDLWV�DQG�VNHOHWDO�RUJDQL]DWLRQ�VKDUH�E\�WKH�PHPEHUV�RI�

a group): pronogrades and orthogrades (Fig. 3; Stern 1975; Fleagle 2013). In a general sense, pronogrady is 

associated with any quadrupedal locomotion that takes place on a support(s) angled at less than 45º from 

the horizontal (including the ground), in which the hands and feet grip on most supports, but may be used 

in palmigrady/plantigrady or digitigrady on the largest supports. Displacement of the primates’ trunk 

is roughly parallel to the support(s) on which they are moving. There are both arboreal and terrestrial 

pronograde primates, but they all preferentially move the limbs in the parasagittal plane (Fig. 3a; Madar et 

al. 2002; Fleagle 2013). Otherwise, orthogrady is normally associated with fore- and hindlimbs employed 

in tension, with joints characterized by high ranges of motion (Badoux 1974; Stern 1975; Madar et al. 2002; 

Cant et al. 2003). Thus, this type of body plan is related to forelimb-dominated behaviours such as vertical 

climbing and below-branch suspension, and hindlimb-dominated terrestrial bipedalism in the case of 

humans (Fig. 3b; Hunt et al. 1996; Hunt 2016). Probably, socioecological factors took an important role 

in acquisition of the “ape-like” traits (e.g., environment, food resources, predators, and social structure 

preferences; McGraw 1998; Fleagle 2013; Senut 2015; Hunt 2016). In this regard, such socioecological 

factors might be the reason for which some suspensory-related traits (mainly of the thorax, shoulder and 

elbow) that characterize living hominoids also evolved in other primate groups such as suspensory atelids 

(e.g., broad thorax, round humeral head, and oval glenoid fossa; see below; Erikson 1963; Larson 1998a; 

Hunt 2016). These similarities suggest that orthograde-like traits associated with suspensory behaviours 

and/or vertical climbing could evolve independently in several groups of primates (e.g., Erikson 1963; 

Larson 1998a; Young 2003; Almécija et al. 2007; Hunt 2016).

Figure 3 Primates are divided in a, pronograde 
(Erythrocebus patas) and b, orthograde (Hylobates 
agilis) based on their body plan. See text for 
further information.
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Hence, apart from the synapomorphies of the group concerning dental and cranial anatomy (see 

H�J���)OHDJOH��������KRPLQRLGV�DUH�GHÀQHG�E\�SRVVHVVLQJ�DQ�RUWKRJUDGH�ERG\�SODQ� �6WHUQ�������0DUWLQ�

1990; Hunt 2016). Such body organization is characterized by a series of traits (see below; Table 3) mostly 

related to widen the range of motion of the joints and to reduce stresses derived of suspension and/or 

vertical climbing behaviours typical of living apes (and some atelids; Hunt 2016). Humans, although 

being orthograde primates and showing anatomical similarities with other non-human hominoids (e.g., 

broad and shallow thorax; see below), overall depart from the ape-like model due to their specialized 

terrestrial bipedalism (e.g., pelvis shape, lumbar lordosis, and non-opposable hallux; Schultz 1950, 1960, 

1961; Martin 1990; Fleagle 2013). 

Thus, orthograde primates usually display the following morphological features: short, wide and 

shallow thorax; large clavicles and scapulae placed dorsally (with the glenoid fossa facing laterally); 

H[SDQGHG�DQG�GRUVDOO\�URWDWHG�LOLDF�EODGHV��OXPEDU�UHJLRQ�VKRUW�DQG�VWLͿ��ODFN�RI�WDLO��DQG�IRUHOLPEV�ORQJHU�

than hindlimbs (Stern 1975; Cartmill and Milton 1977; Martin 1990; Cant et al. 2003; Fleagle 2013; Hunt 

2016). Together with the previously mentioned orthograde-related anatomical traits, hominoids share (if 

not said otherwise below) a series of morphological adaptations associated with arm-hanging and SVCC 

(behaviours that distinguished apes from monkeys; see previous section; Isler 2005; Crompton et al. 2010; 

Crompton 2016; Hunt 2016). Thus, adaptation related to an orthograde body plan and/or key (functionally 

meaningful) morphological SVCC specializations that characterized apes (and also suspensory atelids in 

some cases) are summarized below (see also Table 3):

- Mediolaterally wide and dorsoventrally shallow thorax, strongly curved ribs, and mediolaterally wide 

manubria: all these features are related to orthogrady (Schultz 1960, 1961; Hunt 1991a, 1992, 2016; Fleagle 

2013; Ward 2015). This complex of features is presumably associated with the reduction of cranio-caudal 

compressive and dorso-ventrally tensile forces in the rib cage during suspensory behaviours (Hunt 

����E�� ������� 7KLV� LV� SRVVLEOH�GXH� WR� D�PRUH� HͿHFWLYH�ZHLJKW� EHDULQJ� DQG� WKH� FRXQWHUDFWLRQ�RI� WHQVLOH�

forces generated by the conjunct of muscles and bone structures around the shoulder-thorax (Hunt 2016). 

Moreover, the shape of the thorax allows wider shoulder excursions, mainly in the coronal plane (Hunt 

1991b, 2016). The hominoid trunk morphology results in a dorsally placed scapula (see below), more 

ventrally placed vertebral bodies and longer clavicles than in monkeys (Schultz 1950, 1961; Stern 1975; 

Fleagle 2013).

- Dorsally placed scapula: hominoids display in general a deep and narrow scapula that is situated 

dorsally relative to the thorax. The glenoid fossa is oval and faces cranially (Hunt 1991a, 1992; Rose 1993; 

Fleagle 2013; Ward 2015). A deep and narrow scapula increases the lever arm of the serratus and trapezius 

muscles for forelimb abduction, whereas favours low concentrations of stress at the thorax (Larson et al. 

1991; Larson 2015; Hunt 2016). Moreover, the above-mentioned scapular shape allows the approximation 

of the bone to the mediolateral midline of the body, thus avoiding eccentric stresses at the thorax (Oxnard 

1963; Hunt 1991a, 2016). However, hominoids that engage in SVCC in a lesser degree (gorillas and 
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humans) have broader scapulae, which do not approach to the midline as in the case of chimpanzees 

and hylobatids (Hunt 2016). Otherwise, the oval shape of the glenoid fossa allows for mobility of the 

humerus virtually in any direction, including complete abduction of the humerus for arm-hanging during 

suspension (Hunt 1991b, 2016).

��6KRUW�DQG�VWLͿ�OXPEDU�UHJLRQ� the number of lumbar vertebrae is variable among hominoids (3-4 in 

great apes, 4-5 in siamangs, 5-6 in gibbons, and 5 in humans), although is lower than in non-hominoid 

primates (cercopithecoids have long backs with 7 lumbar vertebrae; Schultz 1961; Fleagle 1978; Williams 

et al. 2016). Besides, these lumbar vertebrae display short and broad bodies, and have a ventral keel, as 

compared to pronograde monkeys (Schultz 1936, 1961). A reduced number of lumbar vertebrae closes the 

rib cage to the pelvis and, together with vertebral morphology, are associated with resistance to bending 

moments generated by ipsilateral movements during vertical climbing (Jungers 1984a; Hunt 1991a, 1992, 

2016; Ward 1993, 2015; Fleagle 2013).

- Long and broad ilium: this iliac morphology has been related to either an allometric trait associated 

ZLWK�PDLQWDLQLQJ�RI�PHFKDQLFDO�HͿHFWLYHQHVV�RI�WKH�JOXWHL�ZLWK�LQFUHDVLQJ�ERG\�VL]H��QHHGHG�WR�KLQGOLPE�

extension during vertical climbing; Stern 1971); or, as in the previous case, to resist buckling forces 

generated from vertical climbing behaviours by reducing the bending moments (Hunt 2016). Nonetheless, 

these functional hypotheses still remain as tentative.

- Tailless: KRPLQRLGV�ODFN�DQ�H[WHUQDO�WDLO��7KH�IXQFWLRQDO�UROH�RI�WKH�WDLO�DEVHQFH�KDV�QRW�EHHQ�FODULÀHG�

yet. Nonetheless, some authors (Fleagle 2013; Hunt 2016) suggest that the hominoids tailless condition 

FRXOG�EH�UHODWHG�WR�WKHLU�ODUJH�ERG\�VL]H��DOORPHWULF�HͿHFW���ZKHUHDV�RWKHUV�SURSRVHG�WKDW��DW�VRPH�SRLQW��

the balancing counteraction function of the tail during above-branch quadrupedalism was not needed 

anymore (probably also due to an increased body size and the shift towards suspensory behaviours in 

hominoids; Cartmill 1985; Cant 1987; Kelley 1997; Hunt 2016).

- Long forelimbs (high intermembral index): a good proxy of broad patterns of locomotion is the 

intermembral index: ratio of the forelimb length (humerus + radius) to hindlimb length (femur + tibia; 

Martin 1990). Species with high frequency of SVCC behaviours show high index values (100-150%; Napier 

and Walker 1967; Jungers 1984b, 1985; Martin 1990; Anemone 1993; Gebo and Chapman 1995). In other 

words, primates that rely on SVCC behaviours tend to have longer forelimbs relative to the hindlimbs 

than quadrupeds, leapers and bipeds (e.g., gibbons and siamangs show the highest values for this index, 

between 126-147%; Jungers 1984a,b, 1985; Hunt 1992; Isler 2005; Fleagle 2013). Modern humans (bipeds) 

are an exception among hominoids, since their hindlimbs are relatively much longer than their forelimbs 

compare to SVCC hominoids (72%; Jungers 1985; Martin 1990; Begun 2013; Fleagle 2013). Two functionally-

UHODWHG�K\SRWKHVHV�KDYH�EHHQ�SURSRVHG�IRU�WKH�IRUHOLPE�HORQJDWLRQ�LQ�DSHV��IDYRXULQJ�IRUDJLQJ�H΀FLHQF\�

(Tuttle 1969; Grand 1972) and increasing friction on the sole during climbing behaviours (e.g., Cartmill 

1972; Jungers 1976; Sarmiento 1989; see also a review of both hypotheses in Hunt 2016). The former, together 

with a highly mobile forelimb and short hindlimbs (see below), is related to the capacity of covering a 
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ODUJHU�DUHD�LQ�ZKLFK�IRRG�LWHPV�FDQ�EH�IRUDJHG��WKXV�LPSURYLQJ�IHHGLQJ�H΀FLHQF\�E\�UHGXFLQJ�PRYHPHQW�

between feeding points (Tuttle 1969; Grand 1972; Jungers 1984a). Likewise, the larger the forelimb, the 

further the distance achieving to obtain food from the most terminal branches while maintaining the 

body in a stable support (Tuttle 1969). Otherwise, longer forelimbs would allow primates to move along 

large-diameter supports (those not accessible by grasping with the feet) by increasing friction between the 

vertical support and the feet (Cartmill 1972; Jungers 1976; Fleagle 2013).

- Mobile shoulder: the proximal hominoid humerus usually shows a globular head with distally 

displaced tubercles and a narrow bicipital groove (Rose 1988; Gebo 1996; Fleagle 2013). Moreover, the 

shoulder joint faces cranially due to the dorsal position of the scapula (see above; Fleagle 2013). Overall, 

all these adaptations physically favour forelimb mobility at the shoulder joint in any direction, but mainly 

the craniodorsal movement, thus facilitating arm-raising (especially in hylobatids, which have the most 

dorsally placed scapula relative to the other non-hylobatid hominoids; Chan 2008; Hunt 2016). Moreover, 

all hominoids show a relatively high humeral torsion (head facing more medially), a trait derived from 

the dorsal position of the scapula and usually related to suspensory habits (allowing higher shoulder 

mobility; Napier and Davis 1959; Campbell 1966; Larson 1996). In this regard, African apes show the 

highest humeral torsion among hominoids probably due to their quadrupedal habits (Larson 1988, 1996). 

In addition, the globular and large head of the humerus reduces stress concentrations, spreading it over a 

greater area (Kimura et al. 1979; Hunt 2016). Likewise, the scapula usually shows a long acromion, a distally 

place deltoid crest, and an elongated coracoid process (Tuttle 1975; Harrison 1987). The morphology of the 

acromion and the deltoid crest are associated with the moment arm increasing of the deltoid muscle and 

the forelimb itself, also favouring the arm-raising. Finally, the elongation of the coracoid process enhances 

the biceps�PXVFOH�OHYHU�DUP��ZKLFK�LPSURYHV�D�SRZHUIXO�ÁH[LRQ�RI�WKH�HOERZ��+XQW�������

- Stable extended elbow: hominoids display an array of characteristic traits at the elbow. The distal 

humerus shows a large and medially faced medial epicondyle, a spool-shaped trochlea, a steep zona 

conoidea, a globular capitulum, and a deep olecranon fossa. The ulna displays a short olecranon and 

a large coronoid process, whereas the radius has a symmetrical radial head. Both ulna and radius are 

generally long, slender and bowed (Tuttle 1975; Rose 1988, 1993; Gebo 1996; Fleagle 2013; Hunt 2016). 

Overall, these features allow full extension of the elbow and favour stabilization of the joint at this position 

and during pronation/supination of the forearm (Rose 1988; Hunt 2016). On the one hand, the shape of 

the humeral trochlea (spool-like), the angle formed by this trochlea and the capitulum (steep), and the 

radial head (round and bevelled) prevent for the dislocation of the ulna and radius (ibid). Otherwise, 

the globular morphology of the humeral capitulum allows for larger excursions of the forearm during 

pronation-supination (Rose 1988). These movements are also enhanced by the increasing of the moment 

arm of the pronators muscles due to the bowed morphology of the forearm bones (Hunt 2016). Regarding 

the ulna, the short olecranon process and its articular surface morphology (posteriorly covering the 

olecranon trochlea of the humerus) allow the full extension of the elbow like a hinge joint and assume the 
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most of the weight loading during arm-hanging. Finally, the coronoid process of the ulna usually extends 

anteriorly, increasing the moment arm of the brachialis muscle in full-extended positions of the elbow. This 

IDFW�IDYRXUV�WKH�ÁH[LRQ�RI�WKDW�MRLQW�IURP�H[WHQGHG�SRVLWLRQV��)OHDJOH�������+XQW�������

- Wrist morphology: the wrist plays an important role during climbing and suspension by increasing 

mobility and grasping capabilities. Thus, the ulna lacks its contact with the carpal bones and the pisiform 

is placed more distally than in monkeys. This morphology increases ulnar deviation and rotational 

capabilities, mainly related to pronation/supination (Lewis 1969, 1989; Tuttle 1969; Sarmiento 1988; 

Fleagle 2013; Hunt 2016). Hunt (1991b) also suggested that the combination of reduced ulno-carpal contact 

DQG�ORQJ�ÀQJHUV��VHH�EHORZ��ZRXOG�GHFUHDVH�WKH�VWUHVV�DW�WKH�ZULVW�GXULQJ�DUP�KDQJLQJ�GXH�WR�D�ORZHU�

deviation of the ulna.

- Long and curved phalanges: this morphology is typical of Asian apes and chimpanzees. Among 

these groups, hylobatids have the longest phalanges and chimpanzees the shortest, being orangutans 

intermediate between these two taxa. Regarding the curvature, orangutans show the most curved 

phalanges whereas chimpanzees display the least curved phalanges among the three (Pan, Pongo and 

hylobatids). Otherwise, gorillas and humans show shorter and more robust phalanges (Lewis 1969, 1989; 

Tuttle 1969; Susman 1979; Sarmiento 1988; Stern et al. 1995; Fleagle 2013; Almécija et al. 2015a; Hunt 2016). 

Furthermore, the overall proportions of the hand (phalanges + metacarpals) result in high relative hand 

lengths in hominoids, higher in specialized suspensory apes (mainly orangutans) than in those that perform 

a more generalized positional behaviour (e.g., gorillas; Moyà-Solà et al. 2005a). Furthermore, living apes 

can be also distinguished by their extrinsic hand proportions, with hylobatids having elongated digits 

and thumb, chimpanzees and orangutans displaying elongated digits relative to the thumb, and gorillas 

(as humans) showing more plesiomorphic proportions (long thumb relative to the digits; Almécija et al. 

����D���'HVSLWH�WKHVH�GLͿHUHQFHV��WKH�ORQJ�DQG�FXUYHG�SKDODQJHDO�VKDSH�UHGXFHV�VWUHVVHV�GHULYHG�RI�DUP�

KDQJLQJ�D�FLUFXODU�VXSSRUW�DQG�DOORZ�IRU�D�PRUH�HͿHFWLYH�FLUFXPGXFWLRQ�RI�WKH�VXSSRUWV��&DUWPLOO�DQG�

Milton 1977; Preuschoft and Demes 1984; Hunt 1991b, 2016; Preuschoft et al. 1993). Moreover, phalanges 

DOVR�GLVSOD\�UREXVW�ÁH[RU�VKHDWK�ULGJHV�ZKHUH�WKH�ÁH[RU�WHQGRQV�DWWDFK��7KLV�PRUSKRORJ\�SUHYHQWV�IRU�

bow stringing during suspension (Tuttle 1969; Hunt 2016).

- Hindlimb: the hominoid femur displays a spherical head fully covered by articular surface, a high 

neck-shaft angle, and short biomechanical neck length; a broad distal femur, and shallow condyles and 

patellar groove (Lovejoy et al. 1973; Rose 1983; Lovejoy 1988, 2005, 2007; Aiello and Dean 1990; Stern and 

Susman 1991; Fleagle 2013). The tibia has a mediolaterally wide distal articular surface, and a relatively 

WKLFN�PHGLDO�PDOOHROXV��ZKHUHDV�WKH�ÀEXOD�LV�UREXVW�DQG�LWV�GLVWDO�DUWLFXODU�VXUIDFH�LV�REOLTXHO\�IDFHG��5RVH�

et al. 1996; Marchi 2007; DeSilva 2008; DeSilva et al. 2010). Altogether, these traits are related to enhance 

hindlimb joint mobility, favouring non-stereotyped positions, mainly related to abduction and lateral 

URWDWLRQ�RI�WKH�KLS��DQG�GRUVLÁH[LRQ�DQG�LQYHUVLRQ�RI�WKH�DQNOH��VHH�&KDSWHU���IRU�GHWDLOHG�LQIRUPDWLRQ�RQ�

the functional meaning of these features; Lovejoy et al. 1973, 2002; Aiello and Dean 1990; Rose et al. 1996; 
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DeSilva et al.��������0RUHRYHU��WKH�ÀEXODU�UREXVWLFLW\�DQG�WKH�PRUSKRORJ\�RI�LWV�GLVWDO�DUWLFXODU�VXUIDFH�DUH�

DVVRFLDWHG�ZLWK�WKH�LPSRUWDQW�UROH�RI�WKH�KRPLQRLG�ÀEXOD�LQ�ZHLJKW�EHDULQJ��0DUFKL�������

- Feet: DV�LQ�WKH�FDVH�RI�KDQGV��IHHW�RI�VXVSHQVRU\�SULPDWHV�KDYH�LQ�JHQHUDO�ORQJ�DQG�FXUYHG�ÀQJHUV�IRU�

enhancing gripping abilities, mainly during vertical climbing along low-diameter supports. Moreover, the 

talus has a shallow trochlea and the calcaneus is short to favour eccentric, non-stereotyped movements of 

the ankle (Schultz 1936, 1963; Tuttle 1970; Rose 1993). 

As shown above, hominoids have in common an important array of morphological features related to 

SVCC behaviours. However, due to their specialized locomotor modes, African apes and humans departs 

IURP�WKH�FRPPRQ�SDWWHUQ��VKRZLQJ�D�GLͿHUHQWLDO�PRUSKRORJ\�LQ�VRPH�FDVHV��7KXV��$IULFDQ�DSHV��JRULOODV�

and common chimpanzees) are the unique primates that engage in knuckle-walking (Tuttle 1967; Doran 

1996; Richmond et al.�������)OHDJOH��������7KH�PDMRULW\�RI�GLͿHUHQFHV�UHODWHG�WR�WKH�UHVW�RI�69&&�SULPDWHV�

are found at the wrist and hand. They are usually associated with the way of loading weight along the 

forelimbs (e.g., increasing of articular surfaces of the wrist, and further reduced ulnar styloid process; 

Tuttle 1967, 1969; Sarmiento 1988; Hunt 1991a, 1992; Kivell et al. 2009). Another adaptation commonly 

associated with this locomotor type is the presence of strong dorsal ridges on the distal metacarpals (this 

trait has been also found in large terrestrial digitigrade monkeys, although less marked). This morphology 

provides further stabilization of the joints during hyperextended positions of the proximal phalanges 

(Tuttle 1969; Jenkins and Fleagle 1975; Hunt 2016).

Finally, the acquisition of bipedalism in modern humans implied the reorganization of critical portions 

of the postcranial (and cranial) skeleton (Ward 2015). Nonetheless, similarities linking the anatomy of 

apes and humans’ forelimb and foot have been also found and well documented (Morton 1926; Fleagle 

et al. 1981; Lewis 1989). The pelvic and hindlimb anatomy is unique in modern humans (Zuckerman et al. 

1973; Fleagle et al. 1981). Stern (1971) proposed that, despite being humans and apes closer relatives, the 

howling monkey (Alouatta) would have the hip and hindlimb musculature that more easily transformed 

into a human-like anatomy. Hence, as in leapers, the forelimbs in humans do not take an important role in 

locomotion and the main anatomical changes are associated with the thorax and hindlimbs (Lovejoy 2005, 

2007; Fleagle 2013). Among the most diagnostic changes, the vertebral column integrates two curvatures 

at the thoracic (kyphosis) and lumbar (lordosis) levels; spines of the cervical vertebrae were reduced; the 

foramen magnum moved to a basal position in the skull; the pelvis was shortened and the iliac blade 

is broad (implying a reorganization of the glutei muscles complex); the femora is long and the femoral 

head is very large; in the posterior side of the neck, the femur exhibits the obturator externus groove; the 

knee joint acquired a position in valgus and then the femur has a high bicondylar angle; the femur also 

GLVSOD\V�DQ�DQWHULRUO\�SURMHFWHG�ODWHUDO�OLS�RI�WKH�SDWHOODU�JURRYH��ÀQDOO\��WKH�RSSRVDELOLW\�RI�WKH�KDOOX[�

was lost and the phalanges were extremely shortened; the feet also show a marked plantar arch unique 

among primates (Lovejoy et al. 1973, 2002; Aiello and Dean 1990; Martin 1990; Lovejoy 2005, 2007; Fleagle 



37Introduction

Introduction

2013). The most of the changes have been associated with prevent mediolateral excursions of the centre 

of mass and prevent body from gravity, provide propulsive force and weight-bearing exclusively with 

the hindlimbs, and reduce locomotor energy cost (Badoux 1974; Alexander 1984; Eng and Winter 1995; 

Presuchoft 2004; Brujin et al. 2008; Herr and Popovic 2008; Pontzer et al. 2009).

Evolutionary history of hominoids

Hominoids diverged from cercopithecoids (Old World monkeys) in the late Oligocene, back to 

ca. 25 million of years ago, Ma (Springer et al. 2012; Harrison 2013). Within the Hominoidea, authors 

have estimated a pattern of divergence as follows: Hylobatydae (Symphalangus > Nomascus > Hoolock > 

Hylobates) > Pongo > Gorilla > Pan > Homo��EUDQFKLQJ�RͿ�DW�DURXQG����0D��+\OREDWLGDH�+RPLQLGDH���a���

0D��3RQJLQDH�+RPLQLQDH���a����0D��Gorilla-Pan+Homo���DQG�a����0D��Pan-Homo; Springer et al. 2012). 

7KH�KRPLQRLG�IRVVLO�UHFRUG�EDFNV�XS�WR�a�����0D��ODWH�2OLJRFHQH��DQG�LV�UHSUHVHQWHG�E\�D�IUDJPHQWDU\�

jaw with teeth from the Nsungwe 2B locality (Tanzania) attributed to the genus Rukwapithecus (Stevens 

et al. 2013). At around this time (25 Ma), there are other fossil remains, a partial mandible and some 

isolated teeth, that probably belonged to the Hominoidea. These remains were assigned to the genus 

Kamoyapithecus, although its taxonomic attribution to this group is still uncertain (Leakey et al. 1995; 

Begun 2013). Likewise, the hominoid-like fossil remains found at Meswa Bridge (Kenya), dated in ca. 

23.5 Ma, have been also tentatively attributed to the taxon Proconsul (Andrews et al. 1981; Pickford 

and Andrews 1981; Finarelli and Clyde 2004; McNulty et al. 2015). Proconsuloids were probably the 

precursors of modern hominoids during the early Miocene (23-16 Ma), being considered stem members 

of the group (e.g., Begun et al. 1997; although see Harrison and Rook 1997 and Harrison 2010a for a 

GLͿHUHQW�LQWHUSUHWDWLRQ��7DEOH����� ,WV�GLYHUVLW\�GHFUHDVHG�ZLWK�WKH�HQYLURQPHQWDO�FKDQJHV�KDSSHQLQJ�DW�

WKDW�WLPH�LQ�$IULFD��DOORZLQJ�RWKHU�HDUO\�KRPLQRLGV�WR�EHFRPH�PRUH�GLYHUVLÀHG�EHWZHHQ�������0D��H�J���

Equatorius, Kenyapithecus, Nacholapithecus; Harrison 2010b). The Middle Miocene Climatic Optimum (16-

15 Ma) allowed the widespread of hominoids from Africa through Eurasia, becoming highly diverse 

between 13-9 Ma especially in western and central Europe (e.g., presence of Griphopithecus, Kenyapithecus, 

Dryopithecus, Pierolapithecus, Anoiapithecus, and Hispanopithecus; Moyà-Solà and Köhler 1996; Moyà-Solà 

et al. 2004, 2009a,b; Kelley et al. 2008; Harrison 2010a,b; Alba 2012; Begun et al. 2012; Begun 2015) and Asia 

(e.g., radiation of Sivapithecus, Lufengpithecus and Ankarapithecus; Pilbeam et al. 1980; Kelley and Pilbeam 

1986; Begun and Güleç 1998; Kelley 2002; Harrison 2010b; Begun 2013, 2015). Phylogenetic relations of 

these taxa are still under debate and many problems in interpreting hominoid evolution remain due in 

part to the mixture of primitive-derived features found in these fossil taxa (see below). Notwithstanding, 

most authors agree that Sivapithecus� EHORQJV� WR� WKH� 3RQJLQDH��ZKHUHDV� WKH� WD[RQRPLF� D΀QLWLHV� RI� WKH�

European fossil hominoids (the “dryopithecins”) are more controversial. Some authors proposed that 

these taxa relate to hominines (e.g., Begun et al. 1997; Begun 2009); but others considered them as stem 

hominids or even stem pongines (Moyà-Solà and Köhler 1996; Alba 2012; Pérez de los Ríos et al. 2012; Alba 
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et al. 2015; and references therein).

At around 9.6 Ma, an extinction is detected for some mammalian taxa in Europe, including primates 

(traditionally known as the Vallesian Crisis; Casanovas-Vilar et al. 2015). At this point only Oreopithecus, 

in its Tuscano-Sardinian island refuge, and the dry-open woodlands-specialists Ouranopithecus and 

Udabnopithecus survived during the late Miocene of Europe (until ca. 6 Ma; de Bonis and Koufos 1997; 

Begun 2013). By 5 Ma, hominoids had become extinct from Eurasia, with the exception of Gigantopithecus 

(which survived until ca. 0.3 Ma) and the currently living taxa, orangutans and hylobatids (Harrison 

2010b; Begun 2015).

Africa has a scarce fossil record of late Miocene hominoids (between 13-7 Ma). However, new discoveries 

are shedding light to this period and to the evolution of the younger ancestral hominids and hominins, 

as well as their phylogenetic relationships with the living taxa (e.g., Nakalipithecus, Samburupithecus and 

Chororapithecus; Ishida and Pickford 1997; Kunimatsu et al. 2007; Suwa et al. 2007; Harrison 2010b; Begun 

2013; Katoh et al. 2016). More recently, during the last part of the late Miocene and the beginning of the 

Pliocene, Africa has yielded the possible earliest hominins (i.e., the human clade), including the genera 

Sahelanthropus, Orrorin, and Ardipithecus (White et al. 1994, 2009; Senut et al. 2001; Brunet et al. 2002). 

At about 4 Ma-onwards, the fossil record of the closer humans relatives is more abundant and diverse 

(especially in East Africa), and has generated a great amount of information about our most recent past 

by the study of Australopithecus, Paranthropus and early Homo species (e.g., see extensive recent reviews in 

Reed et al. 2013 and Henke and Tattersal 2015).

Locomotion of fossil hominoids

6KDSH�UHVXOWV�IURP�D�FRPSURPLVH�EHWZHHQ�WKH�LQWHUDFWLRQ�RI�GLͿHUHQW�VHOHFWLYH�SUHVVXUHV�HPDQDWLQJ�

IURP� WKH� HQYLURQPHQW�� VXEVWUDWH�� VL]H� DQG� PHFKDQLFDO� IDFWRUV� H΀FLHQF\� DQG�� FRQVHTXHQWO\�� VSHFLÀF�

DGDSWDWLRQV�WR�GLͿHUHQW�ORFRPRWRU�PRGHV�FDQ�EH�VRPH�WLPHV�LGHQWLÀHG�LQ�WKH�PRUSKRORJ\�SUHVHUYHG�LQ�WKH�

KDUG�WLVVXHV�RI�WKH�SRVWFUDQLDO�VNHOHWRQ��)XUWKHUPRUH��D�KLJK�IUHTXHQF\�RI�D�VSHFLÀF�SRVLWLRQDO�EHKDYLRXU�

(and its associated muscular loads) probably favour the reinforcement of the locomotor apparatus 

DJDLQVW�VSHFLÀF�PHFKDQLFDO�VWUHVV�DQG�LQMXULHV�UHODWHG�WR�WKDW�ORFRPRWRU�PRGH��DV�ZHOO�DV�HQFRXUDJHPHQW�

DJDLQVW�IDWLJXH�DQG�HQHUJ\�ORVW��&DQW�������+XQW��������7KLV�IDFW�FRXOG�DOVR�UHVXOW�LQ�VSHFLÀF�UHFRJQL]DEOH�

DGDSWDWLRQV�ZLWKLQ�D�VSHFLHV�ZKHQ�LW�LV�FRPSDUHG�ZLWK�RWKHUV�WKDW�VKRZ�VLPLODU�ORFRPRWRU�SURÀOHV��+XQW�

1992). These assumptions support the notion that morphological resemblances indicate also functional 

similarities (e.g., Pilbeam and Simons 1971; Rose 1983, 1993). Thus, recognizing the adaptive traits in 

extant primates is essential to do locomotor inferences in fossil taxa. Nonetheless, it is also important 

take into account that most (if not all) of the primate extinct taxa do not show a complete set of exact 

resemblances with any living primate (e.g., Anemone 1993; Rose 1993; Moyà-Solà et al. 2004; Almécija et 

al. 2007; Senut 2015). Hence, the sometimes-elusive relation between form-function and the lack of extant 
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PRUSKRORJLFDO�DQDORJXHV�PDNH�GL΀FXOW�WR�UHFRQVWUXFWLQJ�WKH�ORFRPRWRU�EHKDYLRXU�RI�IRVVLO�SULPDWHV�

Currently, the Hominoidea superfamily is represented only by few taxa (see above), a scarce 

representation of the diversity for this group in the past, especially during the Miocene (Table 2; Harrison 

2010b; Alba 2012; Begun 2013). Thus, the Miocene was probably the “golden age” of hominoids, due 

to the high diversity that they reached in relation to taxonomy, biogeographic ranges, sizes, diets, and 

SRVLWLRQDO�EHKDYLRXUV��H�J���%HJXQ�������)OHDJOH��������6RPH�²EXW�QRW�DOO²�RI�WKH�NH\�WUDLWV�GHÀQLQJ�FURZQ�

hominids such as large brains, long life histories, those related to an orthograde body plan, and other 

GLDJQRVWLF�PRUSKRORJLFDO�IHDWXUHV�RI�WKHLU�FUDQLXP��DOO�FRQVLGHUHG�V\QDSRPRUSKLHV�RI�WKH�JURXS��DUH�ÀUVW�

observed in the middle and early late Miocene of Eurasia (Moyà-Solà and Köhler 1996; Begun 2002, 2009, 

2013; Moyà-Solà et al. 2004, 2009a,b; Harrison 2010b; Begun et al. 2012). These traits could be considered 

incipient innovations that foreshadowed the suite of features and positional behaviours that currently 

characterize living hominoids (Rose 1993; Richmond and Jungers 2008; Begun 2013; Senut 2015). Thus, 

given the scarce diversity of living hominoid species, the study of Miocene apes—and especially those 

from the Vallès-Penedès Basin, which represent the earliest evidence of unambiguous orthograde-related 

features (Moyà-Solà and Köhler 1996; Moyà-Solà et al. 2004) —becomes essential to understand the 

evolutionary history of the group, giving also a deep time perspective on their morphological adaptations 

(Rose 1993; Senut 2015; Ward 2015).

Miocene hominoids have been characterized by a high diversity within their positional behaviours 

(Begun et al. 1997; Moyà-Solà et al. 2004; Almécija et al. 2007; Nakatsukasa and Kunimatsu 2009; Alba 2012; 

:DUG��������1RQHWKHOHVV�� WKHVH�WD[D�GR�QRW�ÀW�QHLWKHU� LQ�WKH�HYROXWLRQDU\�PRGHO�SUHGLFWHG�EDVHG�RQO\�

with living hominoids nor within any living species positional repertoire currently known. Even though, 

there is a general agreement that these forms were arboreal hominoids with some extent of (mostly above-

branch) quadrupedal locomotion, combined with some other locomotor modes, including orthograde 

EHKDYLRXUV�� VXFK� DV� FOLPELQJ� DQG�RU� VXVSHQVLRQ�� LQ� VRPH� GHJUHH� �VHH� GHWDLOV� RQ� VSHFLÀF� WD[D� EHORZ��

Martin 1990; Rose 1993; Almécija et al. 2007, 2009; Senut 2015). Some of the Miocene hominoids, for which 

hindlimb remains are available, included in this work are: Morotopithecus, Proconsul, Ekembo, Equatorius, 

Nacholapithecus, Sivapithecus, Oreopithecus, and Orrorin� �VHH�6HFWLRQ� ,,,� IRU� WKH� VSHFLÀF�VDPSOH�XVHG��� ,Q�

spite of being a putative stem catarrhine, Epipliopithecus is also included in this thesis due to the available 

number and quality of its hindlimb remains. An overview of these taxa and their inferred positional 

behaviour repertoires are accounted below.

Morotopithecus bishopi

Morotopithecus bishopi remains have been found at the Moroto I and II localities (Uganda), dated at 

around 20.6 Ma (Gebo et al. 1997; MacLatchy et al. 2000; MacLatchy 2004; see Pickford et al. 1999 for a 

younger date estimation, 17-15 Ma, based on faunal comparisons).
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This taxon is similar to other early Miocene hominoids in its cranium and teeth, but its postcranium 

displays more derived traits, showing some orthograde-related features (estimated body mass of 35-40 kg; 

Gebo et al.�������5XͿ�������%HJXQ�������:DUG��������2QO\�D�JOHQRLG�IRVVD��IHZ�YHUWHEUDH�DQG�SDUWLDO�IHPRUD�

are known for Morotopithecus (Fig. 4a; Walker and Rose 1968; Gebo et al. 1997; MacLatchy et al. 2000, 2015; 

1DNDWVXNDVD��������7KLV�SRVWFUDQLDO�HYLGHQFH�VXJJHVWV�WKDW�WKLV�WD[RQ�ZRXOG�EH�WKH�ÀUVW�UHSUHVHQWDWLYH�

of orthogrady in the fossil record, being even more derived postcranially than other younger Miocene 

hominoids (e.g., Ekembo or Kenyapithecus; see below; Gebo et al. 1997; MacLatchy et al. 2000; MacLatchy 

2004; Young and MacLatchy 2004). Authors proposed that Morotopithecus would be an arboreal primate 

that engaged in quadrupedal behaviours, but that also displayed forelimb-dominated habits, such as 

vertical and cautious climbing, clambering, below-branch suspension and arm-hanging (Gebo et al. 1997; 

MacLatchy et al. 2000, 2015; MacLatchy 2004).

Proconsul major and Ekembo spp.

Proconsul (sensu lato, that is, including the recently erected genus Ekembo; see below) is probably the 

best known Miocene hominoid due to the numerous fossils recovered from virtually any anatomical 

region (cranial, dentognathic and postcranial remains; e.g., Le Gros Clark and Leakey 1951; Napier and 

Figure 4 Some of the most representative 
postcranial remains of Miocene hominoids 
included in this work. a, Morotopithecus 
bishopi partial femur (MUZM80; anterior 
view); b, Proconsul major proximal femur 
(NAP IX 49’99; anterior view); c,  Proconsul 
major distal tibia (NAP I’58; anterior view); 
d, Ekembo nyanzae partial femur (KNM-
MW13142A; anterior view); e, Ekembo nyanzae 
patellae (KNM-RU18384, top; KNM-RU17382, 
bottom; posterior view); f, Sivapithecus indicus 
distal tibia (YGSP1656; anterior view); g, 
Nacholaptihecus kerioi partial femur (KNM-
BG35250A; anterior view); h, Nacholapithecus 
kerioi distal tibia (KNM-BG35250H; anterior 
view); i, Nacholapithecus kerioi patella (KNM-
BG15535; posterior view); j, Epipliopithecus 
vindobonensis femur (NHMW1970/1397/0023; 
anterior view); k, Epipliopithecus vindobonensis 
tibia (NHMW1970/1398/0003; anterior 
view); l, Epipliopithecus vindobonensis patella 
(NHMW1970/1397/0025; posterior view); m, 
Orrorin tugenensis partial femur (BAR1002’00; 
anterior view). Scale bar = 10 mm. Images from 
�D�E�G��6HQXW����������F��5DͿHUW\�et al. (1995), 
(e) Ward et al. (1995), (f) DeSilva et al. (2010), 
(g-i) Ishida et al. (2004), (j-l) this work, and (m) 
Pickford et al. (2002).
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Davis 1959; Walker and Pickford 1983; Walker et al. 1985, 1993; Walker and Teaford 1988; Ward et al. 

1993; Walker 1997; Gommery et al. 1998, 2002; Senut et al. 2000). Fossil material assigned to Proconsul 

s.l. is abundant and diverse, resulting in a controversial taxonomy recently revisited by McNulty and 

colleagues (2015). They proposed splitting Proconsul into two genera Proconsul (including P. africanus, 

P. major, and P. meswae from the Tinderet and Ugandan localities) and Ekembo (including E. heseloni and 

E. nyanzae from the Kisingiri localities). This work follows this new taxonomic approach and considers 

fossils from the Kisingiri localities within the new taxon Ekembo (E. nyanzae and E. heseloni.) and Ugandan 

remains (except those of Moroto) within the genus Proconsul (P. major). However, other authors (Senut 

et al. 2000; Gommery et al. 2002; Senut 2015) consider that Proconsul major�ZRXOG�EH�D�GLͿHUHQW�JHQXV��

Ugandapithecus. They also include some of the specimens from Moroto (e.g., the palate of the holotype 

specimen) within Ugandapithecus (Senut et al. 2000). Nonetheless, Moroto specimens are sustained within 

the genus Morotopithecus in this work following those of Gebo et al. (1997), MacLatchy (2000), and McNulty 

et al. (2015).

Overall, and despite taxonomic disagreements, Proconsul and Ekembo material has been dated between 

��������0D��HDUO\�0LRFHQH��VHH�VSHFLÀF�HVWLPDWLRQV�IRU�HYHU\�VSHFLHV�IRVVLO�UHPDLQV�LQFOXGHG�LQ�WKLV�ZRUN�

in Section III; Harrison 1982; Ward et al.�������������5DͿHUW\�et al. 1995; DeSilva 2008). There exists material 

that would extent the upper and lower range of appearance of Proconsul-Ekembo, although taxonomic 

attributions are still tentative (remains from Meswa Bridge, 23.5 Ma, and Ngorora Formation at Tugen 

Hills, 12.5 Ma; Pickford and Andrews 1981; Hill and Ward 1988; Hill et al. 2002). Proconsul major material 

dates from 20-19 Ma and is represented by a scapular fragment, a distal humerus, a proximal radius, 

VHYHUDO�SDUWLDO�IHPRUD��D�GLVWDO�WLELD��DQG�VHYHUDO�WDUVDOV��)LJ���E��5DͿHUW\�et al. 1995; Gommery et al. 1998, 

2002; Senut et al. 2000; MacLatchy and DeSilva 2009; Senut 2015). In the case of Proconsul, the morphology 

RI�LWV�IRUH��DQG�KLQGOLPE�UHPDLQV�VWUHVVHV�PRUH�DSH�OLNH�D΀QLWLHV�WKDQ�LQ�Ekembo��VHH�EHORZ��5DͿHUW\�et al. 

1995; MacLatchy and DeSilva 2009; Senut 2015). The overall morphology of the large-bodied (60-90 kg; 

Gommery et al. 1998; MacLatchy and DeSilva 2009) Proconsul suggests that this taxon, apart from those 

associated with above-branch quadrupedalism, could already have some orthograde-related adaptations 

IRU��OLNHO\�VORZ��FOLPELQJ�EHKDYLRXUV�WKDW�ZHOO�ÀW�ZLWK�WKH�IRUHVWHG�DQG�KXPLG�HQYLURQPHQWV�LQIHUUHG�IRU�

Napak (Uganda; Gommery et al. 2002; Senut 2015).

Ekembo material has been dated between 19.7-17.8 Ma, early Miocene (Harrison 1982; Ward et al. 1993, 

������5DͿHUW\�et al. 1995; DeSilva 2008). Postcranial remains of this taxon show an exclusive mixture of 

PRQNH\��DQG�DSH�OLNH�WUDLWV�DQG�VKRZ�OLWWOH�LQWHUVSHFLÀF�PRUSKRORJLFDO�YDULDWLRQ�GHVSLWH�GLͿHUHQFHV�LQ�

size (10-20 kg for E. heseloni and 20-50 kg for E. nyanzae��5XͿ�et al.�������5DͿHUW\�et al. 1995; Ward 1998). 

The postcranial remains of Ekembo are represented by several partial skeletons, as well as a number of 

isolated remains (Fig. 4c,d,e; Walker and Pickford 1983; Beard et al. 1986; Rose 1988, 1993; Walker and 

Teaford 1988; Ward et al. 1991, 1993; Begun et al. 1993; Walker et al. 1993; Ward 1993, 1997, 1998; Walker 

1997; Harrison 2002, 2010a; Nakatsukasa et al. 2004a; among others). These remains evidence that this 
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taxon would probably be a generalized pronograde primate that relied on above-branch quadrupedalism, 

although showing joint morphologies that allow more versatile movements (Harrison 2010a; Senut 2015; 

Ward 2015). 

Equatorius africanus

This gnus comprises a single species, Equatorius africanus (formerly Kenyapithecus africanus), whose 

fossil remains have been recovered from several contemporary sites in the Maboko Formation and 

.LSVDUDPRQ��7XJHQ�+LOOV���.HQ\D��%HQHÀW�DQG�0F&URVVLQ�������:DUG�et al. 1999; Kelley et al. 2002). Fossil 

localities at these formations have been dated at around 16-15 Ma (Ward et al. 1999; Kelley et al. 2002).

Together with several isolated fragments, the partial skeleton of this taxon found at Kipsaramon 

resembles that of Ekembo in several traits and a body mass of about 27 kg has been estimated (range 

EHWZHHQ�����������NJ� LQFOXGLQJ� WKH�VDPSOH�RI�0DERNR��0F&URVVLQ�����D��������0F&URVVLQ�DQG�%HQHÀW�

1997; McCrossin et al. 1998; Ward et al. 1999; Sherwood et al. 2002). Its general morphology suggests that 

Equatorius�SUREDEO\�ZDV�D�JHQHUDOL]HG�SURQRJUDGH�TXDGUXSHG��DOWKRXJK�VKRZLQJ�VRPH�DSH�OLNH�D΀QLWLHV�

related to orthograde habits, which might probably engage in frequent semiterrestrial behaviours 

�0F&URVVLQ�������0F&URVVLQ�DQG�%HQHÀW�������:DUG�������0F&URVVLQ�et al. 1998; Sherwood et al. 2002; 

Patel et al. 2009; Ward 2015).

Nacholapithecus kerioi

Nacholapithecus kerioi species was erected by Ishida et al. (1999) based on the material from Nachola that 

was originally attributed to Kenyapithecus africanus (Nakatsukasa et al. 1998) and posteriorly transferred to 

Equatorius africanus (Ward et al. 1999). Then, the material assigned to N. kerioi was found within the Aka 

Aitheputh Formation (Samburu Hills, Kenya) in Nachola, and is dated in ca. 15 Ma (Nakatsukasa et al. 

1998; Ishida et al. 1999; Nakatsukasa and Kunimatsu 2009).

Apart from a number of isolated fossil remains attributed to this species (most of them described 

by Rose et al. 1996), it was recovered a partial skeleton and other isolated bony specimens that provide a 

highly complete view on its postcranial morphology (Fig. 4g-i; Rose et al. 1996; Nakatsukasa et al. 1998, 

2003a,b, 2007a,b, 2012; Takano et al. 2003; Ishida et al. 2004; Nakano et al. 2004; Senut et al. 2004; Nakatsukasa 

2008; Nakatsukasa and Kunimatsu 2009; Kikuchi et al. 2015; Ogihara et al. 2016). A body mass of 20-23 kg 

has been estimated for Nacholapithecus (Rose et al. 1996; Ishida et al. 2004; Nakatsukasa and Kunimatsu 

2009). The overall body plan of Nacholapithecus is similar to that of Ekembo (e.g., narrow thorax and lumbar 

vertebrae morphology), although the former exhibits more derived features (e.g., longer pedal digits, 

longer clavicle, a clear ball-and-socket morphology at the distal humerus, and higher neck-shaft angle; 

Nakatsukasa et al. 1998, 2004b, 2007a; Ishida et al. 2004; Senut et al. 2004). These derived (towards living 

hominoids) features provide insights into the positional behaviour of Nacholapithecus, which would 
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include the one of the earliest evidence of forelimb-dominated behaviours with enhancement of vertical 

FOLPELQJ�FDSDELOLWLHV��QR�VSHFLÀF�DGDSWDWLRQV�IRU�VXVSHQVLRQ�KDYH�EHHQ�IRXQG���1RQHWKHOHVV��WKLV�WD[RQ�

would also retain several traits related to arboreal quadrupedalism (Nakatsukasa and Kunimatsu 2009; 

Nakatsukasa et al. 2012; Begun 2013). 

Epipliopithecus vindobonensis

Epipliopithecus vindobonensis is one of the best well-known Miocene putative stem catarrhines due 

to the abundant postcranial remains from several individuals (Fig. 4j-l; Zapfe 1958, 1960). Two partial 

skeletons and some other isolated bones of additional individuals were found at the Neudorf a.d. March 

(Devínská Nová Ves) locality in Slovakia and dated in the early middle Miocene (Zapfe 1958, 1960). 

The DQDWRP\�RI� WKLV� WD[RQ�ZDV�GHHSO\�GHVFULEHG� LQ�D�PRQRJUDSK�E\�=DSIH� �������DQG�UHÀQHG�E\�

subsequent authors (e.g., Fleagle 1983; Rose 1988, 1993, 1994; Rein et al. 2011; Harrison 2013; Arias-

Martorell et al. 2015). Epipliopithecus was a medium-sized primate (around 7 kg; Fleagle 2013), whose 

positional behaviour has been the focus of an intense debate along the years because it resembles 

suspensory platyrrhines, quadruped cercopithecids and, in somehow, specialized hylobatids. 

Nonetheless, the positional behaviour repertoire inferred for Epipliopithecus would include generalized 

arboreal quadrupedalism (or even terrestrial), with some degree of agile above-branch quadrupedalism, 

combined with climbing, and probably hindlimb and forelimb suspension and leaping in some extent 

(Zapfe 1958, 1960; Fleagle 1983; Rose 1983, 1989, 1994; Rein et al. 2011; Harrison 2013; Arias-Martorell et 

al. 2015). Thus, Epipliopithecus positional behaviour may likely be similar to that observed in extant Ateles 

and/or Lagothrix, which combine a pronograde body plan with orthograde-related behaviours, such as 

suspension (Fleagle 1983; Rose 1983; Arias-Martorell et al. 2015).

Sivapithecus spp.

Sivapithecus remains have been recovered from more than 100 localities in the Siwalik molasse of 

India, Nepal and Pakistan. Stratigraphy of this complex has been deeply studied, throwing a range of 

appearance for Sivapithecus from 12.7 Ma to ca. 8.5 Ma (Johnson et al. 1983; Kelley and Pilbeam 1986; 

Kappelman et al. 1991; Barry et al. 2002; Kelley 2005; Morgan et al. 2015).

Sivapithecus is a well-known taxon regarding dental and mandibular remains. Likewise, postcranial 

remains of several anatomical regions have been also recovered (e.g., pelvis, humerus, femur, tibia, hand 

and feet; Fig. 4f; Pilbeam et al. 1980, 1990; Raza et al. 1983; Rose 1986, 1993; Spoor et al. 1991; Richmond 

and Whalen 2001; Madar et al. 2002; DeSilva et al. 2010; Begun and Kivell 2011; Morgan et al. 2015). The 

FRPELQDWLRQ�RI�D�PRVDLF�SRVWFUDQLDO�PRUSKRORJ\�ZLWK�RUDQJ�OLNH�FUDQLDO�D΀QLWLHV�OHG�WR�PL[HG�LQIHUHQFHV�

about its phylogenetic relations, as well as its positional behaviour. This currently unknown mixture of 

features observed in this taxon was referred by Pilbeam and Young (2001) as the “Sivapithecus dilemma”. 
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Postcranial remains of Sivapithecus�KDYH�EHHQ�DVVLJQHG�WR�WKUHH�GLͿHUHQW�VSHFLHV��S. indicus (12.7-11.4 Ma), S. 

sivalensis (11-8.5 Ma), and S. parvada (10.1 Ma; Kelley 2005). Although they diverge on body size (estimated 

on about 69 kg for S. parvada and around 50 kg for S. indicus; Kelley 1988), no substantial morphological 

GLͿHUHQFHV�DPRQJ�WKHP�KDYH�EHHQ�IRXQG��'H6LOYD�et al. 2010; Morgan et al. 2015). Therefore, although 

facial features more resemble living orangutans, postcranial morphology of Sivapithecus throws a mixed 

framework of its locomotor repertoire (Pilbeam et al. 1980; Pilbeam and Young 2001; Morgan et al. 2015). 

This evidence suggests pronograde quadrupedal habits with slow-motion and deliberate above-branch 

arborealism (probably with hand/feet grasping capabilities), combined with some degree of orthograde 

behaviours (most likely vertical climbing; Spoor et al. 1991; Madar et al. 2002; Begun 2013; Morgan et al. 

2015; Ward 2015). Besides, this taxon might also rely on some terrestrial behaviours (Madar et al. 2002; 

Begun 2013; Ward 2015). Some authors have even proposed that Sivapithecus developed some knuckle-

walking adaptations in parallel with living African apes (Begun and Kivell 2011).

Oreopithecus bambolii

Oreopithecus bambolii is the unique species erected for this genus (Gervais 1872), and it has been 

IRXQG�LQ�VHYHUDO�ORFDOLWLHV�RI�WKH�ODWH�0LRFHQH�RI�,WDO\��ÀYH�ORFDOLWLHV�DW�WKH�0DUHPPD�9DOOH\��7XVFDQ\���

Serrazzano, and Sardinia (Azzaroli et al. 1986; Harrison and Rook 1997; Rook et al.��������$�VSHFLÀF�KRUL]RQ�

of Baccinello (Maremma Valley) has been dated in ca. 7.55 Ma (Rook et al. 1996, 2000). Only Baccinello has 

been dated by palaeomagnetism, but both Serrazzano and Sardinia correlate with the Baccinello horizon 

and their biocronology also situate these localities within the Turolian-Ventian (MN12-13, 8.5-6.5 Ma; 

Azzaroli et al. 1986; Agustí et al. 2001; Begun 2013). 

An amount of fossil remains have been found of this taxon, but its phylogenetic relationships and 

PRUSKRORJLFDO�D΀QLWLHV�KDYH�JHQHUDWHG�D�QXPEHU�RI�DUWLFOHV�DQG�HYHQ�WKRXJK�WKH\�DOUHDG\�UHPDLQ�XQFOHDU�

(see a revision in Begun 2002, 2013). Among the Oreopithecus remains, there is a nearly complete skeleton, 

crushed during fossilization (Schultz 1960; Straus 1963; Hürzeler 1968; Harrison 1986; Rose 1993), which 

allows for a body weight estimation of around 32 kg (Stern and Jungers 1985; Jungers 1987, 1990a). The 

study of Oreopithecus postcranial remains has yielded a considerable number of articles (Schultz 1960; 

+�U]HOHU� ������+DUULVRQ� ������ ����D�� -XQJHUV� ������ 6DUPLHQWR� ������ 5XͿ� ������ 5RVH� ������:DUG� et al. 

1995; Harrison and Rook 1997; Köhler and Moyà-Solà 1997; Moyà-Solà et al. 1999, 2005b; Rook et al. 1999; 

Susman 2004, 2005; Begun 2013; Russo and Shapiro 2013; Almécija et al. 2014; Ward 2015). From these 

works is derived that Oreopithecus most probably had an orthograde body plan and was clearly adapted 

for below-branch suspensory and climbing behaviours (Jungers 1990a; Susman 2004; although see Moyà-

Solà et al. 1999 and Rook et al. 1999 for an alternative hypothesis for O. bambolli positional behaviour, 

which would include an important component of bipedalism, as well as pad-to-pad precision gripping 

capabilities).
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Orrorin tugenensis

Orrorin tugenensis is a 6 million-year-old fossil hominoid species erected from remains recovered in 

several localities of the Lukeino Formation (Tugen Hills, Kenya; Senut et al. 2001). Among these remains, 

there are teeth, mandible fragments, three partial femora, a partial humerus, and two phalanges (Fig. 

4m; Senut et al. 2001; Pickford et al. 2002; Galik et al. 2004; Gommery and Senut 2006; Nakatsukasa et al. 

2007c; Richmond and Jungers 2008; Almécija et al. 2010, 2013; Kuperavage et al. 2010; Bleuze 2012; Senut 

2015). Nakatsukasa et al. (2007c) estimated a body mass of around 35-50 kg for this taxon (based on the 

femur BAR1002’00 attributed to a young adult). Altogether, the external morphology of this Miocene 

basal hominin would be intermediate between older Miocene apes and early hominins (australopiths), 

probably sharing hip gait biomechanics with the latter (Richmond and Jungers 2008; Almécija et al. 2013). 

Features of the humerus and the juvenile manual proximal phalanx have been linked with climbing 

behaviours, whereas the pollical distal phalanx inform us of the presence of human-like precision grasping 

capabilities in Orrorin. The femora shows a combination of derived (hominin-like) adaptations (e.g., 

hyperextension of the hip joint), probably related to habitual bipedal habits (Senut et al. 2001; Pickford et 

al. 2002; Richmond and Jungers 2008; Senut 2015) superimposed in a plesiomorphic (Miocene ape-like) 

morphology (Almécija et al. 2010, 2013).

THE GREAT APES OF THE VALLÈS-PENEDÈS BASIN: STATE-OF-THE-ART

The Vallès-Penedès Basin (NE, Iberian Peninsula; see Section III) has yielded a surprisingly rich 

and diverse number of Miocene primates (from the late Aragonian to the late Vallesian; Casanovas-

Vilar et al. 2011, 2015), including pliopithecoids (which are stem catarrhines preceding the monkey-ape 

divergence; Begun 2002) and hominoids (see a review in Marigó et al. 2014). Among the former group, 

WKUHH�JHQHUD�KDYH�EHHQ�LGHQWLÀHG��RQH�SOLRSLWKHFLQH��Pliopithecus (Abocador de Can Mata Series, ACM; 

Alba et al. 2010a); and two crouzelines, Barberapithecus (Castell de Barberà; Alba and Moyà-Solà 2012) and 

Egarapithecus (Torrent de Febulines; Moyà-Solà et al. 2001). However, the fossil hominoids recovered along 

the localities of the Vallès-Penedès Basin deserve special attention because the Miocene is a key moment 

for the evolution of the Hominoidea, as well as for the origin of the orthograde behaviours. Among the 

9DOOqV�3HQHGqV�KRPLQRLG�ÀQGLQJV�WKHUH�DUH�WKH�ÀUVW�XQDPELJXRXV�HYLGHQFH�RI�RUWKRJUDG\��Pierolapithecus) 

and suspensory behaviours (Hispanopithecus) in the fossil record (see below). Hence, a variety of fossil 

remains have been found within the ACM localities. These remains have been attributed to the recently 

erected stem hominoid Pliobates (Alba et al. 2015), and to three additional genera of fossil great apes: 

Pierolapithecus (Moyà-Solà et al. 2004), Dryopithecus (Moyà-Solà et al. 2009a), and Anoiapithecus (Moyà-Solà 

et al. 2009b). Moreover, two other species of the genus Hispanopithecus�KDYH�EHHQ�LGHQWLÀHG�LQ�WKH�9DOOqV�

Penedès Basin: H. laietanus (Villalta Comella and Crusafont Pairó 1944) and H. crusafonti (Begun 1992a). 
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Fortunately, except in the case of Anoiapithecus, postcranial remains have been recovered in association 

with the rest of hominoid taxa, including two partial skeletons (Pierolapithecus and Hispanopithecus), which 

allow doing more complete locomotor inferences about their positional preferences.

As has been evidenced in previous sections, Miocene hominoids positional repertoires are unlike 

those of any living primate and they more resemble each other than any extant species, thus being 

“Miocene ape-like” (e.g., Rose 1983; Almécija et al. 2009, 2013; Ward 2015). Miocene great apes from the 

Vallès-Penedès also follow this trend. Overall, the Spanish fossil hominoids Pierolapithecus, Dryopithecus 

and Hispanopithecus exhibit a mixture of plesiomorphic (monkey- or stem hominoid-like) and derived 

(ape-like) traits within their postcranial anatomy (an even within every single fossil bone). This fact 

outlines the uniqueness of these taxa and the lack of extant positional repertoire analogues among living 

forms. Furthermore, these evidences advocate for a mosaic-fashion origin and evolution of the hominoid 

postcranium and the orthograde-like behaviours observed in extant hominoids. Thus, hominoids 

probably abandoned progressively (in frequency) the arboreal quadrupedalism in favour of suspensory 

EHKDYLRXUV�WKDW�EHFDPH�PRUH�KDELWXDO�DQG�PRUH�DGDSWLYHO\�VLJQLÀFDQW�ZLWK�WLPH��5RVH�������������5DH�

1999; Almécija et al. 2007, 2009; Alba 2012, Alba et al. 2012a; Ward 2015;). Therefore, the mosaic nature of 

WKH�KRPLQRLG�SRVWFUDQLXP�GXULQJ�WKH�0LRFHQH��WRJHWKHU�ZLWK�WKH�GL΀FXOW\�RI�LQWHUSUHWLQJ�WKH�IXQFWLRQDO�

VLJQDO�RI�SOHVLRPRUSKLF�WUDLWV��H�J���/DWLPHU�������/DXGHU�������:DUG��������VWUHVV�LQ�WXUQ�WKH�GL΀FXOW\�RI�

reconstructing the functional morphology of these fossil taxa.

Pierolapithecus catalaunicus 

Moyà-Solà and colleagues formally erected the species Pierolapithecus catalaunicus in 2004 on the basis 

of a partial skeleton including a large part of the splachnocranium, IPS21350, found few years before in 

the Barranc de Can Vila 1 locality (within the Abocador de Can Mata Series, ACM, Hostalets de Pierola; 

Fig. 5; Moyà-Solà et al. 2004). This new fossil hominoid was dated in ca. 11.9 Ma (late Aragonian, middle 

Miocene; Moyà-Solà et al. 2009a; Casanovas-Vilar et al. 2011).

The facial morphology of Pierolapithecus shows some similarities with that of great apes, although it 

DOUHDG\�UHWDLQV�D�SULPLWLYH�PRUH�SURJQDWKRXV�VDJLWWDO�SURÀOH��0R\j�6ROj�et al. 2004; Alba 2012). Together 

with the ape-like characteristics of its postcranial skeleton (see below), Moyà-Solà and co-authors (2004, 

2005a) stated that Pierolapithecus might be a stem hominid (early member of the great apes and human 

clade). Otherwise, Begun and Ward (2005) and Begun (2009) proposed that this taxon would be a stem 

hominin. A more recent study on the internal morphology of the face has related Pierolapithecus more 

closely to pongines (e.g., lack of a true frontal sinus; Pérez de los Ríos et al. 2012; see also Alba 2012). 

Despite these phylogenetic discrepancies and on the light of new taxa descriptions (Moyà-Solà et al. 

2009a,b), Pierolapithecus has been included within the subfamily Dryopithecinae (Casanovas-Vilar et al. 

2011; Alba 2012). Dryopithecines, although generally accepted as crown hominids, it is still unclear where 

within the Hominidae this subfamily belongs (Alba 2012). 
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The more than 80 bones recovered of the IPS21350 Pierolapithecus skeleton allow the assemblage of a 

largely complete view for its body plan and positional behaviour. Thus, a body mass of about 30-35 kg has 

been estimated for this individual, as well as hard-object feeding dietary preferences based on a relatively 

thick enamel thickness and dental microwear analysis (Moyà-Solà et al. 2004; Alba et al. 2010b; DeMiguel 

et al. 2014).

The degree and type of rib curvature, a long clavicle, and the lumbar vertebral morphology (lacking 

a ventral keel, neural process caudally oriented, and transverse processes inserted in the pedicle-body 

junction, among other features) suggest that Pierolapithecus would have an orthograde body plan with a 

broad and shallow thorax (Moyà-Solà et al. 2004; Susanna et al. 2010a,b). Although very fragmentary, the 

pelvic remains of Pierolapithecus show primitive features (e.g., concave gluteal surface) combined with 

RWKHUV�PRUH�GHULYHG��H�J���VRPHZKDW�LOLDF�ÁDULQJ���

RXWOLQLQJ�LQFLSLHQW�RUWKRJUDGH�OLNH�D΀QLWLHV�LQ�WKLV�

anatomical region (Hammond et al. 2013).

Within the wrist bones of Pierolapithecus, 

the most characteristics traits are the unfused 

os centrale (thus lacking this important African 

ape-human clade sinapomorphy) and the lack of 

contact between the ulna and the triquetrum (a 

hominid synapomorphy; Moyà-Solà et al. 2004). 

&RQWUDU\�� WKH�ÀQJHUV�RI� WKLV� WD[RQ�H[KLELW� D�PRUH�

primitive morphology, with short metacarpals 

and phalanges (Moyà-Solà et al. 2004, 2005a). 

In addition, the phalanges show a series of 

traits related to powerful-grasping palmigrady 

with assistance of the pollex/hallux, such as a 

proximodorsally tilted proximal articular facet that 

EHVLGHV� LV�ZLGH� DQG� ÁDW�� DQG� D� ODUJH� DQG�ZLGHO\�

separated plantar tubercles surrounding a deep central depression (Moyà-Solà et al. 2004; Almécija et al. 

2009). The presence of palmigrady-related features in Pierolapithecus are symplesiomorphies shared with 

earlier Miocene apes such as Ekembo. These hand features are commonly associated with the tail loss and 

the necessity of supplying the lack of a balancing system that aid on avoiding toppling from the branches 

(Cartmill 1985; Kelley 1997; Almécija et al. 2009). Furthermore, phalanges are not markedly curved as in 

suspensory primates (Moyà-Solà et al. 2004, 2005a; Alba et al. 2010c; contra Deane and Begun 2008, 2010). 

