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ABSTRACT

The premaxilla and mandibular symphysis have been traditionally studied in 

isolation, despite their anatomical vicinity and functionally complementary 

roles. The latter are particularly seen in the accommodation of incisors and 

the dissipation of masticatory forces. The diversity in the morphology of both 

premaxilla and mandibular symphysis has been viewed in the past as 

phylogenetically informative, but recent research has highlighted such a large 

degree of inherent variability, that its diagnostic validity is being seriously 

challenged.

50 inter-landmark distances, reflecting the upper and lower anterior 

masticatory complex, were collected from 26 species of extant anthropoid 

primates. Morphological correlations in the upper and lower masticatory 

complex were investigated using Principal Components Analysis. 

Discriminant Function Analysis (DFA) was employed to determine the extent 

to which the morphology of this region reflects diet. The contribution of 

phylogenetic inertia to morphological and dietary correlations was evaluated 

with Comparative Analysis by Independent Contrasts (CAIC). All analyses 

were run on both raw and size-adjusted data, except CAIC which was only 

carried out on size-adjusted data.

Intraspecifically, no conclusive correlations were observed between the 

premaxillary and symphyseal regions. In DFA based on size-adjusted data of 

the full sample, distinct premaxillary and symphyseal morphologies were 

found to correspond to diet across phylogenetically diverse taxa. However, 

when DFA was run on size-adjusted data on each of the large taxonomic units 

in the sample (hominoids, cercopithecoids, ceboids) interpretation of the 

results was hampered by the inherent lack of dietary diversity within small



taxonomie units and the strong effect of phylogeny. Dietary predictions on 

fossil taxa were in accordance with published accounts based on other lines of 

evidence. When the phylogenetic constraints were controlled for, only a small 

number of correlations between the areas of interest were identified. Small 

sample sizes, however, rendered the CAIC results inconclusive.
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Chapter i  

Introduction

An investigation o f structural pattern relationships is also tied to 

the important area o f morphological covariation and functional 

integration (Olson & Miller, 1959). I f  components o f the skull are 

integrated in a particular manner, selection on one aspect o f this 

integrated unit would have implications for other regions o f the 

skull Dullemeijer (1958, p. 77), in particular, discussed such 

integration in complex morphological patterns, noting that the 

“mutual influence o f the elements occurs by means o f their 

properties: position, size, shape, structure or function”.

(Ravosa & Shea, 1994: 802)

1.1 In trod uction  to  the top ic

The study of craniodental material has always been important in the 

reconstruction of phylogenetic relationships amongst extinct taxa. Despite the 

often critical characterisation of this approach as “dentophilic” (Pilbeam, 1996), 

it is a research attitude largely dictated by the very real taphonomic biases 

inherent in the fossil record, which limit the retrieval of plentiful, well preserved 

and contextual postcranial remains. Traditional comparisons between taxa 

involved their (dis-)association on the basis of the presence/absence of common 

anatomical configurations (characters), and the processing of this information 

through widely used and constantly refined cladistic methods. Recently, 

however, there has been an increasing realisation of the fact that -  setting aside 

the very real problem of choosing useful, easily identifiable and widely accepted 

characters (Pilbeam, 1997, 2002a) -  morphology alone is simply not enough. 

Rather, a more holistic approach is required in order for “complex 

morphological patterns” to be identified, and for the integral relationships of 

their individual structural elements to be decoded.

16



Fundamental to any such approach is the incorporation of functional 

considerations. Discussions of function have always figured in phylogenetic 

reconstructions, since homoplasy in morphologies is often driven by 

comparable functional requirements. Despite valid objections to the often 

simplistic and potentially erroneous determinism of the interplay between form 

and function {e.g. Lauder, 1995), emphasis on functional morphology has 

contributed immensely to a deeper understanding of the palaeobiology of 

extinct species, as well as to the processes governing evolutionary anatomy.

Probably the best example of such a well-studied element in primate, and 

in particular hominoid literature is the mandible. The physical robusticity of the 

lower gnathic area and accommodated dentition, in combination with its 

relative functional independence from the constraints of the rest of the skull, 

have contributed to the analysis of the mandible in a number of ontogenetic, 

morphometric and biomechanical studies with, often, impressive results. It is 

less common, however, for the mandibular morphology to be analysed in 

relation to the anatomical element most closely related to the mandible, i.e. the 

upper gnathic area (Wood et ah, 1991).

The present study constitutes an attem pt to partially bridge this gap 

through the exploration of the working interrelationships of two apparently 

related areas, those of the premaxilla and corresponding mandibular symphysis, 

and including the accommodated dentition. Although both these areas have 

been proven useful in the discussion of phylogenetic relationships (see below), 

they have been generally viewed in isolation from each other. This study aims to 

investigate their mutual morphometric properties on the working assumption 

that their close anatomical vicinity has resulted in various morphological 

correlations. What follows is a literature review of studies on the main
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structures under discussion, aiming at the identification of the existent research 

gaps.

1.2 P rem axilla

The premaxilla is initially formed as an autonomous bone consisting of two 

symmetrical parts, housing one central and one lateral incisor each. Although 

the functional existence of the premaxilla has always been traditionally defined 

by its role in the support of the upper incisors of most vertebrates, this region is 

also present in animals lacking such anterior teeth {e.g. cervids, artiodactyls, 

tubulidentates) (Alt, 1998). Even so, a strong correlation between the size of the 

anterior teeth, and that of the premaxilla has been assumed valid, since as Alt 

notes (1998: 8) “ ... reduction on the incisory region is often accompanied by a 

reduction of the os intermaxillare {e.g. in microchiroptera, xenarthra)”.

At a variable point during primate ontogeny (Ashley-Montague, 1935; 

Krogman, 1930; Randall, 1943; 1944), the two parts of the premaxilla fuse both 

to each other and laterally, to the surrounding maxillary bone. The timing of 

this fusion is largely dependant on the phylogenetic history of the species in 

question (Schultz, 1956), although size, both absolute and relative, has also been 

observed to contribute to an early/late fusion (Ashley-Montague, 1935; Schultz, 

1969). Accordingly, in primates, more prognathic species tend to complete 

maxillo-premaxillary fusion at a later date than shorter-faced, more 

orthognathous taxa. Equally, a slight sexual dimorphism as to the timing of this 

fusion has been recorded between males and females, with the latter attaining 

complete fusion and obliteration of the resulting suture at an earlier date than 

males of the same species (Ashley-Montague, 1935: 202-203; contra Krogman, 

1930). Both of these observations can probably be related to mechanisms of 

growth: in prognathic taxa the premaxillomaxillary suture comprises a

18



significant growth locus for the forward expansion of the muzzle (Moore, 1979), 

thus maintaining an unfused condition until completion of growth. Similarly, it 

could be suggested that since males tend to be more prognathic than females as 

a result of sexual dimorphism {e.g. Cameron, 1997a; Freedman, 1962; Leigh & 

Cheverud, 1991; Randall, 1944; O’Higgins & Dryden, 1993), the same principle 

applies, resulting in an earlier fusion time of the premaxillomaxillary suture in 

females.

The unusually early ontogenetic stage of maxillo-premaxillary fusion in 

modern humans has been misinterpreted in the past as evidence of absence of 

the premaxillary region in the human facial skeleton, and until the end of the 

18th century this was cited as a strongly distinguishing character between man 

and the rest of the apes (Alt, 1998, and references therein). The documentation 

of the homologous existence of this anatomical element (the premaxilla) in 

humans on the basis of multiple embryological studies in the 2Qth century, and 

the subsequent devaluation of this character as a discrete one in discussions of 

primate phylogeny, subsequently removed extensive mention of the premaxilla 

from the anthropological literature dealing with primate relationships.

A series of publications in the early and mid-1980s by Ward and his co

workers highlighted distinctive patterns in the premaxillary/subnasal 

morphology of the hominoid lower face (Figure 1.1), and established the 

diagnostic value of these diverse morphologies in phylogenetic reconstructions 

(Ward & Brown, 1986; Ward & Kimbel, 1983; Ward & Pilbeam, 1983). Ward 

recognised the occurrence of three premaxillary configurations with respect to 

the adjacent hard palate. The first of these morphologies is exhibited by East 

African early Miocene hominoids, such as Proconsul. In this case, the 

premaxilla is small and separated from the palatine process of the maxilla by 

what could be characterised as a wide incisive canal (although since the alveolar
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process and the palatine one are so removed from each other, the gap between 

them is not really a channel-like structure). The incisive fossa itself is a broad 

depression that communicates openly with the nasal and oral cavities. This 

subnasal morphology is reminiscent of that present in extant cercopithecoids 

and hylobatids (Ward & Pilbeam, 1983; Ward & Kimbel, 1983).

The second diagnostic premaxillary/subnasal morphology is that of the 

“Western African pattern”, and is represented by the condition found in the 

living African apes. In this case, the nasoalveolar clivus is elongated and rather 

thin, and overrides the anterior edge of the hard palate, thus deflecting the nasal 

floor beneath it. This posterior projection of the premaxilla results in the 

formation of the “stepped” topographic relief in the interior of the nasal cavity, 

and the long and relatively narrow, true incisive canal between the nasal and 

oral cavities (as described by Andrews & Cronin, 1982). The incisive fossa is 

again broad. Both Pan and Gorilla display this condition, although there are 

clear differences between the two: in Pan, the clivus projects further into the 

nasal cavity, and its shape resembles an oval, while in Gorilla, the angle 

resulting from the superimposition of the two elements is wider due to the 

lesser degree of overlap between them, and the clivus itself is more rectangular 

in shape (Ward & Pilbeam, 1983).

The “Western African pattern” has been also broadly identified in 

Pliocene hominids, although there is substantial variation amongst its specific 

manifestations, displayed mainly in the shape of the nasoalveolar clivus, its 

angle of positioning and degree of overlap in relation to the palatine process, 

and the diameter of the incisive canal. Broadly speaking, A. afarensis resembles 

mostly the condition found in Pan (Ward & Kimbel, 1983), while A. africanus is 

characterised by a similar subnasal morphology distinguished by a slightly 

thinner clivus and thicker hard palate (McCollum et al., 1993). Contrary to this,
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the paranthropine clade (including P. robustus, P. boisei, and the so-called 

“black skull”, KNM-WT 17000) is clearly set apart on the basis of a significant 

degree of projection of the premaxilla into the nasal cavity and the 

correspondingly parallel positioning of the underlying palatine process (greatly 

thickened in all Paranthropus specimens; McCollum, 1997), so that the 

“stepped” appearance of the nasal floor is reduced (McCollum et a l,  1993). H. 

sapiens is sharply differentiated from all primitive hominids by displaying an 

almost vertical and short alveolar process; there is no overlap between this and 

the hard palate, and the subnasal relief is almost smooth (McCollum et a l, 

1993; figure 4).

The final premaxillary/subnasal configuration is in marked contrast to 

the two “African” ones described above, and is exemplified by the condition 

found in Pongo. In orang-utans, the nasoalveolar clivus arches smoothly into 

the nasal cavity, while the underlying palatine process of the maxilla mirrors its 

inclination, so that the two form an almost continuous surface giving the 

impression of a “smooth” nasal floor (Andrews & Cronin, 1982). The incisive 

canal is greatly minimised in diameter and the incisive fossa is extremely 

constricted and slit-like, resembling a foramen (Ward & Kimbel, 1983). Finally, 

in orang-utans both the premaxilla and the hard palate are comparable in their 

thickness; this feature further distinguishes Pongo from the African apes, which 

display a much thicker clivus (McCollum et a l, 1993).

The description of these subnasal patterns in the 1980s by Ward and his 

colleagues widely established the diagnostic value of the premaxillary region for 

anthropoid phylogenetic studies. As Pilbeam has recently noted (1997), W ard’s 

studies were triggered by the discovery at the time of a number of well- 

preserved facial specimens from the Miocene, belonging to various 

morphologically distinct and spatially scattered taxa, such as Sivapithecus,
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Lufengpithecus, and Ankarapithecus. At the same time, W ard’s research 

elaborated on suggestions already put forward by Andrews in a seminal paper 

discussing the infamous Ramapithecus-Sivapithecus species complex and the 

evolution of the orang-utan (Andrews & Cronin, 1982). A fact that is less well 

known and has been recently highlighted by McCollum and her colleagues 

(McCollum, 2000; McCollum et a l,  1993; McCollum & Ward, 1997), is that, 

while W ard’s classification scheme on the differences of catarrhine subnasal 

anatomy significantly contributed to the discussion of Miocene hominoid 

relationships, it was initially Robinson, who realised the phylogenetic value of 

this region in hominids, following the discovery of a '‘Telanthropus capensis” 

{cf. H. erectus) maxillary specimen from Swartkrans (Robinson, 1953). 

Robinson identified three subnasal configurations represented by the 

morphologies displayed by A. africanus, P. robustus and “T. capensis*' 

respectively. His findings have been corroborated by further comparative 

studies on a much enriched hominid fossil sample (McCollum et a l, 1993). At 

the same time, and perhaps not surprisingly, this line of research has brought 

into focus subtle variations of, as well as deviations from, the standard subnasal 

patterns, stressing the complicated nature of the interrelationships of the 

individual anatomical elements under study.

Recently, McCollum published a paper where the conventional 

classification scheme of “African” and “Asian” subnasal patterns is seriously 

challenged (McCollum, 2000). In it, she strongly argues that the traditional 

dichotomy between “stepped” and “smooth” nasal floors is far too simplistic for 

the description of the varying premaxillary morphology of extant apes. 

According to McCollum (2000), a more fitting term for the nasal floor 

topography would be largely “continuous”. This suggestion is the result of 

research indicating that the subnasal patterns of the extant African apes are
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significantly more variable than previously realised. McCollum and her team 

report that a large number of adult individuals of Pan (up to 30%), failed to 

display the anticipated stepped subnasal morphology, and could only be scored 

as approaching the Pongo/smooth condition; on the contrary, Gorilla 

individuals are always characterised by a wide and elevated separation of the 

premaxilla from the underlying palatine process of the maxilla, thus forming a 

stepped nasal floor (McCollum, 2000; McCollum & Ward, 1997). On the basis of 

these observations, a suggestion is put forward for the abandonment of the 

traditional classificatory system, and the adoption of an alternative one, that 

acknowledges the variation present amongst extant hominoids by distinguishing 

between a subnasal relief that is: a) “continuous-smooth” (e.g. Pongo), b) 

“continuous-discrete” (e.g. Pan), or c) “interrupted” (e.g. Gorilla) (McCollum,

2000).