The only complete non-pedal hindlimb remain preserved in the Pierolapithecus skeleton is a left patella 

(Moyà-Solà et al. 2004). An in-depth analysis of this fossil bone is presented in this work, but its general 

morphology clearly resemble those of great apes and is associated with versatility of the knee joint.

Figure 5 Partial skeleton of Pierolapithecus catalaunicus 
IRXQG�LQ�%DUUDQF�GH�&DQ�9LOD����,36��������0RGLÀHG�IURP�

Moyà-Solà et al. (2004).
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Altogether, the morphological traits of the Pierolapithecus postcranium suggest that above-branch 

quadrupedalism still remained an important component of its positional behaviour in combination with 

novel orthograde related positional behaviours, a currently unseen combination (Moyà-Solà et al. 2004; 

Almécija et al. 2009). Therefore, Pierolapithecus might display some degree of modern ape-like behaviours, 

such as vertical climbing (Moyà-Solà et al. 2004). However, this taxon ODFNHG� VSHFLÀF� DGDSWDWLRQV�

for below-branch suspension on the basis of phalangeal curvature and elongation, its monkey-like 

PHWDFDUSRSKDODQJHDO� MRLQW�PRUSKRORJ\��DQG�WKH� ODFN�RI�FOHDU�VXVSHQVRU\�D΀QLWLHV� LQ�RWKHU�DQDWRPLFDO�

regions. Nonetheless, this locomotor mode cannot be completely ruled out (Moyà-Solà et al. 2004, 2005a; 

Almécija et al. 2009; Alba et al. 2010c; although Begun and Ward 2005 and Deane and Begun 2008, 2010 

DFFRXQW�IRU�D�VLJQLÀFDQW�GHJUHH�RI�EHORZ�EUDQFK�VXVSHQVLRQ�LQ�WKH�ORFRPRWRU�UHSHUWRLUH�RI�Pierolapithecus).

Dryopithecus fontani 

This species have been recovered from the fossil localities of St. Gaudens (type locality; France; Lartet 

1856; Begun 1994), St. Stephen (Austria; Andrews et al. 1996) and, probably, the Abocador de Can Mata 

Series and Castell de Barberà (Vallès-Penedès Basin, Spain; Moyà-Solà et al. 1990, 2009a; Alba et al. 2011a; 

Almécija et al. 2012). The presence of only lower teeth and a juvenile humerus in the type locality of the 

species Dryopithecus fontani (St. Gaudens) hinders the possibility of unambiguously attributing upper 

teeth or other cranial and postcranial elements to this taxon (see a more extensive discussion on this 

topic in Moyà-Solà et al. 2009a). Hence, postcranial remains from Castell de Barberà have been either 

tentatively attributed to D. fontani (humerus; Alba et al. 2011a) or just assigned to a large-bodied hominoid 

(phalanges; Almécija et al.��������+LWKHUWR��WKH�RQO\�ODUJH�KRPLQRLG�LGHQWLÀHG��DOWKRXJK�WHQWDWLYHO\�EDVHG�

on the humeral size and age at this locality is D. fontani and, for this reason, phalanges described by 

Almécija and colleagues (2012) are considered in this section.

All the localities with noted presence of Dryopithecus have been dated within the middle Miocene 

Figure 6 a, Palate of Dryopithecus fontani (IPS35026; frontal view) and b, partial humerus tentatively assigned to this 
WD[RQ��,36������OHIW��DQWHULRU�YLHZ��ULJKW��SRVWHULRU�YLHZ���0RGLÀHG�IURP�0R\j�6ROj�et al. (2009a) and Alba et al. (2011a).



49Introduction

Introduction

(MN7-8; Andrews et al. 1996; Moyà-Solà et al. 2009a), although the age of St. Gaudens is not accurately 

known (see Begun 1992b). A body mass of around 46-55 kg has been estimated for this taxon on the basis 

of the humeral shaft (Alba et al. 2011a) and between 40.1-49.5 kg based on the femora head (Moyà-Solà et 

al. 2009a). As most of the Miocene hominoids, Dryopithecus lacks clear extant dietary analogues, showing a 

PL[HG�VRIW�KDUG�IUXLW�IHHGHU�SDWWHUQ��DOWKRXJK�ZLWK�FORVHU�D΀QLWLHV�ZLWK�KDUG�REMHFW�IHHGHUV��'H0LJXHO�et 

al. 2014). Besides, contrary to Pierolapithecus (see above), Dryopithecus has a relatively thin enamel thickness 

WKDW�VXJJHVWV�GLͿHUHQFHV�RQ�GLHWDU\�SUHIHUHQFHV�UHODWHG�WR�Pierolapithecus (Alba et al. 2010b).

Apart from isolated teeth and mandibular fragments, Dryopithecus remains from the Vallès-Penedès 

Basin include a maxillar and, probably, a partial humeral shaft, several phalanges, and a partial femur 

(Moyà-Solà et al. 1990, 2009a; Alba et al. 2011a; Almécija et al. 2012). Although preliminary described by 

Moyà-Solà and co-authors (2009a), the partial femur is deeply studied and analysed in this work.

The lower face unearthed in the fossil locality ACM/C3-Ae, together with other dentognathic 

UHPDLQV��HYLGHQFHV�WKH�PRUSKRORJLFDO�GLͿHUHQFHV�EHWZHHQ�WKH�PLGGOH�DQG�ODWH�0LRFHQH�IRVVLO�KRPLQRLGV�

recovered in Catalonia, as well as the taxonomic diversity within the fossil primates found in the ACM 

(Fig. 6; Moyà-Solà et al. 2009a). Thus, Dryopithecus facial morphology shows a combination of primitive 

(e.g., the maxillary sinus does not penetrate into the zygomatic root) and derived (great ape-like) features 

(e.g., vertical nasomaxillary suture; Moyà-Solà et al. 2009a). Moreover, shape analysis accommodates 

the Dryopithecus lower face close to that of gorillas, suggesting that it might be a stem member of the 

Homininae (Moyà-Solà et al. 2009a).

Concerning the forelimb of this taxon, two humeri are known up to date, one from St. Gaudens (likely 

belonging to a juvenile; Depéret 1887; Pilbeam and Simons 1971; see also Begun 1992b) and probably 

a partial distal shaft from Castell de Barberà (Alba et al. 2011a). The general appearance of the humeri 

is hominoid-like (e.g., rounded cross-section and deep olecranon and coronoid fossae; Pilbeam and 

Simons 1971; Begun 1992b; Alba et al. 2011a). Nonetheless, this morphology cannot be directly linked with 

suspensory behaviours because they also characterize above-branch quadrupedalism (Begun 1992b; Rose 

1994; Alba et al. 2011a). Manual remains from Castell de Barberà include a complete proximal phalanx and 

a partial distal phalanx whose overall morphology is similar to that of other Miocene apes (relatively long, 

SUR[LPDO�SKDODQ[�ZLWK�D�KLJK�GHJUHH�RI�FXUYDWXUH��DQG�PDUNHG�LQVHUWLRQV�IRU�WKH�ÁH[RU�PXVFOHV��DPRQJ�

others; Almécija et al. 2012). Thus, phalangeal morphology claims for grasping capabilities due to the 

DVVRFLDWLRQ�RI�SROOH[·V�WUDLWV�ZLWK�HQKDQFHPHQW�RI�ÁH[LRQ��$OPpFLMD�et al. 2012). Preliminary description of 

the femur also highlighted the mixture of primitive and derived features within this Miocene hominoid 

fossil bone (Moyà-Solà et al. 2009a).

Thereby, overall postcranial morphology of Dryopithecus advocates for a positional repertoire with an 

important component of above-branch quadrupedalism combined with climbing behaviours. Suspension 

could integrate Dryopithecus positional set in some degree, although less than in the younger taxon 

Hispanopithecus (see below; Begun 1992b; Alba et al. 2011a).
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Hispanopithecus crusafonti 

This species was erected in 1992 after a reviewing of the sample of Miocene hominoid remains from 

Spain by Begun (1992a; but see Harrison 1991b and Ribot et al.������IRU�D�GLͿHUHQW�WD[RQRPLF�LQWHUSUHWDWLRQ���

In addition, the partial mandible from Teuleria del Firal (Seu d’Urgell Basin, Spain) traditionally attributed 

to Dryopithecus fontani (Vidal 1913; Woodward 1914), has been recently included in the hypodigm of H. 

crusafonti (Casanovas-Vilar et al. 2011; Alba 2012; Alba et al. 2012b; Marigó et al. 2014). Begun (1992a; see 

also Begun 1989, 2002 and a revision in Alba et al. 2012b) found that the teeth from the fossil locality of 

&DQ�3RQFLF��6DQW�4XLU]H��9DOOqV�3HQHGqV�%DVLQ��ZHUH�GLͿHUHQW�IURP�WKRVH�RI�Hispanopithecus laietanus on 

the basis of morphological traits and size (e.g., mesiodistally 

elongated upper premolars and absence of molar cingula; 

Fig. 7). The teeth shape and dental microwear analysis 

suggest that H. crusafonti might have soft/hard-fruit feeder 

D΀QLWLHV�� DOWKRXJK� IHHGLQJ� SUHGRPLQDQWO\� RQ� KDUG�IUXLWV�

�EXW�DOVR�RQ�OHDYHV�LQ�VRPH�GHJUHH���ZLWK�GLͿHUHQW�DQWHULRU�

dental processing strategies compared with living great 

apes (Puech et al. 1989; Begun 1992a; DeMiguel et al. 2014).

Only the small sample of teeth (including the maxillary 

fragment that compounds the holotype) attributed to this 

species has been described and studied (Crusafont Pairó 

and Hürzeler 1969; Crusafont-Pairó and Golpe-Posse 1973; 

Begun 1992a; Alba et al. 2012b,in prep). Nonetheless, few 

postcranial remains were found in this locality that are 

already unpublished: a femoral shaft fragment (this study), 

one hamate (Almécija et al. in prep a) and several partial 

metatarsals (Almécija et al. in prep b). Description of the 

partial femoral shaft is included in this work. Consequently, 

the positional behaviour of this fossil species remains still 

unknown.

Hispanopithecus laietanus 

Hispanopithecus laietanus is a fossil hominoid recovered from several late Miocene (MN9-MN10) 

localities within the Vallès-Penedès Basin (La Tarumba 1, type locality; Can Llobateres 1 and 2, Polinyà 

2, Can Feu, EDAR6 and 7; Villalta Comella and Crusafont Pairó 1944; Begun et al. 1990; Golpe Posse 

1993; Moyà-Solà and Köhler 1993, 1995, 1996; Köhler et al. 2001; Almécija et al. 2007; Alba et al. 2012a,b; 

Tallman et al. 2013; Susanna et al.��������$IWHU�EHLQJ�ÀUVWO\�DWWULEXWHG�WR�WKLV�JHQXV�E\�9LOODOWD�&RPHOOD�DQG�

Crusafont Pairó (1944), fossil remains of this taxon were relocated into the genus Dryopithecus (Begun et 

Figure 7 Some dental remains attributed 
to Hispanopithecus crusafonti. a, IPS1808: left 
I1 (lingual view); b, IPS1807: right I1 (lingual 
view); c, IPS1811: right P4 (occlusal view); d, 
IPS1812: right M3 (occlusal view); e, IPS1798 
(holotype; occlusal view): left M1-M2 series 
(occlusal view); f, IPS1816: right M2 (occlusal 

view). From Alba et al. (2012a,b).
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al. 1990; Moyà-Solà et al. 1990; Harrison 1991b; Andrews et al. 1996; among others). On the light of the 

new discoveries of Spanish fossil hominoids, Moyà-Solà and colleagues (2009a) resurrected the genus 

Hispanopithecus to designate the late Miocene species of dryopithecins (see also Casanovas-Vilar et al. 

2011). Teeth and postcranial morphology of H. laietanus accommodates this taxon as an extinct member of 

the Hominidae (Alba 2012).

Hispanopithecus laietanus postcranium is mostly known from the partial skeleton recovered at Can 

Llobateres 2 (Fig. 8; Moyà-Solà and Köhler 1996) and the partial upper skeleton from Can Feu (Alba et al. 

2012a). The former comprises several elements of the hindlimb (femora and tibia) that are further studied 

and analysed in this work. Moreover, an estimated body mass of 34-43 kg and 39-40 kg has been inferred 

for this taxon based on femoral and vertebral measurements, respectively (Moyà-Solà and Köhler 1996; 

Moyà-Solà et al. 2009a; Susanna et al. 2014). A range of 22-25 kg was calculated for the Can Feu partial 

skeleton, which presumably belongs to a female on the basis of its third lower premolar (see discussion 

in Alba et al.�����D���%HVLGHV��DOWKRXJK�QRW�IDOOLQJ�ZLWKLQ�DQ\�VSHFLÀF�GLHWDU\�FDWHJRU\��DPRQJ�6SDQLVK�

Miocene hominoids, Hispanopithecus is the taxon that more clearly shows a dietary preference for soft-

fruits (DeMiguel et al. 2014).

Vertebrae morphology (e.g., dorsally-situated costal foveae in 

the thoracic vertebrae, no ventral keel, and transverse processes 

originating from a the pedicle in lumbar vertebrae) indicates the 

presence of an orthograde body plan with hominoid-like wide 

DQG�VKDOORZ�WKRUD[�DQG�D�VRPHZKDW�VKRUW�DQG�VWLͿ�OXPEDU�UHJLRQ���

(Moyà-Solà and Köhler 1996; Köhler et al. 2001; Susanna et al. 2014). 

In this regard, the morphology of the scapula (acromion process 

ORQJHU�DQG�PRUH�FRPSUHVVHG�WKDQ�LQ�PRQNH\V���DQG�ÀUVW�ULE��H�J���

craniocaudally compression) from the Can Feu partial skeleton 

also support these inferences (Alba et al. 2012a).

The humerus of H. laietanus is straight and displays a slightly 

convex deltoid plane; whereas the radius is markedly curved. 

These features, together with those of the ulna (see below), indicate 

that the forelimb was probably able of broad movements, including 

DEGXFWLRQ��ÁH[LRQ�DQG�SURQDWLRQ��ZKLFK�DUH�IUHTXHQWO\�DVVRFLDWHG�

with climbing and suspensory behaviours (Moyà-Solà and Köhler 

1996). Likewise, the elbow of H. laietanus would also favour wide 

ranges of movement (mainly regarding pronation-supination), as 

ZHOO� DV� VWDELOL]DWLRQ� RI� WKH� MRLQW� GXULQJ� ÁH[LRQ�H[WHQVLRQ� DV� FDQ�

be inferred from the proximal ulnar morphology (e.g., reduced 

olecranon process; Alba et al. 2012a). Nonetheless, other ulnar 

Figure 8 Partial skeleton of 
Hispanopithecus laietanus found in Can 
/OREDWHUHV� �� �,36�������� 0RGLÀHG�

from Moyà-Solà and Köhler (1996).
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features are more related to quadrupedal behaviours, such as the posteromedially tilted olecranon process 

(Alba et al. 2012a).

Manual phalanges of H. laietanus are long and highly curved, highlighting the use of the hand in 

suspensory behaviours. Contrary, some other traits in the proximal phalanges (i.e., dorsal extension of 

the articular surface) and metacarpal proportions and morphology (short length and stoutness) are more 

closely related to above-branch palmigrade quadrupedalism (Moyà-Solà and Köhler 1996; Almécija et al. 

2007; Alba et al. 2010c; see Begun et al.������IRU�D�GLͿHUHQW�LQWHUSUHWDWLRQ���0RUHRYHU��SRZHUIXO�JUDVSLQJ�

FDSDELOLWLHV�DUH�LQIHUUHG�IURP�WKH�PDUNHG�LQVHUWLRQV�IRU�WKH�ÁH[RUV�RQ�WKH�SKDODQJHDO�VKDIWV�DQG�WKH�ODUJH�

pits for the collateral ligaments (Almécija et al. 2007). 

Previous works focusing on the femora outlined the hominoid-like morphology of these fossil bones 

(e.g., large femoral head relative to the neck and high neck-shaft angle), which are usually related to 

abduction capabilities of the hip joint (Moyà-Solà and Köhler 1996; MacLatchy et al. 2001; Köhler et al. 2002). 

The Hispanopithecus tibia, as other anatomical regions, exhibits a combination of monkey- (e.g., articular 

surface with median keel) and ape-like (e.g., metaphysis anteroposterior compression) morphological 

features. The latter traits (ape-like) are associated with vertical climbing behaviours, while the former 

(monkey-like) with quadrupedalism (Tallman et al. 2013).

Morphological evidence for H. laietanus reveals that it might retain some features related to above-

branch palmigrady, which are uniquely coupled with others unambiguously associated with below-

branch suspensory behaviours, as well as other orthograde-like locomotor types such as vertical climbing 

(Almécija et al. 2007; Alba et al. 2012a). Moreover, the high intermembral index estimated for this primate 

also indicates clear adaptations for suspensory behaviours (Moyà-Solà and Köhler 1996). Therefore, 

postcranial remains attributed to Hispanopithecus laietanus evidence that this taxon is one of the oldest 

orthograde hominoids with the undoubted below-branch suspensory adaptations, although also retaining 

features functionally related to above-branch palmigrady with powerful grasping capabilities (Moyà-Solà 

and Köhler 1996; Almécija et al. 2007; Alba et al. 2012a; Tallman et al. 2013).





Knowledge and understanding. Hard work and persistance.
-- Jane Goodall --
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The fossil great apes of the Vallès-Penedès Basin are key to better comprehend the origin and evolution 

of the Hominoidea (especially the Hominidae). Nonetheless, the mosaic nature of their postcranium 

DQG�WKH�VWLOO�HOXVLYH�IXQFWLRQDO� LQWHUSUHWDWLRQ�RI�SOHVLRPRUSKLF�WUDLWV�PDNH�GL΀FXOW�WR�UHFRQVWUXFW�WKHLU�

positional behaviours. For these reasons, this thesis focuses on the study of the hindlimb (excluding the 

feet), which is functionally relevant because it participates in weight loading, support and propulsion 

during locomotion. Additionally, the study of the Vallès-Penedès hindlimb remains is addressed 

IURP� GLͿHUHQW� PHWKRGRORJLFDO� DSSURDFKHV� �IXUWKHU� LQIRUPDWLRQ� LV� SURYLGHG� LQ� WKH� IROORZLQJ� VHFWLRQ��

emphasizing morphological features with a clear functional link to biomechanics.

Therefore, works included in this thesis are primarily devoted, in a broad sense, to shed light on the 

origin and evolution of the positional behaviours of the Miocene great apes found in the Vallès-Penedès 

Basin: Pierolapithecus catalaunicus, Dryopithecus fontani and Hispanopithecus laietanus. Individual studies on 

WKH�IHPRUD��WLELD�DQG�SDWHOOD�DUH�SHUIRUPHG�WR�VROYH�VSHFLÀF�TXHVWLRQV�UHODWHG�WR�IXQFWLRQDO�PRUSKRORJ\�

DQG�PHFKDQLFV�RI�WKH�KLQGOLPE�ERQHV��6SHFLÀF�REMHFWLYHV�DUH�OLVWHG�EHORZ�

1. Description and morphometric study of the partial femora of cf. D. fontani and Hispanopithecus 

spp. (Chapter 1).

2. $QDO\VLV� DQG�TXDQWLÀFDWLRQ�RI� WKH� FRUWLFDO�ERQH�GLVWULEXWLRQ�DW� WKH� IHPRUDO�QHFN�RI� FI��D. 

fontani and H. laietanus (Chapter 2).

3. Analysis of the structural properties of the femoral shaft of cf. D. fontani and H. laietanus 

(Chapter 3).

4. Description and morphometric study of the distal tibia of H. laietanus (Chapter 4).

5. Description and morphometric study of the patella of P. catalaunicus (Chapter 5).

6. Analysis of the biomechanical response of the P. catalaunicus� SDWHOOD� GXULQJ� NQHH� ÁH[LRQ�

(Chapter 6).

7. Comparison of fossil taxa results with extant primate species with known locomotor patterns.

Altogether, this work will contribute to increase our knowledge on the ape hindlimb bones’ shape 

DQG�PHFKDQLFV��DQG�FRPSOHWH�WKH�SRVLWLRQDO�EHKDYLRXU�SURÀOHV�RI�WKH�,EHULDQ�0LRFHQH�JUHDW�DSHV��ZKLFK�

were previously inferred on the basis of other anatomical regions. 



Always do what you are afraid to do.
-- R. Waldo Emerson --
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Material and Methods

HINDLIMB FOSSIL REMAINS OF THE VALLÈS-PENEDÈS HOMINOIDS

This work focuses on the study of the fossil hindlimb (non-pedal) remains of the Vallès-Penedès great 

DSHV��7KH\�LQFOXGH�IHPRUDO��WLELDO�DQG�SDWHOODU�HOHPHQWV��7KHVH�IRVVLOV�KDYH�EHHQ�DWWULEXWHG�WR�IRXU�GLͿHUHQW�

taxa: Pierolapithecus catalaunicus, cf. Dryopithecus fontani, Hispanopithecus crusafonti and Hispanopithecus 

laietanus. All specimens are curated by the Institut Català de Paleontologia Miquel Crusafont (ICP, 

Universitat Autònoma de Barcelona, Spain; collection acronym IPS, ‘Institut de Paleontologia de Sabadell’). 

Details of the specimens and its preservation are reported below:

Pierolapithecus catalaunicus Moyà-Solà et al., 2004

- IPS21350.37. Complete left patella that belongs to the type skeleton of Pierolapithecus catalaunicus 

(IPS21350; Fig. 9a) found in the Barranc de Can Vila 1 (BCV1) locality (within the Abocador de Can Mata 

ORFDO�VWUDWLJUDSKLF�VHULHV��$&0���,W�ZDV�ÀUVWO\�UHIHUUHG�E\�0R\j�6ROj�et al.��������ÀJ������7KH�Pierolapithecus 

patella displays a very minor damage on its proximal and medial portions, and some slight abrasion on 

the distal end. However, its shape and size are completely conserved.

- IPS21350.81 and IPS21350.85. Long bone cortical fragments (Fig. 9b). Both fragments were assigned 

to the femoral diaphyses of the Pierolapithecus catalaunicus partial skeleton found in BCV1 by Moyà-Solà 

et al.��������ÀJ������7KH\�FRQVLVW�RI�VHYHUDO�UHFRQVWUXFWHG�FRUWLFDO�ERQH�IUDJPHQWV��,36���������LV�VOLJKWO\�

eroded at the borders, whereas de cortical thickness edges of IPS21350.85 are better preserved.

cf. Dryopithecus fontani Lartet, 1856

- IPS41724. Partial (proximal) right femur (Fig. 9c). First described by Moyà-Solà et al.� �����D��ÀJ��

11), who tentatively attributed it to cf. Dryopithecus fontani on the basis of its geographical proximity 

to the partial face IPS35026 attributed to this taxon, and its large body mass (see further explanation in 

&KDSWHU���DQG�$OED�������ÀJ���&���,36������LV�D�ZHOO�SUHVHUYHG�IHPXU�WKDW�FRQVHUYHV�DOPRVW�WKH�SUR[LPDO�

half of the bone and that was found in the ACM/C3-Az locality. This partial femur shows some erosion 

at the most proximal part of the greater trochanter and two natural transverse fractures at the base of 

the femoral head and the proximal shaft (below the lesser trochanter). In addition, IPS41724 displays 

several proximodistal cracks along the diaphysis and one at the anterior half of the greater trochanter. 

Furthermore, small transverse cracks are shown at the distal portion of the preserved shaft. The bone 
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consists of almost the 50% of the total femoral length (estimated in around 31 cm on the basis of its femoral 

head superoinferior height; see Chapter 3).

Hispanopithecus crusafonti (Begun, 1992a)

- IPS11426. Diaphyseal fragment of a left femur from the locality of Can Poncic (CP). This specimen 

remains unpublished, but it is here provisionally attributed to Hispanopithecus crusafonti (see Chapter 

1 for further explanation on the taxonomic attribution; Fig. 9d). IPS11426 is formed by two diaphyseal 

fragments that are continuous with one another, which are well preserved, and presumably corresponds 

to the distal half of the shaft, just above the distal epiphysis. With a total length of ca. 12.2 cm, this femoral 

shaft appears more slender and smaller than other Vallès-Penedès hominoids femora (IPS41724 and 

IPS18800), thus probably belonging to either a juvenile individual or an adult female. Although none of 

these two possibilities can be discounted, the fact that the cortical bone tissue appears completely formed 

supports the latter possibility. 

Hispanopithecus laietanus Villalta Comella and Crusafont Pairó, 1944

- IPS18800. Right and left proximal femora (Fig. 9f,g) and left distal tibia (Fig. 9e) from the partial 

skeleton of Hispanopithecus laietanus (IPS18800) recovered at the late Miocene locality of Can Llobateres 2 

�&//����)HPRUD�KDYH�SUHYLRXVO\�GHVFULEHG�E\�0R\j�6ROj�DQG�.|KOHU��������ÀJ����� MacLatchy et al. (2001), 

Köhler et al.��������ÀJ�����VHH�DOVR�$OED�������ÀJ���%�DQG�'���%RWK�IHPRUD�ODFN�WKH�GLVWDO�HQG��7KH�ULJKW�IHPXU�

preserves the entire proximal half (up to ca. 70% of bone length; see Chapter 3). It displays some erosion 

at the anterior side of the femoral head and the greater trochanter is slightly damaged at the anterior 

and lateral sides. In turn, the left femur preserves until ca. 87% of bone length (almost only lacking the 

distal epiphysis and the most distal part of the shaft; see also Chapter 3). The left femur further shows a 

damaged femoral neck and lacks the proximal-most part of the greater trochanter.

7KH�GLVWDO�WLELD�ZDV�LQFOXGHG�LQ�WKH�KRORW\SH�GHVFULSWLRQ�RI�0R\j�6ROj�DQG�.|KOHU��������ÀJ�����VHH�

DOVR�$OED�������ÀJ���%��DQG�LW�KDV�EHHQ�DQDO\VHG�DQG�GHVFULEHG�LQ�GHSWK�E\�7DOOPDQ�et al.��������ÀJ������,W�

represents ca. 30% of total bone length (judging on the basis of 23.6 cm of total tibial length, estimated by 

Moyà-Solà and Köhler 1996 based on femoral length). Although the distal portion of the shaft is partly 

damaged, the epiphysis is well preserved.

Computed tomography scans of the Vallès-Penedès hominoids

IPS41724 and IPS18800 (both femora and tibia) have been scanned through computed tomography 

(CT) in order to study their internal structure. Thus, fossil remains were CT-scanned in several institutions: 

the Human Evolution Lab (LEH) at the Universidad de Burgos (UBU, Burgos); Microscopy and Imaging 

Facility (MIF) at the American Museum of Natural History (AMNH, New York); the Multidisciplinary 
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Laboratory of the International Centre for Theoretical Physics (ICTP, Trieste); the Museo Nacional de 

Ciencias Naturales-CSIC (MNCN, Madrid); and the Virtual Lab at the Institut Català de Paleontologia 

Miquel Crusafont (ICP, Sabadell). See Chapters 2 and 3 for details on CT-settings used in every scan.

COMPARATIVE SAMPLE

Hindlimb fossil remains have been compared with a sample of extant and extinct primates. Living taxa 

sample covers all the major taxonomic groups of anthropoids, including cebids, atelids, cercopithecoids 

(cercopithecines and colobines), hylobatids, and hominids (gorillas, chimpanzees, orangutans, and modern 

KXPDQV���$�JHQHUDO�VXPPDU\�RI�WKH�VSHFLPHQV�LQFOXGHG�LQ�WKH�VWXGLHV�LV�OLVWHG�LQ�7DEOH����VSHFLÀF�VDPSOHV�

used in every study are specify in their correspondent chapter). Morphometric data was collected at the 

American Museum of Natural History (AMNH, New York), Royal Museum of Central Africa (RMCA, 

Tervuren) and Museum of Comparative Zoology and Peabody Museum of Archaeology and Ethnology 

at Harvard University (MCZ and PBMA, Cambridge).

Figure 9 Glimpse to the non-pedal hindlimb fossil remains of the Vallès-Penedès hominoids 
(see following chapters for detailed images of every anatomical view). a, IPS21350.37 (anterior 
view, left; posterior view, right); b, IPS21350.85 (left) and IPS21350.81 (right; external views); 
c, IPS41724 (posterior view, left; anterior view, right); d, IPS11426 (posterior view, left; anterior 
view, right); e-g, IPS18800 (e and g, posterior view, left; anterior view, right; f, posterior view, 

right; anterior view, left). Scale bar = 50 mm (patella scale bar = 10 mm).
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Fossil specimens used for comparisons range from the early to the late Miocene and spread 

geographically from Africa to Eurasia (see Section I). Table 5 shows taxa and fossil bones included in 

WKH�VDPSOH��$V�LQ�WKH�FDVH�RI�OLYLQJ�SULPDWHV��VSHFLÀF�VSHFLPHQV�XVHG�LQ�HYHU\�VWXG\�ZLOO�EH�GHWDLO�LQ�LWV�

correspondent chapter.

AREA OF STUDY: THE VALLÈS-PENEDÈS BASIN

Geological remarks and fossil localities

The Vallès-Penedès Basin is a small half-graben situated in the NE of the Iberian Peninsula and 

bounded by the Pre-littoral and Littoral ranges (Fig. 10). The basin is about 100 km long, 12-14 km wide 

and has an NNE-SSW orientation (Moyà-Solà et al. 2009a; Casanovas-Vilar et al. 2015). The Vallès-Penedès 

%DVLQ�LV�ÀOOHG�E\�1HRJHQH�VHGLPHQWV��UDQJLQJ�IURP�WKH�HDUO\�0LRFHQH��5DPEOLDQ�HDUO\�%XUGLJDOLDQ��FD��

19.6 Million years ago, Ma) to the Late Miocene (Turolian-Tortonian, 7.4/6.8 Ma; Casanovas-Vilar et al. 

2015).

Hominins Cercopithecines Colobines Atelines
Homo Papio Nasalis Alouatta

H. sapiens Pp. anubis N. larvatus A. caraya
Gorilla Pp. cynocephalus Colobus A. seniculus 

G. beringei beringei Pp. doguera Co. badius A. fusca
G. beringei graueri Pp. hamadryas Co. guereza A. palliata
G. gorilla gorilla Pp. ursinus Co. polykomos A. seniculus 

Pan Mandrillus Lophocebus Ateles
P. paniscus M. sphinx L. albigena At. belzebuth
P. troglodytes schweinfurthii M. leucophaeus L. aterrimus At. fusciceps 
P. troglodytes troglodytes Macaca L. galeritus At. geoffroyi 
P. troglodytes verus Ma. cyclopsis Presbytis At. paniscus

Ma. fascicularis Pr. aygula
Pongins Ma. fuscata Pr. cristata
Pongo Ma. mulatta Pr. frontatis Cebines

Po. abelii Ma. nemestrina Pr. johni Cebus
Po. pygmaeus Cercopithecus Pr. melalophos Ce. apella

C. aethiops Pr. obscurus
Hylobatidae C. albogularis Pr. rubicunda
Symphalangus C. ascanius Trachypithecus

S. syndactylus C. diana T. cristatus
Hylobates C. dogguetti

Hy. funerus C. l'hoesti
Hy. lar C. mitis

C. mona

Chlorocebus
Ch. cynosuros
Ch. pygerythrus
Ch. tantalus

LIVING PRIMATES
Catarrhines

Hominidae Cercopithecoidea Atelidae

Cebidae

Platyrrhines

Table 4 Species of living primates included in this work. Sample used in every study is 
VSHFLÀHG�LQ�LWV�FRUUHVSRQGHQW�FKDSWHU�
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Authors divided the Miocene record of the Vallès-Penedès Basin in four lithostratigraphical units 

based on biostratigraphy and magnetostratigraphy (Casanovas-Vilar et al. 2015 and references therein): 

the Basal Breccia Unit (the oldest records dates from the Ramblian, MN3, and the Aragonian, MN4, in 

the Vallès and Penedès sectors, respectively); the Lower Continental Units (Ramblian-early Aragonian, 

MN3-MN4); the Marine and Transitional Units (Burdigalian-Serravalian, MN3-MN7+8); and the Upper 

Continental Units (Serravalian-onwards; Fig. 10). During this last unit, alluvial fan sediments dominated 

sedimentation, mainly between the middle Aragonian and the middle Turolian, and the most of the 

PDPPDO�VLWHV�RI�WKH�%DVLQ�DUH�ORFDWHG�LQ�GLVWDO�WR�WHUPLQDO��PXGVWRQH�GRPLQDWHG�IDFLHV��6SHFLÀFDOO\��WKH�

Abocador de Can Mata local stratigraphic series fossil sites are found within the inter-fan zones of two 

major coalescing alluvial fan systems (Moya-Solà et al. 2009a); whereas the Can Llobateres site is located 

in a distal-interchannel alluvial plain (Alba et al. 2012b). The depositional environment of Can Poncic has 

been less studied, but Begun (1992a) claimed that it would be similar to that of Can Llobateres, consisting 

RI� D� FKDQQHO� DQG� ÁRRGSODLQ� RU� D� GHOWD�� )LQDOO\�� GXULQJ� WKH� (DUO\� 3OLRFHQH� DQG� SRVWHULRUO\� GXULQJ� WKH�

Pleistocene-Holocene, the older sediments were covered by the younger, unconformably overlying the 

Neogene series (Casanovas-Vilar et al. 2015).

Taxa Specimen Element Locality Age Bone descriptions
Morotopithecus

M. bishopi MUZM80 Femora Moroto, Uganda 20.6 Ma, early Miocene MacLatchy et al. 2000

Dendropithecus/Proconsul
D. africanus KNM-LG583 Tibia Legetet, Kenya 19.5 Ma, early Miocene Harrison 1982

Proconsul
P. major NAP IX 46'99 Femur Napak, Uganda 19 Ma, early Miocene Gommery et al. 2002

P. major NAP I'58 Tibia Napak, Uganda 19.5 Ma, early Miocene Harrison 1982

Ekembo
E. nyanzae KNM-RU1939 Tibia Napak, Uganda 19 Ma, early Miocene Rafferty et al. 1995

E. nyanzae KNM-RU17382 Patella R106 (Rusinga Island), Kenya 18 Ma, early Miocene Ward et al. 1995

E. nyanzae KNM-RU18384 Patella R106 (Rusinga Island), Kenya 18 Ma, early Miocene Ward et al. 1995

E. nyanzae KNM-MW13142A Femur Mfangano Island, Kenya 17.9 Ma, early Miocene Ward et al. 1993

E. nyanzae KNM-RU5527 Femur R106 (Rusinga Island), Kenya 18 Ma, early Miocene Ruff et al. 1989

E. heseloni KPS PT 1-4 Patellae R5 (Rusinga Island), Kenya 18 Ma, early Miocene Ward et al. 1995

E. heseloni KNM-RU3589 Tibia Kaswanga, Kenya 17.8 Ma, early Miocene DeSilva 2008

Equatorius
Eq. africanus BMNH M16331 Femur Maboko, Kenya 15 Ma, middle Miocene McCrossin 1994a

Eq. africanus KNM-MB24738 Patella Maboko, Kenya 15 Ma, middle Miocene McCrossin 1994a

Nacholapithecus
N. kerioi KNM-BG35250A Femur Nachola, Kenya 15 Ma, middle Miocene Nakatsukasa et al. 1998

N. kerioi KNM-BG35250Z Patella Nachola, Kenya 15 Ma, middle Miocene Ishida et al. 2004

N. kerioi KNM-BG15535 Patella Baragoi, Kenya 15 Ma, middle Miocene Rose et al. 1996

Epipliopithecus
Ep. vindobonensis Individual II Patella Devinska Nova Ves, Slovakia 15.3 Ma, middle Miocene Zapfe 1960

Sivapithecus
S. indicus YGSP1656 Tibia Y076 (Siwaliks), Pakistan 11.4 Ma, late Miocene DeSilva et al. 2010

Oreopithecus
O. bambolii BAC122 Patella Monte Bamboli, Italy 9 Ma, late Miocene Schultz 1960

Orrorin
Or. tugenensis BAR1002'00 Femur Kapsomin, Kenya 5.8 Ma, late Miocene Senut et al. 2001

FOSSIL REMAINS

Table 5 )RVVLO�UHPDLQV�LQFOXGHG�LQ�WKLV�ZRUN��)RVVLO�VDPSOH�XVHG�LQ�HYHU\�VWXG\�DUH�VSHFLÀHG�LQ�WKHLU�FRUUHVSRQGHQW�FKDSWHU�
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As mentioned in previous sections, the hindlimb fossil remains of the Vallès-Penedès hominoids 

were recovered in the fossil sites of Abocador de Can Mata local stratigraphic series (ACM), Can Poncic 

(CP) and Can Llobateres 2 (CLL2). ACM (Els Hostalets de Pierola) comprises more than 200 mammal sites 

whose dates range from ca. 12.5 to 10.6 Ma (MN6, late Aragonian; Casanovas-Vilar et al. 2011, 2015). The 

IRVVLO�UHPDLQV�LQFOXGHG�LQ�WKLV�ZRUN�ZHUH�UHFRYHUHG�VSHFLÀFDOO\�IURP�WKH�ORFDOLWLHV�RI�%DUUDQF�GH�&DQ�9LOD�

1 (BCV1) and ACM/C3-Az (Moyà-Solà et al. 2004, 2009a). Can Poncic (Sabadell) is the type locality of the 

species Hispanopithecus crusafonti and is dated in 10.4-10.0 Ma (MN9, early Vallesian; Casanovas-Vilar et al. 

Figure 10 a, Geographic map showing the situation of the Vallès-Penedès Basin in the Iberian Peninsula. b, 
Schematic geological map illustrating the structure of the Vallès-Penedès Basin, which is formed by two sectors 
(Penedès and Vallès) surrounded by the coastal ranges. c, Geological map zooming up the area where the fossil 
localities related to this work are situated. ACM, Abocador de Can Mata Stratigraphic Series; BCV1, Barranc de 
&DQ�9LOD����&3��&DQ�3RQFLF��&//���&DQ�/OREDWHUHV����0RGLÀHG�IURP�PDSV�NLQGO\�SURYLGHG�E\�,��&DVDQRYDV�9LODU�
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������������$OED��������)LQDOO\��WKH�/DWH�0LRFHQH�VLWH�RI�&DQ�/OREDWHUHV��6DEDGHOO��FRPSULVHV�WZR�GLͿHUHQW�

fossil points: CLL1 and CLL2. The former has been dated in ca. 9.72 Ma (MN9, early Vallesian) and the 

latter in ca. 9.64 Ma (MN10, late Vallesian; Casanovas-Vilar et al. 2011; Alba et al. 2012b).

Faunal context and paleoenvironmental reconstruction

The oldest locality included in this work, ACM, belongs to the late Aragonian. During this period, 

cricetids such as Hispanomys, Democricetodon and Megacricetodon dominate the rodent assemblages 

(Casanovas-Vilar et al. 2015). Likewise, there existed a certain dominance of forest-dwelling genera of 

JOLULGV��DV�ZHOO�DV�HRP\LGV��Á\LQJ�VTXLUUHOV��DQG�GLYHUVH�HXOLSRW\SKOD�WD[D��LQFOXGLQJ�WDOSLGV��GLP\OLGV��

heterosoricids, erinaceids and soricids (Casanovas-Vilar and Agustí 2007; Furió et al. 2011, 2015; Casanovas-

Vilar et al. 2015). Moreover, the record of large mammals is highly relevant, with the registration of several 

genera of proboscideans, chalicotheres, rhinocerotids, suoids, cervids, mustelids, hyaenids, felids, and 

false sabertooths, among others. The 

most common taxa in ACM are the suid 

Listriodon, the rhino Alicornops, and the 

moschid Micromeryx. An important 

characteristic of the ACM is the large 

diversity of primates recovered, since 

LW� LQFOXGHV� IRXU� GLͿHUHQW� JHQHUD� RI�

hominoids (Dryopithecus, Anoiapithecus, 

Pierolapithecus and Pliobates) and one 

genus of pliopithecoids (Pliopithecus; 

Alba et al. 2010a, 2015). The presence 

of the tragulid Dorcatherium (dweller 

of wet and densely-forested habitats), 

the bovid Miotragocerus, and beavers 

are a proxy indicator of the existence 

of humid conditions and water 

streams, at least during certain time 

intervals (Casanovas-Vilar et al. 2008a; 

Alba et al. 2011b). On the basis of the 

genera  Micromeryx (Moschidae) and 

Euprox (Cervidae), a relatively closed 

and humid forest habitat has been 

inferred (Casanovas-Vilar et al. 2008a,b; 

Figure 11 Reconstruction of the paleoenvironment that probably 
surrounded the fossil locality of Hostalets, showing the humid and 
warm-temperate forest inferred for this area during the middle Miocene. 
Oscar Sanisidro/Institut Català de Paleontologia Miquel Crusafont (ICP).
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DeMiguel et al.��������7KLV�IDFW�LV�FRQÀUPHG�E\�WKH�SUHVHQFH�RI�VHYHUDO�JHQHUD�RI�6XLGDH�DQG�RWKHU�WD[D��

VXFK�DV�DUERUHDO�PLFURPDPPDOV��GRUPLFHV�DQG�Á\LQJ�VTXLUUHOV��RU�WKH�HTXLG�Anchiterium. The latter is a 

browser species (those feeding mainly on soft and ligneous foods) that inhabited generally tropical and 

warm-temperate forest environments (Casanovas-Vilar et al. 2008a; Rotger et al. 2011). Considering these 

facts, ACM localities were probably formed in a humid and warm-temperate forested area during the 

Middle Miocene (Casanovas-Vilar et al. 2008a, 2015; Alba et al. 2009, 2011b). Furthermore, this hypothesis 

LV�VXSSRUWHG�E\�WKH�LGHQWLÀHG�SULPDWH�WD[D��PDLQO\�KRPLQRLGV��7KLV�JURXS�LV�W\SLFDOO\�UHODWHG�WR�FORVHG�

and humid forested environments, with dense and continuous canopy necessary for its arboreal locomotor 

adaptations (Moyà-Solà et al. 2004; Casanovas-Vilar et al. 2008a; DeMiguel et al. 2011). Therefore, authors 

proposed that the ACM environment was a warm to tropical, relatively humid, dense evergreen forest 

(Fig. 11; Casanovas-Vilar et al. 2008a, 2015).

The site of CLL2, where the Hispanopithecus laietanus remains included in this work were found, 

belongs to the late Vallesian (Casanovas-Vilar et al. 2011). The Vallesian is characterized by the presence 

RI� WKH�ÀUVW� KLSSDULRQLQV� �WKH� JHQXV�Hippotherium) that coexisted with the forest faunas of the Middle 

Miocene, such as rhinos, cervids, suoids, and chalicotheres (Casanovas-Vilar et al. 2015). Among the 

micromammals, the genus Rotundomys is the most abundant component and the number of taxa with 

IRUHVW� D΀QLWLHV� GHFUHDVHV�� $W� WKH� VDPH� WLPH�� WKH� UHJLVWHU� RI� HDVWHUQ� LPPLJUDQWV� LQFUHDVHV�� LQFOXGLQJ�

new suids, equids, bovids, hyaenids, or ursids, among others. As in the case of ACM, both hominoids 

(Hispanopithecus) and pliopithecoids (Egarapithecus) are recovered from this period (Moyà-Solà and 

Köhler 1996; Moyà-Solà et al. 2001; Alba et al.� ����D�E���7KH�SUHVHQFH�RI� VRPH�JOLULGV��Á\LQJ� VTXLUUHOV��

chalicotheres and hominoid primates supports the presence of subtropical to warm-temperate humid 

forest environments (Casanovas-Vilar and Agustí 2007; DeMiguel et al. 2011; Casanovas-Vilar et al. 2015). 

Lithological and sedimentological features in CLL1 indicate sedimentation in a poorly drained area, with 

development of ponds and shallow small lakes (Alba et al. 2012b). Flora recovered from this site supports 

both faunal and geological evidences, showing a zonal vegetation consisted of a warm-temperate mixed 

IRUHVW�GHÀQHG�E\�HYHUJUHHQ�ODXUHOV��OHJXPLQRXV�WUHHV�DQG�VKUXEV��DQG�WKH�DEVHQFH�RI�GHFLGXRXV�HOHPHQWV��

Moreover, the subtropical taxa would have been mostly restricted to the humid areas in the lowlands 

(Sanz de Siria Catalán, 1993, 1994; Marmi et al. 2012).

Finally, CP has been dated as slightly older than CLL (10.4-10.0 Ma) and its somewhat more primitive 

fauna, although still very similar to that of CLL, corroborates this estimation and suggests the presence 

of a humid and forested environment (Crusafont-Pairó and Golpe-Posse 1973; Begun 1992a; Casanovas-

Vilar et al. 2011; Alba 2012). 
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METHODOLOGY: GENERALITIES AND PRINCIPLES

Since the beginning of the morphofunctional studies on fossil remains (see Bock and Wahlert 1965 

for a classical discussion regarding living forms), palaeontologists deeply understood the complexity 

of the form-function relationships (e.g., skeletal design, animal behaviour, evolutionary history), to 

adequately infer how fossil taxa moved. Partitioning of this pairing by studying the morphology and 

functionality separately has allowed a somewhat better understanding of each of the components and 

their association, although in most instances in a largely theoretical framework (e.g., Preuschoft 1970; 

5LFKPRQG�DQG�-XQJHUV�������5XͿ�DQG�+LJJLQV��������+RZHYHU��GLVHQWDQJOLQJ�WKH�UROH�RI�HDFK�RI�WKHVH�WZR�

IDFWRUV�DQG�GHWHUPLQLQJ�WKH�LQÁXHQFH�RI�WKHLU�PHFKDQLFDO�HQYLURQPHQW��DV�ZHOO�DV�WKH�SK\ORJHQHWLF�DQG�

GHYHORSPHQWDO�FRQWURO�RI�ERQH�PRUSKRORJ\��LV�VWLOO�RQH�RI�WKH�PDLQ�VRXUFHV�RI�FRQÁLFW�LQ�SDODHRQWRORJ\�

(e.g., see Skinner et al. 2015a,b and Almécija et al. 2015b for a recent discussion). In this context, unravelling 

the postcranial adaptations and locomotor evolution of hominoids (through the study of the ape fossil 

record) has been one of the main aims of paleoanthropologists during the last decades (e.g., Stern 1971, 

1975; Pilbeam et al. 1980; Rose 1983; Walker and Pickford 1983; Stern and Susman 1991; Begun 1992b; 

Ward et al. 1993; Moyà-Solà and Köhler 1996; Rook et al. 1996; Ward 1997, 2015; Rae 1999; Pilbeam and 

Young 2001; Pickford et al. 2002; Ishida et al. 2004; Moyà-Solà et al. 2004; Susman 2004; Begun et al. 2012; 

Nakatsukasa et al. 2012), since this is also of utmost relevance to assess the “starting point” from which 

hominin bipedalism evolved (Almécija et al. 2013). Likewise, it is also highly relevant to address this 

SUREOHP�IURP�GLͿHUHQW�SHUVSHFWLYHV�WR�DFKLHYH�D�PRUH�FRPSOHWH�DQG�GLYHUVH�DSSURDFKHV�WR�WKH�TXHVWLRQ��

7KXV�� LQWHJUDWLQJ� GLͿHUHQW�PHWKRGRORJLHV� DQG� GLVFLSOLQHV� LV� FXUUHQWO\� HVVHQWLDO� LQ� WKH� VWXG\� RI� IRVVLO�

remains. Hence, this work combines several techniques, from the most classical (e.g., study of bone shape 

WKURXJK�OLQHDU�PHDVXUHPHQWV��WR�RWKHUV�ZLWK�\RXQJHU�WUDMHFWRULHV�LQ�WKH�ÀHOG�RI�3DODHRQWRORJ\��H�J���)LQLWH�

Element Analysis). Principles and basics of these methodologies are explained below.

Traditional and 3D geometric morphometrics

7KLV� VHFWLRQ� LQFOXGHV� WZR� GLͿHUHQW� PRUSKRPHWULF� WHFKQLTXHV� WR� TXDQWLI\� ERQH� H[WHUQDO� VKDSH�

variation and its covariation with other variables: the traditional collection of linear measurements and 

the more innovative approach of 3D Geometric Morphometrics (3DGM). The former simply consists of 

taking interpoint distances (e.g., maximum lengths, widths, diameters) or angles with the aid of a digital 

calliper or other tools (e.g., goniometer). For this work, the selected measurements taken on femora, tibiae, 

and patellae of the previously mentioned sample of extant and fossil primates are illustrated in Figure 

12 and listed in Table 6. Application of this technique has traditionally related to the study of allometry 

(changes in shape as a function of size; e.g., Sprent 1972) and size correction (to enable the study of shape 

GLͿHUHQFHV�DPRQJ�VDPSOHV�RI�RUJDQLVPV�DGMXVWHG�WR�D�FRPPRQ�VL]H��H�J���-XQJHUV�et al. 1995) among other 

approaches. Normally, multivariate analyses were the statistical tool to solve these problems (Dryden and 
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Mardia 1998; Adams et al. 2004). The results are mostly expressed numerically and graphically in terms of 

linear combinations of the measured variables (Rohlf and Marcus 1993). 

Nonetheless, the aforementioned technique is limited in somehow, since it is not possible to recover 

the shape of complex geometries (e.g., those of many bones). This limitation favoured the appearance of 

the “new morphometrics”, basically based on 3DGM. The latter also focuses on the retention of geometric 

information of external bones’ morphology through a coordinates-based system. The basis of the method 

consists of selecting a set of anatomically homologous points or landmarks (biologically meaningful or 

homologous among individuals), in two (2D) or three-dimensions (3D), which capture the shape variation 

amongst specimens (see an example in Figure 13; see Bookstein 1991 and Dryden and Mardia 1998 for a 

deep and extensive explanation of the method). The shape coordinates of these landmarks are digitized 

and then subjected to a series of analyses. 

Although the study of quantitative data based on sets of morphological variables started at 

the end of the nineteenth century (see Bumpus 1898), in the late 1980s and early 1990s, a new way of 

PRUSKRORJLFDO� TXDQWLÀFDWLRQ�

strengthened. Exploration of 

methods that emphasize the capture 

of shape geometry and preserve this 

information throughout the analysis 

ÀQDOO\� OHG� WR� WKH� FDOOHG�´JHRPHWULF�

morphometrics” (GM) technique 

(Rohlf and Marcus 1993; Adams 

et al.� ������� 6LQFH� WKH� ÀUVW� ZRUNV�

Figure 12 Graphical explanation of linear measurements used along the text. Measures taken on a, proximal femur; 
b, distal tibia; and c��SDWHOOD��6HH�DEEUHYLDWLRQ�GHÀQLWLRQV�LQ�7DEOH����)XUWKHU�LQIRUPDWLRQ�DERXW�PHDVXUHPHQWV�FDQ�EH�

found in Ward et al. (1995), Bacon (2001), DeSilva et al. (2010), and Tallman et al. (2013).

Figure 13 Example of landmarks (close green circles 1-13) used for 
VWXG\LQJ�VKDSH�YDULDWLRQ�LQ�WKH�SUR[LPDO�SULPDWH�IHPXU��0RGLÀHG�IURP�

Almécija et al. (2013).
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of Kendall (1984, 1985), this emergence occurred parallel to the development of statistical methods that 

allowed the analysis of the morphological information captured (Adams et al. 2004).

The Landmark-based GM method� FRQVLVWV� RI� WKH� FROOHFWLRQ� RI� SRLQWV� �FRQÀJXUDWLRQ�� UHODWHG� WR� D�

SUHYLRXVO\�GHÀQHG�FRRUGLQDWH�D[HV��%RRNVWHLQ�������'U\GHQ�DQG�0DUGLD��������7KH�VHW�RI�SRLQWV�FRQVWLWXWHV�

D�FRQÀJXUDWLRQ�PDWUL[�X�RI�&DUWHVLDQ�FRRUGLQDWHV�WKDW�LV�GHÀQHG�DV�k x m (k landmarks in m dimensions; 

'U\GHQ� DQG�0DUGLD� ������� 7KH� QXPHULFDO� YDOXH� RI� WKHVH� SRLQWV� ZLOO� UHÁHFW� WKH� XQLTXH� ORFDWLRQ� DQG�

orientation of each specimen with respect to the coordinate axes (specimen’s size is also recorded; Adams 

et al. 2004; Slice 2007). Therefore, in order to analyse specimens’ coordinates, Generalised Procrustes Analysis 

(GPA; a type of Superimposition method based on minimizing the total sum of square distances between 

FRQÀJXUDWLRQV��LV�WKH�DSSUR[LPDWLRQ�PRVW�ZLGHO\�XVHG��QRQHWKHOHVV��WKHUH�H[LVW�RWKHUV�OLNH�WKH�(XFOLGHDQ�

Distance Matrix Analysis, EDMA, or the Finite Element Scaling Analysis, FESA; Rohlf and Marcus 

Abbreviations Definition
Proximal femur

ProxW Proximal epiphysis width

APH Femoral head anteroposterior length

SIH Femoral head superoinferior height

APN Femoral neck anteroposterior length

SIN Femoral neck superoinferior height

NL Femoral neck length

NSangle Femoral neck-shaft angle

APMS Midshaft anteroposterior length

MLMS Midshaft mediolateral length

APPS Proximal shaft anteroposterior length

MLPS Proximal shaft mediolateral length

Distal tibia

APM Anteroposterior metaphysis length

MLM Mediolateral metaphysis length

MLE Anterior mediolateral maximum breadth of the epiphysis

MLMM Medial malleolus mediolateral length

APSMM Anteroposterior length of the articular surface of the medial malleolus

SISMM Superoinferior length of the articular surface of the medial malleolus

A Mediolateral anterior breadth of the distal trochlear surface

B Mediolateral midline breadth of the distal trochlear surface

C Mediolateral posterior breadth of the distal trochlear surface

D Anteroposterior medial length of the distal trochlear surface

E Anteroposterior midline length of the distal trochlear surface

F Anteroposterior lateral length of the distal trochlear surface

Patella

PD Total proximodistal height

PDAS Proximodistal height of the articular surface

AP Anteroposterior thickness

ML Mediolateral breadth

LINEAR MEASUREMENTS

Table 6 Abbreviations of the external linear measurement used in the text. See Figure 12 for an 
illustrated explanation of the measurements.
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1993; Adams et al. 2004). This method allows analysing the structure of shape variability in a sample by 

investigating it in a linearized space about the average shape (a tangent space). Standard multivariate 

techniques in tangent space are good approximations to non-Euclidean shape methods such as those of 

3DGM (Dryden and Mardia 1998). Thus, the GPA method superimposes sets of landmark coordinates 

�FRQÀJXUDWLRQV��IRU�SDLU�RI�VSHFLPHQV�E\�WUDQVODWLQJ�WKH�FHQWURLG�RI�HDFK�ODQGPDUN�FRQÀJXUDWLRQ�WR�WKH�

RULJLQ��3RVWHULRUO\��FRQÀJXUDWLRQV�DUH�VFDOHG�WR�D�FRPPRQ�XQLW�VL]H�XVXDOO\�E\�GLYLGLQJ�E\�WKH�centroid 

size��WKH�VTXDUHG�URRW�RI�WKH�VXP�RI�VTXDUHG�GLVWDQFHV�RI�WKH�ODQGPDUNV�LQ�D�FRQÀJXUDWLRQ�WR�WKHLU�DYHUDJH�

location; Adams et al.�������6OLFH��������)LQDOO\��FRQÀJXUDWLRQV�DUH�URWDWHG�WR�PLQLPL]H�WKH�VTXDUHG��VXPPHG�

distances (squared Procrustes distance) between corresponding landmarks and iteratively computed 

PHDQ�VKDSH��RU�FRQVHQVXV��FRQÀJXUDWLRQV��'U\GHQ�DQG�0DUGLD�������6OLFH��������$IWHU�VXSHULPSRVLWLRQ��

SXUH�VKDSH�GLͿHUHQFHV�FDQ�EH�GHVFULEHG�E\�WKH�GLͿHUHQFHV� LQ�FRRUGLQDWHV�RI�FRUUHVSRQGLQJ�ODQGPDUNV�

EHWZHHQ�REMHFWV�VLQFH�GLͿHUHQFHV�LQ�RULHQWDWLRQ��SRVLWLRQ�DQG�VL]H�KDYH�EHHQ�UHPRYHG��$GDPV�et al. 2004; 

Lawing and Polly 2010). 

6XPPDUL]LQJ�� WKLV� PHWKRG� EULQJV� WKH� ODQGPDUN� FRQÀJXUDWLRQV� RI� DOO� VSHFLPHQV� LQWR� D� FRPPRQ�

FRRUGLQDWH� V\VWHP� LQ� ZKLFK� GLͿHUHQFHV� LQ� ODQGPDUN� FRRUGLQDWH� YDOXHV� UHÁHFW� GLͿHUHQFHV� LQ� VKDSH�

FRQÀJXUDWLRQV��6OLFH��������

$IWHU� VXSHULPSRVLWLRQ�� WKH� ÀQDO� UHVXOW� LV� WKH� WUDQVIRUPDWLRQ� RI� ODQGPDUNV� LQWR� 3URFUXVWHV� VKDSH�

coordinates, which are variables that describe the variation in the original shapes in a curved space 

related to Kendall’s shape space. GPA residuals can be statistically analysed with standard multivariate 

procedures (e.g., principal component analysis). The coordinates are typically oriented orthogonally into 

a linear tangent space yielding Kendall’s tangent space coordinates (Lawing and Polly 2010; Adams et al. 

2004, 2013). Finally, shape change vectors of each principal component can be visualized through thin-

plate splines (Dryden and Mardia 1998; Adams et al. 2004).

Nonetheless, the landmark-based GM method has an important limitation. There are some cases 

ZKHUH� ODQGPDUNV�DUH�QRW�DEOH� WR� FRYHU� WKH� WRWDO� VKDSH�RI� WKH� VWUXFWXUH�� WKDW� LV�� UHOHYDQW�GLͿHUHQFHV� LQ�

the morphology can be located also between landmarks (Adams et al. 2004). In these cases, a set of 

semilandmarks �GHÀQHG�RQ�WKH�EDVLV�RI�WKH�´WUXHµ�ODQGPDUNV� can be slid along an outline curve or surface 

until they match as well as possible the positions of the corresponding points along an outline in a reference 

specimen. Then, the semilandmarks are constrained to retain their relative position on the outline curve 

(2D) or surface (3D; Dryden and Mardia 1998; Adams et al. 2004; Slice 2007). This has been called the 

Sliding semilandmark method (Bookstein 1997). Once the optimally adjusted positions of the landmarks and 

semilandmarks are determined, they can all be treated in the same way for statistical analyses (Adams et 

al. 2004). 
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Computed tomography

Computed tomography (CT) is a powerful technique of visualization that relies on imaging of 

serial parallel planes (two-dimensional images called tomographs) through a three-dimensional object 

or structure, allowing the study of its internal structure (mainly), but also of its external morphology 

(Kak and Slaney 1988; Sutton 2008; Mallison et al. 2009). The stack of tomograms (tomographic dataset) 

obtained is image scaled, resolution and slice spacing are constant, and they can be reconstructed as 3D 

volumes, in which pixels (2D) are voxels (i.e., volume elements, 3D; Sutton 2008; Hsieh 2009).

There are several types of tomography including physical-optical, optical and scanning (Sutton 2008). 

7KH�ODWWHU�LV�WKH�PRVW�ZLGHO\�XVHG�VLQFH�LW�LV�QRQ�LQYDVLYH��L�H���WKH�REMHFW�GRHV�QRW�VXͿHU�DQ\�GDPDJH�LQ�

WKH�SURFHVV�RI�REWDLQLQJ�WKH�VHULDO�LPDJHV���DFFXUDWH�KLJK�UHVROXWLRQ�ÀQDO�LPDJHV�FDQ�EH�REWDLQHG��DQG�LW�

can be applied almost to any object of study. The use of tomographic techniques in palaeontology started 

at the beginning of the 20th century with the classical studies of Sollas (1903), Sollas and Sollas (1913) and 

Stensiö (1927), who used physical-optical tomography (see further explanation in Sutton 2008). Otherwise, 

LQ�������*RUJDQRYLF�.UDPEHUJHU�XVHG�IRU�WKH�ÀUVW�WLPH�[�UD\V�WR�VWXG\�1HDQGHUWKDO�UHPDLQV�IURP�&URDWLD�

(Gorganovic-Kramberger 1906). Since then, especially from the 1980s onwards with the development of 

medical applications, tomography was widely spread and tens of articles have been published hitherto 

covering a broad range of taxonomic groups using all types of tomographic techniques (e.g., Muir-Wood 

1934; Ager 1965; Spoor et al. 1993; Sutton et al.�������7DͿRUHDX�et al. 2006; Tuniz et al. 2013), becoming an 

important analytical tool to explore external shape and internal design of fossil remains. 

Figure 14 Basic geometry of a computer tomography (CT) scanner. The X-ray source throws a beam of X-rays that 
collides with the sample and crosses it. The sample is rotating in the z axis usually placed over a turn platform. X-rays that 
FURVV�WKH�VDPSOH�DUULYH�WR�WKH�SDQHO�GHWHFWRU��ZKLFK�LV�FRPSRVHG�E\�VPDOOHU�GHWHFWRU�XQLWV��(YHU\�XQLW�UHFHLYHV�GLͿHUHQW�
DPRXQWV�RI�HOHFWURQV�GHSHQGLQJ�RQ�WKH�DWWHQXDWLRQ�FRH΀FLHQWV�RI�WKH�VDPSOH��7KLV�LQIRUPDWLRQ�LV�VHQW�WR�D�FRPSXWHU�IRU�

data acquisition. Normally, another computer is in network for reconstruction of the CT-scan and image processing.
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7KXV�� PRVW� RI� WKH� ODWHVW� ZRUNV� XVHG� VFDQQLQJ� WRPRJUDSKLF� WHFKQLTXHV�� VSHFLÀFDOO\� ;�UD\� &7� RU�

PLFUR&7��7KLV�W\SH�RI�&7�WHFKQLTXH�SURGXFHV�LPDJHV�WKDW�UHSUHVHQW�[�UD\�OLQHDU�DWWHQXDWLRQ�FRH΀FLHQW�

PDSV�RI� WKH�VFDQQHG�REMHFW��ZKLFK�GHSHQG�PDLQO\� �EXW�QR�H[FOXVLYHO\��RQ� WKH�GHQVLW\�RI� WKH�GLͿHUHQW�

materials of the sample (see below for further explanation; Kak and Slaney 1988; Hsieh 2009). 

7KH�ÀUVW�;�UD\�&7�VFDQQHU�ZDV�SHUIRUPHG�E\�+RXQVÀHOG�DQG�LW�ZDV�LPSOHPHQWHG�ZLWK�VRPH�RI�WKH�

reconstruction algorithms discovered by Cormack (Kak and Slaney 1988). An illustrated scheme of X-ray 

microCT-scanner basic geometry and operation can be seen in Figure 14. The sample is positioned in a 

platform that usually rotates in an axis (in medical CT-scanners the source of X-rays and/or the detector 

rotate instead of the sample, that is, the patient). Then, a source of X-rays throws beams onto the sample 

and a detector collects the electrons that have crossed the sample (Kak and Slaney 1988; Sutton 2008). 

Image reconstruction is derived computationally from the data obtained usually by using the known as 

ÀOWHUHG�EDFN�SURMHFWLRQ�DOJRULWKP��VHH�IRUPXODWLRQ�LQ�+VLHK������DQG�DQ�LOOXVWUDWHG�H[SODQDWLRQ�LQ�)LJ�����

Isotropic data (volume elements or voxels with pixel size identical to slice thickness) is usually the 

ÀQDO�UHVXOW�RI�DQ�;�UD\�PLFUR&7��6SRRU�et al. 2000a; Hsieh 2009). Practically, this data are images that have 

EHHQ�UHFRQVWUXFWHG�IURP�WKHLU�GLͿHUHQW�SURMHFWLRQV��URWDWLRQ�DQJOHV���7KH�IRUPXODWLRQ�IRU�UHFRQVWUXFWLQJ�

an object from multiple projections was demonstrated in 1917 by Radon, who showed than an object can 

EH�UHSOLFDWHG�IURP�DQ�LQÀQLWH�VHW�RI�LWV�SURMHFWLRQV�WKURXJK�PDWKHPDWLFDO�HTXDWLRQV��+VLHK�������&LHUQLDN�

Figure 15 Computed tomography (CT) slices of two E90 batteries in an increasing sequence of projections: 
a, 4 projections; b, 8 projections; c, 16 projections; d, 32 projections; e, 64 projections; and f, 128 projections. 
Each projection of the batteries is back-projected (or superimposed) from the sample and when they are 
summed together result in the reconstruction of the original object (and in its volume in the last instance). 
For a good quality CT-reconstruction the displacement between projections must be no more than that of 

the voxel size, usually resulting in images from more than 1000 projections.
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2011). Therefore, it can be said that projections are a set of measurements of the integrated values of 

VRPH�SDUDPHWHUV�RI�WKH�VDPSOH��OLQH�LQWHJUDOV�RI�WKH�DWWHQXDWLRQ�FRH΀FLHQW��ȝ, in the case of X-ray CT). 

+HQFH��VROYLQJ� WKHVH�HTXDWLRQV� �LQWHJUDOV�� WKURXJK�VSHFLÀF�DOJRULWKPV�ZLOO�DOORZ�WKH�UHFRQVWUXFWLRQ�RI�

the original object. In the case of X-ray CT, the physical phenomenon that generates line integrals is the 

attenuation of the x-rays as they propagate through the sample. Hence, projection data is the results of the 

interactions between the radiation used for imaging the sample (x-rays) and the materials of which the 

object is composed (Claussen and Lochner 1985; Kak and Slaney 1988). Thus, the sample is modelled as 

a three-dimensional distribution of the x-ray attenuation constant and a line integral represents the total 

DWWHQXDWLRQ�VXͿHUHG�E\�WKH�EHDP�RI�[�UD\V�WKDW�KDV�FURVVHG�WKURXJK�WKH�VDPSOH�LQ�D�VWUDLJKW�OLQH��FDOFXODWHG�

as the logarithm of the ratio of 

monochromatic x-rays photons 

that enter the object to those 

that leave). 

Thus, the x-ray beam is 

attenuated according to known 

physical laws by interaction 

with electrons at every point 

along its path within a sample. 

Therefore, the attenuation 

FRH΀FLHQW� LV� GHWHUPLQHG� E\�

a series of interrelationships 

(e.g., photoelectric absorption 

DQG�&RPSWRQ�HͿHFW��DQG�LV�D�IXQFWLRQ�RI�WKH�FKHPLFDO�FRPSRVLWLRQ�RI�WKH�VDPSOH��GHQVLW\��[�UD\�ÀOWUDWLRQ��

and voltage of the system (Claussen and Lochner 1985). Attenuation in a given medium can be described 

with the following equation:

I=I0eܟ�/

where I is the resulting intensity, I0 is the initial intensity of the x-ray beam, ȝ is the linear attenuation 

FRH΀FLHQW�RI�WKH�PDWHULDO��WKDW�LV�D�IXQFWLRQ�RI�WKH�LQFLGHQW�[�UD\�SKRWRQ�HQHUJ\���DQG�L the thickness of 

the material (Claussen and Lochner 1985; Hsieh 2009). This equation is often called the Beer-Lambert 

ODZ��+VLHK��������&RQVHTXHQWO\��DQ�LQFUHDVH�LQ�WKLFNQHVV�RU�LQ�OLQHDU�DWWHQXDWLRQ�FRH΀FLHQW�IDOORXWV�LQ�D�

reduction of the resulting radiation intensity I. When the sample is not homogeneous and/or is composed 

E\�GLͿHUHQW�PDWHULDOV��WKHQ�WKH�ȝ/�SURGXFW�LV�WKH�VXP�RI�DOO�WKH�GLͿHUHQW�PDWHULDO�W\SHV��+VLHK�������

I=I0e�ԇܟL/L

Figure 16 'LͿHUHQFHV� RQ� ÀQDO� UHVROXWLRQ� EHWZHHQ� WZR� PHGLFDO� FRPSXWHG�
tomography (CT)-scans. Axial section of a human head from a,�RQH�RI�WKH�ÀUVW�&7�
scanners used and b, a more modern CT-device. In the former case, pixel size is 

ODUJHU�DQG�VSDWLDO�UHVROXWLRQ�ORZHU�WKDQ�LQ�E��0RGLÀHG�IURP�+VLHK��������
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The extensive mathematical 

formulation of this technique 

that follows this “starting-point” 

can be found in Hsieh 2009 and 

Cierniak 2011. Notwithstanding, in 

summary, projections are formed 

by combining a set of line integrals 

that lead to calculate the average 

OLQHDU�DWWHQXDWLRQ�FRH΀FLHQW�IRU�HDFK�

volume element (voxel) of a sample 

(Kak and Slaney 1988).

The resolution (voxel count) of a tomographic dataset from an axial scan is directly proportional 

to detector resolution, but the range of absolute voxel sizes a scanner can achieve also depends on the 

SK\VLFDO�FRQÀJXUDWLRQ�DQG�SUHFLVLRQ�RI�WKH�GHYLFH��H�J���GLPHQVLRQV�RI�WKH�VFDQ�ZLQGRZ���DQG�YDULHV�IURP�

PLOOLPHWHUV�WR�OHVV�WKDQ���ۚ P�LQ�WKH�FDVH�RI�PLFUR&7�VFDQQHUV��)LJ������5D\ÀHOG�������6XWWRQ��������+RZHYHU��

QRW�RQO\�WKH�&7�VFDQQHU�FKDUDFWHULVWLFV�LQÁXHQFH�WKH�ÀQDO�UHVROXWLRQ��LW�LV�DOVR�KLJKO\�GHSHQGHQW�RQ�WKH�VL]H�

of the sample and the contrast between bone and matrix, especially in the case of paleontological samples 

�5D\ÀHOG��������6HYHUDO� W\SHV�RI� UHVROXWLRQ�FDQ�EH�GLVWLQJXLVKHG�� ,Q�D�JHQHUDO�ZD\��´UHVROXWLRQµ�DORQH�

usually referred to spatial resolution, which is the ability to resolve closely placed objects whose density is 

VLJQLÀFDQWO\�GLͿHUHQW�IURP�WKH�EDFNJURXQG��)LJ����D���6SDWLDO�UHVROXWLRQ�LV�LQÁXHQFHG�E\�WKH�GHWHFWRU�VL]H��

focal spot size, system geometry, sample size, data sampling rate, and reconstruction algorithms (Spoor et 

al. 2000b; Hsieh 2009). Otherwise, the contrast resolution�RI�D�&7�VFDQQHU�LV�WKH�DELOLW\�WR�GLͿHUHQWLDWH�D�ORZ�

FRQWUDVW�REMHFW�IURP�LWV�EDFNJURXQG��WKDW�LV��WR�GHWHFW�VPDOO�GLͿHUHQFHV�RI�DWWHQXDWLRQ�FRH΀FLHQW�EHWZHHQ�

GLͿHUHQW�PDWHULDOV��,Q�RWKHU�ZRUGV��LW�LV�W\SLFDOO\�GHÀQHG�DV�WKH�VPDOOHVW�REMHFW�WKDW�FDQ�EH�YLVXDOL]HG�DW�

a given contrast level and a given x-ray dose (Fig. 17b; Spoor et al. 2000a,b; Hsieh 2009). It is measured in 

SHUFHQWDJH�XQLWV��VLQFH�LW�LV�GHÀQHG�DV�WKH�UDWLR�EHWZHHQ�WKH�VPDOOHVW�GHWHFWDEOH�GLͿHUHQFH�RI�DWWHQXDWLRQ�

FRH΀FLHQW��RQ�WKH�+RXQVÀHOG�VFDOH��VHH�EHORZ��DQG�WKH�DYHUDJH�YDOXH�ZLWKLQ�DQ�REMHFW�RI�D�JLYHQ�VL]H��IRU�

D�VSHFLÀF�UDGLDWLRQ�GRVH��&LHUQLDN��������7KHUHIRUH��WKH�YLVLELOLW\�RI�DQ�REMHFW�GHSHQGV�RQ�LWV�VL]H��EXW�DOVR�

RQ�LWV�FRQWUDVW��LQWHQVLW\�GLͿHUHQFH��ZLWK�WKH�EDFNJURXQG��6SRRU�et al. 2000a,b; Hsieh 2009).

In practice, the result of an X-ray CT-scan is a set of tomographs, images that are digital matrices of 

pixels (Ohman et al. 1997; Hsieh 2009). These tomographs are grey-scale images, where every pixel has 

D� JUH\�YDOXH�GHSHQGLQJ� RQ� WKHLU� REWDLQHG� OLQHDU� DWWHQXDWLRQ� FRH΀FLHQW� �ODUJHO\� WKH� UHVXOW� RI�PDWHULDO�

GHQVLW\��+VLHK��������7KHVH�YDOXHV�DUH�H[SUHVVHG� LQ�JUH\�VFDOH�XQLWV�QDPHG�+RXQVÀHOG�8QLWV� �+8��RU�

&7�QXPEHUV� WKDW�DUH�GHÀQHG�DV� IROORZV� �ȝ� LV� WKH� OLQHDU�DWWHQXDWLRQ�FRH΀FLHQW��+RXQVÀHOG�������������

Claussen and Lochner 1985; Hsieh 2009):

Figure 17 Phantoms used to measure the a, spatial and b, contrast 
resolutions of a computed tomography scanner. Spatial resolution is 
related to the ability of resolving closely placed objects whose density is 
VLJQLÀFDQWO\�GLͿHUHQW�IURP�WKH�EDFNJURXQG��ZKHUHDV�FRQWUDVW�UHVROXWLRQ�LV�

WKH�DELOLW\�WR�GLͿHUHQWLDWH�D�ORZ�FRQWUDVW�REMHFW�IURP�LWV�EDFNJURXQG�
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7KH�+RXQVÀHOG�VFDOH�UDQJHV�IURP�EODFN�WKDW�LV�WKH�ORZHVW�GHQVLW\��W\SLFDOO\�DLU���������+8���WR�ZDWHU�

���+8���DQG�ZKLWH�WKDW�LV�WKH�KLJKHVW�GHQVLW\��XVXDOO\�IRVVLOL]HG�ERQH�LQ�SDOHRQWRORJLFDO�VDPSOHV��a������

HU; Spoor et al. 1993; Ohman et al. 1997; Mafart et al. 2004). Hence, HU increase with increasing linear 

DWWHQXDWLRQ�FRH΀FLHQW��+RZHYHU��WKH�KXPDQ�H\H�FDQQRW�GLVFULPLQDWH�VXFK�DPRXQW�RI�GHQVLW\�OHYHOV��7KXV��

for displaying in a computer monitor, HU scale is converted into a 256 levels within the grey-scale (Spoor 

et al. 2000a,b; Hsieh 2009). Posteriorly, in order to measure a particular structure, the sample needs the 

establishment of a threshold value (i.e., grey-scale value) to distinguish the material of interest from those 

that surround it. However, determining the proper threshold is not a trivial task, since boundaries are not 

XVXDOO\�ZHOO�GHÀQHG��6SRRU�et al. 1993; Coleman and Colbert 2007). Nonetheless, several methodologies 

KDYH�EHHQ�GHYHORSHG�WR�GHÀQH�WKH�ERXQGDULHV�EHWZHHQ�DGMDFHQW�PDWHULDOV�DQG�VSHFLDOL]HG�VRIWZDUHV�HYHQ�

have automatic or semi-automatic threshold options (Spoor et al. 1993; Coleman and Colbert 2007; Sutton 

2008).

)LQDOO\�� WKH� VWDFN� RI� LPDJHV� FDQ� EH� DVVHPEOHG� LQWR� �'� YROXPHWULF� GDWD� IRU� GLͿHUHQW� SXUSRVHV� RI�

study with the aid of specialized softwares packages that allow rendering (surface/volume imaging), 

VHJPHQWDWLRQ� �LVRODWLRQ� RI� D� PDWHULDO� DQG�RU� VSHFLÀF� VWUXFWXUH��� DQG� PHDVXULQJ� �OHQJWKV�� DUHDV� DQG�

volumes), among other functions.

0HWKRGRORJLFDO�YDOLGDWLRQ��'DWD�FRPSDUDELOLW\�IURP�GLͿHUHQW�&7�VFDQQHUV

4XDOLW\� RI� WKH� ÀQDO� UHVXOWV� RI� D� &7�VFDQ� LV� KLJKO\� GHSHQGHQW� RQ� WKH�&7�GHYLFH� DQG� LWV� JHRPHWU\�

�UDQJH�RI�DSSOLFDEOH�PDJQLÀFDWLRQ�DQG�GHWHFWRU�VL]H�DQG�UHVROXWLRQ��DPRQJ�RWKHUV���DV�ZHOO�DV�RQ�VHYHUDO�

PRGLÀDEOH�SDUDPHWHUV��H�J���HQHUJ\�RI�WKH�HOHFWURQ�EHDP��FXUUHQW��SURMHFWLRQV��H[SRVLWLRQ�WLPH��QXPEHU�RI�

IUDPHV��HWF���VHH�DERYH���7KHUHIRUH��LPDJHV�H[WUDFWHG�IURP�GLͿHUHQW�&7�VFDQQHUV�H[KLELW�GLͿHUHQW�VSDWLDO�

UHVROXWLRQ��YR[HO�VL]H��DQG�DSSDUHQWO\�GLͿHUHQW�GLVWULEXWLRQ�RI�SL[HOV�UDQJLQJ�LQ�WKH�VSHFWUXP�RI�JUH\�

VFDOH�YDOXHV��$V�D�UHVXOW��GHSHQGLQJ�RQ�WKH�&7�GHYLFH��WKH�ÀQDO�UHFRQVWUXFWLRQ�RI�WKH�VFDQQHG�VWUXFWXUHV�

FRXOG�EH�GLͿHUHQW�

Moreover, once these images are obtained, measurements of the cortical bone thickness or any other 

variable require to clearly distinguishing the boundaries between the structure/material of interest and 

their surrounding areas. As seen earlier, this fact could become an issue since boundaries (determined by 

D�JUH\�VFDOH�YDOXH��EHWZHHQ�WZR�DGMDFHQW�PDWHULDOV�DUH�JHQHUDOO\�QRW�FOHDUO\�GHÀQHG��WUDQVLWLRQV�EHWZHHQ�

grey-values are progressive instead of abrupt). Hence, previously to take measurements, there is the need 

to apply a threshold for acquiring the grey-value which represents the limit between the materials (in 

the case of paleontological samples, fossilized bone and air/matrix; Coleman and Colbert 2007). Thus, 

ERXQGDULHV� EHWZHHQ�PDWHULDOV� DUH� EHWWHU�GHÀQHG� LQ� DQ� LPDJH� REWDLQHG� IURP�D�PLFUR&7�VFDQQHU� �ÀQDO�

voxel sizes can arise less than 1 ȝm) than those taken from a medicalCT-scanner (with minimum pixel 

VL]HV�DURXQG�WKH�����PP��VHH�EHORZ�IRU�H[DPSOH�WKH�PRGHOV�XVHG�LQ�WKLV�YDOLGDWLRQ�VWXG\���6XFK�GLͿHUHQFHV�

PLJKW�DSSDUHQWO\�OLPLW�FRPSDULVRQ�EHWZHHQ�GDWD�FROOHFWHG�IURP�LPDJHV�ZLWK�GLͿHUHQW�UHVROXWLRQ�
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Acquiring a large and diverse sample of primate bones for comparative purposes is essential to 

obtain rigorous results. The problem is that a unique museum primate collection does not usually have 

such broad samples, either because the species diversity is low or the number of specimens per species is 

scarce. Moreover, in most instances, collections do not have an associated computed tomography facility 

where CT-scanning the bones. For this reason, the use of several CT-devices is almost unavoidable in order 

to get a consistent sample of CT-scans. This fact conducts to the obtaining of a sample that somehow could 

combine CT-scans from several microCT-scanners, from microCT and medicalCT-scanners, etc. Thus, 

despite the continuing and rapid expansion of CT-methodologies and their utility, especially in biological 

VWXGLHV�� DQG� DOPRVW� D� FRPSXOVRU\� FRPELQDWLRQ� RI�&7�VFDQV� IURP�GLͿHUHQW� LQVWLWXWLRQV� DQG�GHYLFHV� WR�

compile a large database, no study has comprehensively assessed the comparability of images extracted 

IURP�GLͿHUHQW�VFDQV��7KHUHIRUH��LW�HPHUJHV�WKH�TXHVWLRQ�LI�PHDVXUHPHQWV�RI�WKH�VDPH�HOHPHQW�WDNHQ�RQ�&7�

LPDJHV�H[WUDFWHG�IURP�GLͿHUHQW�&7�GHYLFHV�DUH�FRPSDUDEOH�RU�QRW��)RU�WKLV�UHDVRQ��WKLV�VHFWLRQ�GRHV�QRW�

focus on testing threshold issues (fairly checked elsewhere; see Hara et al. 2002 and Coleman and Colbert 

2007), but in checking for the comparable character of measurements obtained from CT-scans performed 

LQ�GLͿHUHQW�&7�VFDQQHUV�

Table 7 Settings used to perform the 
computed tomography (CT) scanners of 
the gorilla femur in a medicalCT (SBU) 
and a microCT-scanner (AMNH).

Measure no. SMSUP AMSUP SBINF ABINF
1 1.598 1.465 2.899 2.746
2 1.598 1.465 2.885 2.73
3 1.612 1.544 2.838 2.775
4 1.714 1.463 2.746 2.841
5 1.549 1.508 2.823 2.746
6 1.497 1.59 2.841 2.802
7 1.661 1.55 2.894 2.775
8 1.453 1.683 2.784 2.847
9 1.601 1.548 2.779 2.821
10 1.497 1.544 2.823 2.775
11 1.392 1.555 2.88 2.831
12 1.489 1.672 2.855 2.903
13 1.661 1.593 2.775 2.775
14 1.489 1.544 2.818 2.791
15 1.497 1.675 2.841 2.858

CORTICAL THICKNESSES

Table 8 Thickness measurements (in mm) taken in the 
superior region of the midneck (SMSUP and AMSUP) 
and inferior region of the base-of-neck sections (SBINF 
and ABINF) in a medical (SMSUP and SBINF) and micro 
computed tomography-scanenr (AMSUP and ABINF). 
See text for abbreviations.

Settings medicalCT microCT
Voltage (kV) 120 165
Current (mA) 250 165
Exposure time (ms) 1825 333
Magnification - 2.156
Filter - 0.1 mm Cu
Voxel size (mm) - 0.093
Interslice (mm) 0.625 -

CT-SETTINGS
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Thus, a pilot study has been conducted 

in order to comprehensively assessed the 

comparability of images extracted from 

GLͿHUHQW�&7�VFDQQHUV��DQG�HQVXUH�WKHLU�XVH�

in comparative studies, by scanning the 

right femur (AMNH201460) of the species 

Gorilla gorilla gorilla� LQ� WZR� GLͿHUHQW� &7�

devices: (1) the medicalCT of the Stony 

Brook University hospital (SBU, New York), 

and (2) the microCT of the Microscopy and 

Imaging facilities of the American Museum 

of Natural History (AMNH, New York). 

Although both scanners were designed by 

the same company, General Electrics (GE), 

WKH\� KDYH� GLͿHUHQW� VSHFLÀF� FKDUDFWHULVWLFV��

Thus, the medicalCT is a GE Lightspeed 

VCT 64-slice high image resolution system 

with a MX 240 8.0 MHU tube and 64 x 912 ceramic detectors. Its slice thickness acquisition ranges between 

0.625-10 mm, its voltage and current between 80-140 kV and 10-800 mA, respectively. It has a HiLight/

Lumex solid-state detector with 888 detectors/row. Otherwise, the microCT-scanner is a GE phoenix 

v|tome|x s240 system. It counts with two x-rays tubes: a nano-focus high resolution x-ray tube and 

a micro-focus high energy x-ray tube. For this study, the femur was scanned with the nano-focus tube 

that produces x-rays until 180 kV of power and 833 mA of current. It has a DXR250RT real time detector, 

composed by a 1024x1024 pixel array at 200 ȝP pixel pitch that can raise a minimum voxel size of less 

WKDQ���PLFURQ��7KH�V\VWHP�DOORZV�D�JHRPHWULFDO�PDJQLÀFDWLRQ�RI����[�WR����[�DW�����PP�IRFXV�GHWHFWRU�

distance. 

The femur was scanned transversely in both cases, that is, perpendicular to its proximodistal main 

axis. Settings used to scan the femur and interslice/voxel size obtained for both scans are shown in Table 

���,PDJH�VWDFN�ZDV�H[SRUWHG�DV�',&20�ÀOHV�IURP�WKH�PHGLFDO&7�DQG�DV�
�WLͿ�ÀOHV�IURP�WKH�PLFUR&7���'�

volumetric reconstruction and visualization of the scans and acquisition of CT-sections were conducted 

Figure 18 Computer tomography (CT)-sagittal images of the a-b, 
midneck and c-d, base-of-neck of a gorilla femur. Images arising 
from a medical (a, c) and a micro (b, d) CT-scanner. Scale bar = 10 

mm; up, superior; right, posterior.

SMSUP AMSUP SBINF ABINF
Mean 1.554 1.560 2.832 2.801
SD 0.090 0.073 0.047 0.048
Variance 0.008 0.005 0.002 0.002
Minimum 1.392 1.463 2.746 2.730
Maximum 1.714 1.683 2.899 2.903

DESCRIPTIVE STATISTICS

Table 9 Descriptive statistics of the four variables 
used in this study (in mm). Abbreviations: SD, standard 

deviation; see text for variables abbreviations.



80 Section III

Material and Methods

with the software VGS-Avizo 7.0. Images were obtained at the base-of-neck and midneck of the femur 

DV�H[SODLQHG�LQ�5XͿ�DQG�+LJJLQV���������,Q�RUGHU�WR�SHUIRUP�WKH�VWDWLVWLFDO�DQDO\VHV��VXSHULRU��683��DQG�

inferior (INF) cortical thicknesses were measured in the midneck and base-of-neck sections, respectively, 

IROORZLQJ�WKH�SURFHGXUH�RI�5XͿ�DQG�+LJJLQV��������)LJ�������7KH�LQWHUIDFH�EHWZHHQ�FRUWLFDO�ERQH�DQG�DLU�

was determined by a semi-automatic thresholding with the software VGS-Avizo 7.0 and, when needed, by 

calculating the mean of the threshold value between the minimum values of cortical and air materials at 

both sides of the boundary (see Spoor et al. 1993 for further information). Measure acquisition was repeated 

���WLPHV�IRU�HDFK�RI�WKH�&7�LPDJHV��7DEOH�����UHVXOWLQJ�LQ�IRXU�GLͿHUHQW�YDULDEOHV��60683��VXSHULRU�FRUWLFDO�

thickness taken from medicalCT-images; AMSUP, superior cortical thickness taken from microCT-images; 

SBINF, inferior cortical thickness taken from medicalCT-images; and ABINF, inferior cortical thickness 

taken from microCT-images. Pairwise independence of the groups of measurements was checked with 

the chi-squared test (SMSUP vs AMSUP and SBINF vs ABINF). Variable distributions were tested for 

normality through the Shapiro-Wilk test. Finally, a t-test analysis was applied for checking whether there 

H[LVW�PHDQ�GLͿHUHQFHV�EHWZHHQ�WKH�JURXSV�RI�PHDVXUHPHQWV�WDNHQ�IURP�D�PHGLFDO��RU�D�PLFUR&7�VFDQQHU�

in both SUP and INF thicknesses separately. As measurements sample is under 20 values and, in some 

cases, chi-squared approximation may lead to incorrect results, and additional t-test was performed to 

SURYH�PHDQ�GLͿHUHQFHV�DVVXPLQJ�QRW�LQGHSHQGHQF\�RI�WKH�YDULDEOHV��$QDO\VHV�ZHUH�FRQGXFWHG�XVLQJ�WKH�

R statistical package (R Core Team 2015). 

Descriptive statistics obtained for every of the four variables are depicted in Table 9. When independence 

of the pairwise variables is tested, no-relation between them is obtained: SMSUP vs AMSUP chi-squared 

= 116.67, df = 99, p-value = 0.1085; and SBINF vs ABINF chi-squared = 129.38, df = 120, p-value = 0.2634. 

Likewise, all the four variables are normally distributed (p-value > 0.05 in all instances; SMSUP W = 0.955, 

AMSUP W = 0.897, SBINF W = 0.954, ABINF W = 0.957). Finally, when t-test is applied for testing mean 

GLͿHUHQFHV�EHWZHHQ� WKH�SDLUZLVH�YDULDEOHV�� UHVXOWV�GR�QRW�VKRZ�VXFK�GLͿHUHQFHV�EHWZHHQ� WDNHQ� OLQHDU�

measurements in either medical- or microCT-scanners (SMSUP vs AMSUP: t = -0.203, p = 0.840; SBINF vs 

ABINF: t = 1.792, p = 0.084). When non-independence of the variables is assumed for conducting the t-test, 

QRQ�GLͿHUHQFHV�EHWZHHQ�WKH�SDLUZLVH�YDULDEOHV�DUH�HYHQ�VWDWLVWLFDOO\�JUHDWHU�WKDQ�LQ�WKH�ÀUVW�FDVH��60683�

vs AMSUP: t = 1.792, p = 0.138; SBINF vs ABINF: t = -0.165, p = 0.871).

7KHUHIRUH��WKH�UHVXOWV�VWURQJO\�LQGLFDWH�WKDW�YLVXDO�GLͿHUHQFHV�GXH�WR�GLͿHUHQW�UHVROXWLRQ�YR[HO�VL]H�

RI� WKH�VFDQV�SHUIRUPHG� LQ�GLͿHUHQW�&7�PDFKLQHV�ZLWK�GLͿHUHQW� VHWWLQJV�DUH�QRW� VWDWLVWLFDOO\�VLJQLÀFDQW�

when linear measurements are compared between them. In any case, microCT-scanners tend to generate 

EHWWHU��LQ�WHUPV�RI�VSDWLDO�UHVROXWLRQ�DQG�GHÀQLWLRQ�RI�WKH�PDWHULDOV�ERXQGDULHV��ÀQDO�LPDJHV�RI�WKH�REMHFW�

specimen of study, with voxel sizes that can raise even a hundred times lesser in size compared to a 

medicalCT. Thus, a microCT-scanner reconstructs images that better approximates to reality and, thereby, 

collecting data on higher-resolution images will result in more accurate data when measurements involve 

very thin or micro-size elements (e.g. trabecular bone). However, as shown from these results, resolution 
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VHHPV�QRW�WR�GHHSO\�LQÁXHQFH�WKH�GHWHUPLQDWLRQ�RI�WKH�FRUWLFDO�ERQH�ERXQGDULHV�LQ�D�FURVV�VHFWLRQ�LPDJH��

maintaining the overall morphology of the cortical bone edges and its endosteal-periosteal thicknesses in 

a large species like Gorilla. Therefore, these results open then the possibility of comparing data collected 

IURP�&7�VFDQ� FRQGXFWHG� LQ�GLͿHUHQW�GHYLFHV� DQG�RU�ZLWK�GLͿHUHQW� DSSOLHG� VHWWLQJV� �H�J��� YROWDJH� DQG�

amperage) and, thus, the possibility of compiling larger and more complete and diverse CT-databases of 

bones with comparative purposes.

Although this pilot study is limited to one specimen that belongs to the largest primates species, the 

JRULOOD��LW�DOUHDG\�GHPRQVWUDWHV�WKH�SRVVLELOLW\�RI�FRPSDULQJ�LPDJHV�H[WUDFWHG�IURP�GLͿHUHQW�&7�VFDQQHUV�

(mainly medical- vs microCT-scanners). Nonetheless, a larger sample size and, specially, the inclusion 

of smaller species in the comparisons are needed to more accurately assessing the comparability of data 

H[WUDFWHG�IURP�GLͿHUHQW�&7�GHYLFHV�

Finite element analysis (FEA)

Finite Element Analysis (FEA) is a procedure of general discretization of complex continuous systems 

�SUREOHPV�� WKURXJK� WKHLU� VXEGLYLVLRQ� LQ� D� OLPLWHG� �ÀQLWH�� QXPEHU� RI� ZHOO�GHÀQHG� FRPSRQHQWV� WKDW�

approach in the limit the true continuum solution (Zienkiewicz et al. 2005). In other words, this method 

allows estimating how an object with a complex or irregular geometrical shape (e.g., bones) behaves 

when it is subjected to external loads by subdividing it in simple geometric entities that are individually 

analysed (Morgan and Bouxsein 2005; Engel et al. 2011).

$OWKRXJK�WKH�GLYLVLRQ�LQ�SRUWLRQV�WR�VROYH�D�FRQWLQXXP�SUREOHP�VWDUWHG�LQ�WKH�����V��+UHQLNRͿ�������

0F+HQU\�������6RXWKZHOO�������=LHQNLHZLF]��������WKH�WHUP�´ÀQLWH�HOHPHQWµ�ZDV�ÀUVWO\�XVHG�E\�&ORXJK�

(1960, 2004) in an engineering context, implying the direct use of a standard methodology applicable 

to discrete systems by showing that by minimizing the total potential energy, the approximate solution 

would converge to the exact mathematical solution as the size of the elements decreased (Zienkiewicz 2004; 

Zienkiewicz et al. 2005). From the early 1960s onwards, the method was fully recognized and generalized 

QRW�RQO\�LQ�VROLG�DQG�ÁXLG�PHFKDQLFV��HQJLQHHULQJ���EXW�DOVR�LQ�RWKHU�DUHDV�RI�VWXG\��VXFK�DV�0HGLFLQH�

(mainly orthopaedics; e.g., Skinner et al. �������%LRPHFKDQLFV��5DͿHUW\�et al. 2003), Sports (Dabnichki and 

$YLWDO��������3DODHRQWRORJ\��5D\ÀHOG�et al. 2001), Zoology (Thomason 1991), etc.

Figure 19 6FKHPDWLF�UHSUHVHQWDWLRQ�RI�D�ÀQLWH�
element problem. A complex geometry (black line) 
is discretized in a collection of elements (light 
green dashed line) linked by nodes (green closed 
circles). Forces (F) and boundary conditions (green 
closed triangles) applied are also illustrated. 
0RGLÀHG�IURP�0RUJDQ�DQG�%RX[VHLQ���������
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&RQFHSWXDOO\�� WKH� ÀQLWH� HOHPHQW� DSSURDFK� WR� VROLG� RU� VWUXFWXUDO� PHFKDQLFDO� SUREOHPV� EHJLQV� E\�

UHSUHVHQWLQJ� WKH�REMHFW�DV�D�FROOHFWLRQ�RI�D�ÀQLWH�QXPEHU�RI� VLPSOH�JHRPHWULF�HOHPHQWV��HDFK�RI�ZKLFK�

LV�GHÀQHG�E\�D� VPDOO�QXPEHU�RI� UHIHUHQFH�SRLQWV��RU�QRGHV� �)LJ�� ����0RUJDQ�DQG�%RX[VHLQ��������7KH�

deformation of each element, which occurs in response to the applied loads, is represented by simple yet 

versatile functions, shape or basis functions, in which the only unknowns are the displacements of the 

nodes. Therefore, once the nodal displacements are computed, the strain distribution throughout each 

element, and consequently the entire object, can be obtained (Morgan and Bouxsein 2005; Zienkiewicz et 

al. 2005). In order to solve the unknowns (displacements), boundary conditions (which are the applied 

loads and constraining anchors) and material properties for each element have to be implemented in the 

PRGHO�WR�GHÀQH�WKH�SK\VLFDO�EHKDYLRXU�RI�WKH�RULJLQDO�SUREOHP��0RUJDQ�DQG�%RX[VHLQ�������(QJHO�et al. 

2011). Among the material properties, the Young’s modulus (elasticity) and the Poisson’s ratio (the change 

LQ�ZLGWK�DIWHU�D�JLYHQ�FKDQJH�LQ�OHQJWK��KDYH�WR�EH�DOZD\V�GHÀQHG��RWKHUV�OLNH�WKH�VKHDU�PRGXOXV��GHQVLW\�

of the material, and bone mineral fraction should be also included depending on the question to solve; 

5D\ÀHOG��������7KHUHIRUH��WKH�DSSUR[LPDWHG�VROXWLRQ�RI�WKH�SUREOHP�\LHOGV�WKH�VHW�RI�QRGDO�GLVSODFHPHQWV�

WKDW�VDWLVÀHV�WKH�PHFKDQLFDO�HTXLOLEULXP�JLYHQ�WKH�JHRPHWU\�RI�WKH�REMHFW��WKH�ERXQGDU\�FRQGLWLRQV��DQG�

the material properties. The nodal displacements and material properties are then used to compute the 

stress distribution throughout the entire object (Morgan and Bouxsein 2005).

In order to mathematically solve the continuum problem aforementioned, this problem is recognized 

as a structural system that can be transformed to equations. An element is associated with n nodes (e.g., 

D� WHWUDKHGUDO� HOHPHQW� FDQ�EH�GHÀQHG� WR�KDYH� IRXU�QRGHV�RQ�HDFK�RI� LWV� FRUQHUV�RU� WHQ� LI�QRGHV�RQ� WKH�

FRQQHFWLQJ�OLQHV�DUH�DGGHG���DQG�IRUFHV�DFWLQJ�DW�WKHVH�QRGHV�DUH�XQLTXHO\�GHÀQHG�E\�WKHLU�GLVSODFHPHQWV��

the distributed loading acting on the element, and its initial strain (Zienkiewicz et al. 2005; Engel et al. 

�������7KH�ODVW�PD\�EH�GXH�WR�WHPSHUDWXUH��VKULQNDJH��RU�VLPSO\�DQ�LQLWLDO�´ODFN�RI�ÀWµ��=LHQNLHZLF]�et al. 

2005). A typical mathematical approach to solve continuum problems is the Matrix analysis or SWLͿQHVV�

method, in which the displacements given to the ends (nodes) of an element are related to the forces acting 

at these ends (Zienkiewicz 2004). Then, assuming that the sum of the forces contributed by each element 

to a node must equal the force that is externally applied to that node and that the element properties 

�IRUFHV�DQG�GLVSODFHPHQWV��IROORZ�D�VLPSOH�OLQHDU�UHODWLRQVKLS��VWLͿQHVV���D�VHTXHQFH�RI�OLQHDU�HTXDWLRQV�

can be assemblage in which the nodal displacements are the unknowns and the applied nodal forces are 

known quantities (Zienkiewicz et al. 2005). This assertion is algebraically translated as follows:

in which ui and fj�LQGLFDWH�WKH�GHÁHFWLRQ�DW�WKH�ith node and the force at the jth node. The Kij�FRH΀FLHQW�LV�

NQRZQ�DV�WKH�VWLͿQHVV�PDWUL[��ZLWK�WKH�ij�FRPSRQHQW�EHLQJ�SK\VLFDOO\�WKH�LQÁXHQFH�RI�WKH�jth displacement 

on the ith�IRUFH��,Q�RWKHU�ZRUGV��WKH�JOREDO�VWLͿQHVV�PDWUL[�LV�WKH�VXP�XS�RI�HYHU\�HOHPHQW�VWLͿQHVV�PDWULFHV�
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DQG�UHSUHVHQWV�WKH�UHVLVWDQFH�RI�WKH�HOHPHQW�WR�FKDQJH�ZKHQ�VXEMHFWHG�WR�H[WHUQDO�LQÁXHQFHV��=LHQNLHZLF]�

et al. 2005; Engel et al. 2011). Assuming that the model follows the Hooke’s law and the force-loaded 

material returns completely to its initial shape after it is unloaded (that is, the problem has a linear elastic 

behaviour), the matrix equations can be abbreviated as:

Kijuj =fi or Ku=f

Thus, this equation represents the nodal displacements (uj) of the body when an external force (fi) is 

applied (Engel et al. 2011). Moreover, to obtain a solution of a structural system, two conditions have to be 

VDWLVÀHG��GLVSODFHPHQW�FRPSDWLELOLW\�DQG�HTXLOLEULXP�RI�WKH�SUREOHP��$Q\�V\VWHP�RI�QRGDO�GLVSODFHPHQWV�

uj LQ�ZKLFK�DOO�HOHPHQWV�SDUWLFLSDWH�DXWRPDWLFDOO\�FRYHUV�WKH�ÀUVW�FRQGLWLRQ��$V�WKH�FRQGLWLRQV�RI�RYHUDOO�

HTXLOLEULXP�KDYH�DOUHDG\�EHHQ�VDWLVÀHG�ZLWKLQ an element, all that is necessary is to establish equilibrium 

conditions at the nodes (or assembly points) of the structure, that is, the sum of all the forces exerted at 

the nodes has to be zero (Zienkiewicz 2004). The resulting equations will contain the displacements as 

unknowns, and once these have been solved the structural problem is determined. The internal forces 

in elements, or the stresses, can easily be found by using the characteristics established a priori for each 

element (Zienkiewicz et al. 2005).

Additionally, the system of equations performed anteriorly can be solved by substituting with zero the 

ÀUVW�DQG�ODVW�SDLUV�RI�SUHVFULEHG�GLVSODFHPHQWV�DQG�WKXV�UHGXFLQJ�WKH�QXPEHU�RI�XQNQRZQ�GLVSODFHPHQWV�

components. Without substitution of a minimum number of prescribed displacements to prevent rigid 

body movements of the structure, it is impossible to solve the equations of the system. Mathematically, 

the prescription of appropriate displacements after the assembly stage will permit a unique solution to 

be obtained by deleting appropriate rows and columns of the various matrices (Zienkiewicz et al. 2005). 

Such mathematical changes are known as boundary conditions, and once these are integrated in the system 

it can be solved for the unknown nodal displacements and the internal forces in each element can be also 

obtained (Zienkiewicz et al. 2005).

The mathematical formulation and numerical development of the method is out of the scope of 

this work, but an expanded and in-depth explanation of the algebraic solution of FEA can be found in 

Zienkiewicz et al. (2005) and references therein.

In practice (such as in the case of bones or fossil remains), a typical procedure to solve continuum 

problems follows three steps: (1) pre-processing, (2) analysis and (3) post-processing. The former (1) 

consists of representing the real geometry by the construction of a mesh (model) and dividing it in a 

number of discrete subregions (elements) that connect at discrete points (nodes; Morgan and Bouxsein 

������5D\ÀHOG��������0RUHRYHU��ERXQGDU\�FRQGLWLRQV�KDYH�WR�EH�LQFOXGHG�LQ�WKH�PRGHO�� WKDW� LV��FHUWDLQ�

QRGHV�ZLOO�KDYH�À[HG�GLVSODFHPHQWV��SK\VLFDO�FRQVWUDLQV��DQG�RWKHUV�ZLOO�KDYH�SUHVFULEHG�ORDGV��/LNHZLVH��

PDWHULDO�SURSHUWLHV��<RXQJ·V�PRGXOXV�DQG�3RLVVRQ·V�UDWLR�VX΀FH�IRU�DQ�HODVWLF�PDWHULDO��RI�WKH�HOHPHQWV�

KDYH�WR�EH�DGGHG�LQ�WKH�ÀQLWH�HOHPHQW��)(��PRGHO�DW� WKLV�SRLQW��(QJHO�et al. 2011). During the analysis 

phase (2), the mathematical equations proposed for the system will be solved, computing and assembling 
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WKH� HOHPHQW� DUUD\V�� DQG� ÀQDOO\� FDOFXODWLQJ� QRGDO� GLVSODFHPHQWV�� VWUDLQ� DQG� VWUHVV� GXULQJ� WKH� ORDGLQJ�

LQWHUYDO��5D\ÀHOG�������.XSF]LN��������7KH�ODVW�VWHS��WKH�SRVW�SURFHVVLQJ������FRPSULVHV�WKH�LQWHUSUHWDWLRQ�

and evaluation of the results, many times represented as scaled colour maps of the stress/strain and/or 

GLVSODFHPHQW�OHYHOV�DORQJ�WKH�VWUXFWXUH�LQ�RUGHU�WR�DVVLVW�LQ�YLVXDOL]DWLRQ�RI�WKHVH�UHVXOWV��5D\ÀHOG�������

Kupczik 2008).

As commented in step 3, FEA is a technique that reconstructs stress, strain, and displacements 

in structures and those are commonly the engineering parameters of interest to study in vertebrate 

IXQFWLRQDO�PRUSKRORJ\�DQG�YHUWHEUDWH�SDODHRQWRORJ\��5D\ÀHOG�������.XSF]LN��������7KXV��D�IRUFH�DSSOLHG�

in a structure generates stress within this structure (ı), as well as deformation or strain (İ). The orientation, 

distribution, and magnitude of the stress and strain are dependent on the applied load, the material 

SURSHUWLHV��<RXQJ·V�PRGXOXV��(��DQG�3RLVVRQ·V�UDWLR��ց���DQG�WKH�VWUXFWXUDO�RUJDQL]DWLRQ�RI�WKH�JHRPHWU\�

�5D\ÀHOG��������,W�LV�LPSRUWDQW�WR�WDNH�LQWR�DFFRXQW�WKDW�XQGHU�QRUPDO�ORDGLQJ�FRQGLWLRQV��D�OLQHDU�HODVWLF�

isotropic behavior is usually assumed for bones. Thereby, in this type of mechanical models, stress and 

VWUDLQ�FKDQJH�SURSRUWLRQDOO\�WKURXJK�WKH�+RRNH·V�ODZ��5D\ÀHOG�������.RUKRQHQ�DQG�6DDUDNNDOD�������

ı� �(İ

One of the most common types of stress analysed in studies that include bones and/or fossil specimens 

is the von Mises stress. It is a function of the principal stress (ı1, ı2, ı3) and measures how stress distorts a 

material. Von Mises stress is a good estimator of failure in a ductile material, since failure would happen 

ZKHQ�YRQ�0LVHV�VWUHVV�HTXDOV�WKH�\LHOG�VWUHQJWK�RI�WKH�PDWHULDO�LQ�XQLD[LDO�WHQVLRQ��5D\ÀHOG�������*U|QLQJ�

et al. 2013). Moreover, this type of stress is an appropriate metric for comparing the strength of models of 

bones (Dumont et al. 2009), being for this reason one of the most widely used to show loading results in 

paleontological studies.





Somewhere, something incredible is waiting to be known.
-- Carl Sagan --
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Chapter 1
External morphology of the femur

89

DESCRIPTIONS

IPS21350.81 & IPS21350.85.- Diaphyseal fragments

IPS21350.81 and IPS21350.85 are two 

long bone shaft portions (Fig. 20), each one 

constituted by several fragments of cortical bone. 

They most likely belong to the femur of the same 

Pierolapithecus catalaunicus skeleton (Moyà-Solà 

et al. 2004), based on their possible diameter. 

IPS21350.81 is slightly eroded at the borders 

and a cortical thickness of around 4.3 mm is 

measured (around the midpoint of the longest 

axis). On the other hand, cortical thickness edges 

of IPS21350.85 are better preserved, being 4.4 mm 

and 4.3 mm in the left and right sides respectively 

if observed the cortical fragment in interior view 

(see Fig. 20d). In addition, IPS21350.81 displays a 

mild rough line that probably corresponds to the 

medial/lateral line of the posterior side of the femoral shaft (Fig. 20a). Apart from this line, the fragments 

do not show any other informative feature that allows accurately distinguishing the bone side or the bone 

to which they belonged.

IPS41724.- Right partial proximal femur

IPS41724 is a well-preserved right partial femur tentatively attributed to cf. Dryopithecus fontani (Fig. 

21; Table 10; Moyà-Solà et al. 2009a). The IPS41724 femur is robust in appearance, with a spherical femoral 

head that is small relative to the neck (see following sections and Almécija et al.�������ÀJ������,WV�DUWLFXODU�

surface extends only very slightly onto the femoral neck on the posterior side, but is mediolaterally broad 

on its anterior side (Fig. 21; Table 10). The fovea capitis is large and relatively shallow, and is located at 

Figure 20 Diaphyseal cortical fragments of long bones 
(probably femur) of Pierolapithecus catalaunicus (IPS21350, 
holotype) from ACM/BCV1. a–b, IPS21350.81, in a, external; 
and b, internal views. c–d, IPS21350.85, in c, external; and 
d, internal views. The black arrowhead in (a) shows one of 
the possible posterior lines (spiral or lateral) of the femur. 
Asterisks in (d) indicate the locations where the cortical 

thicknesses were measured. 



90 Section IV

Chapter 1

the superoposterior quadrant of the femoral head. The proximal portion of the bone (the femoral head 

and neck) shows a slight anteversion in medial view, although the head itself is slightly tilted posteriorly 

UHODWLYH�WR�WKH�QHFN��)LJ����D���7KH�ODWWHU�LV�UREXVW�DQG�DQWHURSRVWHULRUO\�ÁDWWHQHG��GLVSOD\LQJ�DQ�HOOLSWLFDO�

FURVV�VHFWLRQ��6,1�$31� �������IRU�DEEUHYLDWLRQ�GHÀQLWLRQV�VHH�7DEOH���DQG�)LJ�������,36������GLVSOD\V�D�

long biomechanical neck length relative to its proximal femur size, and the angle between the neck and 

the diaphysis is rather relatively high (Tables 10 and 11). An obturator externus groove is not evident on 

the posterior surface of the neck. The greater trochanter is superoinferiorly short and anteroposteriorly 

QDUURZ��DQG�GLVSOD\V�D�VOLJKW�ODWHUDO�ÁDUH��EHLQJ�VLWXDWHG�VRPHZKDW�EHORZ�WKH�IHPRUDO�KHDG��7KH�IHPRUDO�

notch (between the head and the greater trochanter) is deep and broad. IPS41724 also has a moderately 

deep and broad trochanteric fossa. The trochanteric crest is slightly prominent, although the quadrate 

tubercle is clearly marked. Despite some erosion of the greater trochanter, there is a large square area 

Figure 21 Right proximal femur cf. Dryopithecus fontani (IPS41724) from ACM/C3-Az, in a, medial; b, posterior, 
c, lateral; d, anterior; e, proximal; and f, distal views. Abbreviations: M, medial; P, posterior.

Table 10 External measurements of the femur remains of Vallès-Penedès hominoids. For measurement 
abbreviations and units see Table 7. 

a Estimated values (due to the damage in the femoral head and neck).
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for the attachment of the gluteus medius and piriformis muscles. Along the anterior side of the femur, 

IPS41724 displays a prominent well-marked surface that spreads medially and through the lateral side of 

the greater trochanter, where probably attached the gluteus minimus muscle. The lesser trochanter is well 

developed. It is placed in the posterior side of the femur (not visible in anterior view; see Fig. 21d) and 

faces posteriorly. The surface for the insertion of the illiopsoas muscle is deep and extends over almost the 

whole surface of the lesser trochanter. In anterior view, the intertrochanteric line is slightly prominent, 

running from the femoral tubercle to the inferomedial side of the femoral neck. The proximal portion of the 

VKDIW�LV�DQWHURSRVWHULRUO\�ÁDWWHQHG��$336�0/36� ��������DQG�WKH�ODWHUDO�DQG�PHGLDO�OLQHV�RQ�WKH�SRVWHULRU�

VLGH�RI�WKH�VKDIW��GHÀQLQJ�WKH�LQVHUWLRQ�RI�WKH�vastus lateralis and vastus medialis muscles, respectively, do 

not meet to form a linea aspera �L�H��� WKH�SRVWHULRU�VLGH�RI� WKH�VKDIW� LV�ÁDW���0RUHRYHU��D�ZHOO�GHYHORSHG�

gluteal tuberosity is present on the lateral side of the proximal shaft, to which the ascending tendon of the 

gluteus maximus attaches in living primates. A smooth and shallow hypotrochanteric fossa is placed on the 


�0HDVXUHPHQWV�RI�.10�58�����DQG�08=0���DUH�DSSUR[LPDWHG�GXH�WR�WKH�LQFRPSOHWH�QDWXUH�RI�WKHLU�IHPRUDO�KHDG�DQG�IHPRUDO�
VKDIW��UHVSHFWLYHO\��0HDVXUHPHQWV�IRU�.10�58�����ZHUH�WDNHQ�IURP�SKRWRV�NLQGO\�SURYLGHG�E\�&KULVWRSKHU�%��5XͿ��
a�7KH�FRPSRVLWLRQ�RI�SDSLRQLQV�DQG�DWHOLGV�LV�VSHFLÀHG�LQ�7DEOH����

Table 11 Descriptive statistics for femoral neck-shaft angle (NSangle, in degrees) in a sample of extant primates (total 
sample size, N = 359 individuals), and measurements of this variable in fossil taxa. Abbreviations: M, males; F, females; 

8��XQNQRZQ�VH[��1��VDPSOH�VL]H��6'��VWDQGDUG�GHYLDWLRQ��&,��FRQÀGHQFH�LQWHUYDO�
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anterior side of the proximal portion of the shaft. Although incomplete, the shaft is slightly bent anteriorly 

and displays some degree of anteroposterior compression, exhibiting an elliptical cross-section (APMS/

MLMS = 0.77; see Chapter 3 for further information on the cross-sectional structural properties).

IPS11426.- Partial diaphysis femur

IPS11426 is a partial left femur from CP composed of two well-preserved diaphyseal fragments 

that are continuous with one another (Fig. 22), and which have not been previously described. On its 

proximal half, diaphyseal cross-section is approximately round (with its anteroposterior and mediolateral 

diameters being about equal, AP/ML = 0.98; 

see Fig. 22), whereas toward its distal portion 

WKH� VKDIW� EHFRPHV� DQWHURSRVWHULRUO\� ÁDWWHQHG�

(mediolaterally broader than anteroposteriorly 

thick; AP/ML = 0.79; see Fig. 22). At the 

proximal (broken) end, cortical bone thickness 

is approximately uniform (anterior = 17.4 

mm; medial = 21.5 mm; posterior = 21.6 mm; 

lateral = 21.3 mm). All these features are not 

very diagnostic, but more closely resemble 

the condition of the Hispanopithecus laietanus 

femora from CLL2 (IPS18800, see below) than 

that of cf. Dryopithecus fontani from ACM 

(IPS41724, see above), since both IPS11426 and 

IPS18800 display a similar diaphyseal geometry 

�HVVHQWLDOO\�URXQGHG�DQG�PRUH�DQWHURSRVWHULRUO\�ÁDWWHQHG�WKURXJK�WKH�GLVWDO�UHJLRQ���DQG�D�KRPRJHQHRXV�

distribution of the cortical bone. Given that CP is the type locality of Hispanopithecus crusafonti and that 

no more hominoid species have been described in this fossil site, this femoral shaft, like the hamate and 

several partial metatarsals recovered from the same locality (Almécija et al. in prep.a), is attributed to this 

taxon, in spite of the fact that it was originally described only based on dental remains (Begun 1992a; see 

also Alba et al. in prep).

IPS18800.- Right & left partial proximal femora

The partial skeleton of Hispanopithecus laietanus (IPS18800) from CLL2 preserves both femora (Figs. 

23 and 24; Table 10; Moyà-Solà and Köhler 1996). They are slender than that of cf. D. fontani and the 

diaphysis is slightly anteriorly concave. The femoral head is spherical and large in comparison to the 

femoral neck (see following sections and Almécija et al.� ������ ÀJ�� ���� DQG� LWV� DUWLFXODU� VXUIDFH� KDUGO\�

extends posteriorly onto the neck. The femoral head of the left femur is larger and the neck-shaft angle 

Figure 22 Partial left femoral diaphysis of Hispanopithecus 
crusafonti (IPS11426) from Can Poncic (CP), in a, medial; b, 
posterior; c, lateral; d, anterior; e, proximal; and f, distal views. 
Abbreviations: M, medial; L, lateral; P, posterior. Asterisks indicate 

the locations where the shaft diameters were measured.
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higher than those of the right femur (see absolute values in Table 10). Since these femora belong to a 

single individual, two possible explanations emerged for these discrepancies (see also the “Comparisons” 

VHFWLRQ���)LUVWO\��VXFK�GLͿHUHQFHV�PLJKW�EH�GXH�WR�QRUPDO�ODWHUDO�DV\PPHWULHV�ZLWKLQ�DQ�LQGLYLGXDO�DQG�RU�

LQWUDVSHFLÀF�YDULDELOLW\��2Q�WKH�RWKHU�KDQG��GLͿHUHQFHV�PLJKW�EH�FRQVHTXHQFH�RI�VRPH�WDSKRQRPLF�IDFWRU�

GXULQJ�IRVVLOL]DWLRQ��H�J���ZDWHU�H[SRVXUH��VLQFH�WKH�OHIW� IHPRUDO�KHDG�VHHPV�WR�EH�LQÁDWHG���$Q\�RI�WKH�

two possibilities remains feasible and further analyses are needed to favour one of the two hypotheses. 

The fovea capitis is well marked, somewhat large and deep, being situated on the superoposterior aspect 

of the head. The biomechanical length of the femoral neck and the femoral neck-shaft angle are high 

(particularly in the left specimen; Table 11; see below). The cross-sectional geometry of the femoral neck is 

slightly elliptical (SIN/APN = 1.39) and, internally, the distribution of the cortical bone is homogeneous 

(see Chapter 2). Both femora lack a discernible obturator externus groove. The greater trochanter is 

superoinferiorly long and anteroposteriorly wide, being located inferiorly to the femoral head, so that the 

femoral notch is deep and narrow. Although the greater trochanter of the right femur is slightly damaged 

(and missing from the left femur), a small insertion for the gluteus minimus muscle can be observed on its 

lateral side. The trochanteric fossa is deep and wide, and the two femora display a shallow depression 

from the trochanteric fossa to the lesser trochanter. The latter is well developed and medially oriented. 

The two femora display a gluteal ridge, instead of a tuberosity, and two mild spiral and pectineal lines are 

present on the posterior aspect of the diaphysis. The cross-section at the proximal shaft and the midshaft 

is subcircular (APPS/MLPS = 0.92 and APMS/MLMS = 0.97; see Chapter 3 for further information on 

cross-section geometry).

Figure 23 Left femur  of 
Hispanopithecus laietanus 
(IPS18800), in a, medial; 
b, posterior; c, lateral; d, 

anterior; e, proximal; and f, 
distal views. In (e), the head 
and diaphysis of the femur 

are separated for better 
visualization. Abbreviations: 

L, lateral; M, medial; P, 
posterior.
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COMPARATIVE SAMPLE, MEASUREMENTS AND STATISTICAL ANALYSES

The hindlimb remains of the Vallès-Penedès hominoids are compared with a sample of extant and 

extinct primates, including platyrrhines, cercopithecoids and apes. The composition of the extant primate 

comparative sample is summarized in Table 12. Other fossil specimens included in this study are listed 

in Table 13.

([WHUQDO�ERQH�PHDVXUHPHQWV�XVHG�LQ�WKLV�ZRUN�DUH�GHÀQHG�LQ�7DEOH���DQG�LOOXVWUDWHG�LQ�)LJXUH���D��

Measurements of the proximal femur were taken to the nearest 0.1 mm with digital callipers in extant 

primates and the original Vallès-Penedès fossils, and from the literature for the comparative fossil sample 

(Table 13).

Figure 24 Right femora of Hispanopithecus laietanus (IPS18800) in a, medial; b, posterior; c, lateral; d, anterior; e, 
proximal; and f, distal views. Abbreviations: M, medial; P, posterior.
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Several indices based on some of the linear measurements were also calculated, given their previously 

stated functional relevance. Thus, SIH/SIN has been related to hip range of motion, since a large femoral 

head relative to neck size seems to favour wide excursions of the joint, especially abduction movements 

�5XͿ��������6,+�0/36�DQG�6,1�0/36��LQ�WXUQ��KDYH�EHHQ�DVVRFLDWHG�ZLWK�UREXVWLFLW\�RI�WKH�SUR[LPDO�

IHPXU�DQG� WKH�DPRXQW�RI�ERG\�ZHLJKW� WUDQVIHUUHG� WKURXJK� WKLV�ERQH� �1DSLHU�������:DONHU�������5XͿ�

1988).

The NSangle was measured with the software Fiji (Schindelin et al. 2012) from photographs with the 

femora in anterior view for the extant and fossil sample listed in Table 11. The BMNL of the femur was 

measured from the most lateral point of the greater trochanter to the most proximal point of the femoral 

head and then depicted as an index relative to the proximal femur size (see Almécija et al. 2013 for further 

explanation).

Values for the aforementioned indices of the Vallès-Penedès hominoids were visually compared 

ZLWK�WKRVH�IRU� WKH�H[WDQW�DQG�IRVVLO�FRPSDUDWLYH�VDPSOH�XVLQJ�ER[SORWV��ZKHUHDV�VWDWLVWLFDO�GLͿHUHQFHV�

between taxonomic groups were tested via analysis of variance (ANOVA) and post hoc Tukey’s pairwise 

comparisons. The latter method was used due to the unequal nature of the groups’ sample sizes within 

the whole sample of extant anthropoids (Tables 11 and 12; Kramer 1956; Sokal and Rohlf 1995). To 

Abbreviation: N, sample size.
a Papionins include Papio hamadryas sspp., Mandrillus sphinx, Mandrillus leucophaeus and 
Lophocebus sp.
b Atelids include Alouatta caraya, Alouatta seniculus, Alouatta fusca, Alouatta palliata, Alouatta 
seniculus, Ateles belzebuth, Ateles fusciceps, $WHOHV�JHRͿUR\L, and Ateles paniscus.

Table 12 Femoral comparative sample of extant primates. 
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facilitate comparisons, monkey genera were grouped into subfamily (cercopithecines and colobines) or 

IDPLO\��DWHOLGV��JURXSV�LQ�VXEVHTXHQW�DQDO\VHV�DIWHU�WHVWLQJ�WKH�DEVHQFH�RI�VWDWLVWLFDO�GLͿHUHQFHV�EHWZHHQ�

the included genera by means of ANOVAs (p > 0.05 in all instances). Thus, cercopithecines include Papio, 

Mandrillus, Macaca, Cercopithecus, Lophocebus, and Chlorocebus; colobines include Nasalis, Colobus, and 

Presbytis; and atelids include Alouatta and Ateles. Statistical analyses were performed using the statistical 

package SPSS v15.0.

COMPARISONS

The external morphology of the hominoid partial femora from ACM (IPS41724) and CLL2 (IPS18800), 

attributed respectively to cf. Dryopithecus fontani and Hispanopithecus laietanus��LV�QRWDEO\�GLͿHUHQW��7DEOH�

14; see also Figs. 25 and 26). 

Femoral head relative size.- 7KLV� YDULDEOH� LV� TXDQWLÀHG� E\�PHDQV� RI� WKH� 6,+�6,1� LQGH[�� 5HVXOWV�

obtained clearly depart the most suspensory taxa (Pongo and Hylobates) from quadruped cercopithecoid 

species (Fig. 27a; Table 15). Platyrrhines (specially the suspensory atelids) and African apes show an 

intermediate position between the former two groups (Asian apes and cercopithecoids). Among these 

“intermediate” forms, Cebus and G. b. beringei display closer index values to cercopithecoids than the 

rest of taxa (Fig. 27a; Table 15). When compared with extant primates, the femur of cf. D. fontani clearly 

falls in the range of cercopithecoids, having the lowest index among fossil apes (Fig. 27a). Moreover, the 

femoral head is larger relative to the neck in IPS18800 than in IPS41724 (Fig. 27a; see also Almécija et 

al.�������ÀJ������7KH�UHPDLQLQJ�0LRFHQH�DSHV�GLVSOD\�LQWHUPHGLDWH�YDOXHV�EHWZHHQ�FI��D. fontani and H. 

laietanus. Thus, Morotopithecus bishopi (MUZM80) and Proconsul major (NAP IX’46’99) show low SIH/

SIN indices. Contrarily, Nacholapithecus kerioi (KNM-BG35250A; although anteroposteriorly crushed, this 

specimen maintains the original shape for reliable measurements of the superoinferior length of both 

femoral head and neck), Equatorius africanus (BMNH M16331) and Ekembo nyanzae (KNM-MW13142A) 

have higher values than M. bishopi and P. major. The SIH/SIN values for all these fossil specimens mainly 

Catalog No. Taxon Element SIH SIN MLPS Measurements source�
NAP IX 46’99 Proconsul major Femur 29.7 22.4 Gommery et al. 1998, 2002

KNM-MW 13142A Ekembo nyanzae Femur 28.5 20.1 23.6 Ruff et al. 1989, Ward et al. 1993

MUZM 80 Morotopithecus bishopi Femur 25.9 20.1 23.4 Gebo et al. 1997, MacLatchy et al. 2000

MUZM 80 Morotopithecus bishopi Femur 25.8 25.7 Gebo et al. 1997, MacLatchy et al. 2000

KNM-BG 35250A Nacholapithecus kerioi Femur 22.1 16.2 Ishida et al. 2004

BMNH M 16331 Equatorius africanus Femur 22.5 16.4 20.5 McCrossin 1994a

BAR 1002'00 Orrorin tugenensis Femur 32.1 22.5 25.5 Senut et al. 2001, Pickford et al. 2002

FOSSIL PRIMATE FEMORA

Table 13 Measurements of the femur in the comparative sample of fossil primates. See Table 6 for 
measurement abbreviations. and units.
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overlap the ranges of African apes (especially gorillas), platyrrhines (mainly Cebus) and the upper range 

of cercopithecoids, as it is also true for the early hominin Orrorin tugenensis (BAR1002’00). Hispanopithecus 

laietanus displays the highest SIH/SIN index of the fossil hominoids inspected, falling within the 

interquartile range of chimpanzees and atelids, and the lower ranges of Asian apes. Conversely, cf. D. 

fontani overlaps with the interquartile ranges of cercopithecines and colobines (Fig. 27a).

Femoral head shape.- Both cf. D. fontani and H. laietanus display a spherical femoral head that is 

similar to that of apes and atelids, against that of cercopithecoids, which exhibit a more hemispherical 

head. The articular surface in cf. D. fontani covers almost the entire head and is laterally expanded in the 

DQWHULRU�VLGH��7KLV�H[SDQVLRQ�UHVXOWV�LQ�D�KLJK�IHPRUDO�KHDG�GHSWK��DV�PHDVXUH�E\�5XͿ��������ZKLFK�LV�D�

typical trait of living great apes.

Femoral head position relative to the greater trochanter.- Moreover, the femoral head of H. laietanus 

projects more proximally than its greater trochanter; while in cf. D. fontani the greater trochanter projects 

slightly above the femoral head. The former condition is typical of the more suspensory taxa, such as 

Pongo and atelids to a lesser extent, whereas the condition of cf. D. fontani is more similar to that of 

African apes (more stricter quadrupeds, such as cercopithecoids, show a stronger proximal projection of 

the greater trochanter relative to the femoral head; Lovejoy et al. 2002; Harmon 2007). 

Fovea capitis.- As most of primates (except orangutans), cf. D. fontani and H. laietanus display a 

well-marked fovea capitis (deeper in the latter) placed at the superoposterior quadrant of the head in 

medial view. Regarding the presence of the fovea, both taxa of the Vallès-Penedès resemble other Miocene 

apes and extant non-orangutan catarrhines. However, cf. D. fontani and H. laietanus femora depart from 

cercopithecoids in the fovea position on the head, since the latter group display the fovea capitis in a more 

inferior (and sometimes anterior) position (Jenkins and Camazine 1977; Ward et al. 1993).