These remarks have brought into light the complexity that underlies even 

those characters that are generally perceived as “usually reliable” (Walker & 

Leakey, 1997: 226). Fundamental in this respect are two related issues: a) is the 

anatomy of the premaxillary region a single character complex, and b) 

irrespective of the answer to the first question (and partly because of this 

uncertainty), what is the polarity of the morphology/morphologies exhibited in 

this area? The solution to the second problem is further hampered by the 

frustrating lack of suitable fossil material. The premaxilla is physically less 

robust than the rest of the upper gnathic area, so that this region and the 

accommodated single-rooted incisors are generally more vulnerable to 

destruction by taphonomic processes (i.e. trampling, scavenging; McGee & 

Martin, 1995).

The occurrence of the first premaxillary configuration in Ward’s scheme 

(where the nasoalveolar clivus is abbreviated and widely separated from the
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palatine process of the maxilla) in several Proconsul specimens from the early 

Miocene of East Africa, along with the resemblance of their subnasal anatomy to 

that of extant cercopithecoids and hylobatids, prompted the reasonable 

assumption that the Proconsul morphology represents the primitive condition 

in the evolution of premaxillary anatomy. Amongst Miocene taxa this pattern 

has also been reported for Dendropithecus, Rangwapithecus (Benefit & 

McCrossin, 1995), Nyanzapithecus (Harrison, 1986), and Morotopithecus 

(Leakey & Walker, 1997). Afropithecus, which is often cited as bearing 

resemblances to the Moroto specimen, apparently displays a different 

premaxillary morphology with the incisive canal more restricted, in diameter 

(Leakey & Walker, 1997), thus approaching the living African ape condition. No 

suitable material exists for the identification of the subnasal morphology in 

Heliopithecus or Otavipithecus (which have been also tentatively linked with 

both Morotopithecus and/or Afropithecus, e.g. Andrews, 1996, contra Conroy, 

1994; Conroy et a l,  1993; Singleton, 2000).

The discovery of a fairly complete facial skeleton assigned to 

Sivapithecus from the Siwaliks Hills, in Pakistan, in the early 1980s revealed a 

number of strong similarities between this taxon and living orang-utans, thus 

establishing a firm phylogenetic link between the two {e.g. Andrews & Cronin, 

1982; Kelley & Pilbeam, 1986; Ward & Kimbel, 1983; Ward, 1997; Kohler et a l,

2001). Amongst the characters shared by the two is the idiosyncratic 

morphology of a smooth subnasal relief, until then believed to be unique for 

Pongo. The association of Sivapithecus with the Pongo lineage has since been 

challenged at various levels and usually on the basis of mandibular and 

postcranial material (Pilbeam, 1996; 1997; 2002a; Pilbeam et a l, 1990; Pilbeam 

& Young, 2001). Nonetheless, the morphology of the premaxilla, along with that 

of the interorbital septum and shape of the orbits, remain until today the
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strongest evidence for a close phylogenetic relationship between any fossil ape 

and its living descendant (Ward, 1997; Brown & Ward, 1988).

In the same way, taxa that had been in the past related to Sivapithecus, 

on the basis of primarily dental evidence, were subsequently removed from an 

association with this species, in cases where their subnasal morphology became 

known and was found to be different than that of the Asian hominoid. 

Accordingly, Ankarapithecus was accorded distinct generic status following the 

discoveries of the MTA 2125 and AS95-500 specimens, which display mildly 

stepped relief (Alpagut et al. 1996: 350; Begun & Güleç, 1998: 295).

By contrast, the had state of preservation of the two fairly complete 

Lufengpithecus crania from China has hampered definite judgement regarding 

the premaxillary anatomy of the species. Schwartz in a discussion of the 

phylogenetic status of Lufengpithecus reviewed the opposing opinions of 

Kordos (who described an Asian type of premaxilla for the taxon) and Brown 

and Ward (1988) (who assigned it to the Western African pattern in their 

scheme), and concluded that certain crucial features such as the incisive 

foramina or the posterior end of the clivus are impossible to confidently locate 

on the distorted fossils, thus prohibiting a final judgement (Schwartz, 1990). 

Interestingly, Schwartz ventures the hypothesis of a possible link of all Asian 

fossil hominoids and living orang-utans (with the exception of Gigantopithecus 

for which no premaxillary material is available) on the basis of an elongated 

nasoalveolar clivus and enlarged incisors with roots showing strong posterior 

angulation (Schwartz, 1997). This hypothesis is indicative of the issue of internal 

association and interdependence of the various subnasal and premaxillary 

elements.

Similar difficulties arise with the consideration of the late Miocene 

hominoids from Europe. Oreopithecus, for which a number of cranial specimens
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are available, displays a clear similarity to the premaxillary morphology present 

in modern humans in its abbreviated clivus and the morphology of the incisive 

foramina (Harrison & Rook, 1997). This configuration has been often listed as a 

derived character linking Oreopithecus to the hominid clade, although it has 

been also suggested that this condition is simply a side effect of an 

orthognathous facial skeleton characteristic of the Italian hominoid and Homo 

(Harrison & Rook, 1997).

Ouranopithecus from Greece has often been seen as bearing many 

similarities to Gorilla {e.g. Dean & Delson, 1992). Although, there are not many 

specimens adequately preserving the area under discussion, it has been 

generally assumed that Ouranopithecus displays a subnasal anatomy 

resembling that of the living African apes {e.g. de Bonis & Koufos, 1993; Brown 

& Ward, 1988). Finally, Dryopithecus presents another problematic case. 

Begun has described the Dryopithecus premaxillary region as distinct from that 

of the proconsulids in the thickening of the nasoalveolar clivus, and most nearly 

approaching the condition exhibited by Gorilla, even though it is acknowledged 

that the degree of overlap between the two subnasal elements is greater in the 

Gorilla, and the resulting incisive canal longer and narrower (Begun 1994). 

Benefit and McCrossin (1995), on the other hand, argued that the separation of 

the premaxilla and palatine process of the maxilla in Dryopithecus is far too 

great and comparable to that of Rangwapithecus and Hylobates, to be 

comfortably described as gorilla-like. Instead, they compare it to the subnasal 

morphology of (the middle Miocene) Kenyapithecus from Africa and suggest 

that this morphology is probably more derived than the ancestral proconsulid 

one, but also more primitive than the Western African one found in Gorilla and 

Pan. This view has been recently reinforced by McCrossin (2003), who after 

measuring premaxillary length (= depth: alveolare-incisive foramen) in a large
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sample of anthropoids, found that Dryopithecus values for this variable were 

not typically hominoid, but also fall within the range of ceboid and 

cercopithecoid data. Finally, the subnasal configuration of the less common 

hominoid species at the middle Miocene site of Pa§alar, in Turkey, is very 

similar to the dryopithecine condition, as well as to that of the African 

Kenyapithecus (Andrews & Kelley, manuscript in submission).

The mosaic nature of the premaxillary morphologies of Miocene 

hominoids, along with evidence about the varying configurations of this area in 

modern apes stress the convoluted evolutionary history of this facial complex. 

The critical point following this short discussion is whether indeed this area can 

be broken down into fairly independent characters with autonomous 

evolutionary trajectories, or whether the topography of the nasoalveolar clivus 

in relation to the subnasal floor should be treated as a single morphological 

structure.

Begun and Güleç (1998) in their discussion of the MTA 2125 

Ankarapithecus specimen remark that although the morphometric properties of 

elements such as the incisive fossa and/or canal, the clivus or the palatine 

process are obviously correlated to a certain degree, they are still parts of the 

same functional complex. It is observed that species with a shallow fossa have a 

correspondingly smooth nasal floor, while a deep fossa is indicative of the 

African ape condition. Accordingly, these combinations of features could be 

viewed as single characters (Andrews, 1987). On the other hand, a feature such 

as the length of the premaxilla itself is found in taxa with varying nasal reliefs, 

like the Asian Miocene hominoids, Pongo, Pan and the australopithecines. This 

strengthens the argument that a) the length of the premeixilla is a character 

independent of the morphology of the incisive fossa/canal, and b) that it could 

be a homoplasy in many lineages (Begun & Güleç, 1998). The potentially
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misleading nature of the single functional complex notion for the lower face is 

further discussed by Rae (1997), who drew attention to the mosaic evolution of 

the hominoid face and the differential timing in the evolution of correlated 

elements.

All these observations have a bearing on the issue of polarity. The 

condition of a smooth nasal floor, accompanied by minute incisive and slit-like 

palatine foramina, as exhibited by Pongo and Sivapithecus, has been 

traditionally viewed as the derived condition, due to its restricted manifestation 

amongst catarrhines {e.g. Groves, 1986). The implication of this is that the 

African ape condition, displayed by most other (especially middle and late) 

Miocene large-bodied hominoids would be primitive, i.e. non-diagnostic for 

phylogenetic discussions (Schwartz, 1990).

Shea in a paper discussing the phylogenetic significance of the 

hominoid skull form observed that the frequency of the presence of a character 

in the characterisation of a state as primitive or derived, though instinctive, is 

not necessarily the best criterion when determining polarity (Shea, 1988). Shea 

then went on to suggest that it is at least conceivable that the condition 

displayed by Pongo, in its present or a slightly varied form, could be the 

primitive one, since the Western African pattern seems itself derived from the 

early Miocene, proconsulid (and cercopithecoid/hylobatid) morphology.

Shea, in that same paper, tried to evaluate the role of airorhynchy in the 

evolution of the hominoid skull form (Shea, 1988). The extreme condition of a 

dorsally rotated facial skeleton displayed by Pongo, has been often cited as a 

possible catalyst for certain of the synapomorphies of this taxon. Although this 

correlation is generally accepted (Brown & Ward, 1988), McCollum and Ward 

have asked for caution in the unreserved adoption of this explanation. Their 

data indicate a large percentage of adult chimpanzees with a smooth nasal relief
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(McCollum & Ward, 1997). This variability in the presence of what were 

previously thought reliable characters such as a smooth vs. stepped nasal floor 

is also discussed by Schwartz. In a 1984 paper, Schwartz presented a table 

where the stepped condition is only consistently present in cercopithecoids, 

ceboids and hylobatids, while all hominoids (including juvenile, in particular, 

orang-utans) are categorised as having a variable morphology, a flnding 

corroborated by McCollum & Ward (1997).

Hence, going back to the polarity issue, it becomes important to 

determine not only whether the Asian or the African ape pattern is the primitive 

one, but -an d  this is the crucial point highlighted by recent research— whether 

the varying degrees of overlap between the premaxilla and the maxilla are 

indicative of the emergence of this morphology more than once in the 

evolutionary history of primates (McCollum & Ward, 1997).

This short review further served to highlight the strong focus on 

hominoid data and the virtual lack of any information on premaxillary 

morphology in cercopithecoids and ceboids. The accumulation of numerous 

cranial Victoriapithecus specimens culminating to the discovery of a relatively 

complete skull (Benefit & McCrossin, 1997), displaying a cranial morphology 

that came into sharp contrast with more widely held traditional views regarding 

the reconstructed ancestral morphotype, generated some research into the 

comparative facial anatomy of the extant catarrhines (Benefit, 2000; Benefit & 

McCrossin 1991; 1993). Victoriapithecus was shown to possess a premaxilla that 

is relatively long and narrow (with a large incisive foramen), thus approaching 

the extant cercopithecine condition, and contrasting to that displayed by the 

modern colobines (Benefit & McCrossin, 1993). The fact that this premaxillary 

morphology of increased length and reduced breadth is shared by both 

Victoriapithecidae and their sister group, Cercopithecidae, reinforced the view
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that it represents the ancestral, primitive condition, along with incisor 

heteromorphy (Benefit & McCrossin, 1993).

1.3 M andibular sym physis

The contribution of mandibular morphology to phylogenetic reconstructions 

has always been significant. The abundance of suitable fossil material in 

combination with the relative functional independence of the mandible by 

comparison to the rest of the facial skeleton, have generated a plethora of 

morphometric, comparative and experimental-biomechanical studies. Recently, 

however, the straightforward interpretation of general mandibular morphology 

in phylogenetic studies has been challenged {e.g. Brown, 1997; Leakey & 

Walker, 1997; Taylor & Groves, 2003), and research has instead focused on the 

study of separate mandibular elements. The symphyseal area of the mandible 

has attracted an interest since the late 1960s, and its midsagittal profile in 

particular has been extensively used in the discussion of both evolutionary 

relationships and masticatory-dietary (and, thus, ecological) reconstructions.

Anthropoid primates belong to the minority of mammals possessing a 

fused symphysis. Even though rare in its occurrence, symphyseal fusion has 

evolved separately in a number of different lineages, such as various groups of 

carnivores, marsupials or elephants (Kay, 1980). Although a fully ossified 

symphysis is generally thought to better withstand masticatory stresses, it is a 

metabolically costly structure in terms of -  among others -  bone buttressing 

(Greaves, 1995). Prosimians, with the exception of Megaladapis, 

Hadropithecus, Palaeopropithecus, Archaeolemur and Archaeoindris, are 

characterised by an unfused or partially ossified symphysis (Ravosa, 1991). Such 

morphology has been shown to adequately resist stress resulting from 

dorsoventral shear (itself a consequence of a tough foodstuffs diet) (Ravosa,
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1999). Most Oligocène catarrhines display a fused symphyseal region, which is 

acquired either early in ontogeny (in taxa such as Propliopithecus and possibly 

Aegyptopithecus), or later on (in taxa such as Apidium  and Simonsius); on the 

other hand, smaller oligopithecids (such as Catopithecus) and qatraniines 

{Arsinoea) have a partially fused symphysis (Ravosa, 1999). The absence of a 

full symphyseal synostosis, in combination with the presence of small and 

vertically implanted incisors in these taxa (and Eocene anthropoids), resulted in 

the rejection of the hypothesis supporting an adaptive correlation between the 

fusion of the symphysis and increased importance of incision (Ravosa, 1999: 72; 

footnote 3). This disassociation was further supported by the presence of an 

unossified symphysis in animals such as carnivores or rodents, for which incisal 

biting comprises an important part of their masticatory repertoire (Hylander, 

1977; contra Hiiemae & Kay, 1973).