Neck-shaft angle.- 'LͿHUHQFHV�LQ�WKH�IHPRUDO�16DQJOH�DUH�GHSLFWHG�LQ�)LJXUH���E��VHH�DOVR�)LJV�����

and 26, and Tables 11 and 16). Three patterns are observed in extant catarrhines: cercopithecoids show 

the lowest NSangle values, orangutans the highest, and the group of African apes-gibbons-platyrrhines 

display intermediate values between the two former (cercopithecoids and orangutans; Fig. 27b). 

1RQHWKHOHVV��UDQJHV�RI�LQWUDVSHFLÀF�YDULDELOLW\�LQ�OLYLQJ�VSHFLHV�DUH�VRPHZKDW�ZLGH��HVSHFLDOO\�WKRVH�RI�

monkeys. Thus, the ranges of cercopithecoids even overlap with that of gibbons, whereas platyrrhines 

overlap with those that show the most extreme values for the index, represented by cercopithecoids (the 

lowest) and orangutans (the highest). African apes display narrower ranges than the remaining taxa, 

although also overlap with cercopithecoids and orangutans (except in the case of lowland gorillas, which 

only overlap with anthropoid monkeys; Fig. 27b). For this variable, the femur of cf. D. fontani overlaps 

with the interquartile range of atelids, hylobatids, and African apes (except Gorilla gorilla gorilla). The 

femora of H. laietanus show the highest neck-shaft angle among fossil hominoids, mainly overlapping 

with orangutans and, to a lesser extent, gibbons, chimpanzees and platyrrhines. The left femur falls in 

the upper range of orangutans, showing a much higher NSangle value than the remaining fossil taxa, 
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including the right femur of the same individual. As previously mentioned, this might be due to either 

LQWUD�LQGLYLGXDO� DV\PPHWULHV�� LQWUDVSHFLÀF� YDULDELOLW\�� RU� VRPH� GLVWRUWLRQ� RI� WKH� OHIW� IHPXU� DVVRFLDWHG�

with taphonomic processes. Although the two former possibilities remain unexplored (intra-individual 

DV\PPHWULHV�DQG� LQWUDVSHFLÀF�YDULDELOLW\��� WKH� IDFW� WKDW� WKH� OHIW� IHPXU�KDV�DQ�DSSDUHQWO\� LQÁDWHG�KHDG�

and a more proximally faced head-neck complex (Fig. 23) outcomes in a broad variability between the H. 

laietanus�IHPRUD��)LJ����E��VHH�DOVR�&KDSWHU���IRU�VLGH�GLͿHUHQWLDO�UHVXOWV�RQ�PHFKDQLFDO�SURSHUWLHV���6XFK�

morphological peculiarities on the left femur, not shown at the right specimen, make results for the right 

femur more representative a priori. Thus, the right femur of H. laietanus still displays an angle value that 

falls within the interquartile range of orangutans and which is higher than that displayed by the remaining 

fossil taxa. The latter are more comparable in this regard to hylobatids and chimpanzees (N. kerioi), and 

also to cercopithecoids and some gorillas (M. bishopi, Or. tugenensis, and KNM-MW13142A, E. nyanzae; 

Fig. 27b). The KNM-RU5527 femur (E. nyanzae) also shows a high angle, approaching the index value 

displayed by the right femur of H. laietanus and even overlapping with the lower range of orangutans.

The biomechanical neck length.- Modern humans show the longest BMNL relative to proximal 

femoral size (as approximated by its centroid size) among extant catarrhines (Fig. 28), . Nonetheless, 

its range clearly overlaps with the rest of taxa (especially Callicebus, Aotus and Alouatta). Chimpanzees, 

gorillas and macaques show the shortest relative BMNL, although their index ranges overlap with those 

Head IPS18800 (H. laietanus) IPS41724 (cf. D. fontani)
Size (relative to the neck) Very large Small
Shape Spherical Spherical
Articular surface Slight postereomedial extension onto the neck Slight postereomedial extension onto the neck
Direction in proximal view Anterior Anterior
Fovea capitis Deep, large and posteroproximally oriented Modelartely developed and posteromedially oriented
Neck IPS18800 IPS41724
Biomechanical neck length Short Long
Shape Circular cross-section and proximodistally constricted Elliptical cross-section and proximodistally long
Neck-shaft angle Wide Intermediate
Obturator externus groove Absent Absent
Greater trochanter IPS18800 IPS41724
Position Well inferior to the head Slightly inferior to the head
Proportions Long and wide Short and narrow
Lateral flare Strongly marked Marked
Trochanteric fossa Deep Deep
Lesser trochanter IPS18800 IPS41724
Size Well developed and proximodistally long Moderately developed and proximodistally long
Orientation Posteromedial Posterior
Intertrochanteric crest Moderately developed Moderately developed
Intertrochanteric line Absent Absent
Shaft IPS18800 IPS41724
Cross-sectional geometry Anteriorly convex and posteriorly flat Anteroposteriorly flattened
Linea aspera Absent Absent
Gluteal tuberosity Slightly developed, but with a well developed gluteal line Well developed

FEMORA COMPARISONS

Table 14 0DLQ�PRUSKRORJLFDO�GLͿHUHQFHV�DQG�VLPLODULWLHV�EHWZHHQ�WKH�IHPRUD�RI�9DOOqV�3HQHGqV�JUHDW�DSHV��VHH�DOVR�)LJ��
26). Only the right femur of H. laietanus is considered for morphological comparisons (see text for further explanation).
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of the other taxa (Fig. 28). The relative BMNL of cf. D. fontani is higher than that of H. laietanus (Fig. 

28). Nonetheless, the relative BMNL of cf. D. fontani and H. laietanus is comparable to that of humans in 

both cases. Their relative BMNL values also overlap with non-Ateles platyrrhines and Macaca. In the case 

of H. laietanus, its relative BMNL is also comparable to that of Mandrillus and hylobatids. Similarly, Eq. 

africanus displays a value of relative BMNL intermediate between the two Vallès-Penedès hominoids, 

while E. nyanzae shows the highest value among middle Miocene apes. Both Eq. africanus and E. nyanzae 

also overlap with the range of values of modern humans and some platyrrhines (e.g., Aotus and Alouatta; 

Fig. 28). The latter shows the highest values among 

middle Miocene apes. Finally, Or. tugenensis displays 

an even higher relative BMNL than E. nyanzae and 

does not overlap with any of the living primates 

included in the sample.

Figure 25 Digital renderings of 3D models of the proximal femora of Vallès-Penedès great apes  compared with those 
of a selected extant primate sample: a, Cebus apella; b, Ateles fusciceps; c, Colobus guereza; d, Nasalis larvatus; e, Macaca 
fascicularis; f, Papio anubis; g, cf. Dryopithecus fontani (IPS41724); h, Hispanopithecus laietanus (IPS18800, right); i, Gorilla 
gorilla; j) Pan troglodytes; k, Pongo pygmaeus; l, Symphalangus syndactylus; m, Hylobates lar. For comparative purposes, 
all models are depicted as if from the right side and were scaled to the same femoral head superoinferior length. Only 

the proximal half of the femur is shown, in proximal (top), anterior (middle) and posterior (bottom) views.

Figure 26 Schematic line drawing in posterior 
view of the femora of Vallès-Penedès great apes, 

LOOXVWUDWLQJ�WKHLU�PDLQ�PRUSKRORJLFDO�GLͿHUHQFHV��VHH�
also Table 14): a, cf. Dryopithecus fontani (IPS41724); 

b, Hispanopithecus laietanus (IPS18800, right). Legend: 
1, biomechanical neck length and neck-shaft angle; 2, 
position of the greater trochanter relative to the head; 

3, gluteal tuberosity; 4, spiral and pectineal lines; 5, 
lesser trochanter; 6, insertions for the gluteal muscles; 

7, diaphyseal cross-sectional geometry.
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Proximal femur robusticity.- Figure 27c,d depicts the relationship between both SIH and SIN relative 

to MLPS, which is indicative of the robusticity of the proximal femoral epiphysis as compared to the 

proximal portion of the shaft (Napier 1964; Walker 1973). Relative to the femoral head (Fig. 27c), African 

apes show the highest relative robusticity (lowest values of the index), although their ranges overlap with 

Cebus values and also with cercopithecines in the case of bonobos (Table 15). Asian apes display the lowest 

relative robusticity of the proximal femur among extant catarrhines, whereas cercopithecoids and atelids 

exhibit an intermediate position between the orangutans-gibbons group and the African apes-Cebus 

group (Fig. 27c; Table 15). In the case of the Vallès-Penedès femora, cf. D. fontani shows a relatively higher 

proximal femur robusticity relative to the femoral head than H. laietanus (Fig. 27c). Concerning the rest of 

fossil femora, the left M. bishopi femur shows the lowest index value among Miocene taxa. Nonetheless, 

Figure 27 Boxplot showing variation in fossil hominoids compared to a sample of extant primates in a, the index of 
superoinferior femoral head length and the superoinferior femoral neck length (SIH/SIN); in b, femoral neck-shaft 
angle (NSangle, in degrees); c, superoinferior femoral head length (SIH) and d, superoinferior femoral neck length 
(SIN) relative to the mediolateral length of the proximal shaft (SIH/MLPS and SIN/MLPS, respectively) .Vertical 
lines represent the median, boxes the interquartile range (between the 25th and the 75th percentiles), whiskers the 
H[WUHPH�YDOXHV��DQG�FLUFOHV�WKH�RXWOLHUV��1R�VWDWLVWLFDO�GLͿHUHQFHV�DPRQJ�WKH�JHQHUD�RI�WKH�IROORZLQJ�JURXSV�ZHUH�
found: cercopithecines (Papio, Mandrillus, Macaca, Cercopithecus, Lophocebus, and Chlorocebus), colobines (Nasalis, 

Colobus, and Presbytis), and atelids (Alouatta and Ateles���
��VHH�WKH�GLͿHUHQW�VDPSOH�VL]H�IRU�16DQJOH�LQ�7DEOH����
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the value of the right femur is more similar to those of other Miocene apes, such as Eq. africanus and cf. 

D. fontani. Femoral robusticity related to the head in H. laietanus is close to that of Or. tugenensis, which 

displays the relatively larger femoral head within the fossil sample. Comparing with living taxa, cf. D. 

fontani falls within the lower values of the ranges of Cebus and African apes, in which the femoral head 

roughly equals the width of the proximal portion of the shaft. Hispanopithecus laietanus displays a lower 

proximal femoral robusticity regarding the head, clearly overlapping with the interquartile range of Cebus 

and African apes, but also with the lower ranges of cercopithecines and atelids.

Otherwise, when the robusticity of the proximal femur is measured related to the neck (SIN/MLPS; 

)LJ����G���GLͿHUHQFHV�DPRQJ�H[WDQW�WD[D�DUH�OHVV�FOHDU��1RQHWKHOHVV��FHUFRSLWKHFRLGV�GHSDUW�IURP�WKH�UHVW�

of primates by showing larger femoral necks relative to the proximal portion of the shaft, that is, higher 
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G. b. graueri NS
G. g. gorilla NS NS
P. paniscus * NS NS
P. t. schweinfurthii ** ** NS NS
P. troglodytes NS NS NS NS NS
Po. pygmaeus ** ** ** ** ** **
H. lar ** ** ** ** ** ** NS
Cercopithecines * ** ** ** ** ** ** **
Colobines ** ** ** ** ** ** ** ** NS
Atelids ** ** ** NS NS ** ** ** ** **
C. apella NS NS NS ** ** ** ** ** ** ** **

G. b. graueri NS
G. g. gorilla NS NS
P. paniscus NS NS NS
P. t. schweinfurthii NS NS NS NS
P. troglodytes NS NS NS NS NS
Po. pygmaeus ** ** ** ** ** **
H. lar ** ** ** ** ** ** NS
Cercopithecines ** ** ** * ** ** ** **
Colobines ** ** ** ** ** ** NS ** NS
Atelines ** ** ** ** ** ** NS ** NS NS
C. apella NS NS NS NS NS NS ** ** ** ** **

G. b. graueri NS
G. g. gorilla NS NS
P. paniscus NS NS NS
P. t. schweinfurthii NS NS NS NS
P. troglodytes NS NS NS NS NS
Po. pygmaeus NS NS NS NS NS NS
H. lar NS NS ** NS ** ** NS
Cercopithecines ** ** ** ** ** ** ** **
Colobines ** ** ** ** ** ** ** ** **
Atelines NS NS NS NS * NS NS NS ** **
C. apella NS NS ** NS ** * NS NS ** ** NS

POST HOC PAIRWISE COMPARISONS

SIH/MLPS

SIH/SIN

SIN/MLPS

Table 15 6LJQLÀFDQFH�RI�SRVW�KRF�
pairwise comparisons (Tukey) for the 

size of the femoral head relative to the 
neck (SIH/SIN), and the proximal femur 
robusticity based on both the size of the 

head relative to the proximal shaft (SIH/
MLPS) and the size of the neck relative 

to the proximal shaft (SIN/MLPS) 
among extant primates. Abbreviations: 

16��QRW�VLJQLÀFDQW��
��S�������

��S������
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relative robusticity of the proximal femur (Fig. 27d; Table 15). In this case, SIN/MLPS index ranges 

obtained for platyrrhines and apes are similar and highly overlap among them (Table 15). Contrary to 

the results obtained for the SIH/MLPS index, cf. D. fontani shows a higher value of SIN/MLPS (i.e., more 

robust proximal femur on the neck basis) than H. laietanus �)LJ����G���0RUHRYHU��QRW�JUHDW�GLͿHUHQFHV�DUH�

shown among fossil apes for this index, showing cf. D. fontani the highest proximal femur robusticity 

relative to the neck and Eq. africanus the lowest. Overall, fossil femora overlap with the ranges of non-

cercopithecoid taxa (Fig. 27d).

Importantly, due to the wide ranges displayed by extant primates for these two indices, and the small 

VDPSOH�VL]HV�DYDLODEOH� IRU� IRVVLO� WD[D�� LW� LV�GL΀FXOW� WR�GLVFHUQ�ZKHWKHU�GLͿHUHQFHV�DPRQJ�FI��D. fontani 

and H. laietanus PLJKW�KDYH�D�FOHDU�IXQFWLRQDO�PHDQLQJ�RU�PLJKW�UHODWH�WR�D�KLJK�LQWUDVSHFLÀF�YDULDWLRQ�DV�

shown in living catarrhines.
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G. b. graueri NS
G. g. gorilla NS NS
P. paniscus NS NS *
P. troglodytes NS NS ** NS
Po. pygmaeus ** ** ** ** **
H. lar NS NS ** NS NS **
Cercopithecines ** ** ** ** ** ** **
Colobines ** ** * ** ** ** ** NS
Atelids NS NS ** NS NS ** NS ** **
C. apella NS NS NS NS NS ** NS ** ** NS

POST HOC PAIRWISE COMPARISONS

Nsangle

Table 16 6LJQLÀFDQFH�RI�SRVW�KRF�SDLUZLVH�
comparisons (Tukey) for the size of the relative 
thickness of the femoral neck-shaft angle 
(NSangle) among extant primates. Abbreviations: 
16��QRW�VLJQLÀFDQW��
��S�������

��S������

Figure 28 Boxplot showing variation in 
biomechanical neck length (BMNL) relative 
to the proximal femur size (represented 
by its centroid size, CS; see Almécija et al. 
2013 for further explanation on calculation 
of CS). Vertical lines represent the median, 
boxes the interquartile range (between the 
25th and the 75th percentiles), whiskers the 
extreme values, and circles the outliers. 
0RGLÀHG�IURP�$OPpFLMD�et al. (2013).
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Greater trochanter.- The general shape of the greater trochanter in both cf. D. fontani and H. laietanus, 

being proximodistally short and anteroposteriorly wide, resembles that of hylobatids and platyrrhines 

more than that displayed by cercopithecoids (Fig. 25). The most proximal part of the greater trochanter, 

where the piriformis and gluteus medius muscles attach, faces laterally in H. laietanus (as in extant apes and 

platyrrhines) but more proximally in cf. D. fontani��DV�LQ�FHUFRSLWKHFRLGV��)LJ�������7KH�ODWHUDO�ÁDUH�RI�WKH�

greater trochanter is more marked in H. laietanus (similar to the condition of atelids and gibbons) than in 

cf. D. fontani (similar to that in great apes, especially gorillas; Fig. 25). In fossil Miocene apes, the greater 

trochanter is in general similar to that of cercopithecoids (i.e., proximodistally long and anteroposteriorly 

wide; Fig. 25). Thus, the greater trochanters of both Ekembo spp. and N. kerioi display a morphology closer 

to that of quadrupeds, by displaying a larger proximal projection (even above the head in Ekembo spp.) 

DQG�D�PRUH�PDUNHG�ODWHUDO�ÁDUH�WKDQ�ERWK�FI��D. fontani and H. laietanus. The greater trochanter of M. bishopi 

and P. major is more similar to that of H. laietanus, with the most proximal part facing laterally (Fig. 25).

Gluteal tuberosity.- The gluteal tuberosity can be clearly observed on the lateral side of the proximal 

portion of the shaft in cf. D. fontani, as in other fossil apes and even early hominins (Lovejoy et al. 2002; 

Almécija et al. 2013). However, H. laietanus displays a less developed gluteal tuberosity that is represented 

by a gluteal ridge. This condition is similar to that of platyrrhines, but mainly gibbons (Fig. 25).

Diaphyseal cross-sectional geometry.- Cf. D. fontani and H. laietanus� DOVR� VKRZ� VRPH�GLͿHUHQFHV�

concerning the cross-sectional geometry of the proximal shaft. The former displays an elliptical shape 

(mediolaterally expanded), whereas H. laietanus exhibits an almost circular geometry. The proximal shaft 

shape of cf. Dryopithecus fontani (APPS/MLPS = 0.76) resembles that of Or. tugenensis (APPS/MLPS = 0.73; 

Senut et al.��������DQG�LV�VOLJKWO\�PRUH�DQWHURSRVWHULRUO\�ÁDWWHQHG�WKDQ�LQ�E. nyanzae (APPS/MLPS = 0.80; 

Ward et al. 1993) and Eq. africanus (APPS/MLPS = 0.81; McCrossin 1994a). Hispanopithecus laietanus clearly 

departs from this pattern (APPS/MLPS = 0.92). This taxon shows a similar condition of hylobatids and 

monkeys; whereas cf. D. fontani farther resembles the more mediolaterally-expanded pattern displayed by 

living great apes (Ward et al. 1993).
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The femoral neck transmits body weight and supports the loadings coming from the muscles of the 

hip joint complex (e.g., Lovejoy et al.�������5XͿ��������������'HSHQGLQJ�RQ�WKH�W\SH�RI�ORFRPRWLRQ��WKH�

ORDGLQJ�SDWWHUQV�DUH�GLͿHUHQW�DPRQJ�SULPDWHV�DQG�WKH�RUJDQL]DWLRQ�RI�WKH�LQWHUQDO�VWUXFWXUH�RI�WKH�IHPRUDO�

QHFN�UHVSRQGV�WR�WKHVH�GLͿHUHQFHV�LQ�ORFRPRWRU�GHPDQGV��H�J���5DͿHUW\�������'HPHV�et al.�������5XͿ�������

Scherf 2008). In mechanical terms, quadrupeds and bipeds share an important compressive component 

that runs from the femoral head to the inferior edge of the femoral neck, and the tensile areas are situated 

in the superior part of the femoral neck and the greater trochanter (Fig. 29a; Lovejoy et al. 2002; Scherf 

2008). These loads results in a distribution of the femoral neck cortical bone (FNCB) markedly thinner 

VXSHULRUO\�WKDQ�LQIHULRUO\��/RYHMR\�������5DͿHUW\�������'HPHV�et al. 2000). Moreover, humans exhibit a 

strong association of trabeculae, known as the arcuate system, that counteracts the compressive stresses 

(Frankel 1960; Scherf 2008). Contrarily, compression and tension are more uniformly distributed in the 

IHPRUDO� QHFN� RI� DSHV� DQG� WKLV� LV� UHÁHFWHG� LQ� VLPLODU� WKLFNQHVVHV� DW� WKH� VXSHULRU� DQG� LQIHULRU� HGJHV� RI�

the femoral neck (Fig. 29b; Lovejoy 

1988; Lovejoy et al. 2002; Scherf 

2008).

Therefore, the distribution of 

the FNCB is related to the main 

direction of the stresses experienced 

by the proximal portion of the femur 

�H�J���$LHOOR�DQG�'HDQ�������5DͿHUW\�

1998; Lovejoy et al. 2002; Pickford 

et al. 2002). In fact, this feature is 

also ecophenotypic (which includes 

LQÁXHQFH�E\� IXQFWLRQ�DQG�DGDSWLYH�

requirements as well) to some 

degree, as suggested by comparisons 

between wild and captive chimpanzees, and between young and adult chimpanzees (Matsumura et al. 

����D��&OD[WRQ��������$V�VXFK��WKLV�IHDWXUH�KDV�EHHQ�UHODWHG�WR�VSHFLÀF�ORFRPRWRU�DGDSWDWLRQV�LQ�SULPDWHV�

�H�J���5DͿHUW\�������'HPHV�et al. 2000) and is very promising for making paleobiological inferences on the 

Figure 29 Midcoronal schematic section of the femur of a, a pronograde 
quadruped, and b, an orthograde suspensory primate. Main compressive 
(orange) and tensile (green) loads along the proximal femur are illustrated. 
The thicker arrow thickness in (a) represents the higher compressive 
component at the quadruped femur relative to the tensile component 
(stereotyped loading pattern). Contrary, the femur of the orthograde 
suspensory primate (b) displays the compressive and tensile components 
more evenly distributed (non-stereotyped loading pattern; see text for 

IXUWKHU�H[SODQDWLRQV���0RGLÀHG�IURP�6FKHUI��������
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positional behaviour of fossil primates. Indeed, the FNCB distribution has been traditionally used for 

inferring bipedalism in early hominins (e.g., Lovejoy 1988, 2005; Ohman et al. 1997; Lovejoy et al. 2002; 

Galik et al.�������5XͿ�DQG�+LJJLQV��������+RZHYHU��WKH�GLDJQRVWLF�YDOXH�RI�WKLV�IHDWXUH�LQ�IRVVLO�DSHV�UHPDLQV�

completely unexplored. Nonetheless, some authors have stressed that non-human hominoids display a 

more homogeneous distribution of cortical bone at the mid-point of the femoral neck than humans and 

most monkeys (except Ateles and Alouatta; Ohman et al.�������5DͿHUW\��������7KLV�IDFW�SUHVXPDEO\�UHÁHFWV�

the less stereotyped loading patterns at the hip joint of apes and atelids (Ohman et al.�������5DͿHU\�������

5XͿ�DQG�+LJJLQV��������+HQFH��)1&%�WKLFNQHVV�DSSHDUV�PRUH�XVHIXO�IRU�GLVWLQJXLVKLQJ�WD[D�ZLWK�VRPH�

VXVSHQVRU\�DQG�RU�YHUWLFDO�FOLPELQJ�FRPSRQHQW�ZLWKLQ�WKHLU�ORFRPRWRU�UHSHUWRLUH�WKDQ�IRU�VSHFLÀFDOO\�

distinguishing bipeds, since the latter largely overlap with the more generalized quadrupedal taxa. 

5HFHQWO\�� 5XͿ� DQG�+LJJLQV� ������� GHPRQVWUDWHG� WKDW� GLͿHUHQFHV� RQ� )1&%� GLVWULEXWLRQ� DPRQJ� OLYLQJ�

hominoids at the base of the femoral neck were even greater than at the midneck. Unfortunately, the 

sample analysed in their study did not incorporate non-hominoid primates, thus limiting the possibility 

of further inspecting the potential similarities between bipedalism and quadrupedalism biomechanical 

UHTXLUHPHQWV�DW�ERWK�IHPRUDO�QHFN�ORFDWLRQV��7R�EXLOG�LQ�WKH�SLRQHHULQJ�ZRUN�RI�5XͿ�DQG�+LJJLQV��LQ�WKLV�

chapter, the FNCB distribution at the mid- and base-of-neck sections of the partial femora of the Vallès-

Penedès great apes is compared to the available sample provided by these and other authors (see below) 

to provide insights into the loading patterns at the hip joint on these fossil taxa .

COMPARATIVE SAMPLE, MEASUREMENTS AND METHODS

The taxonomic composition of the extant primate comparative sample employed in this chapter is 

reported in Table 17. Superior (SUP) and inferior (INF) cortical thicknesses mean values for these taxa (see 

7DEOH������ZLWK�VHSDUDWH�VH[HV�LQ�WKH�FDVH�RI�DQWKURSRLGV��ZHUH�WDNHQ�IURP�WKH�OLWHUDWXUH��5DͿHUW\�������

Demes et al. 2000; Matsumura et al. 2010a,b) or computed from unpublished individual measurements 

kindly provided by O. Lovejoy. Mean values of body mass (BM), employed to evaluate size-related 

Table 17 [next page] Mean sex/species values of midneck superior cortical thickness (SUP, in mm), inferior cortical 
thickness (INF, in mm) and body mass (BM, in kg), as well as SUP/INF ratios, allometric residuals of SUP vs INF 
(RES) and allometric residuals of SUP vs BM (RESBM), in extant primates and Vallès-Penedès great apes (in bold 

W\SH���,Q�WKH�FDVH�RI�IRVVLO�WD[D��ERWK�WKH�HVWLPDWHG�%0�DQG�LWV�FRQÀGHQFH�LQWHUYDOV��VHH�0R\j�6ROj�et al. 2009a) were 
HPSOR\HG�WR�FRPSXWH�5(6%0��FRQÀGHQFH�LQWHUYDO�YDOXHV�UHSRUWHG�ZLWKLQ�SDUHQWKHVHV���5HVLGXDOV�ZHUH�FRPSXWHG�

on the basis of non-hominoid regressions reported in Table 19. Locomotor subgroups employed in ANOVA 
FRPSDULVRQV��7DEOH�����DUH�DOVR�UHSRUWHG��
��WHQWDWLYH��VHH�WH[W�IRU�IXUWKHU�H[SODQDWLRQ���Abbreviations: N, sample 

size used to derive the mean values; M, male; F, female; LG, locomotor groups; VCL, vertical clinging and leaping; 
4��JHQHUDOL]HG�TXDGUXSHGLVP��6&��VORZ�TXDGUXPDQRXV�FOLPELQJ��686��DUERUHDO�ORFRPRWLRQ�ZLWK�VLJQLÀFDQW�

suspensory component; KW, orthograde semi-terrestrial locomotion, combining knuckle-walking with vertical 
climbing and suspension to some degree; BIP, terrestrial bipedalism. Letters after taxon names indicate the sources 

IRU�WKH�683��,1)�DQG�%0�PHDQ�GDWD��D��6PLWK�DQG�-XQJHUV���������E��5DͿHUW\���������F��/RYHMR\��SHUV��FRPP����G��
Matsumura et al. (2010a); e, BM estimate from Moyà-Solà et al. (2009a), SUP and INF measured in this work.
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VFDOLQJ�HͿHFWV��ZHUH�DOVR�WDNHQ�IURP�WKH�OLWHUDWXUH��6PLWK�DQG�-XQJHUV�������5DͿHUW\�������'HPHV�et al. 

2000). To carry out statistical comparisons, sex-means of extant primates were grouped into locomotor 

groups based on the most frequent locomotor mode performed during travelling (see Table 17 for further 

details; Hunt 2004, 2016; Fleagle 2013). In addition, for both the mid- and base-of-neck sections, the SUP/

,1)�UDWLR�REWDLQHG�IRU�WKH�9DOOqV�3HQHGqV�JUHDW�DSHV�ZHUH�DOVR�FRPSDUHG�ZLWK�D�PRUH�VSHFLÀF�VDPSOH�RI�

H[WDQW�KRPLQRLGV��GDWD�IURP�5XͿ�DQG�+LJJLQV�������

The partial femur IPS41724 (cf. Dryopithecus fontani) and the right femur of the IPS18800 partial 

skeleton (Hispanopithecus laietanus) are included in the analyses of this chapter. The left specimen of the 

latter taxon is damaged at the femoral neck and, consequently, the FNCB cannot be inspected.

A BM estimate of 44.4 kg and 38.6 kg, computed from femoral head measurements, was taken from 

the literature for IPS41724 and IPS18800, respectively (Moyà-Solà et al. 2009a: table 7). Statistical analyses 

UHO\LQJ�RQ�%0�ZHUH�UHSHDWHG�IRU�WKHVH�IRVVLOV�XVLQJ�WKH�����FRQÀGHQFH�LQWHUYDO�IRU�WKHLU�SUHGLFWHG�%0�

(IPS41724 = 40.1-49.5 kg, and IPS18800 = 34.3-43.1 kg; Moyà-Solà et al. 2009a) to test that results were not 

an artefact of uncertainties in body size estimation.

Computed tomography scans and cortical thicknesses measurements

FNCB thicknesses in the Vallès-Penedès hominoids were computed using high-resolution computed 

tomography (CT). IPS18800 was scanned using an Yxlon Compact CT-scanner at the Universidad de 

Burgos (Spain), whereas IPS41724 was scanned 

VHYHUDO�WLPHV�DW�GLͿHUHQW�ORFDWLRQV�ZLWK�GLͿHUHQW�

CT-devices (see further explanation below). 

Applied CT-settings and parameters obtained for 

each CT-scan are listed in Table 18. CT-scans were 

processed using the software VSG-Avizo v 7.0.

Two slices were selected at the femoral neck 

in the two fossil taxa, orthogonally to its main neck 

D[LV��VDJLWWDO�SODQH���IROORZLQJ�5XͿ�DQG�+LJJLQV�

(2013). One of the sections was placed at the base 

of the neck, just medial to the intertrochanteric 

line, and the other in the mid-point of the femoral 

Figure 30 Midcoronal computed tomography 
section showing the location of the base-of-neck 
(left vertical white line) and midneck (right vertical 
white line) slices used for measuring the cortical 
bone thicknesses at the superior and inferior 
cortices in a, IPS41724 (cf. Dryopithecus fontani), and 
b, IPS18800 (Hispanopithecus laietanus).
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neck between the base-of-neck section and the most lateral edge of the femoral head (Fig. 30). Slices 

were imported into Fiji 1.50e (Schindelin et al.� ������ WR� WKUHVKROG� WKHP�XVLQJ�GLͿHUHQW�GHQVLWLHV�� 7KLV�

process was made with the help of the image histogram, which allowed distinguishing changes in the 

JUH\�VFDOH�RI�GHQVLWLHV�E\�PHDQV�RI�FKDQJHV�LQ�WKH�+RXQVÀHOG�XQLWV��+RXQVÀHOG�������������2KPDQ�et al. 

1997). Subsequently, thicknesses of the SUP and INF cortices were measured (in mm) along the greatest 

VXSHURLQIHULRU�KHLJKW�RI�WKH�IHPRUDO�QHFN��IROORZLQJ�5XͿ�DQG�+LJJLQV��������

Statistical analyses

The relationship between SUP and INF, considered to be functionally related to positional behaviour 

�VHH�DERYH��H�J���5DͿHUW\��������FDQ�EH�PHDVXUHG�E\�D�VLPSOH�GLPHQVLRQOHVV�VKDSH�LQGH[��FRPSXWHG�DV�WKH�

SUP/INF ratio. However, in order to make reliable paleobiological inferences on positional behaviour, it 

LV�HVVHQWLDO�WR�HQVXUH�WKDW�GLͿHUHQFHV�EHWZHHQ�WKH�YDULRXV�WD[D�DUH�QRW�PHUHO\�DWWULEXWDEOH�WR�VL]H�UHODWHG�

HͿHFWV��L�H���DOORPHWU\���+HQFH��DOORPHWULF�WHFKQLTXHV�ZHUH�XVHG�DV�D�FULWHULRQ�RI�VXEWUDFWLRQ�IRU�WKH�PLGQHFN�

section (see reviews in Gould 1966; Klingenberg 1998) and complement the results provided by the shape 

ratios. Mean values for the various taxa were therefore log-transformed (by means of natural logarithms, 

ln), and analysed through both ordinary least-squares (OLS) and reduced major axis (RMA) regression 

methods. Although the use of OLS in allometry has been discouraged by some authors (Hofman 1988; 

Martin and Barbour 1989; Aiello 1992), this method is only clearly favoured when the primary interest of 

WKH�VWXG\�LV�WKH�VORSH�RI�WKH�EHVW�ÀW�OLQH��6PLWK�������:DUWRQ�et al. 2006). The use of OLS can be appropriate 

when making predictions or computing residuals (Smith 1994, 2009).

Regressions were computed for the whole primate sample (including humans), as well as for apes 

(non-human hominoids) separately from strepsirrhines and anthropoid monkeys, since apes stood out 

as outliers compared to the rest of primates. Fossil taxa were excluded from the computation of the 

allometric regressions. Allometric residuals of SUP vs INF (RES) were computed as metrics of intrinsic 

relative cortical thickness, whereas allometric residuals of SUP vs BM (RESBM) were employed as metrics 

of superior cortical thickness relative to body size. Given that apes are outliers compared to most other 

primates, in order to compute the allometric residuals, the non-hominoid regression is used as the baseline. 

Specimen Institution CT-scanner model CT-scanner type No. slices Pixel size (mm) Interslice (mm) Voltage (kV) Current (mA)
IPS18800, right UBU YXLON Compact Industrial-CT 1612 0.04 0.30 180 3.20
IPS41724 (scan 1) UBU YXLON Compact Industrial-CT 546 0.04 0.30 200 3.20
IPS41724 (scan 2) AMNH GE phoenix v|tome|x s240 Micro-CT 1600 0.07 0.07 185 1.80
IPS41724 (scan 3) ICTP Elettra Micro-CT 4800 0.03 0.03 150 2.00
IPS41724 (scan 4) ICP YXLON Y.TU450.D09 Industrial-CT 451* 0.27 0.20 300 2.30

CT-SETTINGS


��2QO\�WKH�PRVW�SUR[LPDO�SDUW�RI�WKLV�VSHFLPHQ�ZDV�VFDQQHG�DW�WKH�,&3��UHPRYLQJ�SDUW�RI�WKH�GLDSK\VLV�DQG�DOVR�WKH�IHPRUDO�KHDG��VHH�
text for further explanation). Abbreviations: UBU, Universidad de Burgos (Spain); AMNH, American Museum of Natural History (USA); 
ICTP, ‘Abdus Salam’ International Centre for Theoretical Physics (Italy); ICP, Institut Català de Paleontologia Miquel Crusafont (Spain).

Table 18 Computed tomography (CT) settings and parameters obtained from scanning the fossil femora of the Vallès-Penedès. 
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6L]H�VFDOLQJ�HͿHFWV�FRQFHUQLQJ�WKH�683�,1)�LQGH[�ZHUH�IXUWKHU�HYDOXDWHG�E\�LQYHVWLJDWLQJ�WKH�DOORPHWULF�

UHODWLRQVKLS�EHWZHHQ�WKLV�LQGH[�DQG�%0��7KH�H[LVWHQFH�RI�VFDOLQJ�GLͿHUHQFHV�DQG�DOORPHWULF�JUDGH�VKLIWV�

�HOHYDWLRQ�GLͿHUHQFHV��EHWZHHQ�DSHV�DQG�QRQ�KRPLQRLG�SULPDWHV�ZHUH�HYDOXDWHG�E\�XVLQJ�DQDO\VLV�RI�

covariance (ANCOVA). First, the equality of slopes was tested between the various groups, and when 

QR�VWDWLVWLFDO�GLͿHUHQFHV�ZHUH�IRXQG��HTXDOLW\�RI�LQWHUFHSWV�ZDV�WKHQ�FKHFNHG��HOHYDWLRQ��H�J���0F'RQDOG�

�������7KH�VLJQLÀFDQFH�RI�GLͿHUHQFHV�LQ�PHDQ�YDOXHV�IRU�LQGLFHV�DQG�UHVLGXDOV�EHWZHHQ�H[WDQW�ORFRPRWRU�

subgroups was tested by means of analysis of variance (ANOVA) and post hoc pairwise comparisons 

(Bonferroni method). Given the fact that a single specimen is available for fossil taxa, comparisons with 

H[WDQW�VXEJURXSV�PDLQO\�UHOLHG�RQ�ER[SORWV������FRQÀGHQFH�LQWHUYDOV��&,��IRU�WKH�PHDQ��DQG�PD[LPXP�

minimum ranges. Statistical computations were made by using SPSS v 15.0.

RESULT S

Femoral neck cortical thicknesses of the Vallès-Penedès great apes

IPS18800 (Hispanopithecus laietanus) has a homogeneous distribution of cortical thickness around the 

femoral neck, displaying very similar values for both midneck (SUP = 2.934 mm and INF = 2.725 mm) and 

base-of-neck sections (SUP = 3.960 mm and INF = 3.158 mm), so that the SUP/INF ratio is close to 1 in all 

instances (1.077 and 1.254, respectively; Table 17; Fig. 31). In the case of IPS41724 (cf. Dryopithecus fontani), 

however, exploring its FNCB distribution is tougher due to the strong mineralization found at its femoral 

head and its greater trochanter (Fig. 32), 

which results in low quality CT-images 

with extremely bright areas (which is 

NQRZQ� DV� ´EXOE� HͿHFWµ��� 0RUHRYHU��

the interaction of these two bright 

points creates an area of shadow just in 

the superior half of the femoral neck, 

where SUP should be measured (Fig. 

32). To obtain reliable measurements of 

this variable in IPS41724, this fossil was 

scanned several times. This approach 

allowed obtain increasing resolution, 

DOWKRXJK� WKH�GHÀQLWLRQ� RI� WKH� FRUWLFDO�

bone boundaries were still relatively 

ORZ��VHH�7DEOH������ ,Q�D�ÀQDO� LQVWDQFH��

the partial femur was scanned after 

Figure 31 Original sagittal computed tomography sections (left) and 
isolated cortical bone cortices (right) at a, the midneck and b, the base of 
the neck of IPS18800 (Hispanopithecus laietanus). S, superior; P, posterior; 

I, inferior; A, anterior.
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physically removing one of the focuses of brightness, 

the femoral head, along a natural break situated around 

the base of its head. Moreover, the most distal part of the 

preserved shaft was also removed by separating it through 

another natural break (just below the lesser trochanter; 

Fig. 21). CT-images acquired from this scan had less 

resolution, but slightly better cortical bone boundaries 

GHÀQLWLRQ� �)LJ�� ����� 7KHUHIRUH�� FRUWLFDO� ERQH� WKLFNQHVVHV�

of IPS41724 were measured combining the images of the 

four CT-scans (Fig. 34). Thus, the inferior cortical thickness 

was reliably measured in any of the performed CT-scans 

at both midneck (INF = 5.422 mm) and the base of the 

neck (INF = 4.836 mm). Likewise, it can be observed that 

inferior thickness progressively decreases towards the 

anterior and posterior edges, becoming thinner superiorly. 

Then, cf. D. fontani clearly displays an asymmetric FNCB 

distribution with more elliptical cross-section geometry 

than in H. laietanus (Fig. 34). Although absolute values 

for IPS41724 SUP cortices are tentative due to the low 

quality of the CT-images, a superior cortical thickness of 

2.40 mm for the midneck section and 2.16 mm for the base-

of-neck section were estimated. Hence, such exploratory 

measurements result in SUP/INF indices of around 0.4 

(even if measurements are taken at the most superior part 

of the posterior edge, where the boundary of the cortical 

bone is still clear in both sections; Fig. 34).

Relative femoral neck cortical thickness

7KH�REWDLQHG�UHVXOWV�VKRZ�WKDW�WKH�UHODWLRQVKLS�EHWZHHQ�OQ�683�DQG�OQ�,1)�LV�VWDWLVWLFDOO\�VLJQLÀFDQW�

�S�������� U� � ������� DPRQJ� H[WDQW�SULPDWHV��ZKLFK� LV� VOLJKWO\�SRVLWLYHO\� DOORPHWULF�� LUUHVSHFWLYH�RI� WKH�

regression technique applied (Fig. 35a; Table 19). However, when allometric regressions are computed 

separately for apes and non-hominoid primates (strepsirrhines + anthropoid monkeys), an isometric 

relationship cannot be discounted for either of these groups (Table 19), based on both OLS and RMA 

FRQÀGHQFH�LQWHUYDOV�IRU�WKH�VORSH��7KLV�VXJJHVWV�WKDW�WKH�VORSH�VOLJKWO\�DERYH���IRU�SULPDWHV�DV�D�ZKROH�

might stem from allometric grade shifts between primate subgroups. These allometric grade shifts are 

further suggested by a visual inspection of Figure 35a, with apes displaying a trend towards a relatively 

Figure 32 X-rays image of the IPS41724 (cf. 
Dryopithecus fontani) partial femur. Black 
arrowheads point the densest (black) regions 
found at the femoral head and greater trochanter 
of the femur. These regions are associated with 
high mineralization that results in extremely 
EULJKW� �ZKLWH�� DUHDV� LQ� WKH� ÀQDO� FRPSXWHG�

tomography images (see Figure 33).
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Figure 33 Midcoronal computed tomography (CT) sections of the IPS41724 (cf. Dryopithecus fontani) proximal femur obtained 
at a, the industrial CT-scanner of the Universidad de Burgos (Spain); b, the microCT-scanner of the American Museum of 
Natural History (USA); c, the microCT-scanner of the ‘Abdus Salam’ International Centre for Theoretical Physics (Italy); 
and d, Institut Català de Paleontologia Miquel Crusafont (Spain). See Table 18 for the CT-settings applied in every scan. As 
remarked in Figure 32, the densest areas observed in the IPS41724 femur result in bright regions (white) that in this specimen 
DUH�PDLQO\�ORFDWHG�DW�WKH�IHPRUDO�KHDG�DQG�WKH�JUHDWHU�WURFKDQWHU��,QWHUDFWLRQ�RI�WKH�HOHFWURQV�UHÁHFWHG�IURP�WKHVH�DUHDV�UHVXOWV�
in a region of shadow that crosses from the inferior most medial part of the femoral neck to its superior edge. Hence, in sagittal 
&7�LPDJHV��VHH�)LJXUH������WKH�ÀQDO�UHVROXWLRQ�RI�WKH�PRVW�VXSHULRU�SDUW�RI�WKH�QHFN�LV�ORZ��VHH�WH[W�IRU�IXUWKHU�H[SODQDWLRQ���

Vertical white lines point the location of the selected slices for this study: midneck (left) and base of the neck (right).
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WKLFNHU�683�FRPSDUHG�WR�,1)�WKDQ�QRQ�KRPLQRLG�SULPDWHV��RQFH�VL]H�VFDOLQJ�HͿHFWV�DUH�WDNHQ�LQWR�DFFRXQW��

7KLV�UHODWLRQVKLS�LV�FRQÀUPHG�E\�$1&29$�UHVXOWV��ZKHUHDV�WKH�VORSH�EHWZHHQ�WKHVH�SULPDWH�VXEJURXSV�

�UHSRUWHG�LQ�7DEOH����� LV�QRW�VWDWLVWLFDOO\�GLͿHUHQW��)� ��������S� ��������� WKH�HOHYDWLRQ�RI� WKH�UHJUHVVLRQ�

OLQHV� VKRZV� VLJQLÀFDQW� GLͿHUHQFHV� �)�  � �������� S���������:KHQ� 683� �)LJ�� ��E�� DQG� ,1)� DUH� UHJUHVVHG�

separately against BM (Table 19), both independent variables show a similar allometric regression relative 

WR�ERG\�VL]H�DPRQJ�H[WDQW�SULPDWHV��:KHQ�JHRPHWULF�VFDOLQJ�LV�WDNHQ�LQWR�DFFRXQW��WKH�FRQÀGHQFH�LQWHUYDO�

Figure 34 [previous page] Original sagittal computed tomography (CT) sections (four left) and 
isolated cortical bone cortices (right) at a, the midneck and b, the base of the neck of IPS41724 (cf. 
Dryopithecus fontani). CT-sections were extracted from scanners performed at (left to right) the 
Universidad de Burgos (Spain), the American Museum of Natural History (USA), the ‘Abdus Salam’ 
International Centre for Theoretical Physics (Italy), and the Institut Català de Paleontologia Miquel 
Crusafont (Spain). S, superior; P, posterior; I, inferior; A, anterior.

Figure 35 Bivariate allometric (least 
squares) plots depicting intrinsic 

proportions of femoral neck cortical 
thickness and proportions of superior 

cortical thickness relative to body size, 
in extant primates and the Vallès-

Penedès great apes. a, Superior (SUP) 
vs inferior (INF) cortical thickness; 

b, SUP vs body mass (BM). Dark 
blue dashed line corresponds to all 

extant primates; given that apes 
appear as outliers compared to other 

primates, separate regressions were 
also computed for apes (non-human 

hominoids; green continuous line) and 
non-hominoid primates (strepsirrhines 

and monkeys; continuous brown 
line). The points depicted correspond 

to sex/species means reported in 
Table 17. In b, cf. Dryopithecus fontani 

and Hispanopithecus laietanus are 
represented by three points (estimated 
%0��EODFN�OLQH��DQG�LWV�����FRQÀGHQFH�

intervals, black closed points; Moyà-
Solà et al. 2009a). See allometric 

UHJUHVVLRQ�FRH΀FLHQWV�LQ�7DEOH����
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for the slope does not permit to exclude isometric scaling (i.e., based on an allometric expectation of 

1/3) regarding the relationship of INF vs BM. In the case of SUP vs BM, the RMA slope for all primates 

is slightly higher than 1/3, apparently resulting from the positively allometric relationship displayed 

by apes, since the remaining primates show an isometric relationship in this regard. These allometric 

relationships, coupled with the isometry observed between SUP and INF (when allometric grade shifts 

DUH�WDNHQ�LQWR�DFFRXQW���H[SODLQV�ZK\�WKHUH�LV�QRW�D�VLJQLÀFDQW�UHODWLRQVKLS�EHWZHHQ�WKH�683�,1)�UDWLR�

and BM among non-hominoid (Table 19).

Overall, the results reported above suggest that the SUP/INF ratio is a reliable (size-unrelated) metric 

for assessing the distribution of cortical thickness in the femoral neck. Not surprisingly, hence, when 

the various primate locomotor groups are compared, the results are very similar irrespective of whether 

indices or intrinsic residuals are employed (Fig. 36a,b; Table 20). Specialized suspensory taxa (atelids, 

hylobatids and orangutans) and knuckle-walking taxa (African apes; which frequently incorporate 

suspension and vertical climbing mainly during feeding behaviours) display on average a slightly thicker 

superior cortical thickness relative to the inferior one, whereas bipedal taxa (i.e., humans) display just 

the opposite condition (although with a substantial overlap with generalized quadrupedal and slow-

climbing taxa), with the superior thickness notably thinner than the inferior cortical cortex. ANOVA 

UHVXOWV�FRQÀUP�WKDW�WKHUH�DUH�VLJQLÀFDQW�GLͿHUHQFHV�EHWZHHQ�WKH�VHYHUDO�JURXSV��UHJDUGLQJ�ERWK�LQGLFHV�

Taxa N r SEE p Slope Intercept
Extant primates 56 0.920 0.32 p<0.001 1.180 (1.312) 1.042 (1.164) 1.317 (1.463) -0.71 -0.80 -0.62

Strepsirrhines+monkeys 43 0.878 0.27 p<0.001 1.013 (1.153) 0.839 (0.959) 1.187 (1.351) -0.76 -0.85 -0.68

Apes 11 0.973 0.15 p<0.001 1.193 (1.225) 0.981 (0.924) 1.404 (1.422) -0.41 -0.62 -0.20

Taxa N r SEE p Slope Intercept
Extant primates 56 0.894 0.362 p<0.001 0.382 (0.438) 0.329 (0.383) 0.434 (0.495) -0.955 -1.075 -0.835

Strepsirrhines+monkeys 43 0.831 0.319 p<0.001 0.297 (0.357) 0.234 (0.288) 0.360 (0.424) -0.959 -1.067 -0.85

Apes 11 0.943 0.223 p<0.001 0.529 (0.561) 0.387 (0.434) 0.670 (0.677) -1.143 -1.642 -0.645

Taxa N r SEE p Slope Intercept
Extant primates 56 0.961 0.174 p<0.001 0.320 (0.334) 0.295 (0.307) 0.345 (0.363) -0.203 -0.261 -0.146

Strepsirrhines+monkeys 43 0.953 0.151 p<0.001 0.295 (0.310) 0.265 (0.285) 0.325 (0.335) -0.195 -0.246 -0.143

Apes 11 0.921 0.213 p<0.001 0.421 (0.458) 0.287 (0.328) 0.556 (0.607) -0.544 -1.019 -0.069

Taxa N r SEE p Slope Intercept
Extant primates 56 0.348 0.316 p<0.05 0.062 (0.183) 0.016 (0.147) 0.107 (0.213) -0.752 -0.856 -0.647

Strepsirrhines+monkeys 43 0.01 0.274 0.947 0.002 (0.171) -0.052 (0.120) 0.056 (0.538) -0.764 -0.857 -0.671

Apes 11 0.688 0.135 p<0.05 0.107 (0.156) 0.022 (0.081) 0.192 (0.230) -0.599 -0.9 -0.299

ln (SUP/INF) vs. ln BM

ln INF vs. ln BM

95% CI

95% CI95% CI

95% CI

ALLOMETRIC REGRESSION EQUATIONS

95% CI95% CI

95% CI95% CI
ln SUP vs. ln INF

ln SUP vs. ln BM

Abbreviations:�1��VDPSOH�VL]H��U��FRUUHODWLRQ�FRH΀FLHQW��6((��VWDQGDUG�HUURU�RI�HVWLPDWH��S��VLJQLÀFDQFH��&,��FRQÀGHQFH�LQWHUYDO�

Table 19 Allometric regression equations derived for intrinsic proportions and proportions relative to body mass 
of the femoral neck cortical thickness in extant primates. Regressions were derived using the least-square method 

(OLS), but reduced major axis (RMA) slopes also reported within parentheses. 
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�) ���������S��������DQG�UHVLGXDOV��)� ���������S���������3RVW�KRF�FRPSDULVRQV�IXUWKHU�VKRZ�WKDW�NQXFNOH�

ZDONLQJ� DQG� VSHFLDOL]HG� VXVSHQVRU\� WD[D� VLJQLÀFDQWO\� GLͿHU� IURP� WKH� UHPDLQLQJ� ORFRPRWRU� JURXSV�

DW� OHDVW� DW�S������ �S������� LQ�PRVW� LQVWDQFHV��� E\�GLVSOD\LQJ� UHODWLYHO\� WKLFNHU� VXSHULRU� FRUWLFDO� FRUWH[�

�7DEOH� ����� ,UUHVSHFWLYH�RI� WKH�PHWULF� HPSOR\HG��GLͿHUHQFHV�EHWZHHQ�NQXFNOH�ZDONLQJ� DQG� VXVSHQVRU\�

WD[D�DUH�QRW�VLJQLÀFDQW��DOWKRXJK�LQ�DOO�LQVWDQFHV�NQXFNOH�ZDONHUV�DUH�RQ�WKH�XSSHU�UDQJH�RI�VSHFLDOL]HG�

suspensory taxa (Fig. 36), by tending to display a relatively thicker superior thickness relative to the 

inferior one (see values for each genus in Table 17). Hispanopithecus laietanus (RES = 0.771, SUP/INF = 

1.020) shows an even more extreme condition than both specialized suspensory (mean RES = 0.441, mean 

SUP/INF = 0.746) and knuckle-walking (mean RES = 0.563, mean SUP/INF = 0.834) taxa (Tables 17 and 

Figure 36 Boxplots comparing 
proportions of femoral neck cortical 
thickness in extant non-human 
primates (grouped according the 
locomotor groups reported in Table 
17), humans (male and female means) 
and the Vallès-Penedès great apes. 
a, Indices between superior and 
inferior cortical thickness (SUP/
INF). b, Allometric residuals of SUP 
vs INF. (RES). c, Allometric residuals 
of SUP vs BM (RESBM), in the case of 
IPS41724 (cf. Dryopithecus fontani) and 
IPS18800 (Hispanopithecus laietanus) 
depicting the ±50% uncertainty 
range of BM estimates (black circles). 
These boxplots are based on species 
means (with separate sexes for 
anthropoids), reported in Table 17 (see 
also descriptive statistics for ratios 
and residuals in Table 20). Vertical 
lines represent the median, boxes the 
interquartile range (between the 25th 
and the 75th percentiles), whiskers 
the extreme values, circles the outliers 
and asterisks the extreme outliers. 
VCL, vertical clingers and leapers.
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20). Contrarily, results for cf. D. fontani (RES = -0.074, SUP/INF = 0.443) fall in the range of generalized 

quadrupeds, also overlapping with bipeds (mean RES = -0.219) for cortical thickness proportions, and 

with slow-climbers for the SUP/INF index (mean SUP/INF = 0.403; Tables 17 and 20). Similar results 

DUH�REWDLQHG�IRU�SURSRUWLRQV�UHODWLYH�WR�ERG\�VL]H��)LJ����F��7DEOH������ZLWK�VLJQLÀFDQW�GLͿHUHQFHV�DPRQJ�

WKH�VHYHUDO�JURXSV� �)� ���������S���������PRVWO\�EHWZHHQ�NQXFNOH�ZDONHUV�DQG�VSHFLDOL]HG�VXVSHQVRU\�

WD[D�RQ�WKH�RQH�KDQG��DQG�WKH�UHPDLQLQJ�ORFRPRWRU�JURXSV�RQ�WKH�RWKHU��DW�S��������7DEOH������%LSHGV�

RFFXS\�D�PRUH�LQWHUPHGLDWH�FRQGLWLRQ��)LJ����F���VKRZLQJ�VLJQLÀFDQW�GLͿHUHQFHV�FRPSDUHG�WR�NQXFNOH�

ZDONHUV��S�������EXW�QRW�WR�VSHFLDOL]HG�VXVSHQVRU\�WD[D��Hispanopithecus laietanus (RESBM = 0.950) and cf. 

D. fontani (RESBM = 0.708) most closely resembles knuckle-walkers (mean RESBM = 0.820), but the former 

further falls within the range of suspensory taxa (mean RESBM = 0.430; Table 20). Uncertainties in BM 

estimation of fossil specimen GR�QRW�DͿHFW�VXFK�FRQFOXVLRQV�

Additionally, when FNCB distribution is also inspected at the midneck and the base of the neck for a 

PRUH�VSHFLÀF�VDPSOH�RI�H[WDQW�DSHV�DQG�HDUO\�KRPLQLQV��683�,1)�UDWLR��)LJ�������SUHYLRXV�UHVXOWV�IRU�FI��D. 

fontani and H. laietanus are corroborated. The SUP/INF ratio of H. laietanus at the midneck overlaps with 

those of orangutans and chimpanzees, and with the uppermost ranges of bonobos and siamangs (Fig. 

Figure 37 Boxplots comparing 
proportions of femoral neck cortical 
thickness in a selected sample of 
hominoids and the Vallès-Penedès 
JUHDW�DSHV��GDWD�IURP�5XͿ�DQG�
Higgins 2013). Indices between 
superior and inferior cortical 
thickness (SUP/INF) at a, the 
midneck, and b, the base of the 
neck. Vertical lines represent the 
median, boxes the interquartile 
range (between the 25th and the 75th 
percentiles), whiskers the extreme 
values, and green circles the outliers. 
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37a). Conversely, cf. D. fontani ratio falls in the range of modern humans and behind the apes and early 

KRPLQLQV��$W�WKH�EDVH�RI�WKH�QHFN�VHFWLRQ��GLͿHUHQFHV�EHWZHHQ�WKHVH�WZR�WD[D�DUH�HYHQ�JUHDWHU��)LJ����E���

since H. laietanus’ ratio clearly overlaps with the ranges of African apes, whereas the ratio of cf. D. fontani 

is close to the upper range of modern humans and similar to the values of early hominins.

Locomotor group N Mean SD
Bipedalism 2 0.395 0.148 -0.939 1.729 0.290 0.500

Knuckle-walking 5 0.834 0.046 0.777 0.891 0.800 0.910

Suspension 11 0.746 0.163 0.637 0.856 0.520 0.990

Quadrupedalism 25 0.421 0.086 0.386 0.457 0.280 0.670

Slow-climbing 3 0.403 0.129 0.084 0.723 0.310 0.550

Vertical-clingers-and-leapers 10 0.548 0.077 0.493 0.603 0.430 0.680
cf. Dryopithecus fontani 1 0.443

Hispanopithecus laietanus 1 1.020

Locomotor group N Mean SD
Bipedalism 2 -0.219 0.398 -3.791 3.352 -0.501 0.062

Knuckle-walking 5 0.563 0.049 0.502 0.624 0.528 0.649

Suspension 11 0.441 0.221 0.293 0.590 0.099 0.739

Quadrupedalism 25 -0.122 0.200 -0.204 -0.039 -0.529 0.371

Slow-climbing 3 -0.175 0.313 -0.954 0.604 -0.417 0.179

Vertical-clingers-and-leapers 10 0.152 0.143 0.050 0.255 -0.079 0.367
cf. Dryopithecus fontani 1 -0.074

Hispanopithecus laietanus 1 0.771

Locomotor group N Mean SD
Bipedalism 2 0.078 0.266 -2.315 2.472 -0.110 0.267

Knuckle-walking 5 0.820 0.279 0.474 1.166 0.561 1.160

Suspension 11 0.430 0.224 0.279 0.580 0.133 0.891

Quadrupedalism 25 -0.157 0.239 -0.256 -0.059 -0.534 0.367

Slow-climbing 3 -0.062 0.267 -0.725 0.602 -0.306 0.224

Vertical-clingers-and-leapers 10 0.181 0.237 0.012 0.350 -0.193 0.508
cf. Dryopithecus fontani 1 0.708 (0.676-0.738)

Hispanopithecus laietanus 1 0.794 (0.829-0.762)

95% CI Range

DESCRIPTIVE STATISTICS
SUP/INF

RES

RESBM

95% CI Range

95% CI Range

Abbreviations:�1��VDPSOH�VL]H��6'��VWDQGDUG�GHYLDWLRQ��&,��FRQÀGHQFH�LQWHUYDO�

Table 20 Descriptive statistics for the several metrics of proportions of femoral neck cortical thickness 
employed in this work (see Table 17). Due to the uncertainties of body size estimation for cf. D. fontani 

and H. laietanus, RESBM for minimum and maximum body mass are given within parentheses. 
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Quadrupeds *
Slow-climbers NS NS
Suspensory taxa ** ** **
Knuckle-walkers ** ** ** NS
Bipeds NS NS NS ** **

Quadrupeds **
Slow-climbers NS NS
Suspensory taxa * ** **
Knuckle-walkers ** ** ** NS
Bipeds NS NS NS ** **

Quadrupeds **
Slow-climbers NS NS
Suspensory taxa NS ** *
Knuckle-walkers ** ** ** NS
Bipeds NS NS NS NS **

POST HOC PAIRWISE COMPARISONS

SUP/INF

RES

RESBM
Table 21 6LJQLÀFDQFH�RI�%RQIHUURQL�SRVW�KRF�SDLUZLVH�
comparisons among locomotor groups of extant 
primates for the superior cortical thickness relative to 
the inferior cortices (SUP/INF), allometric residuals of 
SUP vs INF (RES), and allometric residuals of SUP vs 
body mass (RESBM). Abbreviations:�16��QRW�VLJQLÀFDQW��

��S�������

��S������







Chapter 3
Cross-sectional structural properties of the shaft

121

As transmitters of body weight and muscle loadings (mainly bending and torsional loads) during 

active movement and support, mechanical properties of the hindlimb long bone diaphyses have constituted 

D�JRRG�SUR[\�IRU�ORFRPRWRU�EHKDYLRXU�GLͿHUHQWLDWLRQ�DPRQJ�OLYLQJ�SULPDWHV��6FKD΁HU�et al.�������5XͿ�

2002). Although further research is still needed in order to accurately relate bone structure and loading 

patterns, several authors have demonstrated that long bones show some degree of developmental and 

PHFKDQLFDO�ORDGLQJV�SODVWLFLW\��H�J���5XͿ�������7ULQNDXV�et al.��������7KHUHIRUH��GHSHQGLQJ�RQ�WKH�GLͿHUHQW�

mechanical and loading environments consequence of limb specialization (e.g., in load magnitude, 

frequency or variability), previous authors have stated that the dynamic relationship between bones 

and their structure tend to minimize bending and torsional stresses in primate long bones, economizing 

WKH�DPRXQW�RI�PDWHULDO�XVHG� �6FKD΁HU� et al. 1985; Demes et al. 2001; Carlson 2005). Thus, the internal 

DUFKLWHFWXUH� RI� ORQJ�ERQHV� VHHP� WR� UHÁHFW�� DW� OHDVW� LQ�SDUW�� WKH� ORDGLQJ�SDWWHUQV� VXSSRUWHG�GXULQJ� OLIH�

and, consequently, the study of the mechanical properties of these bones become essential for a fully 

understanding of their functionality (Lovejoy et al.� �������7KH�PHFKDQLFDO�GLͿHUHQFHV�RQ�SULPDWH� ORQJ�

bones (i.e., bone tissue distribution and orientation) can be inspected by the analysis of their cross-

sectional geometry properties when they are consider under the engineering beam theory (e.g. Lovejoy et 

al. 1976; Burr et al.�������5XͿ�DQG�+D\HV�������'HPHV�et al.�������5XͿ�DQG�5XQHVWDG�������5XͿ�et al. 1999, 

������5XͿ�������&DUOVRQ�������<DPDQDND� et al. 2005). Therefore primates, depending on their primary 

�PRVW� IUHTXHQW�� SRVLWLRQDO� EHKDYLRXU�� H[KLELW� GLͿHUHQW�PHFKDQLFDO� SDUDPHWHUV� �VWUHQJWK� DQG� ULJLGLW\���

such as cortical area (CA), second moments of area (I), section moduli (Z) and polar moments of area 

�-���ZKHQ�GLDSK\VHDO�VHFWLRQV�DUH�DQDO\VHG��6FKD΁HU�et al.�������'DHJOLQJ�������5XͿ��������&$�PHDVXUHV�

resistance to axial compressive loads and is proportional to tensile strength, that is, the higher the CA the 

larger the capability to resist proximodistally-stereotyped loads of the bone (Burr et al.�������5XͿ�������

+LOO�DQG�'XUEDQG�������� ,�TXDQWLÀHV� WKH�PD[LPXP��,PD[���PLQLPXP��,PLQ���DQWHURSRVWHULRU� �,[���DQG�

PHGLRODWHUDO� �,\�� EHDP� VWUHQJWK� DQG� ULJLGLW\�XQGHU� EHQGLQJ� ORDGLQJV� �5XͿ� DQG�+D\HV� ������+LOO� DQG�

'XUEDQG��������,�LV�GHÀQHG�E\�ERWK�WKH�FURVV�VHFWLRQ�DQG�WKH�VTXDUHG�GLVWDQFH�RI�HDFK�XQLW�DUHD�IURP�WKH�

QHXWUDO�D[LV�RI�WKH�VHFWLRQ�LQ�WKH�SODQH�RI�WKH�EHQGLQJ�ORDG��7KXV��WKH�SULQFLSDO�D[HV�RI�D�VHFWLRQ�GHÀQH�

WKH�GLUHFWLRQV�RI�JUHDWHVW�DQG�OHDVW�EHQGLQJ�ULJLGLW\��5XͿ�DQG�+D\HV��������=�LV�SURSRUWLRQDO�WR�EHQGLQJ�

VWUHQJWK�RI�WKH�GLDSK\VLV�DQG�LV�XVHG�LQ�FDOFXODWLQJ�WKH�PD[LPXP�VWUHVV�RFFXUULQJ�LQ�WKH�RXWHUPRVW�ÀEHU�RI�

WKH�FURVV�VHFWLRQ�LQ�WKH�SODQH�RI�EHQGLQJ��5XͿ�DQG�+D\HV�������5XͿ�������������+HLQULFK�DQG�%LNQHYLFLXV�
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1998; Jungers et al.�������5XͿ�et al. 1999). Finally, J measures the torsional rigidity of the diaphysis and is 

XVHG�DV�DQ�LQGH[�RI�DYHUDJH�EHQGLQJ�VWUHQJWK��5XͿ�������'DHJOLQJ�������6KDZ�DQG�5\DQ�������+LOO�DQG�

Durband 2014). It is important take into account at this point that rigidity measures the internal resistance 

of a structure to an external applied mechanical loading; whereas strength measures the maximum stress 

�IRUFH�XQLW�DUHD��VXVWDLQHG�E\�D�VWUXFWXUH�SULRU�WR�IDLOXUH��5HLOO\�DQG�%XUVWHLQ�������5XͿ�DQG�+D\HV��������

7KHUHIRUH��,��=�DQG�-�UHÁHFW�WKH�GLVWULEXWLRQ�RI�ERQH�DUHD�DERXW�WKH�FURVV�VHFWLRQ�FHQWURLG�DQG��KHQFH��WKHVH�

structural parameters are indicative of bone “shape” (in biomechanical regards) and stress directionality 

preferences through the bone. Thus, in general, I, Z and J derived from long bones diaphyseal cross-

VHFWLRQV�WHQG�WR�EH�LQ�DFFRUGDQFH�ZLWK�WKH�ORDGLQJ�UHJLPHV�VXͿHUHG�E\�WKH�ERQHV��ZKLFK�DUH�XOWLPDWHO\�

GHWHUPLQHG�E\�WKH�SRVLWLRQDO�UHSHUWRLUH�RI�WKH�VSHFLHV�DQG�WKH�ZD\�WKH�ERG\�ZHLJKW�LV�WUDQVPLWWHG��5XͿ�

and Hayes 1983; Demes et al. 1991; Heinrich and Biknevicius 1998). 