In modern anthropoids, symphyseal fusion takes place early after birth, 

around the time or shortly prior to the commencement of occlusion (Beecher, 

1977; Lieberman & Crompton, 2000). In view of the afore-mentioned costs of 

this morphology, evaluation of the adaptive advantages in the synostosis is 

necessary. As Lieberman and Crompton (2000) note, although there is 

universal agreement about the strong correlation between a fused symphysis 

and increased mechanical resistance against structural failure, there is no 

consensus whether this is achieved by virtue of added strength or increased 

degree of stiffness following fusion. Advocates of the latter theory, represented 

mainly by Greaves (1988,1993; contra Ravosa & Hylander, 1993), claim that, as 

a result of fusion, increased stiffness constitutes an adaptation for the effective 

dissipation of forces transmitted through the symphysis following incisal biting. 

Contrary to this, and by far the most common explanation for mandibular 

fusion, is the “symphyseal strength” theory, largely crystallized by Hylander.
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Hylander in a series of important papers (1977, 1979, 1984) provided an 

explanatory framework not only for the evolution of a fused symphysis, but also 

for the significance in variations of symphyseal shape. Through a series of in 

vivo masticatory strain experiments, it was concluded that the importance of a 

fused symphysis lies in its capacity to withstand higher stress levels during 

unilateral incision and mastication (Hylander, 1977). Regarding the variable 

shape of fused symphyses, Hylander proposed that the formation of a “simian 

shelf’ (usually taken to mean a pronounced inferior transverse torus [Vogel, 

1968], though for a distinction between the two see Andrews, 1978) can be 

explained as an adaptation designed to resist symphyseal strain due to 

transverse bending of the mandibular bodies (the dentaries) in a medial or 

lateral direction, through a height increase. Similarly, symphyseal twisting 

about a transverse axis is balanced by the formation of a superior transverse 

torus, which successfully reinforces symphyseal thickness (Hylander, 1984).

These findings correspond rather well with the jaw morphology displayed 

by modern primates and the dietary habits that have been reported for them. 

Colobines, for example, which subsist on a largely folivorous diet counteract the 

increased stresses resulting from an emphasis on unilateral mastication, by 

forming a deep and labiolingually thick mandible (Ravosa, 1991; 1996). 

Although Hylander’s conclusions have been proven to be valid at least at 

subfamilial level, the extent of variability in symphyseal shape both amongst 

and within  taxa is so great, that renders the straightforwardness of the 

biomechanical model doubtful. Recently, Taylor undertook a study with the 

objective to test the role of diet in the formation of distinct and clearly 

identifiable symphyseal profiles amongst subspecies of African apes (Taylor, 

2002). Hylander’s model involves certain predictions regarding the specific 

properties of e.g. the transverse tori of the symphysis according to diet. Taylor
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(2002) compared two subspecies of Gorilla with each other (G. g. beringei and 

G. g. gorilla), two species of Pan {P. troglodytes and P. paniscus), and Gorilla 

and Pan to each other. All of these taxa exhibit clear, and in cases distinct, 

dietary preferences, which in theory should have been mirrored in the 

morphological variability present in their masticatory apparatus. Although 

differences were indeed identifiable, no systematic patterns were detected that 

could be confidently attributed to diet alone. Taylor noted that “... deeper 

symphyses are not systematically associated with species hypothesized to 

experience relatively higher torsional loads based on diet, such as G. g . beringei 

vs. G. g. gorilla, or G. g. gorilla vs. P. t. troglodytes'* (Taylor, 2002: 147). In 

addition, it was noted that allometry alone in the form of an increase in the 

labiolingual thickness of the symphysis as a result of its longer curvature 

amongst different species, could account for improved resistance to loading 

stresses generated by wishboning, thus obscuring the specific role of diet to the 

formation of distinct symphyseal morphologies (Taylor, 2002). Clearly, the 

biomechanical properties of food are far more subtle than previously supposed.

Daegling (2002) also tested dietary specialisation and its effect (or 

absence thereof) on cortical bone distribution. Lower gnathic samples of three 

cercopithecoid species {Macaca fascicularis, Piliocolobus badius, Lophocebus 

albigena) were analysed through computer tomographic scan imaging 

techniques in order for their bone geometry to be visualised. Results indicated 

that, although differences in their respective extrinsic morphometric properties 

were apparent (and abiding to general expectations regarding biomechanical 

stresses and their dissipation), no distinct cortical bone distribution patterns 

were detected that could be explained on the basis of specialised diets or feeding 

behaviours (Daegling, 2002).
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The systématisation of the extreme variability in the form of the 

symphyseal profile and of the factors driving it has proven to be a challenging 

research objective in the last years, and a number of sophisticated techniques 

have been employed towards it. Daegling applied a median axis method in an 

effort to more accurately depict symphyseal shape in a study, which focused on 

intra- and inter-specific variability amongst great apes (Daegling, 1993). The 

results confirmed once again that although shape (and size) differences are 

present, no sex or species assignment can be confidently undertaken on the 

basis of a symphyseal shape criterion, an idea previously tested for the great 

apes by Goodman (1968). According to Daegling’s analysis no strong size-shape 

correlation was detectable, while at the same time the highly variable transverse 

tori formation suggested that wishboning may not be such a determining factor 

in the masticatory stress environment of the great apes, which display otherwise 

resistant symphyses (Daegling, 1993).

Largely similar results were generated by the application of an elliptical 

Fourier analysis method on great ape symphyseal shape (Daegling & Jungers,

2000). One of the main parameters studied was sexual dimorphism, where 

metrical manifestation amongst great apes is well established. Surprisingly, 

those well-documented size-differences did not have an equally consistent 

shape variation component, with the single exception of Gorilla. Part of the 

problem was identified by these authors as being the differential variability 

levels amongst the great apes, with Gorilla exhibiting the least degree of 

variation, while in Pan and Pongo this was more extreme, albeit to different 

degrees (Daegling & Jungers, 2000).

The great extent of symphyseal shape variability had been outlined early 

on also in studies of fossil material (and in particular fossil hominoids), as in the 

seminal paper by Simons & Pilbeam (1965), their observations themselves
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triggered by initial research carried out on extant primates by Schultz (1963). 

Thus, although the degree of development of the transverse tori had been 

discredited from an early stage as a valid taxonomic criterion, a taphonomy- 

imposed focus on mandibular material incorporated the morphology of the 

midsagittal profile of the symphysis in every discussion of phylogeny.

Contrary to the morphology displayed by modern great apes, which is 

typified by the development of a “simian shelf’, and resembling more the 

hylobatid condition, early Miocene forms such as Proconsul are characterised 

by symphyses dominated by a strong superior transverse torus, a lack of the 

inferior transverse one, and a general robusticity often exceeding that of modern 

apes (Andrews, 1978). Morphometric variability is also present within the 

genus, with forms such as P. nyanzae displaying a more gracile and deep 

symphysis, while the larger species P. major is characterised by more 

pronounced robusticity, largely a result of its extreme body size (Andrews, 

1978). Another early Miocene form, Rangwapithecus^ resembles Proconsul in 

the massive development of its superior transverse torus and deep symphyseal 

length; the general impression, though, is one of gracility (Andrews, 1978). 

Similarly formed is the symphyseal area of the mandibular remains belonging to 

Limnopithecus, while Dendropithecus is distinct in exhibiting a fair degree of 

inferior transverse torus formation, which occasionally exceeds that of the 

superior torus (Andrews & Simons, 1977).