Therefore, taxa performing forelimb-dominated suspensory behaviours show lower strength and 

bending peaks at the hindlimb, whereas those primates that usually rely on quadrupedalism tend to 

VKRZ�KLJKHU�ORDGLQJV�DQG�VWUHQJWK�DW�WKHVH�ERQHV��5XͿ�DQG�5XQHVWDG�������5XͿ�et al.�������5XͿ��������

For example, within cercopithecoids, the more arboreal colobines display lower bending stress and axial 

loads than the more terrestrial cercopithecines (which overall show stronger bones) due to the higher 

compliance of branches and trees compared to the ground (Jungers et al. 1998).

7KXV�� WKH�GLVSDULW\�RI� ORDGLQJ�UHJLPHV�GHULYHG�IURP�GLͿHUHQWLDO�VXEVWUDWH�DQG�OLPEV�XVH� LQ�H[WDQW�

SULPDWHV�LV�UHÁHFWHG�LQ�VRPHKRZ�LQ�WKHLU�JHRPHWULFDO�SURSHUWLHV�RI�WKH�KLQGOLPE�ORQJ�ERQHV��WKXV�DOORZLQJ�

previous authors to make locomotor inferences on extinct primate species, including fossil hominins (e.g., 

5XͿ�et al. 1999, 2015; Puymerail et al.�������5XͿ�������+LOO�DQG�'XUEDQ��������7KXV��WKLV�FKDSWHU�IRFXVHV�

on exploring the structural diaphyseal properties of the partial femora of the Vallès-Penedès attributed 

to the Miocene great apes cf. Dryopithecus fontani and Hispanopithecus laietanus. The goal of this chapter 

is thus giving a novel and broader biomechanical viewpoint to the study of the positional behaviour of 

these fossil taxa.

COMPARATIVE SAMPLE, MEASUREMENTS AND METHODS

Femoral shaft structural properties of the Vallès-Penedès great apes are compared with the sample of 

H[WDQW�FDWDUUKLQHV�XVHG�E\�5XͿ��������WDEOH����GDWD�DYDLODEOH�DW�WKH�ZHEVLWH�http://www.hopkinsmedicine.

org/fae/cbr.htm���$GGLWLRQDOO\��D�VDPSOH�RI�PRGHUQ�KXPDQV�NLQGO\�SURYLGHG�E\�&��5XͿ�KDV�EHHQ�DOVR�

included in the sample of living primates (Table 22).

Moreover, the fossil sample included in this chapter consists of the partial proximal femur IPS41724 

(cf. Dryopithecus fontani), and both femora of the partial skeleton IPS18800 (Hispanopithecus laietanus). 

Moreover, structural properties of KNM-MW13142A (Ekembo nyanzae) and MUZM80 (Morotopithecus 
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bishopi��ZHUH� WDNHQ� IURP�5XͿ� ������� DQG� LQFOXGHG� LQ� WKH�DQDO\VHV� LQ�RUGHU� WR� FRPSDUH� WKHVH�0LRFHQH�

primates with those of the Vallès-Penedès Basin.

Total femoral length estimation

Total femoral length (TFL) is necessary to locate the cross-sections of interest through percentages of 

bone length’ (length parallel to the longitudinal axis from the average distal projection of the condyles to 

WKH�VXSHULRU�VXUIDFH�RI�WKH�QHFN�DW�LWV�GHHSHVW�SRLQW��5XͿ��������7KXV��7)/�RI�WKH�9DOOqV�3HQHGqV�IHPRUD�ZDV�

estimated through the superoinferior diameter of the femoral head (FHSI) using the allometric regression 

published by Köhler et al. (2002: table 3, equation 1), which is based on a sample of extant anthropoids.

Diaphyseal cross-sections location

)ROORZLQJ� 5XͿ� �������� OHQJWK·� LQ� IRVVLO� IHPRUD� ZDV� HVWLPDWHG� E\� VXEWUDFWLQJ� WKH� OHQJWK� RI� WKH�

greater trochanter proximal projection from the TFL. Then, the 50% and 80% cross-sections used for the 

biomechanical analyses (measured from the distal end) were located at the 50% and 20% percentages of 

bone length from the most-proximal point of the femoral length’, respectively. Although location of the 

selected cross-sections in fragmentary fossils could not be entirely accurate because of their incomplete 

nature, some authors have already demonstrated that the inaccuracy in the femoral midshaft location 

GRHV�QRW�DͿHFW�VLJQLÀFDQWO\�WKH�FURVV�VHFWLRQDO�SDUDPHWHUV��WHVWHG�IRU�FRUWLFDO�DUHD��&$��SRODU�PRPHQWV�RI�

area, J; and biomechanical “shape”, Imax/Imin, in a sample of human, chimpanzee and gorilla femora; 

Sládek et al. 2010; Mongle et al.��������7KXV��QR�VLJQLÀFDQW�GLͿHUHQFHV�LQ�WKH�YDOXHV�RI�WKHVH�WKUHH�VWUXFWXUDO�

SDUDPHWHUV�KDYH�EHHQ�IRXQG�EHWZHHQ�����DQG�����RI�ERQH�OHQJWK·��VHH�VSHFLÀF�YDULDWLRQV�IRU�ERQHV�

taxa in Mongle et al. 2015). Following our estimation of cf. D. fontani TFL, location of its midshaft point 

would span from around 47.3%-52.7% of bone length’ and that of H. laietanus from 47.1%-52.9% of bone 

length’. This variation is in all cases within the ranges of 

HUURU�HVWLPDWHG�IRU�WKH�GLͿHUHQW�VWUXFWXUDO�SDUDPHWHUV�

by Mongle et al. (2015). Furthermore, in the case that 

TFL cannot be estimated, the cross-section at 80% of 

bone length’ could be selected 10 mm below the lesser 

trochanter, throwing similar results for cross-sectional 

geometry properties than sections with more accurate 

ORFDWLRQ�DORQJ�WKH�ERQH�OHQJWK·��5XͿ�DQG�+D\HV�������

5XͿ�et al. 1999). Thus, despite the fragmentary nature 

Taxon N
Homo 100

Gorilla 20

Pan 23

Pongo 20

Symphalangus 8

Hylobates 10

Papio 20

Macaca 29

Nasalis 11

Colobus 18

Trachypithecus 10

Presbytis 10

Total N 279

EXTANT PRIMATE SAMPLE

Table 22 Comparative sample of extant 
primates. Data for modern humans was kindly 

SURYLGHG�E\�&KULVWRSKHU�%��5XͿ��1��VDPSOH�VL]H�
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of the Vallès-Penedès hominoid femora, diaphyseal cross-sectional properties can be reliably estimated 

for these fossil taxa.

Computed tomography and cross-section mechanical parameters

In order to obtain the structural parameters of the femoral shafts at 50% and 80% percentages of 

bone length’, IPS41724 and IPS18800 (left and right) were scanned by high-resolution X-ray computed 

tomography (CT) techniques. The IPS41724 CT-scan used in this chapter was that performed at the 

microCT-scanner of the ICTP (see 

Chapter 2 and Table 18; Tuniz et al. 

2013). The parameters used were 

150 kV, 200 ȝA and 2400 projections, 

resulting in 4034 slices and a voxel 

size of 37.88 ȝm. IPS18800 femora 

were CT-scanned at the UBU (see 

also Chapter 2 and Table 18). Both 

femora were scanned at 180 kV, 320 

ȝA and 720 projections. 815 slices, 

a pixel size of 0.040 mm and an 

inter-slice of 0.30 mm were obtained 

for the left femur; and 680 slices, a 

pixel size of 0.049 mm and an inter-slice of 0.30 mm for the right femur. In order to obtain the cross-

sections of the femoral shafts, CT-image stacks were processed using VSG-Avizo 7.0. Cortical bone was 

inspected in this software by using semi-automatic thresholding techniques. Cortical bone boundaries 

were posteriorly drawn by using Adobe Illustrator CS5.1, following the periosteal and endosteal contours 

(see Figs. 38 and 39). Small damages 

at the fossil external edges where 

ÀOOHG� IROORZLQJ� WKH� FORVHVW� ERUGHUV�

of the immediately proximal 

and/or distal sections following 

FRPSDUDEOH�DQDO\VHV� �VHH�H�J���5XͿ�

and Higgins 2013; Figs. 38a,c and 

39b,c). In the case of IPS41724, 

the 50% section displays a larger 

broken area in the medial side (Fig. 

38a), which, due to its femoral shaft 

is highly straight and important 

Figure 38 Computed tomography images of the femoral shaft cross-sections 
(top) and cortical thickness (bottom) located at 50% of the femoral length’ of a, 
IPS41724; b, IPS18800 right; and c, IPS18800 left femora. Dark gray represents the 
reconstructed cortical areas. Anterior is top, medial to the right. Scale bar = 10 mm.

Figure 39 Computed tomography images of the femoral shaft cross-sections 
(top) and cortical thickness (bottom) located at 80% of the femoral length’ of 
a, IPS41724 (see also Fig. 40); b, IPS18800 right; and c, IPS18800 left femora. 
Dark gray represents the reconstructed cortical areas. Anterior is top, medial 

to the right. Scale bar = 10 mm.
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changes in cross-sectional geometry were not noticed, was reconstructed comparing the selected slice 

with more complete cross-sections located immediately above. Cortical bone boundaries of the IPS41724 

80% cross-section CT-image was compared directly with the fossil specimen, which displays a natural 

break at an approximated location (below the lesser trochanter) and that was physically separated for this 

VWXG\��)LJ������VHH�DOVR�)LJ�������7KHQ��ÀQDO�FRUWLFDO�ERQH�LPDJHV�ZHUH�LPSRUWHG�WR�Fiji 1.50e (Schindelin 

et al. 2012) to obtain the structural properties of the femoral shaft cross-sections using the BoneJ plugin 

(Doube et al. 2010).

Statistical analyses

5HODWLRQVKLSV� EHWZHHQ� WKH� IHPRUDO� KHDG� VXUIDFH� DUHD� �)+6$�� IRUPXOD� DV� UHSRUWHG� LQ� 5XͿ� ������

appendix table 1) and the section modulus around the anteroposterior axis (Zx) of the 50% and 80% sections 

were inspected by means of allometric regressions 

in order to account for size-related shape changes 

�L�H���DOORPHWULF�HͿHFWV���$OORPHWULF� UHJUHVVLRQ�E\�

means of the ordinary least-square (OLS) method 

of log-transformed (natural logarithms, ln) data 

were performed on the sample, with Zx (at both 

50% and 80%) as the independent variable and 

FHSA as the dependent variable. 

Posteriorly, comparisons of the perpendicular 

distance of the n (X,Y) points (n being the 

individuals of the sample) in a log-log space to an 

arbitrary baseline (whose slope is the theoretical 

isometric value) were performed as the ln ratios 

between FHSA/Zx2/3��GHQRPLQDWRU�FRUUHFWHG�IRU�GLͿHUHQFHV�LQ�PHDVXUHPHQWV�XQLWV���7KLV�SURFHGXUH�DOORZV�

WKH�LQVSHFWLRQ�RI�GLͿHUHQFHV�DPRQJ�WD[RQRPLF�JURXSV��9DOXHV�RI�WKH�UDWLRV�DUH�GHSLFWHG�LQ�ER[SORWV�IRU�WKH�

ZKROH�VDPSOH�RI�OLYLQJ�DQG�H[WLQFW�SULPDWHV��VHH�5XͿ������IRU�DQ�LQ�GHSWK�H[SODQDWLRQ�RI�WKH�EHQHÀFHV�RI�

using this method). Analysis of variance (ANOVA) and post-hoc pairwise comparisons (Tukey method) 

ZHUH�SHUIRUPHG�WR�HYDOXDWH�PHDQ�GLͿHUHQFHV�EHWZHHQ�JHQHULF� WD[D��0RUHRYHU��VFDOLQJ�GLͿHUHQFHV�DQG�

allometric grade shifts between below-branch suspensory (BBS) and ‘quadrupedal’ taxa (Q) are inspected 

by means of analyses of covariance (ANCOVA). The former group includes taxa that habitually employ 

the hindlimb in tension (mainly during below-branch suspension), that is, orangutans and hylobatids. 

Otherwise, Q includes pronograde cercopithecoids and African ape knuckle-walkers, which are taxa that 

mainly use the hindlimb in compression during locomotion (see Stern 1975). Furthermore, homogeneity 

of slopes and intercepts among the living genera of each locomotor group (BBS and Q) are also explored 

by ANCOVA. Statistical analyses were made using the software SPSS v 15.0.

Figure 40 Proximal shaft cross-section of IPS41724. Proximal 
femur and shaft of IPS41724 were separated through a natural 
break in order to directly inspect the cortical bone boundaries 
and distribution at this section (close to the 80% of the femoral 

length’). Anterior is top, medial to the right. 
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RESULTS

Total femoral length 

TFL estimated for IPS41724 (FHSI = 30.7 mm) is 31.0 ± 0.1 cm; whereas the mean TFL estimated for the 

right (FHSI = 26.6 mm) and left (FHSI = 31.5 mm) IPS18800 femora is 29.7 ± 0.1 cm (slightly longer than 

the TFL of 27.4 cm reported by Moyà-Solà and Köhler 1996).

Cross-sectional mechanical properties of the femoral diaphyses

Principal mechanical cross-sectional properties at both 50% and 80% sections of the femoral shaft 

are given in Table 23. Femoral diaphyseal cross-sections in cf. D. fontani show an elliptical biomechanical 

“shape” (mediolaterally expanded; Figs. 38 and 39), with an Ix/Iy ratio around 1.5 (Table 23). Contrarily, 

H. laietanus sections display a more circular biomechanical “shape”, showing an Ix/Iy ratio closer to 1. 

Overall, cross-sectional structural parameters estimated for H. laietanus femora are lower than those of cf. 

D. fontani.

Specimen Taxon Section TA CA %CA Ix Iy Ix/Iy J Zx Zy Zp Imax Imin
IPS18800, right H. laietanus 50% 308.70 204.56 66.26 7441.96 6421.67 1.16 13863.63 715.77 656.66 1040.49 7471.13 6392.50

80% 364.73 236.55 64.86 9669.67 9165.12 1.06 18834.79 820.86 832.79 1529.47 10479.21 8355.57
IPS18800, left H. laietanus 50% 325.94 207.02 63.52 7474.87 7166.38 1.04 14641.26 708.02 696.18 1369.86 7569.39 7071.87

80% 365.45 253.60 69.39 10579.58 9046.79 1.17 19626.37 885.26 807.02 1639.91 10584.47 9041.90
IPS41724 cf. D. fontani 50% 444.64 312.18 70.21 17898.35 11912.13 1.50 29810.49 1364.83 1076.22 2225.98 17914.04 11896.44

80% 425.28 345.50 81.24 17170.48 10873.41 1.58 28043.89 1288.29 1010.02 2086.57 17170.96 10872.93

CROSS-SECTIONAL MECHANICAL PROPERTIES

Abbreviations: TA, total cross-section area (mm2); CA, cortical area (mm2����&$��UHODWLYH�FRUWLFDO�DUHD���&$ �&$�7$�
������,[�DQG�
Iy, second moments of area about anteroposterior and mediolateral axes, respectively (mm4); Ix/Iy, biomechanical cross-sectional 
“shape”; J, polar second moment of area (mm4); Zx and Zy, section moduli around the anteroposterior and mediolateral axes, 
respectively (mm3); Zp, polar section modulus (mm3); Imax and Imin, maximum and minimum second moments of area (mm4).

Group Section N r SEE p Slope Intercept
Extant sample 50% 279 0.979 0.25 <0.001 1.29 1.26 1.32 -3.31 -3.55 -3.08

80% 279 0.981 0.24 <0.001 1.31 1.28 1.34 -3.46 -3.69 -3.24

BBS 50% 38 0.991 0.14 <0.001 1.29 1.23 1.35 -3.69 -4.12 -3.26

80% 38 0.989 0.16 <0.001 1.37 1.30 1.44 -4.19 -4.71 -3.68

Q 50% 141 0.989 0.19 <0.001 1.38 1.35 1.41 -3.82 -4.06 -3.59

80% 141 0.988 0.20 <0.001 1.42 1.38 1.45 -4.07 -4.32 -3.82

ALLOMETRIC REGRESSION EQUATIONS
95% CI95% CI

Abbreviations:�1��VDPSOH�VL]H��U��FRUUHODWLRQ�FRH΀FLHQW��6((��VWDQGDUG�HUURU�RI�HVWLPDWH��S��VLJQLÀFDQFH��&,��
FRQÀGHQFH�LQWHUYDO��%%6��EHORZ�EUDQFK�VXVSHQVRU\�WD[D��4��´TXDGUXSHGµ�WD[D�

Table 23 Cross-sectional structural properties at the 50% and 80% sections of bone length’ 
of the Vallès-Penedès great ape femora.

Table 24 Linear allometric regression equations derived for anteroposterior section 
moduli (Zx) of 50% and 80% sections related to the articular surface of the femoral head 

(FSHA) of a sample of extant anthropoids. 
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When section modulus in the anteroposterior axis (Zx) is related to the articular surface of the femoral 

head (FSHA) in both 50% and 80% sections (Fig. 41; Table 24), extant primates exhibit a slight negative 

allometry (based on an isometric expectation of 1.5). These results are similar when BBS and Q taxa are 

regressed separately, being the BBS group (that includes orangutans and hylobatids) upshifted relative 

to both the general baseline for the whole sample and the Q baseline (Fig. 41). As visually observed 

LQ�)LJXUH�����$1&29$�DQDO\VLV�FRQÀUPV�WKH�DOORPHWULF�VKLIW�GLVSOD\HG�LQ�WKH�DQWHURSRVWHULRU�VWUHQJWK�

YDOXHV� EHWZHHQ�%%6� DQG�4� JURXSV� IRU� ERWK� VHFWLRQV�� VKRZLQJ� VWDWLVWLFDO� GLͿHUHQFHV� LQ� WKHLU� LQWHUFHSW�

YDOXHV�������)� ����������S������������)� ����������S��������LQVWHDG�RI�GLͿHUHQFHV�RQ�WKHLU�VORSHV��+RZHYHU��

ZKHQ�LQWUDJURXS�GLͿHUHQFHV�DUH�LQVSHFWHG�IRU�ERWK�%%6�DQG�4�E\�$1&29$V��7DEOH������UHVXOWV�RXWOLQH�

that these two groups were not completely consistent. For example, among BBS, there is observed an 

Figure 41 Bivariate allometric plots 
regressing the anteroposterior section 

modulus (Zx) of a, 50% and b, 80% 
sections against the articular surface 

of the femoral head (FHSA) for a 
sample of extant anthropoids and 

Miocene fossil specimens (including 
KNM-MW13142A, Ekembo nyanzae; 

MUZM80, Morotopithecus bishopi; 
IPS41724, cf. Dryopithecus fontani; and 

IPS18800, Hispanopithecus laietanus). 
Dashed dark blue line depicts all 

extant sample linear trend. Moreover, 
separate regressions were computed 

for below-branch suspensory (BBS) 
taxa (continuous green line) and 

“quadruped” (Q) taxa (continuous 
brown line). Colours correspond 
to major taxonomic groups: light 

blue, humans; green, apes; orange, 
cercopithecines; red, colobines. R, 

right; L, left.
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lnFHSA vs lnF50Zx Loc r2 F p lnFHSA vs lnF80Zx Loc r2 F p
Pongo-Hylobates BBS 0.987 Slope 2.419 0.132 Pongo-Hylobates BBS 0.987 Slope 4.857 0.037

Intercept 7.513 0.011 Intercept 7.730 0.064

Pongo-Symphalangus BBS 0.982 Slope 3.709 0.066 Pongo-Symphalangus BBS 0.979 Slope 4.571 0.043

Intercept 7.042 0.014 Intercept 3.447 0.076

Hylobates-Symphalangus BBS 0.884 Slope 0.029 0.867 Hylobates-Symphalangus BBS 0.872 Slope 0.006 0.949

Intercept 0.725 0.409 Intercept 0.059 0.812

Gorilla-Pan Q 0.943 Slope 0.037 0.848 Gorilla-Pan Q 0.923 Slope 0.006 0.941

Intercept 13.512 0.001 Intercept 8.793 0.005

Gorilla-Papio Q 0.977 Slope 0.834 0.367 Gorilla-Paio Q 0.973 Slope 2.624 0.114

Intercept 33.204 <0.001 Intercept 29.734 <0.001

Gorilla-Macaca Q 0.992 Slope 1.388 0.245 Gorilla-Macaca Q 0.991 Slope 0.598 0.443

Intercept 67.994 <0.001 Intercept 44.883 <0.001

Gorilla-Nasalis Q 0.985 Slope 0.249 0.622 Gorilla-Nasalis Q 0.976 Slope 0.461 0.503

Intercept 37.685 <0.001 Intercept 21.494 <0.001

Gorilla-Colobus Q 0.987 Slope 8.152 0.007 Gorilla-Colobus Q 0.985 Slope 2.776 0.105

Intercept 0.383 0.540 Intercept 1.389 0.247

Gorilla-Trachypithecus Q 0.992 Slope 0.001 0.976 Gorilla-Trachypithecus Q 0.986 Slope 0.088 0.769

Intercept 5.925 0.022 Intercept 1.974 0.172

Gorilla-Presbytis Q 0.993 Slope 1.582 0.220 Gorilla-Presbytis Q 0.989 Slope 0.213 0.648

Intercept 1.018 0.322 Intercept 1.250 0.274

Pan-Papio Q 0.922 Slope 0.570 0.455 Pan-Papio Q 0.937 Slope 1.810 0.186

Intercept 12.727 0.001 Intercept 17.286 <0.001

Pan-Macaca Q 0.985 Slope 0.648 0.425 Pan-Macaca Q 0.987 Slope 0.330 0.568

Intercept 16.471 <0.001 Intercept 16.374 <0.001

Pan-Nasalis Q 0.947 Slope 0.253 0.619 Pan-Nasalis Q 0.956 Slope 0.443 0.511

Intercept 13.912 0.001 Intercept 14.719 0.001

Pan-Colobus Q 0.967 Slope 4.951 0.032 Pan-Colobus Q 0.977 Slope 2.663 0.111

Intercept 0.124 0.727 Intercept 1.185 0.283

Pan-Trachypithecus Q 0.980 Slope 0.004 0.950 Pan-Trachypithecus Q 0.981 Slope 0.104 0.749

Intercept 4.079 0.053 Intercept 2.627 0.116

Pan-Presbytis Q 0.983 Slope 1.155 0.291 Pan-Presbytis Q 0.987 Slope 0.320 0.576

Intercept 0.639 0.431 Intercept 1.919 0.177

Papio-Macaca Q 0.956 Slope 0.018 0.894 Papio-Macaca Q 0.958 Slope 1.882 0.177

Intercept 47.706 <0.001 Intercept 60.329 <0.001

Papio-Nasalis Q 0.800 Slope 0.150 0.701 Papio-Nasalis Q 0.820 Slope 0.747 0.395

Intercept 27.470 <0.001 Intercept 35.428 <0.001

Papio-Colobus Q 0.840 Slope 8.026 0.008 Papio-Colobus Q 0.881 Slope 7.126 0.012

Intercept 0.933 0.341 Intercept 5.108 0.030

Papio-Trachypithecus Q 0.922 Slope 0.116 0.736 Papio-Trachypithecus Q 0.915 Slope 0.906 0.350

Intercept 5.239 0.030 Intercept 4.920 0.035

Papio-Presbytis Q 0.932 Slope 1.638 0.212 Papio-Presbytis Q 0.943 Slope 1.181 0.287

Intercept 1.186 0.286 Intercept 3.528 0.072

Macaca-Nasalis Q 0.956 Slope 0.142 0.708 Macaca-Nasalis Q 0.953 Slope 0.056 0.815

Intercept 49.018 <0.001 Intercept 50.084 <0.001

Macaca-Colobus Q 0.896 Slope 10.691 0.002 Macaca-Colobus Q 0.889 Slope 5.786 0.021

Intercept 0.941 0.337 Intercept 3.224 0.080

Macaca-Trachypithecus Q 0.881 Slope 0.112 0.739 Macaca-Trachypithecus Q 0.880 Slope 0.372 0.546

Intercept 6.269 0.017 Intercept 4.074 0.051

Macaca-Presbytis Q 0.884 Slope 1.932 0.173 Macaca-Presbytis Q 0.880 Slope 0.652 0.425

Intercept 1.241 0.273 Intercept 2.686 0.110

Nasalis-Colobus Q 0.833 Slope 8.157 0.009 Nasalis-Colobus Q 0.859 Slope 5.050 0.034

Intercept 0.553 0.464 Intercept 3.059 0.093

Nasalis-Trachypithecus Q 0.953 Slope 0.052 0.822 Nasalis-Trachypithecus Q 0.926 Slope 0.444 0.514

Intercept 7.377 0.015 Intercept 4.181 0.057

Nasalis-Presbytis Q 0.965 Slope 2.602 0.125 Nasalis-Presbytis Q 0.960 Slope 0.889 0.359

Intercept 1.643 0.217 Intercept 3.491 0.079

Colobus-Trachypithecus Q 0.597 Slope 2.184 0.152 Colobus-Trachypithecus Q 0.407 Slope 0.526 0.475

Intercept 0.053 0.819 Intercept 0.174 0.681

Colobus-Presbytis Q 0.643 Slope 0.165 0.688 Colobus-Presbytis Q 0.698 Slope 0.232 0.634

Intercept 0.503 0.484 Intercept 0.056 0.815

Trachypithecus-Presbytis Q 0.447 Slope 1.452 0.246 Trachypithecus-Presbytis Q 0.588 Slope 0.053 0.820

Intercept 0.733 0.404 Intercept 0.911 0.354

ANCOVA ANALYSES
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allometric shift between orangutans and hylobatids for the midshaft. Likewise, the baseline of African 

DSHV�LV�VLJQLÀFDQWO\�GLͿHUHQW�UHJDUGLQJ�WKH�LQWHUFHSW�IURP�PRVW�RI�WKH�PRQNH\�WD[D��DQG�HYHQ�EHWZHHQ�

them (Pan-Gorilla) for both the midshaft and the proximal shaft values (Table 25).

:KHQ�JURXS�PHDQ�GLͿHUHQFHV�DUH�WHVWHG�E\�$129$V��VWDWLVWLFDO�GLͿHUHQFHV��S�������DUH�IRXQG�HLWKHU�

for the whole extant primate sample or between broad locomotor groups (BBS vs Q; see also Table 24). 

0RUHRYHU��DOWKRXJK�VKRZLQJ�VRPH�RWKHU�LQWHU�JHQHUD�GLͿHUHQFHV��WKH�PRVW�UHOHYDQW�GLͿHUHQFHV�RI�7XNH\�

post hoc pairwise comparisons relate to those of suspensory taxa (orangutans and hylobatids), which 

depart from the rest of extant genera for both midshaft and proximal femur cross-sections (Table 26; Fig. 

�����:KHQ�FRPSDULVRQV�DUH�DPRQJ�%%6��JLEERQV�DUH�VLJQLÀFDQWO\�GLͿHUHQW�RI�RUDQJXWDQV�DQG�VLDPDQJV�

(Table 26). Thus, orangutans and siamangs show the relatively lowest values of anteroposterior diaphyseal 

strength. Gibbons and humans occupy an intermediate position between orangutans-siamangs and 

African apes-cercopithecoids. At the midshaft, African apes display relative values of anteroposterior 

diaphyseal strength slightly lower than cercopithecoids; whereas at the proximal shaft they clearly overlap 

with papionins and the largest colobines (Fig. 42). Cercopithecoids show the highest relative values of 

diaphyseal strength at both mid- and proximal shaft (especially Trachypithecus; Fig. 42).

Fossil taxa results.- Both cf. D. fontani and H. laietanus display femoral articular to shaft proportions 

similar to those of chimpanzees (Fig. 41). However, the former falls within the male chimpanzees values 

Table 25 [previous page] 6FDOLQJ�GLͿHUHQFHV�DQG�DOORPHWULF�JUDGH�VKLIWV�REWDLQHG�E\�PHDQV�RI�DQDO\VHV�
RI�FRYDULDQFH��$1&29$��IRU�SDLUZLVH�JHQHUD�RI�HDFK�RI�WKH�EURDG�ORFRPRWRU�JURXSV��/RF��GHÀQHG�LQ�
the text: BBS, below-branch suspensory taxa (orangutans and hylobatids); and Q, “quadrupedal” taxa 
(cercopithecoids and African apes). Abbreviations: FHSA, femoral head articular surface; F50Zx and F80Zx, 
anteroposterior bending strength at the midsahft (50%) and proximal shaft (80&); r2, squared correlation 
FRHUÀFLHQW��S��VLJQLÀFDQFH�

Figure 42 Boxplots showing the relation between femoral head to shaft proportions (femoral head articular surface, FHSA, 
against anteroposterior section modulus, Zx) at a, 50% and b, 80% sections. Vertical lines represent the median, boxes the 
interquartile range (between the 25th and the 75th percentiles), whiskers the extreme values, and circles the outliers. R, right; 
L, left. Colors represent major taxonomic groups: red, colobines; orange, cercopithecines; green, apes; light blue, humans.
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and closer to those of female gorillas at both mid- and proximal shaft. Besides, this taxon shows a value for 

this ratio slightly downshifted relative to the Q baseline (Fig. 41). Otherwise, H. laietanus ratio at midshaft 

resembles those of female chimpanzees and are upshifted relative to the Q baseline, showing a trend 

towards the baseline of BBS taxa; Fig. 41a). Although slightly less marked, this tendency is also observed 

DW�WKH�SUR[LPDO�VKDIW��)LJ����E���)XUWKHUPRUH��VRPH�GLͿHUHQFHV�DUH�REVHUYHG�EHWZHHQ�WKH�OHIW�DQG�ULJKW�

femora of the H. laietanus IPS18800 partial skeleton. In both cases (50% and 80%), the left femur is closer to 

the Q baseline than the right femur (more similar to BBS taxa; see below). Otherwise, when comparing the 

articular to midshaft proportions ratio of other Miocene hominoids with those of the Vallès-Penedès great 

apes, H. laietanus is more similar to M. bishopi and E. nyanzae than cf. D. fontani, being the former similar 

to female chimpanzees (Fig. 41a). 

The aforementioned trends for cf. D. fontani and H. laietanus are also observed at Figure 42. Thus, the 

relative anteroposterior strength at the mid-point and proximal femoral shaft in cf. D. fontani overlaps 

with the interquartile range of extant cercopithecoids (except Trachypithecus), but also the lower ranges 

of African apes at the midshaft and 

chimpanzees at the proximal shaft (Fig. 

42). On the other hand, H. laietanus 

overlaps with the interquartile ranges 

of gibbons and humans (and the upper 

ranges of African apes) for the midshaft, 

and with these groups and also 

cercopithecoids for the proximal shaft 

�)LJ�� ��E��� 6SHFLÀFDOO\�� IRU� WKH� UHODWLYH�

anteroposterior strength of the proximal 

shaft, H. laietanus displays closer values 

to cf. D. fontani� �GLͿHUHQFHV� DPRQJ�

Table 26 6LJQLÀFDQFH�RI�7XNH\�
post hoc pairwise comparisons 
among extant primates for the ln 
ratio between the femoral head 
surface area (FHSA) relative to the 
anteroposterior section modulus (Zx) 
with the denominator corrected for 
GLͿHUHQFHV�LQ�PHDVXUHPHQWV�XQLWV��
ln(FHSA/F50Zx^2/3) and  ln(FHSA/
F80Zx^2/3). Abbreviations: NS, not 
VLJQLÀFDQW��
��S�������

��S������
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extant taxa are also less clear than for the midshaft; Fig. 41b). In addition, the left and right femora of H. 

laietanus show a great variability between them, with the left specimen closer to cercopithecoid-values, 

mainly at the proximal shaft (the ratio value for 80% is also very similar to that of cf. D. fontani). Regarding 

the rest of fossil apes, M. bishopi and E. nyanzae display an intermediate position between cf. D. fontani and 

H. laietanus concerning the midshaft relative anteroposterior strength. Thus, E. nyanzae is more similar to 

H. laietanus, whereas M. bishopi is closer to cf. D. fontani (Fig. 41a).



Ever tried. Ever failed. No matter. Try again. 
Fail again. Fail better. Read more.
-- Samuel Beckett --
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DESCRIPTION

IPS18800.- Left distal tibia

Distal fragment of a left tibia (IPS18800; Fig. 43) from CLL2 that belongs to the partial skeleton of 

Hispanopithecus laietanus described by Moyà-Solà and Köhler (1996). It represents ca. 30% of total bone 

length (judging on the basis of 23.6 cm of total tibial length, estimated by Moyà-Solà and Köhler 1996 

based on femoral length). Although the distal portion of the shaft is partly damaged, the epiphysis is well 

preserved. The latter is mediolaterally wider than anteroposteriorly thick (see measurements in Table 27). 

At the proximal (broken) end, the cross-section of the shaft is subcircular in shape and exposed cortical 

thickness is the following: 2.6 mm anterior, 2.4 mm medial, 2.9 mm lateral and 2.6 mm posterior (the 

last measure taken more distally than the others, due to the irregular shape of the natural break; Fig. 

43b). In lateral view, the interosseous crest is well developed, ending at a triangular and well-marked 

ÀEXODU�IDFHW��7KH�ODWWHU�PDNHV�D�VOLJKWO\�REWXVH�DQJOH�ZLWK�WKH�DUWLFXODU�VXUIDFH��EHLQJ�DERXW�����PP�KLJK�

proximodistally and 11.7 mm long anteroposteriorly. The interosseous� FUHVW�GHÀQHV� WKH�DQWHULRU�ERUGHU�

RI� WKH�ÀEXODU� IDFHW��ZKHUHDV� WKH�SRVWHULRU�ERUGHU� LV�SRRUO\�GHYHORSHG��'LVWDOO\�DQG�PHGLDOO\�� D� UREXVW�

medial malleolus is strongly projected. Its posterior side exhibits a deep tibialis posterior groove, which 

Figure 43 Distal fragment of left tibia of Hispanopithecus laietanus (IPS18800) in a, medial; b, posterior; c, lateral; d, anterior; 
e, proximal; and f, distal views. M, medial; P, posterior.
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displays strong crests on either side. The lateral edge shows a surface for the attachment of the ÁH[RU 

hallucis longus muscle. The maximum distal projection of the medial malleolus occurs anteriorly and it has 

a well-developed intercollicular groove for the posterior tibiotalar ligament. The articular surface on the 

malleolus faces laterally with a moderate extension onto the anterior surface. In anterior view, the medial 

malleolus makes a right angle with the articular surface. The latter is quadrangular and conspicuously 

GHÀQHG�E\�PDUNHG�DQWHULRU�DQG�SRVWHULRU� OLSV��$�URXQGHG�DQG�DQWHURSRVWHULRUO\�FRQFDYH�PHGLDQ�NHHO�

connects the anterior and posterior surfaces, dividing the articular surface into a large medial section 

and a smaller lateral section. The lateral portion of the articular surface slopes proximally away from the 

medial portion, which slightly slopes anteriorly, creating a secondary facet on the articular surface (“bony 

VWRSµ��VHH�EHORZ���7KH�PHGLDQ�NHHO�DOVR�GHÀQHV�WKH�PD[LPXP�DQWHURSRVWHULRU�GLDPHWHU�RI�WKH�DUWLFXODU�

surface.

COMPARATIVE SAMPLE, MEASUREMENTS AND STATISTICAL ANALYSIS

The Hispanopithecus laietanus tibia (IPS18800) has been compared with a sample of extant and 

fossil specimens listed in Tables 28 and 29, respectively. Linear measurements taken on every specimen 

DUH� VSHFLÀHG� LQ�7DEOH� ��� DQG� LOOXVWUDWHG� LQ� )LJXUH� ��E��0RUHRYHU�� WKH� UHODWLYH� WKLFNQHVV� RI� WKH�PHGLDO�

malleolus and the metaphyseal shape have been 

calculated by means of the indices MLMM/

APMM and MLM/APM, which have been 

outlined to be functionally meaningful. MLMM/

APMM measures the relative thickness of the 

medial malleolus of the tibia, being apparently 

indicative of weight transmission in inverted 

Catalogue no. Taxon APM MLM MLE MLMM APSMM SISMM A B C D E F
IPS18800 H. laietanus 21.9 31.6 32.8 11.1 15.3 12.9 24.1 20.2 24.1 19.3 21.4 15.5

IPS18800 LEFT DISTAL TIBIA

Table 27 External measurements (in mm) of the distal fragment of left tibia of Hispanopithecus laietanus. 
For measurement abbreviations see Table 6.

Table 28 Tibial comparative sample of extant 
primates. Papionins include Papio hamadryas 
subspp., Mandrillus sphinx, Mandrillus leucophaeus 
and Lophocebus sp. Atelids include Alouatta caraya, 
A. seniculus, A. fusca, A. palliata, A. seniculus, Ateles 
belzebuth, At. fusciceps, $W��JHRͿUR\L, and At. paniscus. 
N, sample size.
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positions of the ankle joint (DeSilva et al. 2010). Otherwise, MLM/APM relates to the capacity of 

GRUVLÁH[LRQ�RI�WKH�IRRW�DQG�WKH�UDQJH�RI�PRELOLW\�RI�WKH�DQNOH�MRLQW��'H6LOYD�et al. 2010).

The procedure for statistical comparisons among extant and fossil tibiae follows that explained in 

the previous section for proximal femora analyses (see Chapter 1). Thereby, values for the two indices are 

GHSLFWHG�LQ�ER[SORWV�DQG�VLJQLÀFDQFH�RI�7XNH\·V�SRVW�KRF�FRPSDULVRQV�DPRQJ�H[WDQW�WD[RQRPLF�JURXSV�

are summarized in Table 30.

COMPARISONS

The tibia of Hispanopithecus laietanus from CLL2 (IPS18800) resembles those of cercopithecoids 

(particularly Macaca and Nasalis) in several aspects (Fig. 44), such as the keeled and symmetrical articular 

surface, the moderate anterior protrusion of the medial malleolus, and the well-developed intercollicular 

groove for the posterior tibiotalar ligament. However, both the subrectangular shape of the articular 

surface and the mediolaterally thick medial malleolus of H. laietanus more closely resemble the condition 

of living apes (Fig. 44). 

The relative thickness of the medial malleolus.- MLMM/APMM (Fig. 45; Table 30) is related to the 

loading of the ankle joint in an inverted position (DeSilva et al. 2010). Regarding this ratio, Cebus and 

Figure 44 Digital renderings 
of 3D models of the distal tibia 

of Hispanopithecus laietanus 
compared with those of a 

selected extant primate sample: 
a, Colobus guereza; b, Nasalis 

larvatus; c, Macaca fascicularis; d, 
Papio hamadryas; e, H. laietanus 

(IPS18800, left); f, Gorilla gorilla; 
g, Pan troglodytes; h, Pongo 
pygmaeus; i, Symphalangus 
syndactylus; and j, Hoolock 

hoolock. For comparative 
purposes, all models were 

scaled to the same mediolateral 
metaphysis length and shown 

as if from the left side. For each 
model, posterior (top) and distal 

(bottom) views are shown.
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cercopithecoids show anteroposteriorly thicker medial malleolus than chimpanzees, orangutans and 

atelids. Nonetheless, anthropoid monkeys also overlap with gibbons and the lowermost range of atelids. 

On the other hand, gibbons and gorillas display intermediate values for this index (although the latter 

being more similar to the rest of great apes and atelids). Chimpanzees, orangutans and atelids display the 

anteroposteriorly narrowest medial malleoli, although the range of the latter (atelids) is broad and also 

RYHUODS�ZLWK�WKDW�RI�JRULOODV��JLEERQV�DQG�FHUFRSLWKHFRLGV��KRZHYHU��WKH\�DUH�VWDWLVWLFDOO\�GLͿHUHQW��)LJ��

45; Table 30). The tibia of H. laietanus overlaps with the interquartile range of chimpanzees (P. troglodytes 

troglodytes), orangutans and atelids (Fig. 45). As aforementioned, apes and atelids have a relatively 

mediolaterally broad medial malleolus than cercopithecoids and Cebus. This is also the case of the H. 

laietanus medial malleolus. The rest of fossil tibiae show a relatively thinner medial malleolus thickness 

(mediolaterally narrow), which is intermediate between the Cebus-cercopithecoids group and the atelids-

great apes group, mainly overlapping with gibbons (Fig. 45). KNM-RU3589 (E. heseloni) shows the most 

cercopithecoid-like relative medial malleolus thickness (lowest value of the index) among fossil taxa, 

EHLQJ�WKH�PRVW�GLͿHUHQW�WR�WKDW�RI�H. laietanus.

Metaphysis dimensions.- ,Q� WKH� FDVH� RI�0/0�$30� �)LJ�� ���� 7DEOH� ����� GLͿHUHQFHV� DPRQJ� H[WDQW�

primates are less clear, since the ranges of variation are highly broad. With the exception of G. b. graueri 

(whose range of variation does not overlap with that of colobines), all the remaining taxa ranges overlap 

DPRQJ� WKHP��1RQHWKHOHVV�� FHUFRSLWKHFRLGV� DUH� VWDWLVWLFDOO\� GLͿHUHQW� IURP� WKH� UHVW� RI� FDWDUUKLQHV�� WKXV�

displaying a more quadrangular shape of the metaphysis (mediolaterally similar to anteroposteriorly). 

On the other hand, the rest of taxa show a mediolaterally wider than anteroposteriorly thick metaphysis. 

This condition is more extreme in gorillas and atelids, which exhibit the highest values for this index. This 

metaphyseal shape (wider mediolaterally than anteroposteriorly) has been associated with motion of the 

DQNOH�MRLQW�LQ�GLYHUVH�SRVWXUHV�DQG�WKH�FDSDELOLW\�RI�K\SHUGRUVLÁH[LRQ�GXULQJ�YHUWLFDO�FOLPELQJ��'H6LOYD�

2008; DeSilva et al. 2010). Thus, cercopithecoids display the opposite pattern, with an anteroposteriorly 

broader metaphysis related to movements restricted to the parasagittal plane (Fig. 46; Harrison 1989). 

In the case of fossil tibiae, H. laietanus resembles the condition of great apes and atelids, showing an 

DQWHURSRVWHULRUO\�ÁDWWHQHG�PHWDSK\VLV��)LJ�������0RUHRYHU��WKH�PHWDSK\VHDO�VKDSH�RI�WKLV�WD[RQ�LV�YHU\�

similar to that of P. major (NAP I’58) and S. indicus �<*63�������DQG�FOHDUO\�GLͿHUV�IURP�WKRVH�RI�Ekembo 

Catalogue no. Taxon MLM APM MLMM APMM Measurements source�
KNM-RU1939 Ekembo nyanzae 24.6 21.5 9.3 15.2 This study

NAP I58 Proconsul major 43.1 29.9 13.8 22.9 Rafferty et al. 1995, Nakatsukasa et al. 2012

KNM-LG583 Dendropithecus sp. or Proconsul africanus 17.1 11.3 5.7 9.8 This study

KNM-RU3589 Ekembo heseloni 15.4 14.2 6.0 11.0 This study

YGSP1656 Sivapithecus indicus 21.9 15.3 8.7 13.7 DeSilva et al. 2010

FOSSIL PRIMATE TIBIAE

Table 29 Comparative sample of fossil primates. Table includes the distal tibia measurements (in mm) used in 
this work. See Table 6 for measurement abbreviations.
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spp., which are more cercopithecoid-like (Fig. 46; although E. nyanzae also overlaps with the lower range 

of gibbons, and bonobos). KNM-LG583 (Dendropithecus/Proconsul africanus) shows the highest value for 

this index and, therefore, the most mediolaterally expanded metaphysis among fossil apes, resembling 

mainly gorillas, orangutans and atelids.

Groove for the tibialis posterior tendon.- The tibia of H. laietanus displays a deep groove for the 

tibialis posterior tendon that is similar to those of Nasalis or Pan, a trait associated with powerful grasping 

abilities during climbing and arboreal quadrupedalism (Lewis 1980a). 

Figure 45 Boxplot showing 
variation in the relative medial 
malleolus thickness (MLMM/
APSMM) in fossil hominoids 
compared to a sample of extant 
primates. Vertical lines represent 
the median, boxes the interquartile 
range (between the 25th and the 75th 
percentiles), whiskers the extreme 
values, and circles the outliers. 
Cercopithecines (Papio, Mandrillus, 
Lophocebus, Macaca, Cercopithecus 
and Chlorocebus), colobines 
(Nasalis, Colobus, and Presbytis), 
and atelids (Alouatta and Ateles) 
taxa are shown grouped for easier 
comparisons since no statistical 
GLͿHUHQFHV�DPRQJ�WKH�WD[D�RI�HDFK�
group have been found. 

Figure 46 Boxplot showing 
variation in the metaphysis 
dimensions (MLM/APM) in 
fossil hominoids compared to 
a sample of extant primates. 
Vertical lines represent the median, 
boxes the interquartile range 
(between the 25th and the 75th 
percentiles), whiskers the extreme 
values, and circles the outliers. 
Cercopithecines (Papio, Mandrillus, 
Lophocebus, Macaca, Cercopithecus 
and Chlorocebus), colobines 
(Nasalis, Colobus, and Presbytis), 
and atelids (Alouatta and Ateles) 
taxa are shown grouped for easier 
comparisons since no statistical 
GLͿHUHQFHV�DPRQJ�WKH�WD[D�RI�HDFK�
group have been found. 
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7KH� DQWHURSRVWHULRU� FRPSUHVVLRQ� RI� WKH� GLVWDO� VKDIW� DQG� D� ODUJH� ÀEXODU� IDFHW� RI�H. laietanus more 

resemble the ape condition. Among apes, the tibia of H. laietanus is most similar to that of hylobatids, since 

LW�GRHV�QRW�GLVSOD\�WKH�VSHFLDOL]HG�YHUWLFDO�FOLPELQJ�IHDWXUHV�REVHUYHG�LQ�JUHDW�DSHV��H�J���ODUJH�ÀEXODU�IDFHW�

and mediolaterally expanded articular surface). Compared to other fossil apes, the tibia of H. laietanus is 

similar in the overall shape of the medial malleolus (marked distal projection) and the articular surface 

(subrectangular and with a median keel) to that of E. nyanzae (KNM-RU1939), for which adaptations to 

DERYH�EUDQFK�TXDGUXSHGDOLVP�KDYH�EHHQ�LQIHUUHG��5DͿHUW\�et al. 1995; DeSilva 2008). Although similar 

in some traits (e.g., metaphysis dimensions), the tibia of H. laietanus�GLͿHUV�IURP�WKDW�RI�P. major and S. 

indicus, which show some traits associated with arboreal quadrupedalism (e.g., marked distal projection 

RI�WKH�PHGLDO�PDOOHROXV�DQG�UHODWLYHO\�VPDOO�ÀEXODU�IDFHW���EXW�DOVR�RWKHUV�UHODWHG�WR�YHUWLFDO�FOLPELQJ��H�J���

VRPHZKDW�ÁDW�DUWLFXODU�VXUIDFH�DQG�DQ�LQWHUPHGLDWH�UHODWLYH�WKLFNQHVV�RI�WKH�PHGLDO�PDOOHROXV��5DͿHUW\�et 

al. 1995; DeSilva 2008; DeSilva et al. 2010).
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G. b. graueri NS
G. g. gorilla NS NS
P. paniscus ** ** **
P. t. schweinfurthii ** ** ** NS
P. troglodytes NS * NS NS **
Po. pygmaeus ** ** ** NS NS **
H. lar NS NS NS ** ** ** **
Cercopithecines ** ** ** ** ** ** ** **
Colobines ** ** ** ** ** ** ** ** NS
Atelids NS ** ** NS NS NS NS ** ** **
C. apella ** ** ** ** ** ** ** ** NS NS **

G. b. graueri NS
G. g. gorilla NS NS
P. paniscus ** ** *
P. t. schweinfurthii ** ** ** NS
P. troglodytes NS NS NS NS NS
Po. pygmaeus NS NS NS NS * NS
H. lar ** ** ** NS NS NS NS
Cercopithecines ** ** ** ** ** ** ** **
Colobines ** ** ** ** ** ** ** ** NS
Atelids NS NS NS ** ** ** NS ** ** **
C. apella * ** * NS NS NS NS NS ** ** **

POST HOC PAIRWISE COMPARISONS

MLM/APM

MLMM/APMM

Abbreviations:�16��QRW�VLJQLÀFDQW��
��S�������

��S������

Table 30 6LJQLÀFDQFH�RI�SRVW�KRF�SDLUZLVH�FRPSDULVRQV��7XNH\��IRU�WKH�VL]H�
of the relative thickness of the tibial medial malleolus (MLMM/APML) and 

the metaphysis dimensions (MLM/APM) among extant primates. 





You see things and you say “Why?”; but I dream 
things that never were and and I say “Why not?”.
-- G. Bernard Shaw --
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DESCRIPTION

IPS21350.37.- Complete left patella

Apart from the diaphyseal fragments and the pedal elements (see Chapter 1 and Almécija et al. in 

prep.b, respectively), the left patella (IPS21350.37) is the only well preserved hindlimb element available 

for Pierolapithecus catalaunicus, and its part of the holotype partial skeleton (Fig. 47; Moyà-Solà et al. 2004). 

This patella displays very minor damage on its proximal and medial portions, and some slight abrasion 

on the distal end, although its shape and size are well preserved. IPS21350.37 is mediolaterally broader 

(ML = 24.9 mm) than proximodistally long (PD = 21.9 mm); it is anteroposteriorly thin (AP = 9.7 mm) 

throughout its length, and it slightly wedges distalward. On the proximal half of its anterior side there is 

a rough surface for the insertion of the vastus lateralis, medialis, intermedius and rectus femoris muscles (i.e., 

the quadriceps muscle group). The articular surface for the femoral patellar groove occupies almost the 

whole posterior side of the patella (PDAS = 17.1 mm). A medial and a lateral regions can be distinguished 

in the articular surface. They are asymmetrical, with the lateral aspect larger than the medial. Toward its 

distal edge, the patella shows a medially oriented rough area for the insertion of the patellar ligament.

Figure 47 Left patella of Pierolapithecus catalaunicus (IPS21350.37, holotype) from ACM/BCV1 in a, anterior; b, posterior; 
c, lateral; d, medial; e, proximal; and f, distal views.
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COMPARATIVE SAMPLE, MEASUREMENTS AND STATISTICAL ANALYSIS

To compare this specimen with the patellae of other (extant and extinct) anthropoids, four variables 

were measured following Ward et al. (1995): total proximodistal height of the patella (PD); proximodistal 

height of the articular surface (PDAS); anteroposterior thickness (AP); and mediolateral breadth (ML). 

These variables are intended to capture the overall proportions of the patella while being biomechanically 

meaningful. Measurements were taken using a digital caliper to the nearest 0.1 mm. The individual values 

for P. catalaunicus were compared with the sample of extant anthropoids used by Ward et al. (1995: tables 

1 and 2), as well as selected fossil hominoid specimens, for which measurements were taken from the 

literature (McCrossin 1994a; Ward et al. 1995; Nakatsukasa et al. 2012). In all cases, only adult specimens 

for which all measurements were available were included in the analyses. The fossil hominoid sample 

included: KPS PT3 and KPS PT4 (Ekembo heseloni; Ward et al. 1995); KNM-RU 17382 (Ekembo nyanzae; Ward 

et al. 1995); KNM-BG 15535 (Nacholapithecus kerioi, referred to Kenyapithecus in Ward et al. 1995); BAC 122 

(Oreopithecus bambolii, measured by Sergio Almécija from a cast: PD = 22.2 mm, PDAS = 19.9 mm, AP = 8.9 

mm, ML = 23.0 mm); and KNM-MB 24738 (Equatorius africanus; McCrossin 1994a).

For shape comparisons, linear dimension were divided by overall patellar size, which was 

approximated by the geometric mean (GM) of the four original lengths. Size-adjusting the patellar linear 

dimensions by the GM produces dimensionless Mosimann shape ratios characterizing each individual 

irrespective of the remaining individuals in the sample (unlike residuals derived from regressions; 

Mosimann 1970; Jungers et al. 1995). Comparisons of patellar size (GM) and shape (Mosimann variables) 

were depicted by means of boxplots for descriptive purposes. Further, major patterns of patellar shape 

variation between extant anthropoids and fossil hominoids were summarized by means of a principal 

components analysis (PCA) performed on the covariance matrix of the taxa means. Individual PC scores 

were computed and plotted a posteriori in order to show variation within extant anthropoids. The method, 

known as between-group PCA (bgPCA), is extensively described elsewhere (Mitteroecker and Bookstein 

2011). Shape variables were log-transformed (using natural logarithms) before being introduced into 

WKH�DQDO\VLV�� 6WDWLVWLFDO�GLͿHUHQFHV�EHWZHHQ� WKH�EJ3&�VFRUHV�REWDLQHG� �EJ3&��DQG�EJ3&�� LQ� WKLV� FDVH��

from the extant sample of primates were inspected by means of analyses of their variance (ANOVA), 

as well as multivariate analyses of variance (MANOVA; to inspect both principal axes together), and 

their associated Bonferroni post hoc multiple comparisons. All shape analyses were performed with the 

statistical packages SPSS v 15 and PAST v 2.15.

Patellar mediolateral breadth (ML) has been previously found to scale with body mass (BM) in non-

human hominoids (Jungers 1990b). Hence, the scaling of ML against BM and GM was inspected in the 

sample of non-human anthropoid primates by means of phylogenetic generalized least-squares (PGLS) 

UHJUHVVLRQV� RI� WKH� ORJ�WUDQVIRUPHG�� VH[�VSHFLÀF�PHDQV��+XPDQV�ZHUH� H[FOXGHG� IURP� WKH� DQDO\VHV� IRU�

being clear outliers in the sample regarding ln ML vs OQ�%0��7KH�UHJUHVVLRQ�FRH΀FLHQWV�DQG�WKH�HUURU�WHUP�
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are all computed by means of maximum likelihood (Martins and Hansen 1997), with phylogenetic signal 

(Pagel 1999; Freckleton et al. 2002) incorporated into the error term. The degree of phylogenetic signal is 

given by l, which varies between values of 0 (no signal) and 1 (strong signal; ibid). All PGLS regressions 

results are based on female species means; the male results were similar and therefore are not shown. 

PGLS regression statistics were calculated using the ‘base’ and ‘caper’ libraries of R v 2.9 (R Core Team 

2015). The consensus topology and branch lengths for the extant primate sample were taken from the 10k 

Trees website (v3; Arnold et al. 2010).

COMPARISONS

Mosimann shape ratios

The range of variation of the patellar size (GM), as well as the Mosimann shape variables for the 

GLͿHUHQW�H[WDQW�JHQHUD�DQG�IRVVLO�LQGLYLGXDOV��DUH�GHSLFWHG�LQ�)LJXUH����E\�PHDQV�RI�ER[SORWV��VHH�)LJXUH�

49 for patellar morphological comparisons). Regarding the overall patellar size (GM), African apes and, 

especially, humans have the largest patellae (Fig. 48a). Orangutans and baboons display an intermediate 

patellar size between African apes and hylobatids, non-Papio cercopithecoids and platyrrhines. Finally, 

hylobatids (gibbons and siamangs) overlap with anthropoid monkeys and Cebus, showing the latter the 

smallest patellar size. Apart from E. heseloni and N. kerioi, which are similar to hylobatids and monkeys 

(platyrrhines and cercopithecoids), the rest of Miocene apes, including P. catalaunicus, have patellae of 

intermediate size between the monkey-hylobatid group (except Papio) and African ape-human group, 

overlapping with the ranges of orangutans and baboons.

Monkeys and hylobatids exhibit proximodistally longer patellae than extant great apes and humans 

(Fig. 48b). Ranges of PD variation of cercopithecoid and platyrrhine monkeys and gibbons are very 

similar to one another. The patella of Symphalangus is exceptionally proximodistally high, its lower non-

interquartile range overlapping only with the upper range of cercopithecoid monkeys, but not with that 

of Hylobates. For extant great apes and humans, only the uppermost range of Pan overlaps with that of 

platyrrhine and cercopithecoid monkeys and Hylobates. Great apes and humans overlap among them. 

Pierolapithecus catalaunicus (similarly as O. bambolii) falls within the interquartile range of all great apes 

and humans, while the rest of Miocene apes exhibit slightly proximodistally longer patellae, falling in the 

range of monkeys and Hylobates. 

)RU� 3'$6�� GLͿHUHQFHV� EHWZHHQ� JHQHUD� DUH� OHVV� FOHDU� �)LJ�� ��F��� $OWKRXJK� PRVW� UDQJHV� RYHUODS��

humans, cercopithecoids and Cebus show proximodistally shorter articular surfaces than Pan, Pongo, 

hylobatids and Ateles. Gorillas display a wide range, overlapping with the interquartile ranges of the 

remaining great apes and all monkeys. Hylobates shows the highest values of PDAS, closely followed by 
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Ateles. Nonetheless, in both cases, their ranges overlap with those of the rest of taxa (except for Hylobates 

which not overlaps with humans). The PDAS value of P. catalaunicus overlaps with humans, gorillas 

and monkeys (although only slightly with the lowermost range of Ateles). Equatorius africanus shows the 

lowest value of this index and overlaps with humans, gorillas, cercopithecoids and Cebus. The rest of 

Miocene apes ratios overlap with those of apes and Ateles, displaying N. kerioi and E. heseloni (KPS PT3) a 

shorter PDAS than E. nyanzae, E. heseloni (KPS PT4), and O. bambolii.

,Q� FRQWUDVW�� PDUNHG� GLͿHUHQFHV� DUH� REVHUYHG� FRQFHUQLQJ� DQWHURSRVWHULRU� WKLFNQHVV� �)LJ�� ��G���

Hylobatids display the thinnest patellae and overlap (mainly gibbons) with the lower ranges of 

chimpanzees, orangutans and Ateles. Cercopithecoids and humans show the opposite condition (thickest 

patellae), thus overlapping with the uppermost ranges of gorillas and platyrrhines. Great apes and Ateles 

have intermediate values for this index. This is also the case of P. catalaunicus. Oreopithecus bambolii, N. 

kerioi and Ekembo spp. show slightly thinner patellae than great apes, overlapping with the lowest range 

of Pan, Ateles and hylobatids. Equatorius africanus is more similar to humans and cercopithecoids, although 

it also falls in the range of gorillas and Cebus. Finally, cercopithecoids display the narrowest patellae (Fig. 

Figure 48 Boxplots representing patellar size (GM) and Mosimann shape variables. a, patellar size (GM); b-f, 
shape variables standardized by GM based on the four original variables. Vertical lines represent the median, 
boxes the interquartile range (between the 25th and the 75th percentiles), whiskers the extreme values, circles 

the outliers and asterisks the extreme outliers. Measurements abbreviations in Table 6.
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48f), followed by platyrrhines, hylobatids, and great apes and humans. The latter two groups overlap 

one each other, and also with siamangs. Gibbons overlap with the lower ranges of humans and African 

apes, as well as cercopithecoid and platyrrhine monkeys. Miocene apes mainly overlap with the ranges 

of humans and great apes, showing one specimen of E. heseloni (KPS PT 4) and E. nyanzae the lowest 

values of ML among fossils. Equatorius africanus, O. bambolii, the other individual of P. heseloni (KPS PT 

3) and N. kerioi show intermediate values for fossils, being P. catalaunicus the specimen with the broadest 

mediolateral length of the patella.

Size scaling of patellar mediolateral breadth

Allometric regression results are given in Figure 50 and Table 31. For both the ML vs BM and ML 

vs GM, the results are near expectations based on isometric dimensional scaling. Mediolateral patellar 

breadth exhibits a strong correlation with BM, and scales with a slope of 0.376(�������%HFDXVH�ր� �������

�QR�SK\ORJHQHWLF�VLJQDO���WKH�����FRQÀGHQFH�LQWHUYDOV��&,��ZDV�FDOFXODWHG�XVLQJ�D�W�GLVWULEXWLRQ�IRU�VPDOO�

VDPSOHV� �')� ���� W� ��������ն� ��������\LHOGLQJ�D�VORSH�&,�RI������²�������ZKLFK�RYHUODSV� WKH� LVRPHWULF�

expectation of 0.333. ML also exhibits a strong correlation with GM, and scales with a slope of 1.190. 

7KH�ր� ��������VWURQJ�SK\ORJHQHWLF�VLJQDO��FRPSOLFDWHV�XVH�RI�VWDQGDUG�VWDWLVWLFDO�WDEOHV�LQ�WKLV�LQVWDQFH��

+RZHYHU�� LW� LV� OLNHO\� WKDW� WKLV� VFDOLQJ�SDWWHUQ�KDV�D� VLJQLÀFDQWO\�SRVLWLYH�DOORPHWU\�E\�D� VPDOO�PDUJLQ�

(est. 95% CI 1.020–1.360), based on an isometric expectation of 1.000. Therefore, the above-explained 

GLͿHUHQFHV�EHWZHHQ�KRPLQLGV�DQG�WKH�K\OREDWLG�PRQNH\�JURXS�LQ�WKH�0RVLPDQQ�UDWLR�0/�*0��)LJ����I��

PD\�EH�GXH�WR�VFDOLQJ�HͿHFWV�

Between-group principal components analysis

Most of the patellar shape variation (91.6%) among extant and fossil taxa is explained by the two 

ÀUVW�EHWZHHQ�JURXS�SULQFLSDO�FRPSRQHQWV��EJ3&V��)LJ������7DEOH������EJ3&���������RI�YDULDQFH��LV�KLJKO\�

correlated with positive values of mediolateral patellar breadth (ML) and especially negative values 

of anteroposterior patellar thickness (AP). This axis completely separates apes from cercopithecoids. 