Early Miocene forms are also represented by taxa, for which fairly 

complete facial specimens are available, such as Morotopithecus, Afropithecus 

and Turkanapithecus. The symphysis of the former shares similarities with that 

of Proconsul major (Pilbeam, 1969). Afropithecus is an early Miocene 

hominoid, which displays morphological similarities to Aegyptopithecus from 

the Oligocene (Leakey et a l, 1991). Symphyseal morphology is one amongst
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them, and is characterised by a long symphysis and little to moderate tori 

development (Leakey et a l, 1988b; Leakey & Walker, 1997; but see below). 

Finally, Turkanapithecus possesses also a deep mandibular symphysis 

displaying no development of either superior or inferior transverse tori (Leakey 

et al. 1988a).

The hominoid fossil record of the middle Miocene for Africa is rather 

poor, and the symphyseal topography of the best-represented taxon, 

Kenyapithecus, is still less than fully known. Kenyapithecus has proven to be 

problematic, primarily because of the duality in the morphology of specimens 

coming from the two principal sites of Fort Ternan and Maboko Island, both in 

Kenya. Initially, the Fort Ternan material was assigned to K. wickeri, while the 

Maboko Island fossils were differentiated at species level and assigned to K. 

africanus. Recently, africanus was allocated to a new genus by Ward et al. 

(1999)5 who, thus, created Equatorius africanus {K. wickeri retaining the 

generic name for reasons of taxonomic priority). Irrespective of whether the two 

species from Maboko Island and Fort Ternan should be distinguished at the 

genus level, both africanus and wickeri display a long and strongly proclined 

symphyseal area with a pronounced inferior transverse torus at one end and 

very procumbent incisors at the other; the labial outline of the symphysis is 

shallow and smooth, with no sharp angulations (Andrews, 1971; Walker & 

Andrews, 1973; McCrossin & Benefit, 1993; Ward et al., 1999). For McCrossin 

and Benefit, this is a derived feature, strongly linking the two taxa to the 

exclusion of all other hominoids (1997).

Griphopithecus alpani from middle Miocene deposits at Pa§alar, Turkey, 

also has an elongated and strongly sloping symphysis (Alpagut et a l, 1990). 

Paçalar presents an interesting problem, because fossil material from the site 

apparently belongs to two distinct, though closely related ape species (Martin &
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Andrews, 1993). The most common species of the two has been assigned to 

Griphopithecus alpani, but the second species has remained until recently 

unnamed, though provisionally linked to Kenyapithecus sensu stricto (Andrews 

& Tobien, 1977; Alpagut et a l,  1990). No mandibular specimen preserving the 

symphysis has yet been attributed to this species. Finally, from the middle 

Miocene of Kenya comes also a small catarrhine, Micropithecus, which exhibits 

a gracile mandible with some development of the superior torus and a weak 

inferior one (Harrison, 1989).

The morphological diversity of late Miocene hominoids from Eurasia is 

also depicted in the variability of their symphyseal anatomies. Oreopithecus 

from the late Miocene of Italy resembles primitive forms in its lack of a simian 

shelf and the slightly more pronounced superior transverse torus; although this 

morphology could be a primitive retention, it has been suggested that it could be 

equally associated with remodelling of the lower jaw related to an 

orthognathous facial skeleton (Harrison & Rook, 1997). On the other hand, the 

symphyseal morphology of Dryopithecus, a relatively well-known taxon from 

Spain, France and Hungary, remains frustratingly elusive (Begun, 1994). 

Generally, it can be said that its mandible is fairly robust, labially smooth with 

no pronounced angularity, and with weak development of the two tori and no 

indication of a simian shelf (Begun, 1994).

Ouranopithecus, a large-bodied hominoid from Greece whose functional 

anatomy has often been contrasted to that of Dryopithecus, displays a duality in 

its symphyseal morphology, which has been explained as a result of size 

differences resulting from sexual dimorphism (Brown, 1997; de Bonis & Koufos,

2001). Its symphyseal profile has been partly compared to that of 

Gigantopithecus, a late Miocene hominoid of extreme size, in its robusticity and 

length of the alveolar plane. Ouranopithecus was initially thought to conform to

37



the general Miocene symphyseal condition in its lack of a pronounced inferior 

torus (de Bonis & Melentis, 1977), though more recent material discredited this 

view, and it is now reported to exhibit strong development of both transverse 

tori (de Bonis & Koufos, 2001). Comparable variability is also seen in the 

mandibular material of the rich Sivapithecus assemblage (Ward, 1997), the 

symphysis of which is largely characterised by a strong inferior torus. In this 

feature, Sivapithecus mandibles are comparable to those of Lufengpithecus 

(Brown, 1997). Finally, Ankarapithecus from Turkey displays a long and robust 

symphysis (consistent with a very long nasoalveolar clivus and procumbent 

incisors), from which sprout posteriorly well-defined transverse tori (Andrews & 

Tekkaya, 1980; Alpagut et a l,  1996; Andrews & Alpagut, 2001).

This short review has highlighted to some degree the extremely variable 

morphology of the symphyseal region amongst Miocene hominoids. Perhaps 

though, a further comment should be added regarding the strong variability in 

symphyseal form inherent within species, a fact, which was only hinted at 

above. Most recently. Begun (2001) cautioned once again against the use of 

mandibular material as a taxonomic marker, by stressing the differential 

formation of the tori within the same assemblage, and by using as examples 

specimens of Proconsul heseloni from Rusinga Island (in particular KNM-RU 

2087 and KNM-RU 7290; Begun, 2001). It was noted that although Proconsul is 

generally considered archetypical in its lack of an inferior transverse torus and 

the formation of a strong superior one, the afore-mentioned specimens 

(amongst many others) display tori development comparable to that of 

Afropithecus. Ironically, Afropithecus is a most interesting example not the 

least because of the confusion surrounding its own symphyseal morphology. As 

has been already noted by Collard & Wood (2001), a debate has broken out 

between some researchers supporting that this early Miocene taxon possessed
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“weakly-developed” inferior transverse torus, and others describing it as 

exhibiting the opposite state. Even more confusingly, the research team, which 

actually described the holotype material and provided the diagnosis for the 

taxon (Leakey et a l,  1988b), presented inconsistencies in print regarding the 

symphyseal morphology of the species. In the original publication, the 

symphyseal area is described as “deep” with “... little development of the 

transverse tori” (Leakey et a l ,  1988b: 295). In a following paper, focusing on the 

facial similarities between Afropithecus and Aegyptopithecus, the tori are again 

described as “slightly developed” (Leakey et a l, 1991: 69, table 1). In a more 

recent paper though, the symphysis of Afropithecus is described as “long and 

deep, with moderately developed superior and inferior transverse tori” (Leakey 

& Walker, 1997: 232, emphasis added).