Figure 49 Digital renderings of 3D models of the patella of Pierolapithecus catalaunicus compared with those of a selected 
extant primate sample: a, Cebus albifrons; b, Ateles belzebuth; c, Colobus angolensis; d, Cercopithecus mitis; e, Papio cynocephalus; 
f, Pierolapithecus catalaunicus (IPS31250.37); g, Gorilla gorilla; h, Pan troglodytes; i, Pongo pygmaeus; j, Symphalangus 
syndactylus; and k, Hylobates agilis. For comparative purposes, all models are scaled to the same proximodistal height 

and show as if from the left side. For each model, anterior (top) and posterior (bottom) views are shown.
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However, platyrrhines and humans overlap on this axis and occupy an intermediate position between 

FHUFRSLWKHFRLGV� DQG� DSHV� �RYHUODSSLQJ� ZLWK� ERWK��� 'LͿHUHQFHV� LQ� EJ3&�� VFRUHV� EHWZHHQ� WD[D� DUH�

VWDWLVWLFDOO\�VLJQLÀFDQW��)� ���������S����������VHH�7DEOH����IRU�VSHFLÀF�GLͿHUHQFHV���7KHVH�UHVXOWV�KLJKOLJKW�

the fact that monkeys and, especially, cercopithecoids have anteroposteriorly thicker and mediolaterally 

narrower patellae than extant great apes (see also Fig. 49). Symphalangus exhibits the extreme condition 

IRU�KRPLQRLGV��EHLQJ�VWDWLVWLFDOO\�GLͿHUHQW�IURP�WKH�UHPDLQLQJ�WD[D�H[FHSW�IRU�Hylobates (p = 1.000; Table 

����� &RQYHUVHO\��PRGHUQ� KXPDQV�� DOWKRXJK� LQ� WKH� UDQJH� RI� SODW\UUKLQHV�� VKRZ� VLJQLÀFDQW� GLͿHUHQFHV�

ZLWK�DOO�FHUFRSLWKHFRLGV�DQG�H[WDQW�DSH�JHQHUD��S���������7DEOH������EJ3&���������RI�YDULDQFH��LV�KLJKO\�

correlated with positive values of proximodistal patellar length (PD) and negative values of mediolateral 

EUHDGWK��0/���EJ3&�VFRUHV�IRU�WKLV�D[LV�DOVR�VKRZ�VWDWLVWLFDO�GLͿHUHQFHV�DPRQJ�JHQHUD��)� ���������S���

��������&HUFRSLWKHFRLGV��SODW\UUKLQHV�DQG�K\OREDWLGV�GLVSOD\�RYHUDOO�VLJQLÀFDQW�GLͿHUHQFHV� IURP�H[WDQW�

JUHDW�DSHV�DQG�KXPDQV��S���������7DEOH������7KXV��DOWKRXJK�WKHUH�LV�RYHUODSSLQJ�LQ�WKH�EJ3&��UDQJHV�RI�

Figure 50 Allometric bivariate 
plots. a, mediolateral breadth 
(ML) vs body mass (BM); b, ML 
vs patellar size (GM). The OLS 
and PGLS allometric regression 
equations are reported in Table 
31; dashed dark blue lines 
denotes female means of non-
humans primates OLS regression 
(see text for further explanation). 
Because of the isometric 
relationship between ML and 
BM, the former can be used as a 
surrogate of BM (see text).
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all great apes with those of hylobatids and monkeys, the two latter groups show relatively longer and 

narrower patellae than great apes and humans (see also Fig. 49). Again, Symphalangus shows the extreme 

positive values along bgPC2, by having the highest relative patellar proximodistal length and lowest 

DQWHURSRVWHULRU�WKLFNQHVV��7KH�0$129$�UHVXOWV�UHYHDO�WKDW��ZKHQ�WKH�WZR�ÀUVW�EJ3&�D[HV�DUH�FRQVLGHUHG�

OLS Intercept s.e. Slope s.e. 95% CI F p-value Adj R
ML vs BM 1.864 0.064 0.360 0.024 0.305-0.414 229.875 <0.001 0.962
ML vs GM -0.478 0.222 1.243 0.085 1.047-1.439 214.469 <0.001 0.960
PGLS Intercept s.e. Slope s.e. 95% CI t -value p-value Adj R � DF
ML vs BM 1.815 0.067 0.376 0.025 0.318-0.433 15.037 <0.001 0.960 0.000 8
ML vs GM -0.348 0.192 1.190 0.075 1.020-1.360 15.930 <0.001 0.970 1.000 8

ALLOMETRIC REGRESSIONS EQUATIONS

Abbreviations: ML, mediolateral breadth of the patella; BM, body mass; GM, geometic mean based on the four lengths 
PHDVXUHG�RQ�WKH�SDWHOOD��V�H���VWDQGDUG�GHYLDWLRQ��&,��FRQÀGHQFH�LQWHUYDO��$GM��DGMXVWHG��')��GHJUHHV�RI�IUHHGRP��ն��S���
������EDVHG�RQ�W�VWDWLVWLF�IRU�WKH�FRH΀FLHQW�

Figure 51 Between groups principal components analysis (bgPCA) performed on extant taxa and individual 
IRVVLO�SDWHOODH��7KH�ÀUVW�WZR�D[HV�H[SODLQ�XS�WR�������RI�WKH�WRWDO�YDULDQFH��EJ3&����������EJ3&�����������
Major taxonomic groups are indicated by colours as follows: orange, cercopithecoids; brown, platyrrhines; 

pistachio, hylobatids; light green, great apes; dark green, humans.

Table 31 Ordinary least squares (OLS) and phylogenetic generalized least-squares (PGLS) allometric regressions 
for mediolateral breadth of the patella (ML) relative to body mass (BM) and patellar size (GM). Regressions 
were derived in the extant non-human anthropoids sample (8 species: 5 monkeys, 3 great apes) using female 

individuals data set (sex-pooled humans were not included in the analyses; see text for further explanation). 
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WRJHWKHU�� VWDWLVWLFDO� GLͿHUHQFHV� DUH� DOVR� GHWHFWHG�� 6SHFLÀFDOO\�� DOO� FHUFRSLWKHFRLG� WD[D� DUH� VWDWLVWLFDOO\�

GLͿHUHQW�IURP�WKH�DSH�WD[D��DQG�Symphalangus�VKRZV�GLͿHUHQFHV�ZLWK�WKH�UHPDLQLQJ�SULPDWH�JHQHUD�WR�WKH�

exception of Hylobates��S�����������0RGHUQ�KXPDQV�GLVSOD\�GLͿHUHQFHV�ZLWK�DSHV�DQG�FHUFRSLWKHFRLGV��S���

�������EXW�QRW�ZLWK�SODW\UUKLQHV��S� ��������7DEOH������7KXV��WR�VRPH�GHJUHH��SDWHOODU�VKDSH�GLͿHUHQFHV��DV�

LGHQWLÀHG�E\�WKH�EJ3&$��UHODWH�WR�SK\ORJHQ\��*UHDW�DSHV�DUH�PRUH�VLPLODU�DPRQJ�WKHP�WKDQ�WR�K\OREDWLGV��

cercopithecoid taxa are more similar to each other than to great apes, and this is also the case of platyrrhine 

taxa. However, concerning bgPC1 (the axis that explains the highest amount of variance), cercopithecoids 

are more distinct from hominoids than are platyrrhines (intermediate between both).

Most fossil apes (the two species of Ekembo, N. kerioi and O. bambolii) fall close in the bgPC1-bgPC2 

morphospace, highly overlapping with Symphalangus and great apes (mainly the specimens KPS PT4, 

BAC122 and KNM-RU17382) for bgPC1. These fossil apes occupy a central position along bgPC2, 

overlapping with extant apes and monkeys. BAC122 (O. bambolii) shows the lowest values among the 

above-mentioned Miocene apes, and KNM-RU 17382 (E. nyanzae) the highest. Overall, the patella of these 

Miocene apes is relatively thin anteroposteriorly and wide mediolaterally, in the uppermost range or just 

above the extant great ape range (bgPC1), and in the upper range of great apes for bgPC2 (by discounting 

one Pan outlier), but fully within the monkey range for the latter axis. Two fossil ape patellae depart 

from the others: KNM-MB24738 (Eq. africanus) and IPS21350.37 (P. catalaunicus). They show both lower 

bgPC1 (especially E. africanus) and bgPC2 values than the remaining Miocene apes. When both bgPC 

axes are inspected together, to the exception of KPS PT4 (E. heseloni, which overlaps with Pan and is also 

close to Pongo), the other Ekembo spp., N. kerioi and O. bambolii specimens fall in a unique region of the 

morphospace. Equatorius africanus VKRZV� LWV�FORVHVW�D΀QLWLHV�ZLWK�PRGHUQ�KXPDQV��DQG�P. catalaunicus 

overlaps with Pongo and Gorilla.

Table 32 Results of the Between Groups Principal Components 
Analysis (bgPCA) based on patellar measurements. Abbreviations: 
bgPC, between-group principal component; PD, total proximodistal 
height of the patella; PDAS, proximodistal height of the articular 
surface; AP, anteroposterior thickness; ML, mediolateral breadth. a, 
Each original variable was size-adjusted by the geometric mean (GM) 
of the four variables and log-transformed (using natural logarithms) 
prior incorporation into the analysis. The variables with absolute 
ORDGLQJV�RI�����RU�PRUH�DUH�PDUNHG�LQ�EROG��2QO\�WKH�WZR�ÀUVW�EJ3&�
axes provided meaningful discrimination and are therefore shown.
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Ateles *
Colobus * **
Cercopithecus ** ** NS
Papio NS ** NS NS
Hylobates ** * ** ** **
Symphalangus ** ** ** ** ** NS
Pongo ** ** ** ** ** NS NS
Pan ** * ** ** ** NS NS NS
Gorilla ** NS ** ** ** NS * NS NS
Homo NS NS ** ** ** ** ** ** ** *

Ateles NS
Colobus NS NS
Cercopithecus NS NS NS
Papio NS NS NS NS
Hylobates NS NS NS NS NS
Symphalangus ** NS NS * ** NS
Pongo * ** ** ** NS ** **
Pan NS * * NS NS ** ** NS
Gorilla ** ** ** ** * ** ** NS NS
Homo ** ** ** ** ** ** ** NS NS NS

Ateles *
Colobus * **
Cercopithecus ** ** NS
Papio NS ** NS NS
Hylobates ** * ** ** **
Symphalangus ** ** ** ** ** NS
Pongo ** ** ** ** ** NS NS
Pan ** * ** ** ** NS NS NS
Gorilla ** NS ** ** ** NS * NS NS
Homo NS NS ** ** ** ** ** ** ** *

POST HOC PAIRWISE COMPARISONS

bgPC1

bgPC2

MANOVA (bgPC1 and bgPC2)

Table 33 6LJQLÀFDQFH�IRU�
the ANOVA and MANOVA 

multiple post hoc comparisons 
(Bonferroni method) for scores of 
bgPC 1 and 2 according to extant 

primates genera. Abbreviations: 
bgPC, between-group principal 
FRPSRQHQW��16��QRW�VLJQLÀFDQW��
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Chapter 6
Patellar biomechanics during knee flexion
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The knee is considered to be as one of the most complex joints of the mammalian body and is crucial 

for locomotion and weight bearing (e.g., Masourus et al. 2010). Thus, it has been extensively and deeply 

studied in humans, mainly through orthopaedic and clinical approaches (see some recent examples such 

as Garth 2001; Li et al. 2004; Masourus et al. 2010; Schindler and Scott 2011; Fitzpatrick et al. 2011, 2013, 

2016; Adouni et al. 2012; Stephen et al. 2013; Zabala et al. 2013; and Smoger et al. 2015). Despite all the 

information generated from extensive study, the kinetic behaviour of the human knee joint still remains 

not fully understood (Engel et al. 2011). In particular, very little attention has been paid to the study of the 

non-human primate (NHP) knee biomechanics, and most of the (still little) research is largely focused on 

mere anatomical descriptions (e.g., Diogo et al. 2012, 2013; Ingham et al. 2015), bone shape and functional 

morphology (e.g. Kumakura 1989; Lovejoy 2007), or more theoretical approximations (e.g., Preuschoft 

1970; Badoux 1974; Preuschoft and Tardieu 1996). Nonetheless, the last years have seen the emergence 

of a number of in vivo and experimental studies of primate locomotion that have also yielded interesting 

data on this joint (such as muscle architecture, moment arms, joint angles, or forces acting about the knee; 

Larson et al. 2001; Larney and Larson 2004; Schmidt 2005; Wunderlich and Shaum 2007; Polk et al. 2009; 

Channon et al. 2010a; Demes 2011; Sellers et al. 2013; among others).

Although the patella has an important role in knee biomechanics (as observed in humans), its 

analysis has been frequently neglected as compared to the preferential study of the distal femur and/

or the proximal tibia. Moreover, and importantly, few works focus on fossil patellar remains beyond the 

GHVFULSWLRQ� RI� WKH� ERQH�� 7KHUH� DUH� VRPH� UHFHQW� DQDO\VHV� WKDW� KDYH� RXWOLQHG�SDWHOODU� VKDSH�GLͿHUHQFHV�

among living primates, and between these and fossil taxa, as well as the relation of the patella to the knee 

joint function in NHP primates (see Chapter 5; Ward et al. 1995; DeSilva et al. 2013). Because the acquisition 

of bipedalism involves a number of anatomical changes, including several within the knee (e.g., increasing 

of the femoral bicondylar angle; Lovejoy 2007), the study of that joint in living NHP, especially fossil 

apes, is essential to better comprehend the evolutionary context of modern human bipedalism and its 

anatomical specialization.

The increasing application of innovative techniques in palaeontology, mostly derived from the 

HQJLQHHULQJ�ÀHOGV��DOORZV�IRU�D�PRUH�SUHFLVH�DQG�DFFXUDWH�VWXG\�RI�WKH�VWUXFWXUH��IXQFWLRQ�DQG�LQWHUDFWLRQV�

of biologically important structures (e.g., bones, teeth, tendons) than traditional techniques (e.g., linear 

morphometric analysis). These new techniques provide the opportunity to virtually work with the 
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VWUXFWXUHV� WKURXJK� WKH�PRGLÀFDWLRQ�RI� WKHLU�GLJLWDO�PRGHOV�� WKXV�RSHQLQJ� WKH�SRVVLELOLW\�RI� WHVWLQJ� WKH�

HͿHFW�RI�VSHFLÀF�PRUSKRORJLFDO�DQG�HYROXWLRQDU\�FKDQJHV��)LQLWH�HOHPHQW�DQDO\VLV��)($��LV�D�PDWKHPDWLFDO�

modelling technique that has emerged as a useful tool in vertebrate palaeontology to study the mechanical 

role of biological structures, such as skulls (Fortuny et al. 2015), jaws (Serrano-Fochs et al. 2015), postcranial 

bones (Bishop et al. 2015), teeth (DeMiguel et al. 2006, 2015), claws (Lautenschlager 2014), and many 

RWKHUV��7KH�JHQHUDWLRQ�RI�)(�PRGHOV�FRXOG�KHOS�XV�WR�XQGHUVWDQG�WKH�EHKDYLRXU�RI�WKH�GLͿHUHQW�NQHH�MRLQW�

components under dynamic loading, as evidenced by applied work to the human knee to analyse the 

performance of the patella (Engel et al. 2011; Fitzpatrick et al. 2011; Fitzpatrick and Rullkoetter 2012). As 

IDU�DV�LW�LV�NQRZQ��WKLV�LV�WKH�ÀUVW�ZRUN�LQ�ZKHUH�1+3�SDWHOODH�DUH�DQDO\VHG�WKURXJK�)($��

7KH�ÀUVW�DLP�RI�WKLV�ZRUN�LV�WKHUHIRUH�WR�WHVW�WKH�PHFKDQLFDO�UROH�RI�VRPH�VSHFLÀF�SDWHOODU�WUDLWV��L�H���

anteroposterior thickness and proximodistal height), as well as the behaviour of the patellar apex (that is, 

WKH�GLVWDO�SHDN�RI�WKH�ERQH���6HFRQGO\��WKLV�VSHFLÀF�VWXG\�DOVR�IRFXV�RQ�WUDFNLQJ�WKH�HYROXWLRQDU\�VFHQDULR�

of the apex and the mechanical role of the patella in the origin and evolution of orthograde positional 

behaviours (e.g., vertical climbing and below-branch suspension) within the Hominoidea. To do so, the 

patellae of two Miocene taxa were included for analysis, the putative stem catarrhine Epipliopithecus 

vindobonensis (Zapfe 1958, 1960) and the great ape Pierolapithecus catalaunicus (Moyà-Solà et al. 2004). 

+HQFH��WR�DGGUHVV�WKHVH�SRLQWV��WKH�IROORZLQJ�WKUHH�DLPV�DUH�LQVSHFWHG�XVLQJ�ÀQLWH�HOHPHQW�PHWKRGV�

Patellar model Species Catalogue no. Nature Nodes Elements
Cebus Cebus olivaceus AMNH42873 Extant 394,422 265,287

Ateles Ateles belzebuth AMNH259 Extant 331,604 221,888

Cercopithecus Cercopithecus mitis AMNH52402 Extant 270,139 181,383

Mandrillus Mandrillus sphinx AMNH89358 Extant 427,434 285,657

Colobus Colobus guereza AMNH52241 Extant 446,929 300,227

Hylobates Hylobates lar MCZ41412 Extant 403,089 268,374

Symphalangus Symphalangus syndactylus AMNH106581 Extant 439,722 295,965

Pongo Pongo pygmaeus AMNH62586 Extant 368,020 247,551

Pan Pan troglodytes MCZ23164 Extant 383,969 256,695

Gorilla Gorilla gorilla AMNH9029 Extant 363,359 246,392

Homo Homo sapiens SBU collection Extant 356,758 240,169
Cercopithecus-ThinAP - - Modified 260,199 173,600
Symphalangus-ThickAP - - Modified 376,202 248,887
Gorilla-HighPD - - Modified 436,513 296,334
Cercopithecus-NoApex - - Modified 272,467 182,826
Gorilla-WApex - - Modified 428,921 289,836
Pongo-WApex - - Modified 327,870 218,663

Epipliopithecus Epipliopithecus vindobonensis NHMW1970/1397/0024 Fossil 374,517 249,422

Pierolapithecus Pierolapithecus catalaunicus IPS21350.37 Fossil 337,482 224,277

MESHES GEOMETRY

Table 34 Number of nodes and elements of the three-dimensional (3D) models of the primate patellae. Nature 
of the models refers to living (extant) or extinct (fossil) primates, and patellar 3D models that have been digitally 
WUDQVIRUPHG�LQ�WKLV�VWXG\��PRGLÀHG���6HH�WH[W�IRU�IXUWKHU�H[SODQDWLRQ�RQ�DEEUHYLDWLRQV�RI�PRGLÀHG�SDWHOODH�
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(1) Because both African and Asian great apes mainly rely on orthograde behaviours (vertical climbing 

and below-branch suspension, among others; Isler 2005; Crompton et al. 2010; Fleagle 2013) and they are 

the only primates that lack the patellar apex, here it is tested whether the apex (which is characteristic 

of pronograde quadruped primates, hylobatids, and modern humans) might have a mechanical role 

SULPDULO\�UHODWHG�WR�VSHFLÀF�UHTXLUHPHQWV�RI�TXDGUXSHGDOLVP��

(2) The presence of an apex in humans and hylobatids (gibbons and siamangs), which is absent in 

both great apes and the stem hominid P. catalaunicus, raises the interesting question as to why modern 

humans have this structure in their patella (retained or reversed). Thus, it is also explored whether the 

mechanical and/or structural role of the patellar apex in humans is similar (or not) to that of quadrupeds.

(3) Several functions have been attributed to the human patella (Heegaard et al. 1995; Sarin et al. 

1999): (i��LPSURYH�WKH�H΀FLHQF\�RI�WKH�H[WHQVRU�IRUFHV�GXULQJ�NQHH�ÁH[LRQ��ZKLFK�HQWDLOV�D�ELRPHFKDQLFDO�

advantage); (ii��FHQWUDOL]H�WKH�IRUFHV�RI�WKH�GLͿHUHQW�FRPSRQHQWV�RI�WKH�quadriceps muscle complex; (iii) 

provide a smooth sliding mechanism for the quadriceps muscle (protection of the tendons); and (iv) indirectly 

contribute to the global stability of the knee. Considering that, apart from these functions, variation of 

some morphological parameters in NHP (e.g., anteroposterior thickness, AP, and proximodistal height, 

PD) might be apparently associated with increasing the torque of the joint during knee extension by 

lengthening the moment arm of the involved muscles and thus optimizing the extension of the knee, the 

ODVW�K\SRWKHVLV�WR�WHVW�LV�ZKHWKHU�WKH�YDULDWLRQ�RI�$3�DQG�3'�LQÁXHQFH�WKH�SDWHOODU�VWUHVV�GLVWULEXWLRQ�

The goal of these aims is to deepen our knowledge of the structure, function and biomechanical 

PHDQLQJ�RI� WKH�SDWHOOD� �DQG� LWV� DSH[�� DQG� LWV� UHVSRQVH� WR�NQHH�ÁH[LRQ� WKURXJK�DQ� LQQRYDWLYH�)($�� DV�

well as to inspect the functional role of the apex and the patellar shape of primates from an evolutionary 

viewpoint, especially within the Hominoidea.

COMPARATIVE SAMPLE

7KH�PDWHULDO�VWXGLHG�FRQVLVWV�RI����GLͿHUHQW�SDWHOODU�WKUHH�GLPHQVLRQDO���'��PRGHOV�RI�OLYLQJ�SULPDWH�

species (Fig. 52; Table 34). The sample comprises all major taxonomic groups of primates and includes 

platyrrhines (Cebus and Ateles), cercopithecines (Cercopithecus and Mandrillus), colobines (Colobus), lesser 

apes (Hylobates and Symphalangus), Asian (Pongo) and African (Pan and Gorilla) great apes, and modern 

humans (Homo). Moreover, two of the best-known Miocene taxa were added to the sample, Epipliopithecus 

vindobonensis and Pierolapithecus catalaunicus, which allow us to inspect the biomechanical evolutionary 

scenario of the patellar shape and its apex. Epipliopithecus vindobonensis is a stem catarrhine (early middle 

Miocene), which preserves abundant postcranial remains that belong to several individuals (including 

two patellae that show a distal apex; Zapfe 1960). Pierolpithecus catalaunicus is a stem hominid (late middle 

0LRFHQH��WKDW�LV�FRQVLGHUHG�WKH�ÀUVW�XQDPELJXRXV�HYLGHQFH�RI�DQ�RUWKRJUDGH�JUHDW�DSH�DQG�LV�WKHUHIRUH�
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key for understanding the origins of orthogrady within the Hominidae (Moyà-Solà et al. 2004; Alba 2012). 

Among more than 80 fossil remains recovered for P. catalaunicus, the only complete (non-pedal) hindlimb 

remain is that of a left patella (without distal apex; Moyà-Solà et al. 2004).

THE FE METHOD

The FE method (Zienkiewicz 1971; Zienkiewicz et al. 2005) was used to inspect the patellar response 

WR�NQHH�ÁH[LRQ�LQ�D�JURXS�RI�OLYLQJ�DQG�IRVVLO�SULPDWHV��DQG�DVVHVV�WKH�HͿHFWV�RI�PRUSKRORJLFDO�FKDQJH�LQ�

VHYHUDO�YLUWXDOO\�PRGLÀHG�PRGHOV�

Knee modelling

In order to accurately analyse the primate knee biomechanical behaviour, a brief summary of the most 

relevant anatomical and mechanic traits related to the patella and its relation with the other knee elements 

are provided below. Given that the NHP knee kinematics is still largely unknown, as noted above, the 

human knee is taken as reference to construct the model. Thus, the human patella is embedded within 

the ligaments and muscles of the quadriceps complex and the synovial capsule of the joint (Platzer 2008). 

During motion, the contact area between the articular surface of the posterior side of the patella and that 

Figure 52 Snapshots of CAD (computer-aided design) models of the patellae included in this work in lateral (left) and 
posterior (right) views. a, Cebus olivaceus; b, Cercopithecus mitis; c, Colobus guereza; d, Symphalangus syndactylus; e, Ateles 
belzebuth; f, Mandrillus sphinx; g, Hylobates lar; h, Homo sapiens; i, Pan troglodytes; j, Pongo pygmaeus; k, Gorilla gorilla; l, 
Pierolapithecus catalaunicus; m, Cercopithecus-ThinAP; n, Symphalangus-ThickAP; o, Gorilla-HighPD; p, Epipliopithecus 

vindobonensis; q, Cercopithecus-NoApex; r, Gorilla-WApex; s, Pongo-WApex. Scale bar = 10 mm.
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RQ�WKH�DQWHULRU�VLGH�RI�WKH�IHPXU��SDWHOODU�JURRYH��YDULHV�GHSHQGLQJ�RQ�WKH�GHJUHH�RI�ÁH[LRQ�RI�WKH�NQHH��

PRYLQJ�SUR[LPDOO\�LQ�ERWK�WKH�GLVWDO�IHPXU�DQG�WKH�SDWHOOD�ZKHQ�WKH�NQHH�ÁH[HV��1LVHOO�������0DVRXURV�

et al. 2010; Schindler and Scott 2011). Furthermore, there exists a lateral movement of the patella during 

NQHH� ÁH[LRQ�� TXDQWLÀHG� DV� WKH� 4� DQJOH� DQG� GHÀQHG�

as the angle between the line of action of the patellar 

ligament, and the resultant line of the action of the 

quadriceps muscle. This angle ranges between 12-18º in 

humans with the knee extended, and decreases during 

ÁH[LRQ��0DVRXURV�et al. 2010). Moreover, the existence 

of the Q angle implies that the contact area between the 

articular surface of the femur and the patella changes, 

moving to the lateral side of the patellar articular 

surface and becoming more discontinuous proximally 

�ZKHQ� WKH� NQHH� LV� FRPSOHWHO\� ÁH[HG��0DVRXURV� et al. 

2010; Schindler and Scott 2011).

From a kinematic viewpoint, forces in the patello-

femoral joint are a function of the quadriceps muscle 

IRUFH��DQG�WKH�DQJOH�RI�ÁH[LRQ�RI�WKH�NQHH��6FKLQGOHU�DQG�

6FRWW��������7KH�PRVW�VXSHUÀFLDO�SDUWV�RI�WKH�SDWHOOD�DUH�

in tension due to the action of two opposite forces, that 

of the quadriceps muscle and that of the patellar ligament 

(Oxnard 1971; see Nisell 1985: Fig. 1 for a diagram of 

IRUFHV� DFWLQJ� LQ�D� VHPL�ÁH[HG�NQHH�� DV�ZHOO� DV� IXUWKHU�

explanation of the knee kinematic model used in this 

work; see below). The compression of the femur against 

WKH� SDWHOOD� GXULQJ� NQHH� ÁH[LRQ� JHQHUDWHV� D� SDWHOODU�

reaction force (PRF) that increases progressively (Nisell 

1985; Lovejoy 2007; Masouros et al. 2010).

The most important issue for generating a rigorous knee model relates to the inherent complexity of 

this joint, the number of elements that compounds it, and the six degrees of freedom between the femur 

and the tibia (Heegaard et al. 1995; Masouros et al. 2010). In order to create an easy-to-analyse, yet realistic 

DQG�FRPSDUDEOH�PRGHO�� WKH�KXPDQ�NQHH� MRLQW�ZDV�VLPSOLÀHG�LQ�WKH�PRGHOOLQJ�DSSURDFK�LPSOHPHQWHG�

KHUH��6SHFLÀFDOO\��RQO\�WKH�VROLG�HOHPHQWV��ERQHV��DQG�EDVLF�IRUFHV�DFWLQJ�LQ�WKH�NQHH�GXULQJ�LWV�ÁH[LRQ�

(Fig. 53) were modelled. The kinematic model results in two forces that stretch the patella in opposite 

directions due to the action of the quadriceps muscle (QM) and the patellar ligament (PL), and a third 

reaction force (PRF) resulted from the contact between the patellar and femoral articular surfaces (Fig. 

Figure 53 Schematic representation of the knee 
NLQHPDWLF� PRGHO� XVHG� WR� SHUIRUP� WKH� ÀQLWH� HOHPHQW�
analyses (see text for a more extended explanation 
of the model). The patella (P) is constrained by the 
quadriceps muscle (QM) and patellar ligament (PL) 
areas of attachment. Contact between the femur (Fe) 
and the patella generates a force (F). This force acts 
in the distal part of the articular surface of the patella 
ZKHQ� WKH� NQHH� LV� H[WHQGHG��:KHQ� WKH� MRLQW� ÁH[HV� �1), 
the force (contact) moves proximally (2) and its angle of 

actions changes (3���7��WLELD��)L��ÀEXOD�
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�����7KH�GLUHFWLRQ�RI�35)�DOVR�FKDQJHV�ZLWK�WKH�ÁH[LRQ�RI�WKH�NQHH��IURP�EHHQ�DOPRVW�SHUSHQGLFXODU�WR�

WKH�PDLQ�D[LV�RI�WKH�SDWHOOD�WR�DFXWH��UHODWHG�WR�WKH�KRUL]RQWDO�OLQH��LQ�D�ÁH[HG�SRVLWLRQ��)LJ�������/DWHUDO�

PRYHPHQW�RI�WKH�SDWHOOD�GXULQJ�ÁH[LRQ��4�DQJOH��KDV�QRW�EHHQ�LQFOXGHG�LQ�WKLV�ZRUN�LQ�RUGHU�UHGXFH�WKH�

potential incorporation of error into the model and because no angle data are available for the selected 

NHP sample at this point in time.

Model construction

7KH�ÀUVW�UHTXLUHPHQW�IRU�VXFFHVVIXO�)(�DQDO\VHV�LV�WR�JHQHUDWH�D�VX΀FLHQWO\�DFFXUDWH�JHRPHWULF�PRGHO�RI�

WKH�VWUXFWXUH�RI�LQWHUHVW��7KXV���'�PRGHOV�RI�SDWHOODH�ZHUH�REWDLQHG�IURP�ERWK�VXSHUÀFLDO�ODVHU�VFDQQLQJ�RU�

extracting the surface from computed tomography scans. Models were imported to the software Geomagic 

Studio������WR�UHSDLU�DQG�UHÀQH�WKH�VXUIDFH�PHVKHV��7KH�SRO\JRQDO�PRGHOV�ZHUH�FRQYHUWHG�WR�&$'�PRGHOV�

using engineering techniques (Marcé-Nogué et al. 2011), which converts the hollow polygonal models intro 

solid objects. Irregularities in the new CAD models 

ZHUH�UHSDLUHG�DJDLQ�ZLWK�UHÀQHPHQW�DQG�VPRRWKLQJ�

tools from the softwares Geomagic Studio 2012 and 

Rhinoceros 5.0. Final FE models were meshed with 

an adaptive mesh of 10-noded tetrahedral elements 

(Marcé-Nogué et al. 2015). Thus, a mesh of level of 

accuracy and density was created in order to capture 

the stress and displacement patterns and variations, 

and assure the stability of the results (Dumont et 

al. 2009; Tseng and Flynn 2014). Final geometry 

properties of the 19 patellae models are listed in 

Table 34.

Material properties

The second step in a successful FEA is a realistic 

estimate of the material properties of the structure 

being modelled. Isotropic, homogeneous and linear 

elastic properties have been assumed for the models. 

Mechanical properties of human patellae cortical 

bone were applied following Heegaard et al. (1995): 

<RXQJ·V�PRGXOXV�(� � ����*3D�� DQG�3RLVVRQ� UDWLR�ց�

= 0.3. It must be stressed, however, that these values 

are not crucial for this study due to its comparative 

Figure 54 3D models of primate patellae were 
transformed to CAD objects to implement the model 
depicted in Figure 53 and extensively explained in the 
text. a,In every CAD model boundary conditions were 
applied: 1, patellar ligament attachment area; and 2, 
quadriceps muscle attachment area. b, Likewise, the 
IRUFH��)��ZDV�DSSOLHG�LQ�GLͿHUHQW�DUHDV�DQG�ZLWK�GLͿHUHQW�
directions (black arrows) that represent three steps of 
NQHH� ÁH[LRQ� �MRLQW� H[WHQGHG�� OHIW�� VHPL�ÁH[HG� NQHH��
FHQWUH��IXOO�ÁH[HG�NQHH��ULJKW���c, Finally, a sagittal image 
in the mediolateral midpoint (right) of each patellar 

model (left) was selected for comparison.
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nature, since the equations of the elasticity used in FEA for linear isotropic and homogeneous materials 

GR�QRW�DͿHFW�VWUHVV�SDWWHUQV��'H0LJXHO�et al. 2015; Gil et al. 2015).

Constraints and loading conditions

The third requirement for successful FE modelling is to apply realistic forces to the models. Thus, in 

order to virtually implement the knee kinematic model, the areas of attachment of the quadriceps muscle 

and the patellar ligament were selected as constrained regions (Fig. 54a). The articular surface of the 

patella was divided in three strips to simulate the proximal displacement of the patellofemoral contact 

�)LJ����E���IURP�H[WHQGHG��GLVWDO�VWULS���WR�VHPL�ÁH[HG��FHQWUDO�VWULS���DQG�IXOO\�ÁH[HG�MRLQW��SUR[LPDO�VWULS���

,Q�HDFK�RI�WKH�VWHSV�RI�ÁH[LRQ��L�H���HYHU\�VWULS���D�SUHVVXUH��)��ZDV�DSSOLHG�ZLWK�DQ�LQFUHDVHG�DQJOH�UHODWHG�

WR�WKH�DQWHURSRVWHULRU�KRUL]RQWDO�OLQH������H[WHQGHG�NQHH��������VHPL�ÁH[HG�NQHH���DQG������IXOO�ÁH[HG�NQHH��

Fig. 54b). 

Forces scaling

$�PDQGDWRU\�UHTXLUHPHQW�IRU�D�UHDOLVWLF�FRPSDULVRQ�RI�WKH�PRGHOV�EHLQJ�VWXGLHG�ZKHQ�WKH\�GLͿHU�LQ�

size is force scaling. Patellae 3D models included in this study are very diverse in size, ranging from the 

smallest Cebus olivaceus�SDWHOOD��PHDQ�ERG\�ZHLJKW�RI�WKH�VSHFLHV�a��NJ��6PLWK�DQG�-XQJHUV�������WR�WKDW�RI�

Gorilla gorilla��PHDQ�ERG\�ZHLJKW�RI�WKH�VSHFLHV�a����NJ��DOWKRXJK�PDOHV�FDQ�ZHLJK�PRUH�WKDQ�����NJ��6PLWK�

and Jungers 1997), with that of the latter being more than 40 times larger in volume than that of Cebus. 

7KHUHIRUH��WKH�IRUFHV�DSSOLHG�WR�WKH�GLͿHUHQW�SDWHOODH�ZHUH�VFDOHG��DV�RULJLQDOO\�SURSRVHG�E\�'XPRQW�et 

al.�������WR�DYRLG�VL]H�HͿHFWV�RQ�WKH�UHVXOWV�DQG�IRFXV�H[FOXVLYHO\�RQ�WKH�SDWHOODU�VKDSH�UROH�GXULQJ�NQHH�

ÁH[LRQ��6FDOHG�IRUFHV�ZHUH�FDOFXODWHG�E\�DGDSWLQJ�WKH�IRUPXODWLRQV�SURSRVHG�E\�0DUFp�1RJXp�et al. (2013) 

to 3D models and following Fortuny et al. (2015) to make the patellar models comparable among them. 

Equation 1 and 2 show the formulation used to calculate the scaled forces applied to the models for von 

Mises stress (equation 1) and displacement (equation 2) responses.

             Equation 1   

             Equation 2  

Cercopithecus patella was taken as reference model with an arbitrary force value of 1 N. Thereby, 

FB and VB are the force and volume of the reference model, respectively; and FA and VA the force and 

volume of the scaled model. Scaled values for the 19 patellae models are listed in Tables 35 (stress) and 36 

(displacements).
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FE analyses and results.- 7KH�ÀQDO�VWHS�LQ�WKH�SURFHVV�ZDV�WR obtain and analyse the results. Thus, 

a structural static analysis was performed for the 19 patellae models using ANSYS 15.0 FE package. 

In order to compare the models, von Mises stress and displacement distribution maps were obtained. 

Von Mises stress was selected since it directly measures how the state of stress at any point distort the 

material and consequently it is an adequate criterion for predicting the yield of ductile materials when 

isotropic material properties are used in the organic bone (Doblaré et al. 2004; Dumont et al. 2009). To aid 

visualization and comparison of results, a sagittal slice at the mediolateral midpoint of the 19 patellae was 

selected for each model (Fig. 54c).

EXPERIMENTAL FE ANALYSES

,Q�RUGHU� WR� LQVSHFW� WKH�ELRPHFKDQLFDO� UROH�RI� WKH�SDWHOODU� VKDSH�GXULQJ�G\QDPLF�NQHH�ÁH[LRQ�DQG�

explore the three aims mentioned above, the following changes were virtually applied to some models. 

Firstly, the patellar apex was digitally removed or added: it was removed in the pronograde quadruped 

Cercopithecus (Cercopithecus-NoApex)—thus allowing to check the biomechanical response of a patella 

Patellar model Volume Applied F X Y X Y X Y
Cebus 312.44 0.599 0.599 0.000 0.519 0.299 0.299 0.519
Ateles 880.48 1.195 1.195 0.000 1.035 0.597 0.597 1.035
Cercopithecus 674.12 1.000 1.000 0.000 0.866 0.500 0.500 0.866
Mandrillus 1,019.80 1.318 1.318 0.000 1.141 0.659 0.659 1.141
Colobus 1,118.50 1.402 1.402 0.000 1.214 0.701 0.701 1.214
Hylobates 556.05 0.880 0.880 0.000 0.762 0.440 0.440 0.762
Symphalangus 1,258.80 1.516 1.516 0.000 1.313 0.758 0.758 1.313
Pongo 4,240.00 3.407 3.407 0.000 2.951 1.704 1.704 2.951
Pan 4,353.40 3.468 3.468 0.000 3.003 1.734 1.734 3.003
Gorilla 12,892.00 7.151 7.151 0.000 6.193 3.576 3.576 6.193
Homo 12,719.00 7.087 7.087 0.000 6.138 3.544 3.544 6.138
Cercopithecus-ThinAP 529.16 0.851 0.851 0.000 0.737 0.425 0.425 0.737
Symphalangus-ThickAP 1,323.50 1.568 1.568 0.000 1.358 0.784 0.784 1.358
Gorilla-HighPD 15,532.00 8.097 8.097 0.000 7.012 4.049 4.049 7.012
Cercopithecus-NoApex 623.70 0.949 0.949 0.000 0.822 0.475 0.475 0.822
Gorilla-WApex 14,590.00 7.766 7.766 0.000 6.726 3.883 3.883 6.726
Pongo-WApex 4,419.50 3.503 3.503 0.000 3.034 1.751 1.751 3.034
Epipliopithecus 774.55 1.097 1.097 0.000 0.950 0.549 0.549 0.950
Pierolapithecus 2,405.10 2.335 2.335 0.000 2.022 1.167 1.167 2.022

F extended knee F semi-flexed knee F full-flexed knee

SCALED FORCES VON MISSES STRESS

Abbreviations: F, force; X, force applied in X direction; Y, force applied in Y direction. See text for further explanation on 
DEEUHYLDWLRQV�RI�PRGLÀHG�SDWHOODH�

Table 35 Scaled forces (in Newtons) based on patellae volume (in mm3) and calculated following Equation 1 to 
VWUHVV�FRPSDULVRQV�DPRQJ�SDWHOODU�PRGHOV�LQ�HDFK�RI�WKH�WKUHH�VWHSV�RI�NQHH�ÁH[LRQ��H[WHQGHG�NQHH�������VHPL�

ÁH[HG�NQHH��������DQG�IXOO�ÁH[HG�NQHH��������
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without apex in a taxon with preferential movements of the hindlimb in the parasagittal plane and 

HPSKDVLV�RQ�ÁH[LRQ�H[WHQVLRQ�RI�WKH�NQHH�MRLQW��DQG��RWKHUZLVH��YLUWXDOO\�DGGHG�LQ�WKH�RUWKRJUDGH�JUHDW�

apes Gorilla (Gorilla-WApex) and Pongo (Pongo�:$SH[�³LQ�RUGHU�WR�LQVSHFW�ZKHWKHU�WKH�DSH[�PRGLÀHV�

biomechanical response of the patella during dynamic loading of the joint in two taxa that show a wider 

UDQJH� RI� NQHH� PRWLRQ�� EXW� GLͿHUHQWLDO� ORFRPRWRU� D΀QLWLHV� �JRULOODV� DUH� RUWKRJUDGH� TXDGUXSHGV� WKDW�

preferentially engage in knuckle-walking, whereas orangutans are specialized orthograde suspensors and 

clambers).

Secondly, previous authors (Ward et al.�������VHH�DOVR�&KDSWHU����KDYH�VWUHVVHG�WKH�GLͿHUHQWLDO�SDWHOODU�

shape of major taxonomic primate groups and its functional relation to locomotor types. Among the most 

relevant patellar parameters, anteroposterior thickness (AP) and proximodistal height (PD) have been 

UHODWHG� WR� WKH� HͿHFWLYHQHVV� RI� NQHH� H[WHQVLRQ� �1LVHOO� ������+DUULVRQ� ������:DUG� et al. 1995). Thus, AP 

ZRXOG�LQÁXHQFH�WKH�OHQJWK�RI�WKH�SDWHOODU�WHQGRQ�PRPHQW�DUP��ZKHUHDV�3'�ZRXOG�SDUWLFLSDWH�LQ�WKH�OHYHU�

arm length associated with the quadriceps muscle complex (Badoux 1974; Nisell 1985; Ward et al. 1995). 

7R�LQVSHFW�KRZ�WKHVH�SDUDPHWHUV��SDWHOODU�VKDSH�FKDQJHV��DͿHFW�WKH�ELRPHFKDQLFDO�SDWHOODU�UHVSRQVH�WR�

NQHH�ÁH[LRQ��WKH�Cercopithecus patella was anteroposteriorly tightened (Cercopithecus-ThinAP) while that 

of Symphalangus was anteroposteriorly swollen (Symphalangus-ThickAP). Moreover, the patella of Gorilla 

was proximodistally lengthened (Gorilla-HighPD).

Patellar model Volume Applied F X Y X Y X Y
Cebus 312.44 0.774 0.774 0.000 0.670 0.387 0.387 0.670
Ateles 880.48 1.093 1.093 0.000 0.947 0.547 0.547 0.947
Cercopithecus 674.12 1.000 1.000 0.000 0.866 0.500 0.500 0.866
Mandrillus 1,019.80 1.148 1.148 0.000 0.994 0.574 0.574 0.994
Colobus 1,118.50 1.184 1.184 0.000 1.025 0.592 0.592 1.025
Hylobates 556.05 0.938 0.938 0.000 0.812 0.469 0.469 0.812
Symphalangus 1,258.80 1.231 1.231 0.000 1.066 0.616 0.616 1.066
Pongo 4,240.00 1.846 1.846 0.000 1.599 0.923 0.923 1.599
Pan 4,353.40 1.862 1.862 0.000 1.613 0.931 0.931 1.613
Gorilla 12,892.00 2.674 2.674 0.000 2.316 1.337 1.337 2.316
Homo 12,719.00 2.662 2.662 0.000 2.306 1.331 1.331 2.306
Cercopithecus-ThinAP 529.16 0.922 0.922 0.000 0.799 0.461 0.461 0.799
Symphalangus-ThickAP 1,323.50 1.252 1.252 0.000 1.084 0.626 0.626 1.084
Gorilla-HighPD 15,532.00 2.846 2.846 0.000 2.464 1.423 1.423 2.464
Cercopithecus-NoApex 623.70 0.974 0.974 0.000 0.844 0.487 0.487 0.844
Gorilla-WApex 14,590.00 2.787 2.787 0.000 2.413 1.393 1.393 2.413
Pongo-WApex 4,419.50 1.872 1.872 0.000 1.621 0.936 0.936 1.621
Epipliopithecus 774.55 1.047 1.047 0.000 0.907 0.524 0.524 0.907
Pierolapithecus 2,405.10 1.528 1.528 0.000 1.323 0.764 0.764 1.323

SCALED FORCES DISPLACEMENT
F extended knee F semi-flexed knee F full-flexed knee

Abbreviations: F, force; X, force applied in X direction; Y, force applied in Y direction. See text for further explanation on 
DEEUHYLDWLRQV�RI�PRGLÀHG�SDWHOODH�

Table 36 Scaled forces (in Newtons) based on patellae volume (in mm3) and calculated following Equation 2 to 
GLVSODFHPHQWV�FRPSDULVRQV�DPRQJ�SDWHOODU�PRGHOV�LQ�HDFK�RI�WKH�WKUHH�VWHSV�RI�NQHH�ÁH[LRQ��H[WHQGHG�NQHH�������VHPL�

ÁH[HG�NQHH��������DQG�IXOO�ÁH[HG�NQHH��������
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RESULTS

Results for living primate patellae are depicted in Figures 55 (von Misses stress) and 56 (displacements), 

which show the mid-sagittal section of the bone. Likewise, results of fossil Ep. vindobonensis and P. 

catalaunicus�DUH�VKRZQ�LQ�)LJXUHV����DQG�����DQG�WKRVH�IRU�PRGLÀHG�SDWHOODH�DUH�SUHVHQWHG�LQ�)LJXUHV����

and 60.

Von Mises stress

7KH�REWDLQHG�UHVXOWV�VKRZ�WKDW�WKHUH�LV�QRW�D�JUHDW�GLͿHUHQFH�LQ�WKH�ELRPHFKDQLFDO�UHVSRQVH�RI�SDWHOODH�

DFFRUGLQJ�WR�ORFRPRWRU�PRGHV��+RZHYHU��VRPH�VLJQLÀFDQW�GLͿHUHQFHV�RQ�YRQ�0LVHV�VWUHVV�GLVWULEXWLRQ�DUH�

observed in relation to types of body plan. Overall, von Mises stress values increase in all instances from 

DQ�H[WHQGHG�SRVWXUH�RI�WKH�NQHH��L�H���IRUFHV�ZLWK�����WR�FRPSOHWH�ÁH[LRQ��IRUFH�WLOWHG������)LJ�������

All the models with an apex (Fig. 55a-h) show a similar pattern of stress distribution in the proximal 

KDOI�RI�WKH�SDWHOOD��6WUHVV�LQ�WKLV�DUHD�LV�DOPRVW�DEVHQW�LQ�WKH�H[WHQGHG�MRLQW��DQG�LQFUHDVHV�ZLWK�ÁH[LRQ��

Figure 55 Von Mises stress (in MPa) results in the mid-sagittal section of the patella of extant primates (top, superior; 
OHIW��DQWHULRU��GXULQJ�H[WHQGHG�NQHH��OHIW���VHPL�ÁH[HG�NQHH��PLGGOH���DQG�IXOO�ÁH[HG�NQHH��ULJKW���a, Cebus; b, Ateles; c, 
Cercopithecus; d, Mandrillus; e, Colobus; f, Hylobates; g, Symphalangus; h, Homo; i, Pongo; j, Pan; and k, Gorilla. Colours 
group patellae with apex (red): anthropoid monkeys (platyrrhines and cercopithecoids), hylobatids (gibbons and 
siamangs) and humans; and without apex (green): African and Asian great apes. Results were homogenized according 

to the same stress scale (minimum = 0 MPa; maximum = 0.026 MPa). 
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especially in the anterior side of the bone. It must be noted that stress distribution within the section 

follows the direction of the applied force, that is, the highest stress values are more tilted relatively to 

WKH� KRUL]RQWDO�ZKHQ� WKH� NQHH� LV� IXOO\� ÁH[HG��+RZHYHU��PRUH� VLJQLÀFDQW� GLͿHUHQFHV� DUH� IRXQG� LQ� WKH�

stress results in the distal half of the bone for this group. In pronograde taxa (Cebus, Ateles, Cercopithecus, 

Mandrillus, and Colobus), the highest stress values are found in the posterior side of the patellae, from the 

SUR[LPDO�HQG�WR�SDUW�RI�WKH�GLVWDO�KDOI�� LQ�VHPL��DQG�IXOO�ÁH[HG�SRVLWLRQV�RI�WKH�NQHH��)XUWKHUPRUH��WKH�

PRVW�GLVWDO�UHJLRQ�RI�WKH�DSH[�VXSSRUWV�ORZ�VWUHVV�GXULQJ�WKH�WKUHH�SKDVHV�RI�ÁH[LRQ��ZKLFK�LV�SDUWLFXODUO\�

evident in Cercopithecus and Colobus (Fig. 55c,e). Contrarily, high stress values extend more broadly 

(mainly anteroposteriorly) through the whole bone in orthograde taxa with apex (Hylobates, Symphalangus 

and Homo), although they are especially concentrated in the posterodistal side of the distal half and in the 

anteroproximal corner of the proximal half. In addition, the apex of these taxa show more stressed apices 

(Fig. 55f-h). Surprisingly, Hylobates patella is almost free of stress during its extended knee phase, while 

DSSUR[LPDWHV�LQ�VRPHKRZ�WR�WKH�SDWWHUQ�RI�SURQRJUDGH�WD[D�LQ�D�IXOO\�ÁH[HG�SRVLWLRQ��SRVWHULRU�VLGH�RI�

the bone with high stress values also distributed along the distal half; Fig. 55f).

With regard to models without apex (Pongo, Pan, and Gorilla; Fig. 55i-k), Gorilla is mechanically very 

Figure 56 Displacement (in mm) results in the mid-sagittal section of the patella of extant primates (top, superior; 
OHIW��DQWHULRU��GXULQJ�H[WHQGHG�NQHH��OHIW���VHPL�ÁH[HG�NQHH��PLGGOH���DQG�IXOO�ÁH[HG�NQHH��ULJKW���a, Cebus; b, Ateles; 
c, Cercopithecus; d, Mandrillus; e, Colobus; f, Hylobates; g, Symphalangus; h, Homo; i, Pongo; j, Pan; and k, Gorilla. 
Colours group patellae with apex (red): anthropoid monkeys (platyrrhines and cercopithecoids), hylobatids (gibbons 
and siamangs) and humans; and without apex (green): African and Asian great apes. Results were homogenized 

according to the same displacement scale (minimum = 0 mm; maximum = 1.3x10-6 mm).
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GLͿHUHQW�IURP�WKH�UHPDLQLQJ�WD[D��,Q�DOO�WKH�SKDVHV�RI�NQHH�ÁH[LRQ��KLJK�VWUHVV�YDOXHV�DUH�FRQFHQWUDWHG�

in those regions where forces are applied, showing broad areas that are absent of stress (Fig. 55k). 

Otherwise, the overall stress distribution in Pongo and Pan is more similar to that of Homo, with a broad 

anteroposterior distribution of high stress, highest values concentrated in the posterior side and the distal 

DUHDV�RI�WKH�SDWHOODH��EHVLGHV��VWUHVV�LQFUHDVHV�ZLWK�D�SURJUHVVLYH�ÁH[LRQ�RI�WKH�NQHH��)LJ����L�M���0RUHRYHU��

the distribution of the highest stress values in Pongo and Pan� LQ�WKH�ÀUVW� WZR�SKDVHV�RI�NQHH�ÁH[LRQ�LV�

DOPRVW�KRUL]RQWDO�DQG�RQO\�FKDQJHV�WKH�GLUHFWLRQ�LQ�WKH�IXOO�ÁH[HG�NQHH�VLPXODWLRQ��LQ�WKH�SDWHOODH�ZLWK�

apex this distribution more clearly follows the direction of the applied force).

Stress results for fossil primates.- The stress pattern for P. catalaunicus (Fig. 57a) is found to be similar 

to that of extant Pongo and Pan, thus showing high stress values distributed across the proximal and distal 

Figure 57 Von Mises stress (in MPa) results 
for the a, Pierolapithecus catalaunicus and b, 
Epipliopithecus vindobonensis patellae during 
H[WHQGHG�NQHH��OHIW���VHPL�ÁH[HG�NQHH�
�PLGGOH���DQG�IXOO�ÁH[HG�NQHH��ULJKW���0LG�
sagittal section (top, superior; left, anterior). 
Stress scale is homogenized accordingly with 
that of Figure 55.

Figure 58 Displacement (in mm) results 
for the a, Pierolapithecus catalaunicus and 
b, Epipliopithecus vindobonensis patellae 
GXULQJ�H[WHQGHG�NQHH��OHIW���VHPL�ÁH[HG�
NQHH��PLGGOH���DQG�IXOO�ÁH[HG�NQHH��ULJKW���
Mid-sagittal section (top, superior; left, 
anterior). Displacement scale is homogenized 
accordingly with that of Figure 56.
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KDOI�RI�WKH�ERQH��PDLQO\�GXULQJ�IXOO�ÁH[LRQ��DQG�FRQFHQWUDWHG�LQ�WKH�SRVWHULRU�VLGH��7KH�Ep. vindobonensis 

patella exhibits instead a stress patter distribution, which is more similar to that of extant taxa with apex 

�)LJ����E���0RUH�VSHFLÀFDOO\��LW�LV�VLPLODU�WR�SURQRJUDGH�WD[D�ZLWK�DSH[�LQ�WKH�GLVWULEXWLRQ�RI�WKH�VWUHVV�LQ�

the proximal half, although the apex exhibits high stress values as observed in the case of orthograde 

species. Furthermore, the stress distribution in the posterior edge of the Ep. vindobonensis patella is closer 

related to Colobus or Hylobates, with extension of the high values onto the distal half of the bone.

Experimental FE models results.- :KHQ�VRPH�RI�WKH�RULJLQDO�SDWHOODU�SDUDPHWHUV�DUH�PRGLÀHG��LW�LV�

observed a change in the stress distribution patterns (Fig. 59). First, when the anteroposterior thickness 

is altered, Cercopithecus-ThinAP is found to exhibit a more similar stress pattern to that of Symphalangus, 

mainly regarding the higher values found in the distal apex and the extended distribution of the stress 

in the patellar body related to the original model (Fig. 59a). On the other hand, Symphalangus-ThickAP 

shows less stress in the most distal part of the apex than in the original model, thus being more similar to 

Figure 59. 9RQ�0LVHV� VWUHVV� �LQ�03D�� UHVXOWV� LQ� WKH�PLG�VDJLWWDO� VHFWLRQ� RI� WKH�PRGLÀHG� SDWHOOD� �WRS��
VXSHULRU��OHIW��DQWHULRU��GXULQJ�H[WHQGHG�NQHH��OHIW���VHPL�ÁH[HG�NQHH��PLGGOH���DQG�IXOO�ÁH[HG�NQHH��ULJKW���
a, Cercopithecus-ThinAP; b, Symphalangus-ThickAP; c, Gorilla-HighPD; d, Cercopithecus-NoApex; e, Gorilla-
WApex; and f, Pongo�:$SH[��6HH�WH[W�IRU�IXUWKHU�H[SODQDWLRQ�RQ�PRGLÀHG�SDWHOODH�DEEUHYLDWLRQV��6WUHVV�

scale is homogenized accordingly with that of Figure 55.

Figure 60 'LVSODFHPHQW��LQ�PP��UHVXOWV�LQ�WKH�PLG�VDJLWWDO�VHFWLRQ�RI�WKH�PRGLÀHG�SDWHOOD��WRS��VXSHULRU��
OHIW�� DQWHULRU�� GXULQJ� H[WHQGHG� NQHH� �OHIW��� VHPL�ÁH[HG� NQHH� �PLGGOH��� DQG� IXOO�ÁH[HG� NQHH� �ULJKW��� a, 
Cercopithecus-ThinAP; b, Symphalangus-ThickAP; c, Gorilla-HighPD; d, Cercopithecus-NoApex; e, Gorilla-
WApex; and f, Pongo�:$SH[�� 6HH� WH[W� IRU� IXUWKHU� H[SODQDWLRQ� RQ� PRGLÀHG� SDWHOODH� DEEUHYLDWLRQV��

Displacement scale is homogenized accordingly with that of Figure 56.
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that of Ateles (Fig. 59b). Likewise, Gorilla�+LJK3'�LV�GLͿHUHQW�IURP�WKH�RULJLQDO�IURP�D�PHFKDQLFDO�SRLQW�

RI�YLHZ��)LJ����F���7KH�QHZ�VLPXODWLRQ�VKRZV�QRWDEOH�D΀QLWLHV�ZLWK�WKRVH�VWUHVV�GLVWULEXWLRQ�SDWWHUQV�RI�

the other orthograde taxa that have no apex (Pongo and Pan), with a broad stress distribution specially 

concentrated along the posterior side of the bone.

7KH�HͿHFW�RI�DGGLQJ��Gorilla and Pongo) or removing (Cercopithecus) the patellar apex in the original 

models LQGXFHV�FKDQJHV�LQ�WKH�YRQ�0LVHV�VWUHVV�UHVXOWV�REWDLQHG�DW�ÀUVW��7KDW�LV��WKH�VWUHVV�GLVWULEXWLRQ�

of Cercopithecus-NoApex is more similar to that of Pongo or Pan (an even Homo) because it concentrates 

notably higher values of stress in the distal part of the bone (Fig. 59d). On the other hand, results observed 

in the patellae of Gorilla-WApex and Pongo-WApex are more similar to those of pronograde taxa with apex 

in the patella (e.g., Cercopithecus or Mandrillus; Fig. 59e,f).

Displacement

7KH�SDWWHUQ�RI�GLVSODFHPHQW�LV�YHU\�VLPLODU�DPRQJ�DOO�WKH�H[WDQW�SDWHOODH�GXULQJ�NQHH�ÁH[LRQ��ZKLFK�

GRHV�QRW�DFFRXQW�IRU�GLͿHUHQFHV�DFFRUGLQJ�WR�WKH�SUHVHQFH�RU�DEVHQFH�RI�WKH�DSH[��ORFRPRWRU�PRGH��DQG�

or body plan (except for Gorilla��ZKRVH�UHVXOWV�GR�QRW�UHVHPEOH�DQ\�RWKHU��DQG�WKH�ODVW�SKDVH�RI�ÁH[LRQ�LQ�

Cebus; Fig. 56). Overall, the displacement is concentrated in the area of application of the force when the 

NQHH�LV�H[WHQGHG��:KHQ�ÁH[LRQ�RFFXUV��WKH�SUR[LPDO�KDOI�GLVSODFHV�VWURQJO\��HVSHFLDOO\�ZKHQ�WKH�MRLQW�LV�

IXOO\�ÁH[HG��0RUHRYHU��LQ�DOO�WKH�RUWKRJUDGH�WD[D�DQG�Ateles, the most distal part of their patellae shows 

very low (such as in Hylobates and Symphalangus) or even absent displacements. In Cebus (and in Colobus 

LQ�D�OHVVHU�H[WHQW���WKH�KLJKHVW�GLVSODFHPHQWV�LQ�IXOO�ÁH[HG�NQHH�SRVLWLRQV�DUH�VSUHDG�ZLGHO\�DFURVV�WKH�

whole bone and reach maximum values in the proximal and distal ends (Fig. 56a). In the case of Gorilla, 

GLVSODFHPHQWV�DUH�QRWDEO\� ORZHU� WKDQ� LQ� WKH�UHPDLQLQJ�PRGHOV� LQ�DOO� WKH� WKUHH�SKDVHV�RI�NQHH�ÁH[LRQ��

In sum, it seems that the displacements are highly restricted to those areas where loading occurs, also 

following the direction of the force (Fig. 56k).

Displacement results for fossil primates.- Regarding fossil species, P. catalaunicus shows a pattern 

of displacement that is similar to that of the remaining models, especially to those of Pongo and Pan 

(Fig. 58a). Thus, the most displaced area is the proximal half, which shows increasing values from an 

H[WHQGHG�WR�D�ÁH[HG�NQHH��/LNHZLVH��WKH�PRVW�GLVWDO�UHJLRQ of the P. catalaunicus patella is not displaced 

LQ�DQ\�RI�WKH�WKUHH�SKDVHV�RI�NQHH�ÁH[LRQ��2WKHUZLVH��WKH�SDWHOOD�RI�Ep. vindobonensis shows a pattern of 

displacements more similar to that of cercopithecoids, especially to Colobus (Fig. 58b). In this case, the 

strongest displacements are observed in the proximal half of the bone, but also spread to the distal half 

including the apex.

Experimental FE models results.- $OO�RI�WKH�PRGLÀHG�SDWHOODH�DOVR�VKRZ�WKH�JHQHUDO�SDWWHUQ�GHVFULEHG�

for extant primates, with the major displacements in the proximal half of the bone, increasing with knee 

ÁH[LRQ��$FFRUGLQJO\��WKHUH�LV�QR�GLVFHUQLEOH�FKDQJH�ZKHQ�FRPSDUHG�WR�WKH�RULJLQDO�PRGHOV��)LJ������
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5HVXOWV�RI�GLVSODFHPHQWV�IRU�WKH�VWXGLHG�VDPSOH�RI�SDWHOODH�GR�QRW�VKRZ�LGHQWLÀDEOH�GLͿHUHQFHV�DPRQJ�

ORFRPRWRU�JURXSV��IXQFWLRQDO�SDWWHUQV�DQG�RU�ERG\�SODQ�W\SHV��7KHUHIRUH��WKH�DEVHQFH�RI�GLͿHUHQFHV�LQ�

the displacements does not allow for functional or locomotor inferences. According to this, only von 

Mises stress results will be largely discussed in the following section.



Walk a single path, becoming neither cocky with victory nor 
broken with the defeat, without forgetting caution when all 
is quiet or  becoming frightened when danger threatens.
-- Jigoro Kano --
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FUNCTIONAL INFERENCES

Femur

Inferences on the basis of the external morphology

The external morphology of the femora found in the Vallès-Penedès Basin, IPS41724 (cf. Dryopithecus 

fontani) and IPS18800 (Hispanopithecus laietanus, both sides) is distinct. Although qualitative shape 

GLͿHUHQFHV�EHWZHHQ�WKHVH�WZR�IHPRUD�DUH�HYLGHQW��ERWK�WD[D�FRXOG�IDOO�ZLWKLQ�WKH�LQWUDVSHFLÀF�YDULDWLRQ�

displayed by extant species for the measurements inspected in this work (e.g., see Fig. 27). Nonetheless, 

LW�LV�LPSRUWDQW�WDNH�LQWR�DFFRXQW�WKDW�OLQHDU�PHDVXUHPHQWV�DORQH�GR�QRW�DOZD\V�FDSWXUH�FOHDU�GLͿHUHQFHV�

observed in gross morphology. 

The femora of these two taxa share some similarities (Table 14): an almost spherical femoral head, 

whose articular surface slightly extends posteriorly onto the femoral neck and also laterally in the anterior 

aspect of the neck in cf. D. fontani (Fig. 21e, 24e, and 25); and a well-marked and superiorly placed fovea 

capitis. However, femora of cf. D. fontani and H. laietanus�GLVSOD\�VRPH�GLͿHUHQFHV�DW�WKH�6,+�6,1��)LJ��

27a), the NSangle (Fig. 27b), the BMNL (Fig. 28), the proximal femur relative robusticity (Fig. 27c,d), 

JUHDWHU�WURFKDQWHU�ODWHUDO�ÁDUH�DQG�SUR[LPDO�SURMHFWLRQ��)LJ������VHH�DOVR�7DEOH�����

The possession of a spherical femoral head covered by articular surface and a high SIH/SIN index has 

been related to a wide range of joint excursion and a high capability of abduction and external rotation of 

WKH�IHPXU�DW�WKH�KLS��5XͿ�������:DUG�et al. 1993; Harmon 2007; Hammond 2014). The more homogeneous 

distribution of the femoral head articular surface (sphere-shaped) maximizes the hip joint articular surface 

contact area between the femur and the acetabulum during movement (Ward et al. 1993; MacLatchy 1996; 

MacLatchy and Bossert 1996). Moreover, hominoids articular surface extends posteriorly onto the neck, 

a morphological pattern that favours abduction and lateral rotation of the hindlimb, and that is also 

consequence of the laterally facing acetabulum (Jenkins 1972; MacLatchy and Bossert 1996). Additionally, 

an increasing in femoral head size relative to the neck also participates in broadening the range of motion 

RI�WKH�KLS�MRLQW�E\�LQFUHDVLQJ�WKH�DUWLFXODU�VXUIDFH�DUHD�UHODWLYH�WR�WKH�DFHWDEXOXP��5XͿ�������:DUG�et al. 

1993). Thus, the morphology of the femoral head and neck of H. laietanus ÀWV�ZHOO�ZLWK�WKH�SRVVHVVLRQ�RI�

enhanced capabilities of abduction at the hip joint. In contrast, the possession of an almost spherical in cf. 

D. fontani is to some extent contradictory in functional terms with the presence in this taxon of a relatively 
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large superoinferior diameter of the neck (showing the lowest SIH/SIN value among Miocene apes; Fig. 

27a). The femoral head morphology of cf. D. fontani might be thus related to a wide range of movements 

at the hip joint, but its relative neck size would hinder such mobility to some extent, overall suggesting 

lesser capabilities of hip abduction and lateral rotation than in H. laietanus.

Both femora from the Vallès-Penedès display a well-developed fovea capitis (although it is deeper 

in H. laietanus). This structure is the attachment for the teres ligament, which provides stability at the 

hip joint by maintaining the fovea within the acetabular notch (Aiello and Dean 1990; Ward et al. 1993; 

Harmon 2007). In this regard, orangutans, which are able of strongly abduct the hindlimb, lack the 

fovea capitis, but display a well-developed teres ligament attached at the inferior base of their femoral 

KHDG��7KLV�FRQÀJXUDWLRQ�SUHYHQWV�IURP�IHPXU�GLVORFDWLRQ�RQ�H[WUHPH�SRVLWLRQV�RI�WKH�MRLQW��H�J���GXULQJ�

abduction; Crelin 1988; Demange et al. 2007; Hammond 2014). Moreover, the orangutan-case evidences 

that the potential occurrence of a well-developed teres ligament does not necessary imply the presence of 

a strongly stabilize joint. Nonetheless, the location of the fovea capitis on the head has been traditionally 

associated with the hip range of motion, since a superior position reduces potential for impinging on the 

ligament during habitual abducted positions of the hindlimb (Jenkins and Camazine 1977; Ward et al. 

1993). The superior position of the fovea capitis in the femoral head in both cf. D. fontani and H. laietanus 

UHÁHFWV�WKHQ�KDELWXDO�IHPRUDO�DEGXFWLRQ�LQ�WKHVH�WD[D��:DUG�et al. 1993). 

The femur of cf. D. fontani further displays a smaller head relative to the proximal shaft and a greater 

proximal robusticity at the proximal femur related to the femoral neck than that of H. laietanus (Fig. 27c,d; 

Table 10). These features are generally related to body size and, in particular, to the proportion of body 

ZHLJKW� WKDW� LV� ORDGHG�E\� WKH�KLQGOLPEV� �$LHOOR�DQG�'HDQ�������5XͿ��������������������7KHUHIRUH�� VXFK�

GLͿHUHQFHV�PLJKW�EH�ZKHWKHU�UHODWHG�WR�WKH�ODUJHU�ERG\�PDVV�LQIHUUHG�IRU�,36������FRPSDUHG�WR�,36������

(44.4 kg and 38.6 kg, respectively; Moyà-Solà et al.� ����D�� DQG�RU� WKH� GLͿHUHQW� GHJUHH� RI� RUWKRJUDGH�

behaviours (mainly below-branch suspension) inferred for their locomotor repertoires (probably much 

more frequent in H. laietanus). In the case of cf. D. fontani, below-branch suspension cannot be completely 

ruled out from its positional behaviour on the basis of current evidence (see below), but H. laietanus already 

shows clear adaptations for this locomotor mode in the femur and other anatomical regions (Moyà-Solà 

and Köhler 1996; Almécija et al. 2007; Alba et al. 2012a).

7KH� ELRPHFKDQLFDO� QHFN� OHQJWK� �%01/�� KDV� EHHQ� FODVVLFDOO\� UHODWHG� WR� JDLW� GLͿHUHQFHV� DPRQJ�

KRPLQLQV��VLQFH�WKLV�YDULDEOH�DͿHFWV�WKH�DEGXFWRU�OHYHU�DUP�RI�WKH�DQWHULRU�JOXWHDO�PXVFOHV��gluteus medius 

and gluteus minimus��DQG�WKH�H΀FLHQF\�RI�KLS�ODWHUDO�VWDELOL]DWLRQ�GXULQJ�WKH�VXSSRUW�SKDVH�DQG�PRYHPHQW�

in bipedal locomotion (Lovejoy et al. 1973, 2002; McHenry and Corruccini 1976; Lovejoy 1988; Stern and 

Susman 1991; Pickford et al. 2002). The relative BMNL of cf. D. fontani is longer than that of H. laietanus 

(Figs. 25 and 26), thus showing, like humans, a more monkey-like morphology (Fig. 28). In contrast, the 

relative BMNL of H. laietanus is close to that of hylobatids and great apes, which habitually perform 

suspensory and vertical climbing behaviours (Aiello and Dean 1990; Ward et al. 1993; Richmond and 
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Jungers 2008). The presence of a relatively short BMNL in H. laietanus is also related to a high neck-shaft 

angle (NSangle; Fig. 27b). Traditionally, the BMNL, the NSangle, both the greater trochanter proximal 

SURMHFWLRQ�DQG�ODWHUDO�ÁDUH��DQG�WKH�IHPRUDO�QHFN�LQWHUQDO�VWUXFWXUH��FRUWLFDO�ERQH�GLVWULEXWLRQ��KDYH�EHHQ�

considered a morphological complex that varies on the basis of (mainly) abductor capabilities of the hip 

joint (Lovejoy et al.� ������ �������0RUH� VSHFLÀFDOO\�� D� KLJK�16DQJOH� LV� IUHTXHQWO\� DVVRFLDWHG�ZLWK� VKRUW�

BMNL among living apes (mainly great apes), allowing wider ranges of motion (including abduction and 

lateral rotation) at the hip joint (Aiello and Dean 1990; MacLatchy and Bosset 1996; Lovejoy et al. 2002; 

Hammond 2014). In contrast, a relatively longer BMNL is shown by quadruped monkeys (and modern 

humans; Fig. 28), being commonly associated with lower neck-shaft angle values and the presence of a 

PDUNHG�ODWHUDO�ÁDUH�RI�WKH�JUHDWHU�WURFKDQWHU��ZKLFK��LQ�WXUQ��SUREDEO\�UHÁHFWV�D�GLͿHUHQW�RUJDQL]DWLRQ�

of the glutei muscles complex at the hip joint; Lovejoy et al. 1973; Aiello and Dean 1990; Richmond and 

-XQJHUV��������$SDUW�IURP�LWV�ELRPHFKDQLFDO�FRQWULEXWLRQ��WKH�ODWHUDO�ÁDUH�DQG�WKH�SUR[LPDO�SURMHFWLRQ�RI�

the greater trochanter also contribute to determine the capability of hip abduction by physically reducing 

the range of hindlimb motion (Sigmon 1974; Aiello and Dean 1990; Nakatsukasa et al. 2004b). Recently, 

Hammond et al.��������VWUHVVHG�WKH�GL΀FXOWLHV�IRU�DFFXUDWHO\�SUHGLFW�WKH�SDVVLYH�UDQJH�RI�DEGXFWLRQ�IURP�

fragmentary fossils and, therefore, inferences associated with this trait should be taken with caution. 

Thus, the femur of H. laietanus�GLVSOD\V�D�PRUH�PDUNHG�ODWHUDO�ÁDUH�RI�WKH�JUHDWHU�WURFKDQWHU�WKDQ�WKDW�RI�

cf. D. fontani��DOWKRXJK�ERWK�WD[D�GLVSOD\�D�OHVVHU�ÁDUH�WKDQ�TXDGUXSHGDO�PRQNH\V�DQG�RWKHU�0LRFHQH�DSHV�

(e.g., E. nyanzae). Thereby, both taxa (mainly cf. D. fontani��PRUH�FORVHO\�DSSURDFK�WKH�UHGXFHG�ODWHUDO�ÁDUH�

of the greater trochanter displayed by living apes. 

In addition, the greater trochanter of cf. D. fontani is more projected proximally than those of H. 

laietanus (especially than that of the left femur), although not as much as in living cercopithecoids. This 

morphology might physically reduce mediolateral movements of the hindlimb, but also provide a greater 

leverage for the action of the gluteus medius as an extensor of the hip, thus favouring movements in the 

parasagittal plane (McHenry and Corruccini 1976; Stern and Susman 1981; Lovejoy et al. 2002; Harmon 

2007). The presence of a well-developed area on the greater trochanter for the insertion of the gluteus medius 

muscle also supports the aforementioned inferences derived from the cf. D. fontani femur (Fig. 21c,d). In 

contrast, the greater trochanter of H. laietanus is more clearly situated below the femoral head (especially 

in the left femur), which coupled with its higher neck-shaft angle (Figs. 23, 24, 26 and 27b) would have 

probably favoured greater abduction capabilities in this taxon (Aiello and Dean 1990; Harmon 2007). 

,Q� D� ELRPHFKDQLFDO� UHJDUG�� WKLV� FRQÀJXUDWLRQ� UHGXFHV� WKH� H΀FLHQF\� RI� WKH�gluteus medius in hindlimb 

H[WHQVLRQ��DQG�PHGLDO�URWDWLRQ�GXULQJ�FOLPELQJ���EXW�DPSOLÀHV�WKH�IXQFWLRQDO�UDQJH�RI�PRWLRQ�RI�WKH�MRLQW�

by increasing the collinearity of the femoral neck and shaft (McHenry and Corruccini 1976; Stern and 

Susman 1981; MacLatchy 1996; Lovejoy et al. 2002; Harmon 2007; Hammond 2014).

Overall, the femur of cf. D. fontani displays several features related to enhanced joint motion (e.g., 

round femoral head whose articular surface comprises a very complete portion of an sphere, the superior 



176 Section VII

Functional inferences

position of the fovea capitis��DQG�QRW�SURQRXQFHG�ODWHUDO�ÁDUH�RI�WKH�JUHDWHU�WURFKDQWHU���ZKLFK�FRQWUDVW�ZLWK�

other features associated with the stabilization of the hip joint and hindlimb movements to a large extent 

restricted to the parasagittal plane (e.g., small femoral head relative to the neck, and a similar proximal 

projection of the head relative to the greater trochanter associated with lower NSangle than in H. laietanus). 

The latter features would have hindered a wide range of movement (particularly abduction and lateral 

rotation) of the hindlimb at the hip joint, thus being indicative of quadrupedalism. However, the existence 

of some incipiently developed, more derived (i.e., modern ape-like) features in the femur suggests that 

this taxon probably engaged to some extent in some orthograde behaviours that required more extended 

hindlimb joints, such as vertical climbing. In contrast, the femur of H. laietanus more clearly shows ape-like 

features that are derived for enhanced hip abduction, that are interpreted as adaptations for orthograde 

behaviours, including below-branch suspension (e.g., large femoral head relative to the neck, high 

NSangle, short BMNL, and relative position of the head relative to the greater trochanter). Nevertheless, 

the femur of H. laietanus still retains some more primitive features associated with quadrupedalism (e.g., 

presence of a deep fovea capitis��DQG�PDUNHG�ODWHUDO�ÁDUH�RI�WKH�JUHDWHU�WURFKDQWHU��

Inferences on the loading patterns of fossil apes

Hitherto, the analysis of the femoral neck cortical bone (FNCB) distribution has been mainly focused 

on humans and early hominins. These bipedal taxa display a superior cortex thinner than the inferior one 

(Ohman et al. 1997; Demes et al. 2000; Lovejoy et al. 2002), thus contrasting with the more homogeneous 

cortical thickness of extant apes, which possess thicker inferior and especially superior cortices relative to 

bipeds, resulting in a uniform supero-inferior ratio closer to 1 along the neck (Ohman et al. 1997). However, 

when a more comprehensive primate sample is considered, it emerges that humans largely overlap with 

most other locomotor groups, with the exception of knuckle-walkers (which also rely on vertical climbing 

and suspensory behaviours in some extent; see below) and specialized suspensory taxa when index and 

LQWULQVLF�SURSRUWLRQV�DUH�WDNHQ�LQWR�DFFRXQW��5DͿHUW\�������'HPHV�et al. 2000; Matsumura et al. 2010b). 

$FFRUGLQJ�WR�WKH�UHVXOWV�RI�WKH�SUHVHQW�ZRUN��WZR�GLͿHUHQW�SDWWHUQV�RI�GLVWULEXWLRQ�RI�)1&%�WKLFNQHVV�FDQ�

EH�GLVWLQJXLVKHG�DPRQJ�H[WDQW�SULPDWHV��ZKLFK�DUH�IXQFWLRQDOO\�DWWULEXWDEOH�WR�GLͿHUHQFHV�LQ�WKH�GLUHFWLRQ�

RI�ZHLJKW�WUDQVIHU�WKURXJK�WKH�IHPXU�DQG��FRQVHTXHQWO\��WR�GLͿHUHQW�ORDGLQJ�VWUHVVHV�H[SHULHQFHG�E\�WKLV�

bone depending on the type of locomotion (Scherf 2008).

Both generalized quadrupedal and bipedal taxa display a superior cortex thinner than the inferior one. 

7KLV�FRQÀJXUDWLRQ�LQGLFDWHV�D�SUHGRPLQDQWO\�XQLGLUHFWLRQDO��YHUWLFDOL]HG��SDWWHUQ�RI�ZHLJKW�WUDQVPLVVLRQ�

at the hip joint, resulting in the concentration of loading stresses on the inferior side of the femoral neck. 

This stereotyped pattern can be functionally related to the predominance of adducted positions of the 

femur in these taxa, in which the hindlimbs move habitually along the parasagittal plane. In contrast, 

both knuckle-walkers (which are also vertical climbers—from around 0.2% of its locomotion in Gorilla 

beringei to around 49% in Pan troglodytes—and suspensors in some degree—ranging from 0% to 8.7% 
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of their locomotion; Tuttle and Watts 1985; Hunt 1991a, 2004, 2016) and suspensory taxa (Asian apes, 

which primarily rely on this behaviour, around 10%-80% of their locomotor activity; and atelids, with 

around 20.8%-38.6% of suspensory behaviours; Chivers 1972; Mittermeier 1978; Fleagle and Mittermeier 

1980; Cant 1987; Cant et al. 2001; Hunt 2016) display a thicker superior cortex, resulting in a more 

homogeneous distribution of cortical bone in the femoral neck. That is, the results of this study reveal 

WKDW�H[WDQW�DQWKURSRLG�SULPDWHV�H[KLELWLQJ�D�VLJQLÀFDQW�DPRXQW�RI�RUWKRJUDGH�EHKDYLRXUV��VXVSHQVLRQ�

DQG�RU� YHUWLFDO�FOLPELQJ�� GLVSOD\� QRQ�VSHFLÀF� ORDGLQJ� GLVWULEXWLRQ� SDWWHUQV� DW� WKH� IHPRUDO� QHFN�� 7KLV�

homogeneous pattern occurs irrespective of whether they are specialized suspensory taxa (such as 

hylobatids and orangutans) or combine arboreal climbing and/or suspension with knuckle-walking 

�$IULFDQ� DSHV��� 5DͿHUW\� ������� VXJJHVWHG� WKDW� WKH�PRUH� KRPRJHQHRXV� GLVWULEXWLRQ� RI� FRUWLFDO� ERQH� LQ�

the femoral neck of non-human hominoids and suspensory atelids may be associated with their less 

stereotyped locomotor behaviours, including the frequent use of very abducted hindlimb postures, which 

would imply more varied distributions of stresses through the femoral neck, depending on posture. On 

the basis of this trait, knuckle-walking taxa cannot be discerned from those suspensory taxa that are not 

knuckle-walkers, due to the fact that the former are also suspensors and vertical climbers in some extent 

(mainly during their feeding activity). Even though the functional demands of knuckle-walking surely 

GLͿHU�IURP�WKRVH�RI�VXVSHQVRU\�EHKDYLRXUV�GXULQJ�WUDYHOOLQJ��KLQGOLPEV�XVHG�LQ�FRPSUHVVLRQ�ZLWK�PRUH�

stereotyped loadings at the hip joint rather than in tension in African apes; Stern 1975; Scherf 2008), it 

should be taken into account that both groups of taxa display much more varied (i.e., less stereotyped) 

locomotor repertoires than other primates because suspension and other orthograde-related behaviours 

(e.g., vertical climbing and/or clambering) take also an important part of their locomotor repertoire (Isler 

2005; Crompton et al. 2008, 2010). Hence, these functional inferences suggest that knuckle-walking was 

probably a secondary adaptation in African apes.

Paleobiological inferences

The homogeneous cortical bone distribution found at the femoral neck of H. laietanus resembles that of 

extant apes (similar superior and inferior thicknesses), thus assuming comparable functional requirements 

than in these living primates. Therefore, H. laietanus represents the oldest evidence of a homogeneous 

cortical bone distribution in the hominoid fossil record. Consequently, a weight transmission pattern most 

closely resembling taxa with orthograde behaviours (vertical climbing and/or suspension) can be inferred 

from the relatively thicker superior cortical thickness of H. laietanus compared to non-hominoid primates 

�ZLWK�WKH�H[FHSWLRQ�RI�VRPH�DWHOLGV��5DͿHUW\��������7RJHWKHU�ZLWK�WKH�HYLGHQFHV�SURYLGHG�E\�WKH�PRUH�

derived (ape-like) adaptations observed in its postcranium (Chapter 1; Moyà-Solà and Köhler 1996; Köhler 

et al. 2002; Almécija et al. 2007; Alba et al. 2010c, 2012a), the obtained results for the FNCB of H. laietanus 

would imply a higher range of movements at the hip joint than in generalized quadrupedal taxa, being 

LQGLFDWLYH�RI�D�YDULHG�DUERUHDO�ORFRPRWRU�UHSHUWRLUH�ZLWK�D�VLJQLÀFDQW�RUWKRJUDGH�FRPSRQHQW�LQFOXGLQJ�
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suspensory behaviours. Overall, the distribution of the cortical bone in the femoral neck of H. laietanus is 

in agreement with its external morphology and proportions (e.g., size of the femoral head relative to the 

neck, or the high femoral neck-shaft angle), previously associated with suspensory adaptations (Moyà-Solà 

and Köhler 1996; Köhler et al. 2002; see also Chapter 1). The internal structure of the femur of H. laietanus 

is thus in further agreement with the external morphology of other anatomical regions, which similarly 

indicate the presence of an orthograde body plan with adaptations for suspensory behaviours (e.g., at 

the hand; Moyà-Solà and Köhler 1996; Almécija et al. 2007; Alba et al. 2010c, 2012a; Susanna et al. 2014). 

Although results for the distribution of FNCB do not allow for discerning knuckle-walking behaviours, 

the latter can be clearly discounted for H. laietanus based on hand anatomy (Almécija et al. 2007; Alba et al. 

����F���:KHUHDV�WKH�REWDLQHG�UHVXOWV�IRU�)1&%�WKLFNQHVV�FRQÀUP�WKH�SRVVHVVLRQ�RI�RUWKRJUDGH�EHKDYLRXUV�

LQ�WKLV�WD[RQ��WKH�UHWHQWLRQ�RI�VSHFLÀF�TXDGUXSHGDO�EHKDYLRXUV�FDQQRW�EH�HLWKHU�FRQÀUPHG��RU�GLVFRXQWHG��

on this basis. This is illustrated by the impossibility to discern among semi-terrestrial knuckle-walkers, 

the more suspensory hylobatids and orangutans, and even the South-American atelids (which combine 

suspension with arboreal quadrupedalism) based on the femoral neck internal structure.

Results obtained for the FNCB distribution in the neck of cf. Dryopithecus reveal that this taxon has 

D�PRUH�DV\PPHWULF�GLVWULEXWLRQ�RI�WKH�FRUWLFDO�ERQH��LPSO\LQJ�WKDW�LW�VXͿHUHG�PRUH�VWHUHRW\SHG�ORDGLQJV�

in the femoral neck than H. laietanus. An asymmetrical pattern is typical of modern humans, but also of 

TXDGUXSHG�PRQNH\V��5DͿHUW\�������/RYHMR\�et al. 2002). Thus, this stereotyped loading pattern (typical 

RI�TXDGUXSHG�DQG�ELSHG�WD[D��ÀWV�ZHOO�ZLWK�WKH�JHQHUDOL]HG�´0LRFHQH�DSH�OLNHµ�TXDGUXSHGDO�EHKDYLRXU�

inferred for cf. D. fontani on the basis of other postcranial remains (most of which are tentatively assigned 

to this taxon as explained elsewhere; Pilbeam and Simons 1971; Alba et al. 2011a; Almécija et al. 2012; see 

also Section I). However, fossil remains attributed to Dryopithecus, including (tentatively) the IPS41724 

partial femur, also display some traits related to orthograde-like behaviours and enhancement of joint 

mobility (see Chapter 1 for the external morphology of the femur). However, these adaptations are not 

UHÁHFWHG�LQ�WKH�)1&%�GLVWULEXWLRQ��VXJJHVWLQJ�WKDW�WKLV�WD[RQ�PLJKW�SUHIHUHQWLDOO\�HQJDJH�LQ�ORFRPRWRU�

patterns involving stereotyped loading of the hip joint. Assuming that Dryopithecus was an unlikely biped, 

the stereotyped loading pattern of this taxon would probably relate to some type of currently unknown 

quadrupedalism.

Interestingly, the aforementioned results for cf. D. fontani FNCB distribution have relevant 

evolutionary implications. Previous works accounted for a plesiomorphic condition of the symmetrical 

FNCB distribution in great apes, being the asymmetric pattern derived for humans and, hence, a 

diagnostic trait for inferring bipedal behaviours (e.g., Ohman et al. 1997; Lovejoy et al. 2002; Galik et al. 

2004). Similarities in the asymmetric pattern at the midneck and base-of-neck section shared by the fossil 

great ape represented by the femur IPS41724 (cf. D. fontani), early hominins and modern humans suggest 

that an asymmetric patter might be the plesiomorphic condition for the great ape and human clade (i.e., 

the Hominidae). These results raise the interesting question as to whether early hominins are derived or 
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just largely plesiomorphic for this feature. Therefore, further analyses in a larger sample (including not 

only more fossil apes but also anthropoid monkeys), as well as a formal evolutionary modelling using 

phylogenetic informative methods, are needed to shed light on this question.

Mechanical inferences on the basis of the femoral diaphysis

The Vallès-Penedès great apes cf. D. fontani and H. laietanus�GLVSOD\�FOHDU�GLͿHUHQFHV�LQ�WKHLU�FURVV�

sectional mechanical properties, both at the mid- and proximal femoral shaft. The IPS41724 proximal 

femur (cf. D. fontani) displays a conjunct of cross-sectional geometric properties related to higher axial 

(e.g., %CA), bending (e.g., I and Z), and torsional (e.g., J) strength and rigidity (in absolute values) than 

in the case of the IPS18800 proximal femora (H. laietanus). Apart from %CA (related to compressive 

ORDGLQJ��� WKH�UHVW�RI�PHFKDQLFDO�SURSHUWLHV� �,��=�DQG�-�� UHÁHFW�HLWKHU� WKH�GLVWULEXWLRQ�RI�ERQH�DERXW� WKH�

cross-section centroid and the stress directionality preferences. It seems therefore that the results obtained 

for cf. D. fontani indicate higher anteroposterior mechanical loads than in H. laietanus��0RUH�VSHFLÀFDOO\��

when comparing the relative anteroposterior strength of the diaphysis at the mid-point and the proximal 

shaft with a sample of extant catarrhines, cf. D. fontani VKRZV� FOHDU� D΀QLWLHV�ZLWK�´TXDGUXSHGDOµ� �4��

taxa (pronograde cercopithecoids and African apes), whereas H. laietanus most resembles gibbons at the 

midshaft, and gibbons and African apes at the proximal shaft. In addition, the left and right femora of 

the same H. laietanus� LQGLYLGXDO�GLVSOD\�D� VOLJKWO\�GLͿHUHQW�PHFKDQLFDO� VLJQDO��'XH� WR� WKH� ODUJH� UDQJH�

of variability observed in some of the extant primates (e.g., Colobus or Papio��)LJ�������VXFK�GLͿHUHQFHV�

EHWZHHQ�ERWK�VLGHV�PD\�EH�GXH�WR�ZKHWKHU�LQWUDVSHFLÀF�YDULDELOLW\�DQG�RU�DV\PPHWU\�EHWZHHQ�WKH�OHIW�

right sides within the same individual. In this case, the suspensory trend observed in H. laietanus would be 

less marked (indices values of the left femur clearly overlap with some of the Q taxa; Fig. 42). On the other 

KDQG��LI�WKH�OHIW�IHPXU�ZDV�VRPHZKDW�GLVWRUWHG�GXH�WR�VRPH�WDSKRQRPLF�SURFHVV��HVSHFLDOO\�UHÁHFWHG�DW�

LWV�ODUJHU�IHPRUDO�KHDG��7DEOH�����VHH�DOVR�&KDSWHU�����WKLV�PLJKW�FOHDUO\�LQÁXHQFH�WKH�ÀQDO�UHVXOWV��VLQFH�

FHSA is derived from femoral head measurements. Then, a larger femoral head would explain that the 

left femur shown relatively higher anteroposterior strength at both the mid- and proximal shaft sections, 

being more similar to Q taxa (especially at 80%). As occurs for the external morphology, further analyses 

DUH� QHHGHG� WR�GLVFHUQ�ZKHWKHU� LQWUDVSHFLÀF� YDULDELOLW\�� LQWUD�LQGLYLGXDO� VLGH� DV\PPHWU\�� RU� D� SRVVLEOH�

taphonomic distortion is the most feasible cause of the dissimilarities found between the left and right 

femora of H. laietanus. Therefore, as argued for the external morphology, results for the right femur are 

here considered more representative. Hence and despite this, results on diaphyseal strength obtained 

for H. laietanus�ÀW�ZHOO�ZLWK�LWV�LQIHUUHG�ORFRPRWRU�UHSHUWRLUH�FRPELQLQJ�DERYH�EUDQFK�TXDGUXSHGDOLVP�

DQG�RUWKRJUDGH�EHKDYLRXUV��VSHFLÀFDOO\�YHUWLFDO�FOLPELQJ�DQG�EHORZ�EUDQFK�VXVSHQVLRQ��H�J���0R\j�6ROj�

and Köhler 1996; Almécija et al. 2007; Tallman et al. 2013). The suspensory adaptations (hindlimbs used 

preferentially in tension and low stereotyped movements) shown in the H. laietanus postcranium are 

UHÁHFWHG�LQ�WKH�WUHQG�WRZDUGV�VXVSHQVRU\�WD[D�REVHUYHG�DW�WKH�UHODWLYH�DQWHURSRVWHULRU�VHFWLRQ�PRGXOXV�
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(Zx) results (Figs. 41 and 42). The lower relative anteroposterior strength and %CA than cf. D. fontani, 

DQG�DQ�,[�,\�LQGH[�FORVH�WR����ELRPHFKDQLFDO�´VKDSHµ�FORVH�WR�FLUFXODULW\��5XͿ�et al. 1999), probably relate 

to lower compressive and a more homogeneous (i.e., less stereotyped) loading along the H. laietanus 

femoral shaft. Moreover, the use of its limbs in tension is also associated with habitual extended and 

GLYHUVH�SRVLWLRQV�RI�WKH�MRLQWV��VXFK�DV�LQ�RUDQJXWDQV��5XͿ�������������-XQJHUV�et al. 1998; Carlson 2005; 

Crompton et al. 2008, 2010). Due to their habitual suspensory and clambering behaviours, orangutans use 

their hindlimbs for propulsive purposes less than other primates (e.g., quadrupeds and leapers), thus 

UHGXFLQJ�WKH�ORDGV�H[SHULHQFHG�E\�WKH�SRVWHULRU�H[WUHPLWLHV��6FKD΁HU�et al.�������5XͿ��������,Q�WKLV�UHJDUG��

H. laietanus is the earliest and the only hominoid exhibiting the above-mentioned features more clearly 

UHODWHG�WR�VXVSHQVRU\�DGDSWDWLRQV�LQ�WKH�KLQGOLPE��7KHVH�SUREDEO\�UHÁHFW�QRYHO�PHFKDQLFDO�UHTXLUHPHQWV�

in its femoral shaft. In summary, H. laietanus displays some cross-sectional geometric properties more 

similar to orangutans (trend to lower values of relative anteroposterior strength and relatively low %CA), 

but still maintains some plesiomorphic properties functionally related to above-branch quadrupedalism 

(lower values of Imax at the midshaft respect to the proximal shaft; see below). These results match those 

of the femoral neck cortical bone distribution obtained for the right femur (see Chapter 2), since H. laietanus 

displays clear similarities with African apes at both regions, the femoral neck and the femoral shaft (Fig. 

42). African apes rely mainly on knuckle-walking behaviours (a type of quadrupedalism performed on 

the ground where hindlimbs are used in compression), but also include in their locomotor repertoire 

a suite of arboreal orthograde behaviours, mainly vertical climbing and suspension (Tuttle 1970; Hunt 

1991a; Isler 2005; Tocheri et al. 2011). Therefore, load patterns and mechanical traits of the H. laietanus 

femoral shaft are compatible with a positional repertoire combining behaviours where the hindlimbs are 

used in compression, such as generalized quadrupedalism, with others more related to orthogrady, like 

suspension and/or vertical climbing as occurs in African apes, mainly chimpanzees. However, knuckle-

walking adaptations can be discarded in this taxon based on hand morphology (Moyà-Solà and Köhler 

1996; Almécija et al. 2007). In general, the results found in this study support previous hypotheses based 

on other anatomical regions (Moyà-Solà and Köhler 1996; Almécija et al. 2007; Alba 2012; Tallman et al. 

2013).

On the other hand, cf. D. fontani display higher robusticity and relative anteroposterior bending 

strength along its femoral shaft (Table 23; Figs. 41 and 42). Furthermore, the cross-section shape in 

this fossil ape is elliptical and its biomechanical “shape” clearly deviates from circularity (showing a 

mediolateral expansion of the shaft; Table 23; Figs. 38 and 39). The results of cf. D. fontani results also 

show that %CA decreases from proximal to midshaft, whereas bending strength and rigidity increase. 

All these traits correspond with the quadruped biomechanical pattern observed in extant primates (Burr 

et al. 1981; Jungers et al.�������5XͿ��������DV�ZHOO�DV�LQ�WKH�UHVXOWV�IRU�WKH�UHODWLYH�DQWHURSRVWHULRU�VWUHQJWK�

(in which cf. D. fontani is clearly similar to cercopithecoids, and African apes to some extent; Figs. 41 and 

42). Cercopithecoids (and African apes when they are involved in knuckle-walking) commonly use their 
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ORZHU�H[WUHPLWLHV�IRU�DFWLYH�SURSXOVLRQ�LQ�OLPLWHG�SDUDVDJLWWDO�SODQHV�DQG�ZLWK�PRUH�ÁH[HG�SRVWXUHV�RI�WKH�

OLPEV��WKXV�VXͿHULQJ�KLJKHU�D[LDO�FRPSUHVVLYH�DQG�PHGLRODWHUDO�ORDGV�WKDQ�VWULFWHU�VXVSHQVRU\�WD[D��VXFK�

as hylobatids (Burr et al.�������5XͿ�DQG�5XQHVWDG�������-XQJHUV�et al. 1998; Carlson 2005). However, cf. D. 

fontani�GLVSOD\V�KLJKHU�EHQGLQJ�VWLͿQHVV��,PD[��DW�WKH�PLGVKDIW�WKDQ�PDFDTXHV��DQG�SUHVXPDEO\�RWKHU�

typical quadrupeds like these; Burr et al.��������7KLV�IHDWXUH�KDV�EHHQ�UHODWHG�WR�HQKDQFHPHQW�ÁH[LELOLW\�

of the bone during galloping and leaping (a fact that is also recurrent among modern humans; ibid). 

Thus, results presented here show that cf. D. fontani�GLVSOD\V�VLPLODU�EHQGLQJ�VWLͿQHVV�DW�ERWK�SUR[LPDO�

and midshaft, a combination that is not present in living macaques, which might be associated with the 

“Miocene ape-like” quadrupedalism described for some fossil apes (Rose 1983, 1994). It could be therefore 

hypothesized that joints of fossil hominoids that engaged in this “Miocene ape-like” quadrupedalism might 

have wider range of motion and less stereotyped loadings than those of living quadrupeds, and probably 

incorporated some movements (e.g., hip abduction and thigh lateral rotation) that are less frequently used 

in living quadrupeds (Rose 1983, 1994; Ward et al. 1993; Fleagle 2013; Ward 2015). If true, these two facts 

ZRXOG�H[SODLQ�WKH�VOLJKW�PHFKDQLFDO�GLͿHUHQFHV�EHWZHHQ�H[WDQW�TXDGUXSHGV��FHUFRSLWKHFRLGV�LQ�WKLV�FDVH��

and Miocene apes.

In addition, several works focused on the mechanical evolution of the human femur proposed that 

the mediolateral buttressing of the proximal shaft could be related to an elongation of the femoral neck, 

ZKLFK�ZRXOG�LPSO\�KLJKHU�PHGLRODWHUDO�EHQGLQJ�DW�WKLV�UHJLRQ�RI�WKH�ERQH��H�J���5XͿ�������������5XͿ�et 

al. 1999, 2015). The femur of cf. D. fontani exhibits a longer femoral biomechanical length than African 

apes, cercopithecoids, and also H. laietanus (Fig. 28; see also Almécija et al. 2013). This morphology 

iswell in accordance with the geometric structural properties obtained for the proximal shaft of cf. D. 

fontani (high resistance to torsional loads; see J in Table 23). A longer femoral neck laterally displaces the 

diaphysis of the bone from the hip joint, probably increasing mediolateral-bending moments in the shaft 

(higher proximally than distally) that are somewhat counteracted by enhancing strength and rigidity of 

the bone diaphysis (Lovejoy et al. 1973; Burr et al.�������5XͿ�et al. 1999). Moreover, Lovejoy et al. (1973, 

2002) described the tight relationship between proximal femur variations in neck-shaft angle, greater 

trochanter morphology, biomechanical neck length, and also internal distribution of cortical bone at the 

femoral neck. In general, and as explained in Chapter 2, the cortical bone distribution in cf. D. fontani 

reveals the presence of stereotyped loads along its femoral neck (asymmetric distribution of the cortical 

ERQH���VXFK�DV�WKH�FDVH�RI�TXDGUXSHGV��PRGHUQ�KXPDQV�DQG�HDUO\�KRPLQLQV��H�J���5DͿHUW\�������5XͿ�DQG�

Higgins 2013). In fact, modern humans, early hominins and cf. D. fontani have also in common a long 

biomechanical femoral length, and therefore they probably shared similar biomechanical requirements at 

the hip joint (as it is also evidenced by the mediolateral reinforcement of the proximal shaft in this Miocene 

ape; Burr et al.� ������5XͿ� et al. 2015). These results point out that the morphological and mechanical 

complex observed in cf. D. fontani (long biomechanical neck length, high neck-shaft angle, asymmetric 

distribution of the femoral neck cortical bone, and mediolateral reinforcement of the proximal shaft) could 
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be the plesiomorphic condition for hominids. It that were the case, it would imply that living apes would 

be secondarily derived (homoplastically for hylobatids and hominids) for these traits (as in the case of the 

femoral neck cortical bone distribution; Chapter 2). 

Irrespective of the evolutionary scenario, from a functional viewpoint, the results obtained for the cf. 

D. fontani proximal femur might corroborate the more relevant quadrupedal component hypothesized for 

this taxon respect to H. laietanus (Moyà-Solà et al. 2009a; Alba et al. 2011a; Almécija et al. 2012), since the 

overall mechanical demands of the former more resemble those of Q taxa.

Tibia

Inferences on the basis of the external morphology

The distal tibia of H. laietanus shows a unique combination of monkey-like and ape-like morphological 

traits. Among the monkey-like features, the medial malleolus markedly projects distally and have a 

convex (bulbous) articular surface in those primates that mainly rely on quadrupedalism (Harrison 1989; 

Davis 1996). Consequently, the talus normally displays a deep cup-shaped depression where the medial 

malleolus is accommodated (Lewis 1980a,b; Conroy and Rose 1983). These two complementary regions 

UHVXOW�LQ�D�FORVH�SDFNHG�SRVWXUH�ZKHQ�WKH�MRLQW�LV�LQ�D�GRUVLÁH[HG�SRVLWLRQ��WKXV�WUDQVYHUVDOO\�VWDELOL]LQJ�WKH�

ankle and facilitating parasagittal movement of the talo-crural joint in quadrupeds (Lewis 1980a; Harrison 

1989; Davis 1996). In addition, quadrupeds tend to have strong ligaments (e.g., tibiotalar ligaments that 

originate at the intercollicular groove) that further participate in stabilization of the talo-crual joint by 

resisting torsional forces (Davis 1996; DeSilva et al. 2010). In general, apes (especially orangutans) display a 

less projected medial malleolus and less developed ligaments (ligament attachment areas are even absent 

sometimes in orangutans), which outcomes in less restricted movements at the ankle joint (Lewis 1980a; 

DeSilva 2008, 2009; Tallman et al. 2013). Otherwise, cercopithecoids show a quadrangular tibial articular 

surface and anteroposteriorly broad tibial metaphysis (unlike great apes that display a rectangular-

shaped articular surface and mediolaterally expanded metaphysis; DeSilva et al. 2010; Tallman et al. 2013). 

These features are associated with a homogeneous distribution of loading through the ankle and lower 

FDSDELOLWLHV�RI�GRUVLÁH[LRQ�RI�WKH�IRRW��+DUULVRQ�������'H6LOYD�������'H6LOYD�et al. 2010). Furthermore, a 

squared-shaped articular surface is usually combined with the presence of a strongly marked median keel 

in cercopithecoids, which runs in the sagittal plane and clearly separates the medial and lateral articular 

depressions (Harrison 1989). The median keel also favours transverse stabilization of the ankle joint during 

parasagittal movements (Harrison 1989; DeSilva et al. 2010). Instead, the great ape-like morphology (i.e., 

UHFWDQJXODU�VKDSHG�DQG�UHODWLYHO\�ÁDW�DUWLFXODU�VXUIDFH��DQG�PHGLRODWHUDOO\�EURDG�PHWDSK\VLV��HQKDQFHV�

WKH�SRVVLEOH�UDQJH�RI� IHHW�GRUVLÁH[LRQ�DQG� LPSOLHV�PHGLRODWHUDO� ORDGLQJ�RI� WKH�DQNOH� MRLQW��+HQFH�� WKLV�

morphology is associated with wide ranges of motion of the talo-crural joint that is loaded in a variety 

RI�SRVWXUHV�DQG�DOORZV� WKH� IRRW� WR�DFKLHYH�H[WUHPHO\�GRUVLÁH[HG�RU� LQYHUWHG�SRVLWLRQV�GXULQJ�YHUWLFDO�

climbing (DeSilva 2008, 2009; DeSilva et al. 2010).
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Therefore, altogether, the strong distal projection of the medial malleolus and its articular surface, 

the deep intercollicular groove, the quadrangular articular surface, and the presence of a median keel 

observed in the H. laietanus WLELD� VXJJHVW� D� UHODWLYHO\� VWDEOH� DQNOH� MRLQW� DQG� D� UHVWULFWHG� GRUVLÁH[LRQ�

capability of the foot (Lewis 1980a; Harrison 1989; DeSilva 2008; Tallman et al. 2013). In contrast, the 

tibia of H. laietanus shows some traits more related to wider mobility of the ankle joint. Among them, it 

H[KLELWV�DQ�DQWHURSRVWHULRUO\�FRPSUHVVHG�GLDSK\VLV�DQG�D�EURDG�ÀEXODU�IDFHW�WKDW�IDFLOLWDWH�D�EURDG�UDQJH�

of movements. The latter is a triangular area in the lateral side of the tibia that relates to the weight-bearing 

UROH�RI�WKH�ÀEXOD�DQG�WKH�FDSDFLW\�RI�LQYHUVLRQ�HYHUVLRQ�RI�WKH�IRRW��7KLV�IDFHW�LV�VPDOO�LQ�FHUFRSLWKHFRLGV��

but relatively large in great apes (H. laietanus resembles the great ape-like condition; Lewis 1980a; DeSilva 

et al. 2010; Tallman et al. 2013). Likewise, the tibia of H. laietanus displays a small articular surface on the 

DQWHULRU�PDUJLQ�RI�WKH�GLVWDO�DUWLFXODU�VXUIDFH�LGHQWLÀHG�DV�D�´ERQ\�VWRSµ�GXULQJ�K\SHUGRUVLÁH[LRQ�RI�WKH�

foot in vertical climbing behaviours in apes. This small facet has its complementary on the talus (the “tibial 

VWRSµ��DQG�WKHLU�FRQWDFW�ZKHQ�WKH�WLELD�SURJUHVVHV�RQ�WKH�WDOXV�GXULQJ�IRRW�GRUVLÁH[LRQ�FRQWULEXWHV�WR�WKH�

stabilization of the ankle joint (Conroy and Rose 1983; Harrison 1989; Davis 1996). Although the presence 

of this facet in the anterior margin of the articular surface of the tibia is variable within living primate 

species (Tallman et al. 2013), its occurrence in H. laietanus LV�DOUHDG\�VLJQLÀFDQW��,Q�DGGLWLRQ��WKH�UHODWLYH�

medial malleolus thickness in H. laietanus is closer to that of great apes than to that of cercopithecoids. 

Great apes load the foot in a high variety of postures, including inversion, during vertical climbing. In 

an inverted foot position, the weight is primarily directed through the medial malleolus favouring an 

anteroposteriorly broad medial malleolus thickness (Lewis 1980a; DeSilva 2008, 2009; DeSilva et al. 2010). 

Furthermore, the tibia of H. laietanus displays a deep groove for the tibialis posterior tendon. The groove, 

situated at the posterior side of the tibia (on the medial malleolus in apes) facilitates that the tendon runs 

IURP�LWV�RULJLQ�DW�WKH�SRVWHULRU�VLGH�RI�WKH�SUR[LPDO�WLELD�DQG�ÀEXOD�WR�WKH�WDUVDOV��DFWLQJ�DV�D�SODQWDU�ÁH[RU�

(Lewis 1980; White and Folkens 1991). The tibialis posterior tendon is present in all primates and attaches 

at the navicular tuberosity and the cuneiforms. However, in catarrhines and especially in hominoids, the 

tibialis posterior tendon enters in the sole and also attaches at the metatarsals II, III and IV (Lewis 1964). 

Thus, the prolongation of the tendon into the sole has been related to a more notable development of 

WKH�WHQGRQ�DQG�WKH�HQKDQFHPHQW�RI�WKH�JUDVSLQJ�DELOLWLHV�E\�ÁH[LQJ�WKH�GLJLWV�DJDLQVW�WKH�KDOOX[�GXULQJ�

climbing and arboreal quadrupedalism (Lewis 1964, 1980a).

Hence, the shape of the distal tibial of H. laietanus resembles in some degree extant cercopithecoids 

(being indicative of restricted mobility of the ankle) whereas in others is closer to apes morphology 

(suggesting a wider range of motion of the joint), also showing some adaptations related to grasping 

capabilities (see Tallman et al. 2013). Thereby, the unique combination of features found at the H. laietanus 

tibia indicates that this taxon was probably adapted for both above-branch pronograde quadrupedalism 

and orthograde vertical climbing behaviours.
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Patella

Inferences on the basis of the external morphology

'LͿHUHQFHV� LQ�SDWHOODU�PRUSKRORJ\�EHWZHHQ�PRQNH\V�DQG�KRPLQRLGV��HVSHFLDOO\�JUHDW�DSHV��KDYH�

been previously noted on the basis of the external dimensions used herein (PD, PDAS, AP, and ML): 

monkeys exhibit proximodistally taller, anteroposteriorly thicker and mediolaterally narrower patellae 

than great apes (Figs. 49 and 51; Harrison 1986; Ward et al. 1995; Nakatsukasa et al. 2012). These external 

dimensions have been used to make functional inferences for Miocene apes (Ward et al. 1995). In 

SDUWLFXODU��:DUG�DQG�FROOHDJXHV��������FRQFOXGHG�WKDW�GLͿHUHQFHV�LQ�H[WHUQDO�SURSRUWLRQV�RI�WKH�SDWHOOD�

EHWZHHQ�PRQNH\V�DQG�DSHV� LQGLFDWH�ELRPHFKDQLFDO�GLͿHUHQFHV� LQ� WKHLU�NQHH� IXQFWLRQ�� UHODWHG� WR�ERQH�

stresses. However, it should be noted that only few mechanical models of the non-human primate knee 

joint have considered the coronal plane (Preuschoft 1970, 1971; O’Neill et al. 2013), and this is not the case 

of the above-mentioned study on Miocene apes. Taking that into account, the following biomechanical 

FRPPHQWV�WKDW�IROORZ�DUH�RQO\�PHDQW�WR�GLVFXVV�SDWHOODU�VKDSH�GLͿHUHQFHV�EHWZHHQ�PRQNH\V�DQG�DSHV�

in the light of available mechanical models of the knee—restricted to the sagittal plane—that have been 

previously used to infer hindlimb function in Miocene apes.

The results agree with a previous study (Jungers 1990b) according to which, in non-human hominoids, 

the mediolateral breadth of the patella (and also other articular variables of their postcranium) scales with 

geometric isometry to body mass (BM). Jungers (1990b) further indicates that this assertion holds not only 

for apes, but for monkeys as well. This isometric relationship could be related to the Alexander’s model 

as to how joint forces and articular stresses should scale with BM (Alexander 1980, 1981; Jungers 1990b). 

This model is based on either the proportional relationship between maximum joint forces and BM, and 

the general geometric scaling of skeletal dimensions (Alexander 1980, 1981). In contrast, humans are 

clear outliers in the ML vs BM regression (notably mediolaterally wide patella relative to BM), a feature 

SUREDEO\�UHODWHG�WR�WKHLU�ELSHGDO�ORFRPRWRU�EHKDYLRXU��)LJ����D��-XQJHUV�����E���6LQFH�QR�VLJQLÀFDQW�JUDGH�

shifts between monkeys and apes (only hylobatids are slightly upshifted) have been found (see also 

Fig. 50a; Jungers 1990b; Ward et al. 1995), it has been hypothesized that mediolateral patellar breadth is 

UHODWLYHO\�XQDͿHFWHG�E\�WKH�W\SH�RI�ORFRPRWLRQ��:DUG�et al. 1995), further providing a good surrogate of 

BM irrespective of phylogenetic constraints.

However, PD and AP seem to display a strong functional signal (Harrison 1986; Ward et al. 1995). 

In agreement with previous work (Ward et al. 1995), these results show that anteroposterior thickness of 

the patella is relatively higher in cercopithecoids than in platyrrhines and apes, respectively (Fig. 48d); 

whereas PD is higher in monkeys and hylobatids (displaying Symphalangus the proximodistally highest 

patella) than in great apes (Fig. 48b). This latter fact might be related to the presence of a large non-

articular surface, the apex, in the patellae of monkeys and hylobatids (Fig. 49). Therefore, PD and AP 

PDLQO\�GLͿHUHQWLDWH�PRQNH\V�DQG�JUHDW�DSHV��K\OREDWLGV�VKRZ�D�KLJK�3'�DV�LQ�PRQNH\V��EXW�D�WKLQ�$3�
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as in great apes). Both parameters have been previously associated with the increase of the moment arm 

of the quadriceps tendon-ligamentum patellae about the knee joint (Badoux 1974; Ward et al. 1995). In the 

case of AP, a thicker patella mainly separates the ligamentum patellae from the centre of rotation of the 

knee in the sagittal plane, changing the angle of action of the quadriceps�PXVFOH�PDLQO\�GXULQJ�ÁH[HG�NQHH�

positions as well as increasing the moment arm of the muscle. Regarding PD, the greater length of the 

patella (including the apex) increases the lever arm of the quadriceps�PXVFOH�IURP�D�ÁH[HG�SRVWXUH�RI�WKH�

knee, thus enhancing the torque or rotational force of the joint (Nisell 1985; Ward et al. 1995). Therefore, 

the higher moment arms generated by a large proximodistal and thick anteroposterior patellae about the 

NQHH�MRLQW�SUREDEO\�IDYRXU�WKH�IRUFHIXO�H[WHQVLRQ�RI�WKDW�MRLQW�IURP�IXOO\�ÁH[HG�SRVLWLRQV��%DGRX[�������

Ward et al. 1995; Channon et al. 2010a,b). Although not mentioned in previous studies, a higher moment 

arm also implies a lower angular velocity (Stern 1974), hindering a quick extension of the knee mainly 

during leaping. In this regard, further work is needed to solve this dichotomy and better determine the 

biomechanics of the primate knee and its relationship with patellar morphology. Thus, when AP and 

PD are assessed within a positional context, it can be observed that primates which rely on leaping and 

JDOORSLQJ��ZLWK�SUHGRPLQDQW�H[FXUVLRQV�RI�WKH�MRLQW�IURP�D�IXOO�ÁH[HG�NQHH�WR�H[WHQGHG�SRVLWLRQV��GLVSOD\�

higher values of these two parameters (Figs. 48 and 51; Harrison 1986; Ward et al. 1995). This morphology 

HQKDQFHV� WKH� WRUTXH�DW� WKH�NQHH� MRLQW�� WKXV�DLGLQJ� LQ� WKH�HͿHFWLYH�DQG�SRZHUIXO�H[WHQVLRQ�RI� WKH�NQHH�

(Badoux 1974; Ward et al. 1995). Contrarily, the proximodistally short and anteroposteriorly thin patellae 

of great apes have been associated with a more versatile knee, with a wider range of positions and no 

KDELWXDO�IXOO�ÁH[LRQ�RI�WKH�NQHH��+DUULVRQ�������:DUG�et al. 1995). The locomotor repertoire of these taxa 

(probably related to their large body mass) does not include frequent leaping or galloping. Instead they 

practice more frequently orthograde behaviours, such as vertical climbing, below-branch suspension, 

clambering and bridging (e.g., Ward et al. 1995; Gebo 1996; Rose et al. 1996). Since great apes show fully-

ÁH[HG�NQHH�SRVLWLRQV� LQ�D�QRWDEO\� ORZHU�IUHTXHQF\�WKDQ�PRQNH\V��RQO\�RUDQJXWDQV�FOHDUO\�IXOO�H[WHQG�

the knee during arboreal bipedalism; Ward et al. 1995; Rose et al. 1996; Isler 2003, 2005; Crompton et al. 

������� WKHLU� WKLQQHU�DQWHURSRVWHULRUO\�DQG�VKRUWHU�SUR[LPRGLVWDOO\�SDWHOODH�PLJKW�UHÁHFW� WKHVH�GLͿHUHQW�

biomechanical demands relative to non-hominid anthropoids (i.e., lower moment arms in the knee since, 

a priori�� WKH\�GR�QRW�KDELWXDOO\�QHHG�WR�SRZHUIXOO\�H[WHQG�WKH�NQHH�IURP�IXOO�ÁH[HG�SRVLWLRQ��+DUULVRQ�

1986; Ward et al. 1995; Isler 2005; Crompton et al. 2010).

)XUWKHUPRUH��$IULFDQ�DSHV�DQG�RUDQJXWDQV�GLͿHU� LQ� W\SH�RI� ORFRPRWLRQ�DQG�IUHTXHQF\�RI�DUERUHDO�

behaviours (Hunt 1991a; Doran 1996; Hunt et al. 1996; Crompton et al. 2010). The former are characterized 

E\� WKH�SUDFWLFH�RI� NQXFNOH�ZDONLQJ��ZKLFK� LPSOLHV� DQ� DVVHPEODJH�RI� VSHFLÀF� DGDSWDWLRQV� �7XWWOH� ������

Jenkins and Fleagle 1975; Gebo 1996). In contrast, orangutans are more arboreal, and mostly rely on below-

branch suspension and clambering for traveling horizontally (Isler 2003, 2005; Thorpe and Crompton 

2006; Zhilman et al. 2011). Apart from a certain degree of suspension, vertical climbing seems to be the 

common locomotor behaviour among all extant apes (Fleagle 1976; Isler 2003). Hylobatids, and especially 
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Symphalangus (which employ vertical climbing even more often than great apes; Fleagle 1976), employ 

less abducted hindlimb positions than the latter during vertical climbing (Fleagle 1976; Isler 2005). It 

LV�QRWHZRUWK\�WKDW�$IULFDQ�DSHV�DQG�RUDQJXWDQV�SUDFWLFH�YHUWLFDO�FOLPELQJ�LQ�GLͿHUHQW�IUHTXHQFLHV��DQG�

WKDW�WKHUH�DUH�DOVR�VRPH�GLͿHUHQFHV�LQ�WKH�KLQGOLPE�XVH��VLQFH�LQ�RUDQJXWDQV�WKH�NQHH�LV�OHVV�ÁH[HG�DQG�

PRUH�H[WHQGHG��DQG�WKH�KLS�LV�PRUH�ÁH[HG�DQG�DEGXFWHG��WKDQ�LQ�$IULFDQ�DSHV��,VOHU�������������7KRUSH�

DQG�&URPSWRQ� ������� /LNHZLVH�� RUDQJXWDQV� KDYH� D� ODUJHU�PDVV� RI� NQHH� ÁH[RU�PXVFOHV� UHODWLYH� WR� WKH�

H[WHQVRUV��WKXV�IDYRXULQJ�WKH�URWDWLRQ�DQG�ÁH[LRQ�RI�WKH�NQHH�DV�ZHOO�DV�D�ZLGHU�YDULHW\�RI�SRVWXUHV�DW�

this joint (Zihlman et al.� �������+RZHYHU�� WKHVH�GLͿHUHQFHV�DUH�QRW� UHÁHFWHG� LQ� WKH�RYHUDOO�SURSRUWLRQV�

of the patella as captured by the analyses presented here (Figs. 48 and 51). Nonetheless, African apes 

GLVSOD\�D�WUDSH]RLGDO�SDWHOODU�VXUIDFH�LQ�WKH�GLVWDO�HSLSK\VLV�RI�WKH�IHPXU��)LJ�������ZKLFK�PLJKW�UHÁHFW�D�

decreased mobility of the knee joint compared to orangutans (Nakatsukasa et al. 2012). Thus, the African 

DSH�FRQÀJXUDWLRQ�VHHPV�WR�EH�VOLJKWO\�GHULYHG�DPRQJ�H[WDQW�JUHDW�DSHV��EHLQJ�SRWHQWLDOO\�UHODWHG�WR�DQ�

increase in knee stability during knuckle-walking (terrestrial quadrupedalism). In fact, orangutans show 

a greater capability of knee rotation, as well as a higher range of motion of their joints, when compared to 

African apes (Isler 2003; Zihlman et al. 2011).

Inferences on knee function based on the patellar shape and the evolution of Pierolapithecus and other 

Miocene apes 

As above-mentioned, the patella of Pierolapithecus catalaunicus is essentially similar to that of great 

apes (especially orangutans and gorillas; Figs. 48, 49 and 51). The comparable patellar morphology of 

P. catalaunicus and great apes points out a similar biomechanical loading regime (and associated joint 

SRVLWLRQV���ZLWK�QR�KDELWXDO�DQG�VWHUHRW\SHG�ÁH[LRQ�H[WHQVLRQ�RI�WKH�NQHH�MRLQW��7KLV�SRVLWLRQDO�K\SRWKHVLV�

is compatible with the orthograde body plan inferred for P. catalaunicus on the basis of its thorax 

morphology (Moyà-Solà et al.��������,Q�WKLV�WD[RQ��WKH�ODFN�RI�H[WDQW�DSH�OLNH�VSHFLÀF�DGDSWDWLRQV�WR�EHORZ�

branch suspensory behaviours (e.g., moderate hand length and phalangeal curvature), combined with its 

orthograde body plan and loss of ulnocarpal contact, led these authors to suggest that enhanced vertical 

FOLPELQJ�FDSDELOLWLHV��FRPSDUHG�WR�ROGHU�SURQRJUDGH�DSHV��DQG�QRW�VSHFLÀFDOO\�EHORZ�EUDQFK�VXVSHQVLRQ��

was the main target of natural selection shaping the orthograde body plan of P. catalaunicus (Moyà-Solà 

et al. 2004, 2005a; Almécija et al. 2009; Ward 2015). Previous inferences of above-branch palmigrady for 

P. catalaunicus, based on overall plesiomorphic hand morphology (e.g., dorsally oriented metacarpo-

phalangeal joints, and moderate phalangeal length and curvature; Moyà-Solà et al. 2004; Almécija et al. 

2009; Alba et al. 2010c), are a priori less consistent not only with orthogrady, but also with the great ape-like 

patellar morphology observed for this taxon in the analyses. However, the above-branch quadrupedalism 

displayed by P. catalaunicus probably had no modern analogue, as previously stressed (Rose 1994; Moyà-

Solà et al. 2004; Almécija et al. 2009, 2014; Alba et al. 2010c). The partial remains of the P. catalaunicus pelvis 

suggest that this bony element was similar to that of Ekembo, but with a slightly more marked lateral 
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ÁDULQJ�RI�WKH�LOLD��+DPPRQG�et al. 2013). Unfortunately, no femoral remains are available for this taxon, 

although those preserved for other Miocene hominoids have shown to share a similar proximal shape 

to each other (Almécija et al. 2013). This fact may suggest similar and unique hip biomechanics for most  

of the Miocene apes, which would display (like in Ekembo and others) a mosaic postcranial morphology, 

perhaps combining in the case of P. catalaunicus an orthograde body plan with above-branch palmigrady, 

great ape-like knee function and hip joint with increased ape-like mobility (e.g., Ward et al. 1993; Almécija 

et al. 2009; Hammond et al. 2013; Ward 2015).

In evolutionary terms, these results shown that cercopithecoids might display, concerning the 

anteroposterior dimension, the most derived patella among anthropoids (Figs. 48 and 51). However, great 

apes show somewhat anteroposteriorly thinner patellae than monkeys, although thicker than those of 

other fossil hominoids (Fig. 51; Table 32). Ward et al. (1995) proposed that the patellar morphology of 

stem hominoids such as Ekembo spp. and N. kerioi would be representative of the plesiomorphic hominoid 

(or even catarrhine) condition—i.e., proximodistally higher, anteroposteriorly thinner and mediolaterally 

narrower patellae compared with those of extant great apes. Therefore, the quadriceps muscle mechanical 

advantage may have increased in the course of hominoid evolution, but never attaining the extreme values 

of cercopithecoids (highly specialized for stereotyped behaviours). This fact might be related to the more 

varied locomotor repertoire of great apes than that of monkeys, being P. catalaunicus similar to the former 

group in this regard. The external morphology of the patella of Eq. africanus, in turn, is closer to that of 

African apes, and even to that of modern humans (Figs. 48, 49 and 51). This might be explained by the 

pronograde, semi terrestrial behaviours inferred for this taxon (McCrossin 1994b; Ward et al. 1999; Patel et 

al. 2009). This type of locomotion might be similar in functional requirements (hindlimbs used mainly in 

compression and loading stereotyped stresses) to the quadrupedal terrestrial knuckle-walking of African 

apes. Nonetheless, African apes also rely on other orthograde-related behaviours, which require a highly 

versatile knee joint to combine them with quadrupedalism in both arboreal and terrestrial substrates. 

Therefore, despite that no orthograde-like traits have been found in Eq. africanus, a combination of several 

ORFRPRWRU�PRGHV� SHUIRUPHG� RQ� GLͿHUHQW� VXEVWUDWHV� FRXOG� H[SODLQ� WKH� VLPLODULWLHV� IRXQG� EHWZHHQ� WKH�

pronograde semi-terrestrial ape Eq. africanus and the orthograde knuckle-walkers (African apes) patellae. 

In addition to the specimen KPS PT 4 (E. heseloni), the patellae of P. catalaunicus and O. bambolii—the only 

widely accepted orthograde taxa among the analysed fossil apes (Hürzeler 1968; Moyà-Solà et al. 1999, 

2004; Susanna et al. 2010a,b)—are those that most closely resemble great-ape patellae (Figs. 48, 49 and 

51), probably exhibiting a versatile knee joint (in the case of E. heseloni, despite its pronograde body plan, 

authors have outlined enhanced mobility of other anatomical regions, thus also showing a more derived 

ape-like condition in some cases, e.g., at the hip joint; Walker 1997; Ward 1997, 1998, 2015). 

Given that the evolution of the locomotor apparatus in apes during the Miocene apparently 

proceeded in a mosaic fashion (e.g., Moyà-Solà et al. 1999; Alba et al. 2010c; Alba 2012; Ward 2015), and 

the current decimated diversity of extant hominoids, it should not be surprising that there the lack of 
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extant locomotor analogues for these extinct taxa (Rose 1983, 1994; Moyà-Solà et al. 1999, 2004; Alba 2012; 

Hammond et al.��������7KH�DERYH�EUDQFK�TXDGUXSHGDO�FRPSRQHQW�DQG�WKH�ODFN�RI�VSHFLÀF�EHORZ�EUDQFK�

suspensory adaptations inferred for P. catalaunicus suggest that its great ape-like patellar morphology 

might be simply attributable to the higher range of knee motion required by orthograde vertical climbing, 

which would have been probably most similar to that performed by extant great apes (with extended 

KLS�MRLQWV�DQG�ÁH[HG�NQHHV��DQG�PRUH�DEGXFWHG�KLQGOLPE�SRVLWLRQV�WKDQ�LQ�OHVVHU�DSHV��,VOHU�������������

Moyà-Solà et al. 2004; Almécija et al. 2009; Alba et al. 2010c; Susanna et al. 2010a,b). All extant hominoids 

share a similar orthograde body plan, suitable for both vertical climbing and below-branch suspensory 

behaviours (and bipedalism in hominins; Isler 2003, 2005; Thorpe and Crompton 2006). However, the 

evidence provided by P. catalaunicus (Moyà-Solà et al. 2004, 2005a; Almécija et al. 2009; Alba et al. 2010c; 

Hammond et al. 2013) suggests that the acquisition of suspensory adaptations might have been decoupled 

from that of vertical climbing (contra Begun and Ward 2005; Deane and Begun 2008, 2010)—with clear 

suspensory adaptations not being displayed until the late Miocene by Hispanopithecus/Rudapithecus (see 

discussion in Alba et al. 2012a, but also Moyà-Solà and Köhler 1996; Almécija et al. 2007, 2012, 2013; Deane 

and Begun 2008, 2010; Alba et al. 2010c; Begun et al. 2012). Concerning Hispanopithecus/Rudapithecus, the 

below-branch suspensory adaptations observed on their femora (Moyà-Solà and Köhler 1996; Köhler et 

al. 2002; Begun et al. 2012; Almécija et al. 2013; see also Chapters 1-3 for H. laietanus) and other postcranial 

remains (Moyà-Solà and Köhler 1996; Almécija et al. 2007, 2012; Deane and Begun 2008, 2010; Alba et al. 

2010c; Begun et al. 2012) lead us to predict, based on the analyses above, that the patella of Hispanopithecus 

(if ever found) would probably resemble those of modern great apes, like in P. catalaunicus and O. bambolii.