Part of the problem is unquestionably the pervasive inability of 

traditional morphometric techniques to accurately depict and categorise shape 

through the use of neutral and objective terminology, a problem, which has 

been often alluded to in discussions of character selection and evaluation. As 

Daegling and Jungers (2000) recently remarked, the failure to qualitatively and 

quantitatively describe two such obvious structures as the transverse tori of the 

mandible, is frustrating. This difficulty becomes more accentuated, following 

the findings of recent research, which point to the fact that intra- and 

interspecific variability might be more easily studied and interpreted once the 

various elements of the symphysis (angulation of the alveolar plane, robusticity, 

differential formation of the tori) are looked at in isolation as largely 

independent structures (Daegling & Jungers, 2000).
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1.4 Incisa l M orphology

Despite the traditional reliance on molar morphology for taxonomic 

associations, phylogenetic discussions have also benefited from close 

examination of incisal morphology (Kelley et a/., 1995). Features such as crown 

height, labial and -  in particular- lingual relief, length of the cutting edge of the 

crown, angulation, and heteromorphy vs. homomorphy have often proven to be 

good indicators of phenetic identity. In addition, some of these characters, such 

as the relative size of the crown and the size/shape disparity (or lack thereof) 

between central and lateral incisors have also been shown to be rather closely 

associated to diet. In a classic paper published in 1970, Jolly hypothesized that 

largely frugivorous taxa possessed relatively larger incisors than those practising 

folivory or graminivory. In 1975, Hylander tested this model on a wide sample of 

cercopithecoids and, indeed, found a high correlation between primate incisor 

crown size and diet: frugivore taxa displayed relatively larger incisors when 

compared to those taxa that practised solely or mainly folivory. Hylander 

suggested that this difference in crown size stems from a need of those taxa 

consuming hard objects to withstand a greater degree of wear, itself an outcome 

of increased incisal preparation (Hylander, 1975). This last observation 

regarding the effects of wear on crown size was further discussed in a joint 

paper by Kay and Hylander (1978): in it, it was suggested that wear on the 

anterior dentition was significantly accentuated by the incorporation of grit in 

the diet of a taxon {e.g. in the case of graminivore species such as 

Theropithecus), thus turning grit into an important factor contributing to 

incisor size.

The 1975 Hylander study allowed the rough prediction of dietary habits 

of fossil forms, especially in the years prior to the advances of microwear 

studies. Since the mid-1970s great progress has been made with regard to the
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understanding of both the dietary needs and responses of extant (and to a 

certain degree fossil) taxa, as well as to the functional morphology and 

development of incisors, resulting in refined models concerning the use of the 

anterior dentition and its relationships to related structures. Kay and Ungar 

(1997) recently cautioned against broad generalisations regarding incisal 

morphology and diet, and instead suggested that the two elements that appear 

to be really correlated are incisor size and incisal food preparation during 

ingestion, rather than the former and diet. In addition, Eaglen (1984) tried to 

test Hylander’s model on a platyrrhine sample and was unable to reproduce the 

predictions. Instead, he found that platyrrhines possess relatively smaller 

incisors than those of catarrhines irrespective of their dietary habits; 

furthermore, he suggested that for many platyrrhines, the possession of smaller, 

narrower incisors represented the primitive condition followed by a shift 

towards larger-sized anterior teeth as a result of a diet requiring a larger degree 

of incisal preparation (Eaglen, 1984).

This view on the polarity of incisal morphology, stressing a shift from a 

primitive morphology with narrow, relatively vertically implanted incisors to a 

derived one characterised by broad and more projecting teeth has been also put 

forward in relation to the general catarrhine and early hominoid condition, and 

appears to hold true following the discovery of the Victoriapithecus skull 

(Benefit & McCrossin, 1991,1993,1997; Benefit, 2000).

1.5 Synthesis

Despite lengthy discussions and a rich literature on the polarity of incisal 

morphology, such information derived from fossil specimens has only rarely 

been studied in the context of the general (developmental, functional, 

evolutionary) anatomy of the anterior gnathic area, i.e. incorporating the
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premaxilla and the corresponding mandibular symphysis. Hypotheses have 

been put forward with respect to the development of a simian shelf on the 

symphysis, suggesting that a shift by fossil apes to a diet incorporating harder 

objects required, along with more forward inclined lower incisors, an osseous 

buttressing on the lingual surface of the symphysis in order to withstand higher 

levels of stress (Benefit & McCrossin, 1995).

Similarly, some attempts have been made to combine information on 

incisal morphology with that of the nasoalveolar clivus. McCollum & Ward 

(1997) noted that there appears to exist a correlation between premaxillary 

length and incisor crown size, as is evident in taxa such as Pan and Pongo (large 

incisors, elongated clivus) by comparison to e.g. Gorilla (relatively smaller 

incisors, shorter clivus). Andrews & Alpagut (2001) reached the same 

conclusion by looking at fossils, adding that the size of the incisive fossa/canal 

also enters the equation by being larger when accompanying a longer 

premaxilla/larger incisors and smaller in the opposite configuration. They used 

this example to conclude that all these morphologies comprise interdependent 

characters from a phylogenetic point of view (Andrews & Alpagut, 2001).

Finally, Greenfield (1979) in a paper discussing the Sivapithecus/ 

Ramapithecus complex provided observations on the forward projection of the 

premaxilla in relation to the angulation of the incisors. He commented on the 

potential significance of these two features, while drawing attention to the 

effects of ageing and bone resorption to the orientation of the anterior teeth. 

Greenfield noted that with increasing age the maxillary incisors of modern apes 

tend to become more vertical, as a result of advancing alveolar bone loss, which 

is well documented in primates {e.g. Schultz, 1956).

Nonetheless, a composite model proposing an explanation with regard to 

the masticatory function of the incisors in the premaxilla, and the role of the
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premaxilla as a tooth-accommodating structure and/or a “strain-dispersing 

mechanism” during ingestion, rather than simply a good indicator of 

phylogenetic relationships, is yet to be constructed. Partly, this is due to 

important gaps in our understanding of incisor morphology. While significant 

progress has been made with regard to the development of the crown, no such 

information is available on that of the root, or indeed the gross morphology of it 

in fossil taxa. The relationship between crown size (incorporating height, 

volume, area) and root length/robusticity has been assumed, but is only now 

beginning to be closely examined (Kupczik, submitted). As a result, the 

presumed correlation between premaxillary length (and thickness?) and incisal 

size remains largely speculative, since incisors are routinely viewed as isolated 

crowns with no roots, a research attitude largely imposed by logistical and 

methodological limitations.

Similarly, information is still needed on the ontogenetic/developmental 

aspect of the anterior gnathic complex under discussion. It has been suggested 

that the size/shape/volume of the nasoalveolar clivus is a reflection of its role in 

accommodating the incisors (Cobb, 2001). During development, and at the 

stage shortly preceding the shedding of the deciduous incisors, significant 

spatial demands are posed on the premaxilla, since it needs to allow for enough 

room to house the deciduous tooth roots plus the two soon-to-emerge massive 

permanent incisor crowns with their own growing roots. Thus, it is conceivable 

that the morphology of the nasoalveolar clivus could simply have evolved as a 

consequence of the morphology of the anterior dentition, rather than as an 

independent character (or set of characters).

Such developmental approaches highlight the necessity for the adoption 

of broader perspectives incorporating functional, ontogenetic, biomechanical, 

evolutionary, and comparative information, and aiming at the study of
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“structural pattern relationships” referred to by Ravosa & Shea (1994: 802) as 

opposed to that of isolated structures. The preceding review has highlighted 

some of the issues related to the study of the premaxilla and mandibular 

symphysis. At the same time, it has showed the disproportionate interest in e.g. 

mandibular (symphyseal) form by comparison to that of the premaxilla, a bias 

that can only be partly explained by the availability of suitable material. More 

importantly, though, this short discussion has served to stress the lack of 

research on the association between what seem to be two functionally and 

anatomically interrelated structures: the premaxilla and the anterior 

mandibular region.