,QIHUHQFHV�RQ�WKH�EDVLV�RI�WKH�ELRPHFKDQLFDO�UHVSRQVH�WR�NQHH�ÁH[LRQ

The functional role of the patellar apex (aim 1).- The presence or absence of a distal apex allows 

for distinguishing between living great apes (patellae without apex) and the rest of primate species—

that is, monkeys (including platyrrhines and cercopithecoids), hylobatids (gibbons and siamangs), 

and humans (patellae with apex; Fig. 52). In order to interpret the function of this morphology, it was 

inspected whether the presence of a patellar apex can be related to a functional role, and how it might 

work from a biomechanical viewpoint. The patella is embedded within the ligaments and muscles of 

the quadriceps muscle complex, and the patellar ligament attaches on the apex (at the distal edge in 

patellae without this structure; Sarin et al. 1999; Platzer 2008). Moreover, the presence of an apex enlarges 

the proximodistal length of the whole patellae and, consequently, the length of the quadriceps muscle-

SDWHOODU� WHQGRQ� FRPSOH[�� 7KXV�� WKH� HͿHFWLYH� OHQJWK� RI� WKH� quadriceps muscle action is also lengthened 

during knee extension (Haxton 1944; Badoux 1974; Ward et al. 1995). It is easy to assume that primates 

ZLWK� QR� SDWHOODU� DSH[� FRXOG� KDYH� GLͿHUHQW� ELRPHFKDQLFDO� UHTXLUHPHQWV� WKDQ� WKRVH� WKDW� GLVSOD\� WKLV�

VWUXFWXUH��EXW�WKLV�H[DPLQDWLRQ�RI�YRQ�0LVHV�VWUHVV�RQ�OLYLQJ�SULPDWHV�GRHV�QRW�ÀQG�GLͿHUHQFHV�EHWZHHQ�

SDWHOODH�ZLWK�DQG�ZLWKRXW�DSH[��+RZHYHU��VLJQLÀFDQW�GLͿHUHQFHV�DUH�REVHUYHG�EHWZHHQ�SURQRJUDGH�DQG�
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orthograde taxa irrespective of the presence/absence of this structure. Although varying in frequency, 

pronograde primates preferentially use quadrupedal locomotion (Arms et al. 2002; Fleagle 2013). In all of 

the pronograde quadrupedal taxa, the apex seems to participate in some way in stress dissipation through 

the patella, as the most distal region remains with no (or very low) stress (Fig. 55). This biomechanical 

UROH�LV�FRQÀUPHG�E\�WKH�UHVXOWV�REWDLQHG�IRU�WKH�PRGLÀHG�PRGHOV��)LJ�������:KHQ�WKH�DSH[�LV�UHPRYHG�

in Cercopithecus (Cercopithecus-NoApex), the stress is entirely focused in the posterior side and the distal 

UHJLRQ�RI�WKH�PRGLÀHG�ERQH��FRQWUDULO\��WKH�YLUWXDO�LQFOXVLRQ�RI�DQ�DSH[�LQ�Pongo (Pongo-WApex) clearly 

dissipates the original stress concentration at its most distal area (this can be also seen in Gorilla, although 

LWV�RULJLQDO�VWUHVV�SDWWHUQ�GLVWULEXWLRQ�LV�YHU\�GLͿHUHQW�DQG�GRHV�QRW�VKRZ�D�GLVWDO�FRQFHQWUDWLRQ�RI�KLJK�

stress values; see below).

*LYHQ�WKDW�VWUHVV�SDWWHUQ�GLͿHUHQFHV�DUH�QRW�UHODWHG�WR�ORFRPRWRU�PRGHV�EXW�LQVWHDG�WR�ERG\�SODQ�W\SHV��

WKHVH�YDULDWLRQV�FRXOG�WKXV�EH�DVVRFLDWHG�ZLWK�GLͿHUHQWLDO�WUDLWV�WKDW�FKDUDFWHUL]H�SURQRJUDG\�RUWKRJUDG\��

such as habitual knee postures, preferential direction of hindlimbs movement and/or body weight (BW) 

transmission through the limbs. Thus, pronograde quadrupeds share habitual movements of the hindlimb 

LQ�WKH�SDUDVDJLWWDO�SODQH��ZLWK�IUHTXHQW�VHPL�ÁH[HG�SRVWXUHV�RI�WKH�NQHH�MRLQW��DQG�ZLWK�RQO\�����RI�WKHLU�

body weight (BW) being transmitted through the hindlimbs (Badoux 1974; Martin 1990; Fleagle 2013). 

In turn, orthograde primates have more versatile positional behaviours, which mainly include vertical 

climbing, clambering, below-branch suspension, and bipedalism (Hunt 1991a, 2004). A special case is 

that of humans, which most frequently show a completely extended position of the knee, and transmit 

their whole BW through their posterior extremities due to obligate terrestrial bipedalism (Martin 1990; 

Masouros et al. 2010; Crompton 2016). Great apes also load the whole BW through the legs when vertical 

FOLPE�RU�FODPEHU��DQG�WKH�UDQJH�RI�ÁH[LRQ�RI�WKH�NQHH�LV�PRUH�YDULHG�WKDQ�GXULQJ�ELSHGDOLVP��IURP�ÁH[HG�

(climbing) to extended (clambering; Crompton 2016). Thus, hindlimbs in modern humans and great apes 

(especially in Pongo, as it frequently relies on clambering) support the whole BW and the knee joint is 

used preferentially in extended positions (Isler 2005; Crompton et al. 2010). Haxton (1944) proposed that 

the patella was most functionally important in extended positions of the knee joint based on comparative 

results in patellar mediolateral breadth. Hence, as previously stated (Crompton et al. 2008, 2010; Crompton 

2016), here is suggested that due to similarities in preferential knee postures and BW loading, hindlimbs 

of modern humans and great apes (mainly during clambering) probably require similar biomechanical 

demands at the knee joint. Nonetheless, results of the two orthograde taxa Gorilla and hylobatids depart 

from the rest. African apes are orthograde primates that primarily rely on quadrupedal knuckle-walking, 

thus using the hindlimb habitually in compression (Stern 1975; Doran 1996; Hunt 2004). The quadrupedal 

nature of this locomotor mode is apparently not discerned in the results between chimpanzees and 

orangutans, as the patella of the former has a biomechanical performance similar to that of Pongo (Fig. 55). 

However, results for the patella of Gorilla�DUH�FOHDUO\�GLͿHUHQW�IURP�WKRVH�RI�DOO�WKH�UHPDLQLQJ�WD[D��LQFOXGLQJ�

the other knuckle-walker of the sample (Pan���$�VXLWDEOH�H[SODQDWLRQ�IRU�WKHVH�UHVXOWV�UHPDLQV�GL΀FXOW�DQG�
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further work is needed to explain the singularity of gorilla’s results from a biomechanical viewpoint. 

On the other hand, hylobatids have a more plastic and versatile locomotor repertoire and, though they 

preferentially engage in brachiation (in where the hindlimbs are free of locomotor tasks; Fleagle 1976; 

Gittins 1983), they also rely on other locomotor modes (including leaping and bipedalism; Fleagle 1976; 

Gittins 1983; Vereecke et al. 2006; Channon et al. 2012) where the legs take an important role. In the case 

RI�OHDSLQJ��WKH�NQHH�LV�FRPSOHWHO\�ÁH[HG�LQ�WKH�PRPHQW�RI�WDNH�RͿ��ZKHUHDV�LQ�ELSHGDO�ORFRPRWLRQ��WKLV�

MRLQW�LV�VHPL�ÁH[HG�RU�FRPSOHWHO\�H[WHQGHG��+D[WRQ�������3URVW�������9HUHHFNH�et al. 2006; Channon et al. 

2012). Although no data are available for knee posture during travelling by means of brachiation, the knee 

SUREDEO\�UHPDLQV�OHVV�ÁH[HG�WKDQ�GXULQJ�OHDSLQJ�DQG�RU�ELSHGDO�EHKDYLRXUV��9HUHHFNH�et al. 2006). Results 

for the hylobatids patellae show a very low stress pattern for an extended knee phase, which could point 

to the non-intervention of the hindlimbs during brachiation; whereas similarities with modern humans 

DQG�TXDGUXSHGV�ZRXOG�EH�UHÁHFWHG�LQ�WKHVH�UHVXOWV�IRU�VHPL�ÁH[LRQ�DQG�IXOO�ÁH[LRQ�RI�WKH�MRLQW��)LJ������

Evolutionary scenario for the patellar apex within the Hominoidea (aim 2).- All the hominids except 

humans lack the apex, and so the presence/absence of the apex might prove useful for interpreting 

evolutionary scenarios in fossils (Fig. 61). Epipliopithecus vindobonensis is a putative stem catarrhine for 

which several authors have inferred a generalized above-branch quadrupedalism behaviour (or even 

terrestrial), combined in some extent with climbing, leaping and suspension (Zapfe 1958; Rose 1993; 

Harrison 2013). This taxon has a patellar shape similar to that of hylobatids (Rose 1993), with a distal 

apex and a stress pattern distribution similar to that of Hylobates �)LJ����E���7KH�UHVXOWV�VHHP�WKHQ�WR�UHÁHFW�

the versatile locomotor repertoire inferred for this taxon (e.g., as explained above for living hylobatids; 

Fleagle 1976; Gittins 1983). Among hominoids, Ekembo (formerly Proconsul) patellae are the oldest known 

UHFRUGV�IRU�WKLV�ERQH�HOHPHQW��7KH\�ZHOO�ÀW�ZLWKLQ�WKH�SDWHOODU�PRUSKRORJ\�SURSRVHG�IRU�WKH�ODVW�FRPPRQ�

ancestor of apes and humans by Ward and colleagues (1995): proximodistally short and anteroposteriorly 

thin. Furthermore, these patellae show a distal apex (Ward et al. 1995). Following Ekembo, other fossil 

taxa that show patellae with apex include Equatorius and Nacholapithecus (McCrossin 1994a; Rose et al. 

1996; Nakatsukasa et al. 2012). Contrary to these, the stem great ape P. catalaunicus lacks the apex and 

the results reveal for this taxon a stress pattern similar to that of orangutans and chimpanzees (Fig. 57a), 

SUREDEO\�UHÁHFWLQJ�NQHH�SRVWXUDO�SUHIHUHQFHV�DQG�%:�ORDGLQJ�VLPLODU�WR�WKDW�RI�JUHDW�DSHV��VHH�&KDSWHU�����

Therefore, the apex would probably be a plesiomorphic structure within catarrhine primates, which was 

apparently lost at some point of the hominid evolutionary history. However, modern humans and early 

members of its lineage (e.g., +��ÁRUHVLHQVLV and H. neanderthalensis; Trinkaus 1983; Jungers et al. 2009) have 

patellar apex. Interestingly, this structure is not displayed by the early hominin Australopithecus sediba 

(Fig. 61; DeSilva et al. 2013). Hence, the presence of apex would be primitive for hominoids, including 

humans, and the lack of this structure in hominids would be a derived trait for this group.
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Stabilization role of patellar shape (aims 1 and 2).- The apex: taking into account the evolutionary 

scenario of the patellar apex proposed above (being the lack of apex a derived trait for hominids), 

the presence of apex within the human lineage should represent a response to some kind of extrinsic 

epigenetic stimulus, since the phylogenetic signal on this bone has been ruled out in previous works 

(Haxton 1944; Sarin et al. 1999; see also Chapter 5). Then, it is hypothesized that the reversion of this 

character within the genus Homo might be related to some mechanical similarities between bipedalism 

DQG�TXDGUXSHGDOLVP��$V�DIRUHPHQWLRQHG��WKH�YRQ�0LVHV�VWUHVV�UHVXOWV�GR�QRW�UHÁHFW�ORFRPRWRU�W\SHV��EXW�

instead the type of body plan. However, as seen above, knee posture during bipedal and quadrupedal 

WUDYHOOLQJ� LV� FRPSOHWHO\� GLͿHUHQW� �IXOO�H[WHQGHG� vs� VHPL�ÁH[HG��� DV�ZHOO� DV� LV� WKH� %:� ORDGLQJ� E\� WKH�

hindlimbs (40% vs 100%). Nonetheless, some similarities are found. In both cases, hindlimbs move in the 

parasagittal plane, the knee posture is continued (virtually all the time extended in bipeds and around 

VHPL�ÁH[LRQ�LQ�TXDGUXSHGV���DQG�WKH�MRLQW�QHHGV�RI�D�KLJK�VWDELOL]DWLRQ�LQ�RUGHU�WR�DYRLG�OX[DWLRQV�RI�WKH�

knee elements during motion (Ward et al. 1995; Masouros et al. 2010; DeSilva et al. 2013; Fleagle 2013). 

Then, the apex might additionally participate in stabilization of the knee joint, by closing the patella to the 

tibial tuberosity and shortening the patellar ligament length. This would not interfere with its probable 

Figure 61 Tree illustrating the presence (red) or absence (green) of patellar apex in the living taxa included 
in this work (continuous lines). Fossil specimens (dashed lines) comprise Epipliopithecus vindobonensis 
(NHMW1970/1397/0024; reversed), Pierolapithecus catalaunicus (IPS21350.37), and Australopithecus sediba 
(MH2-UW88-79&100; image from DeSilva et al. 2013). The tree does not trace the evolutionary history 
of this patellar character, but only schematizes the presence/absence of the patellar apex in the primate 

sample to better visualize its framework combined with the body plan display for every taxa.
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principal role of lengthening the relative moment arm of the quadriceps muscle in quadrupeds and leapers 

for powerful extension of the knee (a function that is a priori less necessary in humans because their 

continuously extended knee position; Ward et al. 1995; Crompton 2016). 

The articular surface geometry: apart from the apex, the geometry of the patellar articular surface 

(together with other ligaments and muscles of the knee joint; Holt and Hamill 1995; Masouros et al. 

2010; DeSilva et al. 2013) is also important in preventing knee joint luxation (Lovejoy 2007). Both bipeds 

(modern humans) and quadrupeds (cercopithecoids and platyrrhines) display a clear distinction between 

the medial and lateral sides of the articular surface that are usually separated by a well-marked keel 

(Fig. 52). Moreover, the patellae of modern humans even show other well-distinguished small facets 

(see Lovejoy 2007 for further description). Conversely, the patellar articular surface of apes (especially 

JUHDW� DSHV�� LV� FRPSOHWHO\�ÁDW�� DQG�GRHV� QRW� VKRZ�DQ\�GLVWLQFWLRQ� EHWZHHQ� ODWHUDO� DQG�PHGLDO� UHJLRQV�

�)LJ������/RYHMR\��������7KLV�PRUSKRORJ\�LV�UHÁHFWHG�LQ�WKH�WURFKOHDU�VXUIDFH�RI�WKH�IHPXU��LUUHVSHFWLYH�RI�

LWV�FRPSDUWPHQWDOL]HG��KXPDQV�DQG�TXDGUXSHGV��RU�ÁDW��DSHV��JHRPHWU\��,Q�KXPDQV�DQG�TXDGUXSHGV��

the femoral trochlear surface is deep and besides, in the former, the lateral lip is clearly more projected 

anteriorly than the medial lip in order to avoid the lateral dislocation of the patella (also observed in 

monkeys in a lesser degree; Lovejoy 2007; Masouros et al. 2010; DeSilva et al. 2013). For apes, the femoral 

trochlear surface is shallow and lateral and medial lips are barely developed. This morphology has been 

associated with a wider range of motion of the knee joint (Ward et al. 1995; Madar et al. 2002; Lovejoy 

2007). Likewise, Lovejoy (2007) proposed that better congruity between patellar and femoral articular 

surfaces in apes knee joint would be related to less stress concentration in the patellae (see also Ward et al. 

�������)(�UHVXOWV�LQ�WKLV�ZRUN�GR�QRW�UHÁHFW�WKHVH�GLͿHUHQFHV��HYHQ�VKRZLQJ�D�JUHDWHU�VLPLODULW\�EHWZHHQ�

Homo and Pongo-Pan patellae than Homo DQG�PRQNH\V·�SDWHOODH��7KH�DEVHQFH�RI�VXFK�GLͿHUHQFHV�ZKHQ�

FRPSDULQJ�SDWHOODH�ZLWK�PRUH�FRPSOH[�DUWLFXODU�VXUIDFHV�DQG�WKRVH�ZLWK�ÁDW�DUWLFXODU�VXUIDFHV�FRXOG�EH�

UHODWHG�WR�WKH�VLPSOLÀHG�PRGHO�RI�WKH�SULPDWH�NQHH�XVHG��)RU�H[DPSOH��WKLV�ZRUN�GRHV�QRW�LQFOXGH�WKH�

ODWHUDO�GHYLDWLRQ�RI�WKH�SDWHOOD�GXULQJ�NQHH�ÁH[LRQ��+HHJDDUG�et al. 1995; Masouros et al. 2010). However, 

patellar lateral dislocation is a frequent disease among modern humans (Holt and Hamill 1995), hence 

the joint displays important mechanisms of stabilization (e.g., femoral trochlear surface morphology and 

action of muscles and ligaments at the patellofemoral joint) that probably provide with an additional 

DPRXQW�RI�VWUHVV�QRW�FRQVLGHUHG�LQ�WKLV�ZRUN��H�J���WHQVLRQ�LQ�GLͿHUHQW�GLUHFWLRQV��+HHJDDUG�et al. 1995; 

Ward et al. 1995). However, a knee with a wider range of movements in apes would not need as strict 

structural and dynamic stabilization of the joint as in the case of humans and monkeys, which preferably 

use the knee in the parasagittal plane (Haxton 1944; Ward et al. 1995; Madar et al. 2002). Therefore, the 

inclusion of a lateral movement in the model could incorporate a meaningful increased of stress. 
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Functional role of patellar AP and PD (aim 3).- The knee is considered to be a hinge joint whose 

centre of rotation is situated at the femoral condyles (although sometimes there also exists an anteriorly 

sliding component; Lovejoy 2007; Schindler and Scott 2011). The distance between the centre of rotation 

DQG�WKH�SDWHOOD� LV� WKH�HͿHFWLYH�DUP�OHQJWK�IRU� WKH�DFWLRQ�RI� WKH�quadriceps muscle, whereas the patellar 

tendon moment arm is the perpendicular length from this tendon to the femur-tibia contact point (Nisell 

1985; Schindler and Scott 2011). Several authors (Preuschoft 1970; Badoux 1974; Ward et al. 1995) outlined 

that variation in both patellar AP and PD would favour the lengthening of the moment arms of the 

quadriceps muscle complex and would generate a more powerful extension of the knee joint (e.g., after a 

patellectomy the quadriceps�PXVFOH�PRPHQW�VWUHQJWK�FDQ�GHFUHDVH�XS�WR�����LQ�D�����ÁH[HG�KXPDQ�NQHH��

Badoux 1974; Nisell 1985). That is, primates that need a powerful extension of the knee for locomotion 

(i.e., mainly leapers, but also quadrupeds) tend to show thicker AP and higher PD patellae (Ward et al. 

1995; see Chapter 5).

5HVXOWV� UHJDUGLQJ� YRQ� 0LVHV� VWUHVV� GLVWULEXWLRQ� UHÁHFW� WKLV� PRUSKRORJLFDO� WUHQG�� VLQFH� WKH�

anteroposteriorly thinner Cercopithecus-ThinAP patella resembles that of Symphalangus, and the 

anteroposteriorly thicker Symphalangus-ThickAP patella pattern is more similar to that of Ateles (Fig. 59). 

Hence, in the case of Cercopithecus-ThinAP, the original stress pattern changes from that of a specialized 

pronograde quadruped (thick AP thickness) to that of a more versatile primate (thin AP thickness), 

ZKHUH�ÁH[HG�SRVLWLRQV�DQG�SRZHUIXO�H[WHQVLRQ�RI� WKH�NQHH� MRLQW�DUH� OHVV�UHOHYDQW�ZLWKLQ� LWV� ORFRPRWRU�

repertoire (Ward et al. 1995; McGraw 1996; Fleagle 2013; see also Chapter 5). In the case of Symphalangus-

ThickAP patella, the new obtained stress pattern (similar to that of Ateles) could be explained by the lesser 

frequency of below-branch suspension and a higher frequency of quadrupedalism in spider monkeys 

than in siamangs, although the locomotor repertoire of Ateles is also notably varied (Fleagle 1976; Cant 

et al.�������������<RXODWRV��������+RZHYHU�� WKH�ELRPHFKDQLFDO� LQÁXHQFH�RI�FKDQJHV� LQ�3'�OHQJWK� LV� OHVV�

clear, and there is a twofold explanation for this phenomenon: the singularity of the stress pattern in the 

original patella of Gorilla that is not possible to currently relate to any functional/locomotor pattern (see 

DERYH���DQG�WKH�QHZ�SDWWHUQ�REWDLQHG�LQ�WKH�PRGLÀHG�SDWHOOD��Gorilla-HighPD), which resembles those 

of (the other orthograde primates) Pongo and Pan (irrespective of their preferential locomotor mode, that 

is, suspension-clambering vs knuckle-walking, respectively). In any case, PD elongation of the patella 

lengthens the moment arm of the quadriceps muscle (as occurs with AP) and the contact with the femoral 

patellar groove is larger, involving an increase of patellar stress that is probably what is observed in the 

results (Fig. 59c; Ward et al. 1995).

7KHUHIRUH�� IURP� D� ELRPHFKDQLFDO� SRLQW� RI� YLHZ�� )(� REWDLQHG� UHVXOWV� LQ�PRGHOV�ZLWK�PRGLÀHG�$3�

WKLFNQHVV�DQG�3'�KHLJKW�ZRXOG�UHÁHFW�WKH�SUHYLRXVO\�VWUHVVHG�UHODWLRQ�EHWZHHQ�SDWHOODU�PRUSKRORJ\�DQG�

knee function, as well as the enhanced ability of the quadriceps�PXVFOH�FRPSOH[�IRU�HͿHFWLYH�DQG�SRZHUIXO�

extension of the knee joint in quadrupedal primates with thick AP and high PD patellae.
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THE POSITIONAL BEHAVIOUR OF THE FOSSIL GREAT APES FROM 
THE VALLÈS-PENEDÈS 

The hindlimb remains of Vallès-Penedès great apes described in this work, even considering that more 

than a single taxon is represented, generally reinforce previous inferences that Miocene apes displayed 

a combination of positional behaviours that does not have any close extant analogue (i.e., each extinct 

genus shows a unique combination of monkey-like and ape-like postcranial traits, unknown among 

extant apes; e.g., Rose 1983, 1993; Moyà-Solà and Köhler 1996; Moyà-Solà et al. 2004; Almécija et al. 2007; 

Alba 2012; Senut 2015; Ward 2015). The hindlimb morphology of the Vallès-Penedès great apes and its 

available internal structure is not only distinctive from that of other Miocene hominoids, but also from 

one another (Moyà-Solà and Köhler 1996; Köhler et al. 2001; Moyà-Solà et al. 2004; Almécija et al. 2007, 

2009; Alba 2012; Alba et al. 2012a; Hammond et al. 2013; Tallman et al. 2013; Susanna et al. 2014). Thus, the 

morphological adaptations and internal organization patterns related to above-branch palmigrady and 

orthograde behaviours (e.g., vertical climbing and below-branch suspension) found in these taxa suggest 

WKDW�WKH\�SUREDEO\�LQFRUSRUDWHG�WKHVH�ORFRPRWRU�PRGHV�ZLWKLQ�WKHLU�SRVLWLRQDO�EHKDYLRXU��EXW�LQ�GLͿHUHQW�

IUHTXHQFLHV��1RQHWKHOHVV��LGHQWLI\LQJ�WKH�IXQFWLRQDO�UROH�RI�D�VSHFLÀF�WUDLW�LV�VRPHWLPHV�YHU\�GL΀FXOW��,Q�

DGGLWLRQ��DOWKRXJK�WKH�IXQFWLRQ�UHODWHG�WR�D�VSHFLÀF�WUDLW�ZDV�ZHOO�HVWDEOLVKHG��WKH�DQLPDO�FRXOG�VWLOO�UHWDLQ�

the ability to perform other locomotor types not directly associated with this functional relationship. 

7KLV�GL΀FXOW\� LV�PRUH�HYLGHQW�UHJDUGLQJ�SOHVLRPRUSKLF� WUDLWV��VLQFH� LW� LV�GL΀FXOW� WR� WHVW�ZKHWKHU� WKHVH�

features could be already functionally active (participating and maintaining the ancestral behaviour) or 

just a retention without functional role that not compromise the new acquired (derived) behaviour (Stern 

and Susman 1981; Latimer 1991; Lauder 1996; Ward 2002). Taking into account both the aforementioned 

premises and the absence of conclusive results to elucidate the functional role of the primitive characters, 

here the relevance of plesiomorphic traits will be considered in the same degree than adaptations to infer 

positional behaviour of the taxa included in this work.

The positional behaviour of cf. Dryopithecus fontani

Regarding the postcranium of Dryopithecus, besides the Vallès-Penedès femur tentatively assigned 

to Dryopithecus fontani analysed in this work (ca. 11.9 Ma), only a humerus from the type locality (Saint 

Gaudens, France) and a distal fragment of humeral shaft from Castell de Barberà (Vallès-Penedès Basin, 

Spain) have been attributed to this taxon (in the latter case only tentatively; Depéret 1887; Pilbeam and 

Simons 1971; Begun 1992b; Alba et al. 2011a; Almécija et al. in prep.a). Moreover, two phalanges also 

found in Castell de Barberà might belong to the same taxon (Almécija et al. 2012, in prep.b). Despite the 

generally hominoid-like appearance of the humerus (Alba et al. 2011a) and the lack of similarities with 

living apes on the thumb remains from Castell de Barberà (Almécija et al. 2012), the positional behaviour 

of this taxon is still unclear. The general Miocene ape-like morphology of the phalanges and some of the 
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humeral traits (e.g., rounded cross-section and deep olecranon and coronoid fossae) suggest that above-

branch quadrupedalism might have taken part of the Dryopithecus locomotor repertoire (assuming that 

phalangeal remains belong to this taxon; Begun 1992b; Alba et al. 2011a; Almécija et al. 2012). Moreover, 

below-branch suspension cannot be completely ruled out on the basis of humeral morphology (Alba et 

al. 2011a). The shape of the proximal femur tentatively attributed to the same taxon displays features 

functionally related to generalized arboreal quadrupedalism and others associated with enhancement of 

hindlimb abduction; whereas the internal structure of the neck and the diaphyseal structural properties 

are more clearly related to quadrupedal behaviours (see above and Chapter 1). This combination of traits 

reinforces the view that Dryopithecus might represent, like many other Miocene apes, a locomotor stage 

intermediate between early Miocene stem hominoids and the suspensory extant (and some late Miocene) 

apes (Alba et al.� ����D��� 7KLV� IHPXU� DORQH� IXUWKHU� VXJJHVWV� WKDW� WKLV� WD[RQ� ODFNV� VSHFLÀF� DGDSWDWLRQV�

for below-branch suspensory behaviours, such as the larger femoral head relative to the neck that is 

displayed by Hispanopithecus. However, considering the whole postcranial evidence that probably belong 

to Dryopithecus, and given the mosaic evolution of the hominoid postcranium evidenced by this and 

other Miocene apes, suspensory behaviours cannot be completely discounted for this taxon (Alba et al. 

2011a). Furthermore, it is also important to take into account the body weight estimated for Dryopithecus, 

between 40-50 kg on the basis of the femoral head (Moyà-Solà et al. 2009a). This body weight is situated 

VOLJKWO\�DERYH�WKH����NJ�SURSRVHG�DV�WKH�PD[LPXP�YDOXH�IRU�H΀FLHQW�DUERUHDO�TXDGUXSHGDOLVP��&DUWPLOO�

1985; Demes et al. 1994; Larson 1998b). Then, Dryopithecus might have adopted two possible solutions 

to this biomechanical constrain. On the one hand, to engage in more orthograde-like behaviours such 

as the vertical climbing or below-branch suspension that allowed it to better negotiate with an arboreal 

milieu (Cartmill 1985). This evidenced by the presence of some traits associated with wider range of 

hip joint motion and related to vertical climbing (mainly on the studied femur; see above). Otherwise, 

another possible explanation is that Dryopithecus could eventually go down to the ground, thus relying on 

WHUUHVWULDO�TXDGUXSHGDOLVP�LQ�VRPH�GHJUHH��+RZHYHU��QR�VSHFLÀF�HYLGHQFH�RI�WHUUHVWULDOLW\�LV�IRXQG�ZLWKLQ�

the fossil femur.

Overall, above-branch quadrupedalism with powerful grasping capabilities and some degree 

of vertical climbing (without completely discounted below-branch suspension and some degree of 

terrestriality) seems the most likely locomotor repertoire for Dryopithecus based on the information 

provided by the IPS41724 femur and the other few postcranial remains assigned to this genus.

The positional behaviour of Pierolapithecus catalaunicus

The strong curvature of the ribs, a large clavicle, and the lumbar vertebral morphology (e.g., lack of 

ventral keel and transverse processes inserted in the pedicle-body junction) suggest that Pierolapithecus 

(ca. 11.9 Ma) would have an orthograde body plan with a relatively broad and shallow thorax, being the 

ÀUVW�XQDPELJXRXV�HYLGHQFH�RI�WKLV�ERG\�SODQ�LQ�WKH�IRVVLO�UHFRUG��0R\j�6ROj�et al. 2004; Susanna et al. 
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2010a). In addition, this taxon shows other hominoid-like postcranial features related to this type of body 

SODQ��ZKHWKHU�LQFLSLHQW��H�J���VRPHZKDW�LOLDF�ÁDULQJ��+DPPRQG�et al. 2013) or clearly related to orthogrady 

(e.g., lack of ulnocarpal contact; Moyà-Solà et al. 2004). In contrast, more primitive traits are observed 

in the pelvic remains (e.g., concave gluteal surface; Hammond et al.�������DQG�ÀQJHUV�RI�Pierolapithecus 

(moderate length of metacarpals and phalanges; Moyà-Solà et al. 2004, 2005a). Moreover, the phalanges 

show a series of traits related to powerful-grasping palmigrady with assistance of the pollex, such as 

D�SUR[LPRGRUVDOO\� WLOWHG�SUR[LPDO�DUWLFXODU� IDFHW� WKDW� LV�EHVLGHV�ZLGH�DQG�ÁDW��DQG�D� ODUJH�DQG�ZLGHO\�

separated plantar tubercles surrounding a deep central depression (Moyà-Solà et al. 2004; Almécija et 

al. 2009). Furthermore, the phalanges are not as long and markedly curved as in suspensory primates 

(Moyà-Solà et al. 2004, 2005a; Alba et al. 2010c; contrary, Deane and Begun 2008, 2010) suggesting that 

Pierolapithecus could integrate an important component of below-branch suspension based on phalangeal 

curvature. Besides the foot elements, the only complete hindlimb bone of Pierolapithecus is the left patella 

(Moyà-Solà et al. 2004). Ward et al. (1995) already highlighted the relevance of the functional signal provided 

by this bone by means of a morphometric study of its external dimensions. The patella of Pierolapithecus 

displays an overall great ape-like morphology, thus being functionally related to the performance of 

UHODWLYHO\�YHUVDWLOH�PRYHPHQWV�RI�WKH�NQHH�DV�ZHOO�DV�D�ORZ�HPSKDVLV�RQ�IXOO\�ÁH[HG�SRVLWLRQV�DW�WKLV�MRLQW�

(Harrison 1986; Ward et al.��������,Q�DFFRUGDQFH��WKH�ELRPHFKDQLFDO�UHVSRQVH�RI�WKLV�ERQH�WR�NQHH�ÁH[LRQ�

is also similar to that observed in great apes (especially chimpanzees and orangutans), which has been 

associated with habitual extended positions of the knee and low stereotyped movements of the hindlimb 

(see above). Therefore, the external morphology and biomechanics of the patella are compatible with 

Pierolapithecus displaying orthograde adaptations for vertical climbing, although are less compatible with 

the previously inferred above-branch palmigrade quadrupedalism for this taxon (Moyà-Solà et al. 2004; 

Almécija et al. 2009; Alba et al. 2010c; Hammond et al. 2013). Despite these apparent incompatibilities, as 

occurs in other fossil apes, the locomotor repertoire inferred for Pierolapithecus is probably not observable 

among living primates, again highlighting the mosaic-nature of the hominoids postcranium during the 

Miocene.

The positional behaviour of Hispanopithecus laietanus

The younger Hispanopithecus laietanus (ca. 9.6 Ma) femora and tibia are indicative of a locomotor 

repertoire combining orthograde behaviours (below-branch suspension and vertical climbing, as derived 

from its femoral neck-shaft angle, relative width of the tibial medial malleolus, the homogeneous 

distribution of the femoral neck cortical bone, and the diaphyseal structural properties of the femur, 

among other features) with above-branch palmigrade quadrupedalism (as suggested among others by 

the shape of the tibial articular surface). These results are in accordance with the previously proposed 

positional behaviour for this taxon on the basis of other anatomical regions, as well as those also focused 

on the hindlimb bones (Moyà-Solà and Köhler 1996; Köhler et al. 2001, 2002; Almécija et al. 2007, 2009; 
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Alba et al. 2010c, 2012a; Tallman et al. 2013). As in the case of Pierolapithecus, vertebrae morphology of 

Hispanopithecus (e.g., no ventral keel and transverse processes originating from a the pedicle in lumbar 

vertebrae) indicates the presence of a hominoid-like wide and shallow thorax with a somewhat short and 

VWLͿ�OXPEDU�UHJLRQ��0R\j�6ROj�DQG�.|KOHU�������.|KOHU�et al. 2001; Susanna et al. 2014). In this regard, 

the morphology of the scapula (acromion process longer and more compressed than in monkeys), and 

ÀUVW� ULE� �H�J��� FUDQLRFDXGDOO\� FRPSUHVVLRQ�� IURP� WKH� SDUWLDO� VNHOHWRQ� RI� WKH� IRVVLO� VLWH� RI�&DQ� )HX� DOVR�

support these inferences (Alba et al. 2012a). Evidences from the Hispanopithecus forelimb also point out the 

RUWKRJUDGH�UHODWHG�FRPSRQHQW�ZLWKLQ�LWV�ORFRPRWRU�SURÀOH��E\�GLVSOD\LQJ�IHDWXUHV�DVVRFLDWHG�ZLWK�EURDG�

movements (including forelimb abduction), pronation-supination, and stabilization of the elbow during 

ÁH[LRQ�H[WHQVLRQ��H�J���VOLJKWO\�FRQYH[�GHOWRLG�SODQH��D�PDUNHGO\�FXUYHG�UDGLXV��DQG�UHGXFHG�ROHFUDQRQ�

process in the ulna; Moyà-Solà and Köhler 1996; Alba et al. 2012a). Nonetheless, other ulnar features are 

more related to quadrupedal behaviours, such as the posteromedially tilted olecranon process (Alba et 

al. 2012a). Manual phalanges of Hispanopithecus are long and highly curved, thereby highlighting the 

use of the hand in suspensory behaviours. Contrarily, some other traits in the proximal phalanges (i.e., 

dorsal extension of the articular surface) and metacarpal proportions and morphology (short length and 

stoutness) are more closely related to above-branch palmigrade quadrupedalism (Moyà-Solà and Köhler 

1996; Almécija et al. 2007; Deane and Begun 2008; Alba et al. 2010c; see Begun et al. �����IRU�D�GLͿHUHQW�

interpretation). Moreover, powerful grasping capabilities are inferred from the marked insertions for the 

ÁH[RUV�RQ�WKH�SKDODQJHDO�VKDIWV�DQG�WKH�ODUJH�SLWV�IRU�WKH�FROODWHUDO�OLJDPHQWV��$OPpFLMD�et al. 2007). 

Altogether (and even with every fossil remain alone), the Hispanopithecus postcranial morphological 

evidence suggests that this taxon would retain some degree of above-branch palmigrady combined with 

orthograde behaviours, showing clear adaptations for below-branch suspension (although it might also 

relied on vertical climbing in some extent). 

Evolutionary scenario of orthogrady

The unambiguous appearance of the isolated anatomical traits that characterize living hominoids 

started with the taxa recognized as stem hominoids from the early Miocene of Africa, although in a 

very incipient fashion: Morotopithecus, Ekembo, Proconsul, Equatorius, and Nacholapithecus. Apart from 

Morotopithecus, which displays some putative orthograde-related adaptations at the vertebrae and its 

body plan remains unclear (Walker and Rose 1968; Gebo et al. 1997; MacLatchy 2004; Nakatsukasa 2008), 

the remaining of stem Miocene apes still preserved a pronograde-like body plan, with narrow and deep 

thoraxes, mainly associated with quadrupedal behaviours (e.g., Ward 1993; Ward et al. 1999; Nakatsukasa 

2004; Nakatsukasa and Kunimatsu 2009). In spite of their primitive organisation, these stem hominoid 

already show more derived (incipient ape-like) features, such as the lack of an external tail, powerful-

grasping abilities, and enhanced joints mobility (e.g., Ward et al.�������0F&URVVLQ�����D��������5DͿHUW\�et 

al. 1995; MacLatchy et al. 2000; Gommery et al. 2002; Nakatsukasa et al. 2012; Senut 2015; see also a review 
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in Ward 2015). The most accepted ongoing hypothesis is that early Miocene taxa were habitual above-

branch pronograde quadrupeds that already displayed some incipient (more derived) orthograde-related 

traits. More recent apes from the middle Miocene of Europe, including those of the Vallès-Penedès Basin, 

IROORZ�WKH�WUHQG�REVHUYHG�LQ�WKH�$IULFDQ�IRVVLO�WD[D��WKH\�SUREDEO\�VWLOO�SUHVHUYHG�D�VLJQLÀFDQW�FRPSRQHQW�

of arboreal quadrupedalism within their locomotor repertoires (Begun 1992b, 2013; Alba 2012); however, 

WKH�ÀUVW�XQDPELJXRXV�HYLGHQFHV�RI�RUWKRJUDG\��Pierolapithecus, ca. 11.9 Ma) and below-branch suspensory 

behaviours (Rudapithecus and Hispanopithecus, ca. 9.6-10 Ma) are found at the Miocene of Europe (e.g., 

Begun 1992b, 1993; Moyà-Solà and Köhler 1996; Moyà-Solà et al. 2004; Almécija et al. 2007; Alba 2012; 

Begun et al. 2012). 

Thus, early to late Miocene hominoid postcranial remains evidence the high diversity (and associated 

ORFRPRWRU�SURÀOHV��DPRQJ�WKHVH�WD[D��DV�ZHOO�DV�WKH�PRVDLF�QDWXUH�HYROXWLRQ�RI�WKH�RUWKRJUDGH�EHKDYLRXUV�

(Rose 1983; Rae 1999; Moyà-Solà et al. 2004; Almécija et al. 2007; Ward 2007, 2015; Alba et al. 2012a; among 

others). In this regard, the femora, tibia and patella of the Vallès-Penedès great apes described and analysed 

in this work further underpin the previously inferred diversity within their postcranial morphology 

and, at the same time, point out the morphological uniqueness of Miocene hominoids postcranium and 

locomotor repertoires compared to their closest extant relatives. Nonetheless, further research is still 

needed concerning the internal structure and biomechanical properties of the Miocene apes postcranial 

elements in order to better understand them (but also the relation of the internal structure-biomechanical 

properties to positional behaviours performed by living hominoids). Nonetheless, the external shape, the 

internal organization, and the structural features of the hindlimb remains of the Vallès-Penedès great apes 

corroborate the mosaic evolution of the locomotor apparatus in the Hominoidea during the Miocene (e.g., 

Rose 1983; Rae 1999; Moyà-Solà et al. 2004; Almécija et al. 2007; Ward 2007, 2015; Alba et al. 2012a).

Interestingly, the middle Miocene great ape Pierolapithecus is characterized by a modern orthograde 

design that suggests an important vertical climbing component within its locomotor repertoire but, 

contrary to Hispanopithecus (late Miocene), lacks adaptations to below-branch suspension (Chapter 5; 

Moyà-Solà et al. 2004; Almécija et al. 2009; Alba et al. 2010c). This fact suggests that enhanced vertical 

climbing capabilities (instead of suspension) was the main target of natural selection in terms of the 

acquisition of an orthograde body plan. Thus, if this orthograde body plan was originally related to 

vertical climbing in functional regards, then suspensory behaviours might evolve independently in 

several hominoid lineages (hylobatids and hominins; Moyà-Solà et al. 2004, 2005a; Almécija et al. 2009, 

2013, 2015; Ward 2015; among others). Moreover, this homoplastic evolution would be also evidenced by 

the presence of suspensory adaptations in the further-phylogenetic related atelids (Erikson 1963; Youlatos 

1993, 2002; Larson 1998a; Hunt 2016). Therefore, the great apes of the Vallès-Penedès are key to elucidate 

the still controversial positional behaviour of the crown hominoid/hominid last common ancestor (LCA). 

At this respect, functional adaptations found in the Iberian Miocene great apes outline that the hominid 

LCA might not display the whole set of locomotor synapomorphies characteristic of living apes (it actually 
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would lack extant analogues). The current evidence suggests that the LCA possessed an orthograde body 

SODQ�DVVRFLDWHG�ZLWK�YHUWLFDO�FOLPELQJ�EXW�QRW�VSHFLÀFDOO\�VXVSHQVRU\�DGDSWDWLRQV�

The combination of traits found at the IPS41724 femur (cf. Dryopithecus fontani), especially those of 

its internal structure, are also especially interesting in evolutionary regards. External shape adaptations 

observed at this femur suggest that Dryopithecus might be less specialized for enhancing hip abduction 

than Hispanopithecus and modern apes and, given its older age, it could represent a good model for the 

plesiomorphic hominid (great ape and human clade) femur. However, the femur of cf. Dryopithecus shows 

interesting similarities with Australopithecus and modern humans in terms of FCNB and mechanical 

properties of the shaft (Chapters 2 and 3). These results further support previous works that highlighted 

FORVHU� DQDWRPLFDO� D΀QLWLHV� �WKDW� DUH� IXQFWLRQDOO\�UHODWHG�� EHWZHHQ� HDUO\� KRPLQLQV� DQG�0LRFHQH� DSHV�

than between the former and modern apes (e.g., Lovejoy et al. 2009; Almécija et al. 2013). Therefore, the 

similarities of these traits in Miocene apes might indicate either that hominin bipedalism evolved from 

some type of Miocene ape-like quadrupedalism, or that the mechanical demands of hominin bipedalism 

and Miocene ape-like quadrupedalism are convergent. 

The study of the Miocene great apes found in the Vallès-Penedès Basin, as also evidenced in 

this thesis, is yielding highly relevant results that are of potential interest for unravelling and better 

understanding not only the origin of orthogrady and the ape-like specialized behaviours such as vertical 

climbing and below-branch suspension, but also the largely controversial origin of bipedal adaptations 

(and its particular loading regimes) in the hominin clade (taking into account that this is “the postcranial 

autopomorphy” of the group).



It wasn’t until late in life that I discovered 
how easy it is to say “I don’t know”.
-- W. Somerset Maugham --
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The main contributions and conclusions derived from this thesis are summarized below:

1.- The hindlimb external morphology of the Vallès-Penedès taxa display a combination of primitive 

(monkey-like) and derived (ape-like) features. The former are mostly related to pronograde quadrupedalism 

by enhancing stabilization of the hindlimb joints; whereas the latter (derived traits) are associated with 

orthograde behaviours such as vertical climbing (cf. Dryopithecus fontani and Pierolapithecus catalaunicus) 

and below-branch suspension (Hispanopithecus laietanus). The observed derived features in the Vallès-

Penedès great apes are mainly related to the enhancement of hip abduction and knee wide mobility, being 

more similar to those of living apes, whose hindlimb joints display broad ranges of motion.

2.- The distribution of the cortical bone around the femoral neck (FNCB) in extant primates is 

functionally related to their positional behaviour. Thus it can be employed to reliably infer key aspects 

of the locomotor repertoire of fossil primates. Although the FNCB distribution has been traditionally 

used to infer bipedalism (asymmetric pattern), results presented in this work outline that the FNCB only 

enables distinguishing two loading patterns: stereotyped (quadruped anthropoids and bipeds) and non-

stereotyped (taxa that rely on suspensory behaviours to some extent, that is, apes and atelids). Thus, 

primates that load the hindlimb in non-stereotyped positions display a homogeneous (superoinferiorly 

similar) distribution of the FNCB (apes and atelids); whereas those primates with marked stereotyped 

load patterns show an asymmetric (superiorly thinner) distribution of the FNCB (anthropoid quadrupeds 

and humans). 

3.- The Vallès-Penedès hominoids are the only fossil apes where FNCB distribution has been explored. 

Hispanopithecus laietanus displays the oldest evidence across the fossil record of a homogeneous, extant 

DSH�OLNH�SDWWHUQ�RI�)1&%�GLVWULEXWLRQ� LQ� WKH� IRVVLO� UHFRUG��FRQVLVWHQW�ZLWK�KLJKHU�PRELOLW\� �VSHFLÀFDOO\�

abduction) at the hip joint than in generalized quadrupedal taxa. On the other hand, cf. D. fontani shows 

an asymmetric distribution of the FNCB. This pattern is related to stereotyped loadings at the hip joint, 

such as in generalized quadrupeds and also modern humans. In evolutionary terms, assuming that the 

IPS41724 femur belongs to the great ape Dryopithecus, it follows that its asymmetric pattern (more similar 

to hominins than to living apes) could represent the plesiomorphic condition for the great ape and human 

clade (i.e., Hominidae), instead of the symmetric pattern of extant hominoids, as previously proposed. 

However, formal testing is still required to ascertain whether the condition of hominins is plesiomorphic 

or derived.
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4.- The Vallès-Penedès great apes cf. D. fontani and H. laietanus�VKRZ�GLͿHUHQW�FURVV�VHFWLRQ�PHFKDQLFDO�

properties at the femoral shaft that probably relate to distinct functional demands. IPS41724 (cf. D. 

fontani) has some clear similarities to cercopithecoids and African apes (to some extent). On the other 

hand, IPS18800 (H. laietanus) displays some variability between the left and right femora. Anteroposterior 

strength results for the right femora show a shift towards suspensory primates (especially gibbons), 

whereas results for the left specimen resemble those of African apes and even those of cercopithecoids at 

the proximal shaft. Overall, IPS41724 proximal femur shows higher femoral shaft robusticity, rigidity and 

strength than both femora of the IPS18800 partial skeleton. These results suggest that cf. D. fontani might 

retain an important component of plesiomorphic above-branch quadrupedalism within its positional 

behaviour. The suspensory trend observed in the results for H. laietanus might be associated with similar 

biomechanical demands that those taxa that perform orthograde-like behaviours, such as below-branch 

suspension, in which the femoral shaft displays less anteroposterior strength. Nonetheless, H. laietanus 

also VKRZV�VRPH�D΀QLWLHV�ZLWK�TXDGUXSHGDO�SULPDWHV��6LQFH�WKH�PRUSKRORJLHV�LQVSHFWHG�KHUH�KDYH�EHHQ�

SUHYLRXVO\�DVVRFLDWHG�ZLWK�VSHFLÀF�IXQFWLRQDO�GLͿHUHQFHV�UHODWHG�WR�ORFRPRWLRQ��PHFKDQLFDO�UHVXOWV�RQ�WKH�

H. laietanus femora support the hypothesis that this taxon combined both plesiomorphic (quadrupedalism) 

and derived (orthograde-related) locomotor behaviours. Therefore, the study of the structural properties 

of the Iberian Miocene great apes allows sheds light into the biomechanical requirements of the unique 

(i.e., they have no extant analogues) locomotor behaviours of these fossil taxa.

5.- :KHQ�WKH�ELRPHFKDQLFDO�UHVSRQVH�RI�WKH�SDWHOOD�GXULQJ�NQHH�ÁH[LRQ�LV�H[DPLQHG�WKURXJK�ÀQLWH�

element analysis, similar results are obtained from the sample of extant and extinct anthropoids, and few 

VLJQLÀFDQW�GLͿHUHQFHV�DUH�IRXQG�UHJDUGLQJ�ERG\�SODQ�W\SHV��7KH�PRVW�UHOHYDQW�GLͿHUHQFH�LV�WKH�ORZ�VWUHVV�

nature of the most distal region of the patellar apex in pronograde primates. Contrarily, orthograde taxa 

show a distal area with higher values of stress, independently of whether or not their patellae have an 

apex (hylobatids and humans) or do not (great apes). These results have been associated with a possible 

UROH�RI�VWUHVV�GLVVLSDWLRQ�RI�WKH�DSH[�LQ�SURQRJUDGH�TXDGUXSHGV��DV�ZHOO�DV�WR�WKH�KDELWXDO�VHPL�ÁH[HG�

postures of the knee and the loading of only 40% of body weight through the hindlimbs that characterized 

pronogrady. Besides, patellar shape could also have an important role in knee stabilization, by shortening 

the patellar ligament (apex presence) and by avoiding lateral luxation (compartmentalized articular 

surface geometry). Otherwise, results presented in this work corroborate that both anteroposterior patellar 

thickness and proximodistal height are likely associated with variations on the moment and lever arm of 

the quadriceps�PXVFOH�FRPSOH[�DQG�LWV�DELOLW\�IRU�HͿHFWLYH�DQG�SRZHUIXO�H[WHQVLRQ�RI�WKH�NQHH�MRLQW�

6.- In evolutionary terms, the presence of the patellar apex to be a hominoid plesiomorphic condition 

(found in the stem putative catarrhine Epipliopithecus vindobonensis and the stem hominoid Ekembo spp. 

The lack of a patellar apex in the stem great ape P. catalaunicus and the early hominin Australopithecus 

sediba, and its presence in fossil Homo species reveals that this would be a derived trait for hominids (great 
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apes and humans), posteriorly reversed in the Homo lineage. Given that human bipedalism shares with 

pronograde quadrupedalism the preferential movements of the hindlimb in the parasagittal plane and, 

hence, the necessity of joint stabilization, the presence of patellar apex in humans could probably respond 

to these structural demands (therefore reinforcing its functional meaning).

7.- Results obtained for the hindlimb remains of the Vallès-Penedès great apes underpin the previously 

inferred positional behaviours for cf. D. fontani, P. catalaunicus and H. laietanus. All these taxa probably had 

an above-branch quadrupedal component within their locomotor repertoire, which would be especially 

relevant in cf. D. fontani and P. catalaunicus. In addition, both taxa might have relied on vertical climbing 

behaviours to some extent. On the other hand, H. laietanus� LV� WKH� ÀUVW� IRVVLO� DSH�ZLWK� XQDPELJXRXV�

below-branch suspensory adaptations, adaptations that have been also found in the hindlimb remains. 

Nonetheless, this taxon might have also engaged in other orthograde-like behaviours such as vertical 

climbing and clambering. Likewise, H. laietanus probably relied on above-branch quadrupedalism to 

some degree.

8.- The femora, tibia and patella of the Vallès-Penedès great apes highlight the diversity in postcranial 

morphology (and associated locomotor behaviours) among these taxa and, at the same time, point out 

the uniqueness of the morphological and mechanical complexity observed in the Miocene hominoids 

fossil remains compared to their closest extant relatives. Likewise, the hindlimb remains of these fossil 

taxa corroborate the mosaic evolution of the locomotor apparatus in the Hominoidea during the middle 

to late Miocene. Additionally, these remains play a key role in better comprehending the origin and 

evolutionary scenario of the orthograde behaviours observed in living hominoids, including modern 

human bipedalismv.



There’s nothing new under the sun, but 
there are lots of old things we don’t know.
-- Ambrose Bierce --
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To  myself I am only a child playing on the beach, 
while vast ocean of truth lie undiscovered before me.
-- Isaac Newton --
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Locomotor modes

LOCOMOTOR MODES IN EXTANT PRIMATES

One of the major aspects of animals’ ecology and behaviour is related to the way they move and use 

WKH� HQYLURQPHQW� �L�H��� DFFHVV� WR� UHVRXUFHV�� W\SH�RI� VXEVWUDWH�� RU� H΀FLHQF\�RQ� WUDYHOOLQJ�� DPRQJ�RWKHUV��

Fleagle 2013). This conjunct of habits and movements has been called positional behaviour. When refers 

to positional behaviour, it includes the total locomotor conduct (animals movements) and postural 

habits (postures used during feeding, resting and sleeping) performed, in this case, by primates (Prost 

������0DUWLQ��������0RUH�VSHFLÀFDOO\��locomotion�ZDV�GHÀQHG�E\�3URVW��������DV�´WKH�LQWUD�ERG\�DFWLYLW\�

occurring during the act of moving from place to place”, which implies the physical displacement of the 

primate body mass relatively to its environmental surroundings. When no changes between the primate 

body mass and its environmental surroundings occur, that is, the summary displacement (ratio between 

positional change and time) of body mass is less than a threshold value, this alternative is called posture 

(opposite state to locomotion; Prost 1965).

Depending on the type of substrates, supports, and the use of forelimbs/hindlimbs, researchers have 

WULHG�WR�HVWDEOLVK�D�VHULHV�RI�ORFRPRWRU�DQG�SRVWXUDO�FDWHJRULHV��VHH�EHORZ���+RZHYHU��LW�UHPDLQV�GL΀FXOW�

WR�FODVVLI\�SULPDWHV�SRVLWLRQDO�EHKDYLRXU�LQWR�RQH�VLQJOH�FDWHJRU\��VLQFH�LW�OHDGV�WR�DQ�RYHU�VLPSOLÀFDWLRQ�RI�

the total locomotor repertoire diversity observed in living species. These animals usually combine several 

ORFRPRWRU�PRGHV� LQ�GLͿHUHQW� SURSRUWLRQV�ZLWKLQ� LWV� SRVLWLRQDO� EHKDYLRXU� VHW� DQG�� FRQVHTXHQWO\�� WKHLU�

ERQH�PRUSKRORJ\�UHÁHFWV�D�FRPSURPLVH�RI�WKH�ELRPHFKDQLFDO�UHTXLUHPHQWV�RI�WKH�FRPSOHWH�ORFRPRWRU�

repertoire (Rose 1983; Madar et al. 2002). Nonetheless, most of them tend to rely preferentially on one of 

these locomotor categories, which have been frequently used to classify the species. Taking this premise 

LQWR�DFFRXQW��SULPDWHV�FDQ�EH�FODVVLÀHG��LQ�VRPH�FDVHV�LQ�D�EURDG�VHQVH��ZLWKLQ�WKH�IROORZLQJ�ORFRPRWRU�

modes:

- Quadrupedalism (Fig. 3a,b): progression along approximately horizontal supports by using the 

four limbs that contact the support in a particular sequence (Hunt et al. 1996). Contrary to the most of 

mammal species (lateral support sequence), primates employ a diagonal sequence support (symmetrical 

gait walk), moving alternatively the left forelimb with the right hindlimb, and the right forelimb with 

the left hindlimb (Hildebrand 1967; Martin 1990). Within quadrupedalism, the most frequent is that 

primates walk (slow movement with 2-4 limbs leaning on the substrate at the same time) or gallop 

�IDVWHU�WUDYHOOLQJ�WKDW�XVXDOO\�LPSOLHV�WKDW�RQO\�RQH�OLPE�OHDQ�RQ�WKH�VXSSRUW�ZLWK�D�SHULRG�RI�IUHH�ÁLJKW��
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and more asymmetrical and irregular gaits; Hunt 1992; Hunt et al. 1996; Fleagle 2013). A special type of 

quadrupedalism is the slow or cautious climbing, which implies travelling without leaping or galloping, 

but with sure-grasp movements of one limb at a time (typical mainly of small lorisines; Fig. 3c; Cartmill 

1985; Martin 1990; Hunt et al. 1996). Moreover, depending on the support, quadrupedalism is divided in 

arboreal (on continuous network of branches and trunks, with or without grasping assistance of hands 

and feet) and terrestrial��RQ�WKH�JURXQG��5RVH�������)OHDJOH��������/LNHZLVH��SULPDWHV�FDQ�XVH�WKH�ÀQJHUV�

�GLJLWLJUDG\��RU�WKH�ÀQJHUV�DQG�WKH�ZKROH�SDOP�RI�WKH�KDQG��SDOPLJUDG\��GXULQJ�TXDGUXSHGDOLVP��7KH�

former is more frequent in the ground, whereas palmigrady is more habitual in arboreal supports and is 

frequently assisted by grasping (Hunt 1992; Hunt et al. 1996; Patel 2010).

Quadrupedalism is usually performed by pronograde primates although considering it in a laxer 

sense, knuckle-walking and ÀVW�ZDONLQJ of African apes and Pongo, respectively, are also included in this 

category (Fig. 3d). These two groups are orthograde primates that move leaning on the support (usually 

the ground) the dorsal face of either the second phalanges (African apes) or the lateral margin of the 

ÀUVW�SKDODQJHV��RUDQJXWDQV��7XWWOH�������������5RVH�������0DUWLQ�������+XQW�et al. 1996). During knuckle-

walking the forelimbs move in an adducted position and the elbow is completely extended (Hunt 1992).

- Leaping (Fig. 3e): progression through the air with the aid of a propulsive force performed by the 

KLQGOLPEV�LQ�D�UDSLG�DQG�VLQJOH�PRYHPHQW�RI�SRZHUIXO�H[WHQVLRQ�RI�WKH�OHJV��)RUHOLPEV·�UROH�DW�WDNH�RͿ�

RI�WKH�OHDS�LV�QRUPDOO\�V\PEROLF��DOWKRXJK�LQ�VRPH�WD[D�LWV�PRYHPHQW�FDQ�DLG�RQ�LQFUHDVLQJ�WKH�SXVK�RͿ�

distance with swinging movements (e.g., gibbons; Hunt et al. 1996; Channon et al. 2010b; 2012). Nonetheless, 

the number of limbs involved in landing is very diverse, although the most common is that primates land 

with both fore- and hindlimbs (Fleagle 1978). Accordingly, forelimbs in these primates are usually equal or 

shorter than the hindlimbs (see below; Gebo 2011; Fleagle 2013). Leaping is usually performed by small to 

medium-size primates, since it becomes risky for large-bodied species (the weight threshold for frequent 

leaping performance range between the 8-10 kg of the largest colobines that usually conduct this type of 

locomotion; Rose 1978; Gebo 2011). Leaping facilitates quick travels between discontinuous supports (e.g., 

separate trees or branches; Fleagle 2013).

- Vertical clinging and leaping (Fig. 3f): progression along predominantly vertical tree trunks with the 

body very close to the support (clinging) and posterior progression through the air by leaping between 

WKH�YHUWLFDO�VXSSRUWV��1DSLHU�DQG�:DONHU�������0DUWLQ��������7KLV�ORFRPRWRU�SDWWHUQ�ZDV�ÀUVWO\�QDPHG�

by Napier and Walker (1967) to characterize the positional behaviour of several strepsirrhine and tarsier 

primates. Vertical clinging and leaping (VCL) is a hindlimb-dominated behaviour, where legs aid on 

propulsion and absorption of shock on landing. Indeed, when these primates move along horizontal 

branches or on the ground, where they use to conduct bipedal hopping instead of quadrupedalism. Gebo 

(2011) separates three groups of vertical clingers and leapers depending on their anatomy: tarsiers and 

galagos that have elongated calcanei; callitrichids that use their claw-like nails in the vertical support; 

and indriids and Lepilemur that exhibit a lemur-like anatomy in the hindlimb and nails (lemurs are not 
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consider vertical clingers and leapers). Anthropoid primates do not generally conduct this locomotor 

category (with the exception of some callitrichids and some members of the genus Pithecia; Davis 1996; 

Garber et al. 2005; Gebo 2011).

- Below-branch suspension (Fig. 3g,h): progression through a three-dimensional, discontinuous 

arboreal setting by means of hanging below supports with varying combinations of fore- and hindlimbs 

(Hunt et al. 1996). Suspension implies the use of only one support at a time, since primates propel by using 

two limbs (in tension) alternatively (Stern and Ornard 1973; Fontaine 1990; Johnson and Shapiro 1998). 

This type of locomotion allows larger species to spread their weight among small supports, avoiding the 

problem of balancing their body above the support (see below; Cartmill 1985; Fleagle 2013). Commonly, 

the limbs used for suspensory movements are the forelimbs, hand over hand, bearing more of the half of 

the body weight (uni- and bimanual suspension or arm-hanging and swinging; Hunt 1992; Hunt et al. 1996). 

In suspensory prehensile-tailed platyrrhines, suspension is virtually always assisted by the tail (Fig. 3h; 

Hunt et al. 1996; Johnson and Shapiro 1998; Turnquist et al. 1999; Youlatos 2002).

However, there also exists the bipedal suspension where the feet are those that grasp the substrate in an 

“inverted” suspension. Likewise, the most common is that the trunk remains vertical or perpendicular to 

the substrate, although orangutans and spider monkeys (Ateles) can also move with the trunk horizontal 

to the substrate by using both forelimbs and hindlimbs in tension (quadrumanus suspension; Cant 1987; 

Hunt et al. 1996). 

Below-branch suspension is usually slow and the trunk rotates under the supporting hand. 

Nevertheless, hylobatids usually practice the named brachiation (or ricochetal brachiation; Fig. 3g) that 

LPSOLHV� D� IDVWHU� SHQGXORXV� PRYHPHQWV� �VZLQJLQJ� E\� WKH� WZR� IRUHOLPEV�� ZLWK� D� SKDVH� RI� IUHH� ÁLJKW�

between handholds (a brief aerial phase has been also observed in Ateles; Hunt 1991a, 1992; Hunt et al. 

1996; Turnquist et al. 1999; Bertram 2004; Fleagle 2013). 

- Clambering (=quadrumanous scrambling; Fig. 3i): horizontal progression (pronograde or orthograde) 

through a three-dimensional, discontinuous arboreal setting by using multiple supports of varying 

orientation and diameter that are grasped by hands and/or feet (Cant 1987; Hunt et al. 1996). During 

clambering, the body weight is distributed simultaneously through the four limbs (or even the tail in 

platyrrhines). The limbs participate in propulsion, provide support and are characterized by being 

used in tension (Hunt et al. 1996; Cant et al.��������7KHVH�IRXU��RU�ÀYH��H[WUHPLWLHV�PRYH�LQ�YLUWXDOO\�DOO�

directions to reach and grasp the supports, reducing the impact of substrate instability (Cant 1987). Both 

pronograde and orthograde taxa rely on clambering, although the latter is characterized by load the limbs 

in both compression and tension (Hunt et al. 1996). Clambering is considered bridging when gaps between 

discontinuous supports are cautiously crossed (Cartmill 1985; Youlatos 1993). 

- Vertical climbing (Fig. 3j,k): progression along vertical or steeply sloping (more than 45º from the 

horizontal line) arboreal supports, by employing the propulsive force created by the limbs (Cartmill 

1985; Hunt et al. 1996; Madar et al. 2002). Usually, the arboreal support is held approximately vertical, 



242 Section X

Locomotor modes

with the hands and feet grasping on one or more supports (Cant 1987). Contrary to leaping, forelimbs 

have the main role during vertical climbing (Hunt et al. 1996). Nonetheless, hindlimbs also participate 

in propulsion, usually by a contralateral sequence (i.e., left forelimb and right hindlimb vs right forelimb 

and left hindlimb; Hunt 1992). In apes and spider monkeys, climbing shows extended-elbow positions; 

ZKHUHDV��FHUFRSLWKHFRLGV�XVH�WKH�IRUHOLPE�LQ�D�GLͿHUHQW�ZD\�WKDQ�DSHV�DQG�Ateles��E\�HPSOR\LQJ�ÁH[HG�

elbow positions (see further details in the following section; Martin 1990; Hunt et al. 1996).

- Bipedalism (Fig. 3l): progression along a continuous, horizontal or oblique support involving only 

the hindlimbs (Hunt 1992; Fleagle 2013). Depending on the substrate, bipedalism is divided in arboreal 

and terrestrial. The former is usually assisted by the forelimbs that participate in the support (one or both 

arms). Nonetheless, the most common type of bipedalism is performed on the ground. Many primate 

species are able of conducting the so-called “facultative” bipedalism, that is, they can travel for a short 

SHULRG�RI�WLPH�XVLQJ�H[FOXVLYHO\�WKH�KLQGOLPEV�ZLWK�WKH�KLS�DQG�NQHHV�LQ�D�EHQW��VHPL�ÁH[HG��SRVLWLRQV�

(Hunt 1992; Hunt et al. 1996). However, only modern humans rely primarily on this type of locomotion, 

since they are able to walk on two legs for long distances during a long time (Senut 2015). Thus, humans 

are “obligate” bipeds, moving on a continuous substrate while freeing the hands from locomotor tasks 

(hip and knee joints are extended; Hunt et al. 1996). As in the case of quadrupedalism, depending on the 

velocity of the movement, humans can walk (one hindlimb contacts the ground at any moment) or run 

(there exist moments with no support on the ground of the legs; Hunt et al. 1996). 
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