It has been often observed that the study of the functional morphology of 

the mandible is relatively straightforward: the lower jaw is, from an anatomical 

point of view, fairly independent from the rest of the skull, and although 

indirectly involved in a number of functions, its prime role is still masticatory 

(Leakey & Walker, 1997). The rest of the facial skeleton, on the other hand, 

maintains a delicate functional balance between a number of diverse tasks, of 

which mastication is just one of many. Similarly, a structure such as the 

premaxilla, has to conform to the functional requirements of adjacent facial 

elements (the zygomatic, the piriform aperture, the maxilla), while at the same 

time, its accommodated incisors must maintain at least partial occlusion with 

the corresponding lower ones surrounding the mandibular symphysis.

Nonetheless, though largely biomechanically driven (as manifested since 

the late ‘70s with Hylander’s work; Hylander, 1979; 1984), the shape of the 

mandibular symphysis has been shown to be far too variable to be fully 

explained by biomechanical models (Taylor, 2002; Daegling & Jungers, 2000; 

Daegling, 2002; Goodman, 1968). At the same time, though central in 

mastication, the premaxilla has never been studied from a biomechanical
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perspective (Lieberman, 2000). Thus, it is not known to what degree its shape is 

controlled by strain resistance demands. The picture is further complicated by 

research indicating that there are different growth trajectories both in various 

areas of the mandible itself and between the upper and lower gnathic elements, 

so that while upper jaws are ontogenetically scaled, the lower ones are less 

dependent on such limitations (Daegling, 1996).

Despite these problems, it is important, as stressed in the introduction, 

for a more holistic view to be adopted if “structural pattern relationships” are to 

be understood. The present research is aimed at addressing this research gap, 

using the premaxilla-mandibular symphysis functional complex as a case study.

1.6 A im s o f  th e  study

The present study is based on the working hypothesis that the close anatomical 

vicinity o f  the mandibular symphysis and the premaxilla, as well as their 

partly inter-related functional role (both in mastication and in the 

accommodation o f the incisors, upper and lower) have resulted in inter

dependent morphologies, which, in turn, have stemmed fro m  common dietary 

specifications and parallel evolutionary trajectories.

Accordingly, the first aim of this study is to determine whether there are 

indeed any strong correlations between properties of the premaxilla and the 

symphysis. This will be tested through means of Principal Components Analysis 

(PGA), allowing the study of patterns of variation within large multivariate 

databases. Provided that a strong relationship does exist between the premaxilla 

and the symphysis, the question then posed is: can fossil premaxillary 

morphology be predicted if the corresponding symphyseal one is known, and 

vice versa?
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A second set of research objectives relates to the study of the effect of 

variable dietary regimes on the premaxillary and symphyseal morphologies 

under discussion. Discriminant Function Analysis (DFA) will be used to test the 

hypothesis that diet is a strong determinant of variable gnathic form, with diet 

information compiled from the literature.

The third objective of this study relates to the testing of the effects of 

phylogenetic heritage on the morphology of the premaxilla/symphysis complex. 

The phenotypical plasticity of the characters studied will be assessed by 

performing a Phylogenetic Comparative Analysis (PhyCA) using the method of 

Independent Contrasts.

Finally, the validity of any correlations between diet and anterior gnathic 

morphology will be further tested on a small sample of extinct taxa. DFA will be 

employed again in an attempt to predict the diets of fossil specimens, on the 

basis of their premaxillary/symphyseal configurations.

1.7 Structure o f  the study

The present study is divided into six further chapters the contents of which are 

as follows:

Chapter 2 -  Materials and Methods

This chapter provides a detailed presentation of the sample used in the analysis 

with regard to taxonomic attribution, sex, age, and provenance. The 

measurements taken on the specimens are explained and graphic 

representation of them is provided. Furthermore, information is given on the 

theoretical framework within which each of the three separate analyses was 

carried out (Principal Components Analysis [PCA], Discriminant Function 

Analysis [DFA], and Phylogenetic Comparative Analysis [PhyCA]), as well as on 

the software used and the methods of sample coding and size correction
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employed. Discussions are provided on the subjects of the delineation of dietary 

categories according which the sample was grouped, and the phylogeny chosen 

for the purposes of the study.

Chapter 3 -  Principal Components Analysis

This chapter presents the analysis of patterns of morphological variation within 

a large multivariate database using PCA. Initially an analysis is run on the whole 

study sample using raw data, while these results are subsequently compared to 

those acquired by the same analysis performed following size correction. 

General trends are delineated and a holistic picture incorporating all major 

primate families is presented. In order for a more effective presentation of these 

results to be facilitated, the full database is then broken down into smaller 

samples representing concrete phylogenetic units such as hominoids, 

cercopithecoids and ceboids. Once again, these sub-analyses are run in turn 

using both raw and size corrected data.

Chapter 4 -  Discriminant Function Analysis

The structure of this chapter is similar to the one preceding it. Following the 

grouping of the database according to the dietary habits of the various species 

incorporated in it, a DFA is performed in order for the morphological traits of 

the taxa grouped together to be explored in light of their common feeding 

habits. Once again, an analysis performed on the full sample is presented first, 

followed by separate analyses carried out on sub-samples.

Chapter 5 -  Phylogenetic Comparative Analysis

In this analytical chapter the strength of correlations amongst morphological 

variables, and between various morphologies and diet is being re-examined with 

phylogenetic effects controlled. The results of a phylogenetic analysis through 

the means of Comparative Analysis by Independent Contrasts (CAIC) are 

presented and discussed in a wider evolutionary context.
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Chapter 6 -A n a lysis  o f  the fossil sample

This last analytical chapter presents the results of DFA performed on a small 

sample of fossil specimens with the view to predict their palaeodiets on the basis 

of their premaxillary and symphyseal morphologies. The results are then 

discussed in the context of such information gathered from other lines of 

evidence, and the potential of the predictive value of these data is subsequently 

evaluated.

Chapter 7 -  General discussion

This chapter draws together the results of all three separate analyses carried out 

(Principal Components, Discriminant Function, and Phylogenetic Analyses) and 

critically discusses them in the context of: the aims of the study as originally 

defined; the existing bibliography on the subject; and parallel research projects. 

The chapter is concluded with a discussion of future directions of this study. The 

last section presents a summary of the main conclusions of the study.
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Chapter 2 

M aterials and M ethods

2.1 In troduction

This chapter aims to introduce the methodology used to test the research 

questions posed in the preceding section, and the sample with which the 

analysis was carried out. In the first part of the chapter, the study sample is 

presented on the basis of information on the focal taxa, their provenance and 

subspecies status, number of individuals of each species, as well as the criteria 

used to determine sex and age. Following this, the rationale of the use of a 

digitiser for data collection is explained and the process of recording inter

landmark distances described. There follows the definition of the measurements 

taken and the estimation of the measurement error inherent in the data, 

accompanied by drawings intended to facilitate the visualisation of the 

anatomical elements described.

The second part of the chapter provides information on the three 

different analyses carried out on the sample, namely Principal Components 

Analysis (PGA), Discriminant Function Analysis (DFA), and Comparative 

Analysis by Independent Contrasts (CAIC). Their theoretical framework is 

briefly presented, followed by information on each analysis itself pertaining to 

the coding of data, the numbers of individuals incorporated in each sample, the 

inter-landmark distances processed, and -  in the case of CAIC -  the phylogeny 

employed. In the case of DFA, the construction of dietary categories is fully 

described, while a brief discussion presents the use of the geometric mean (GM) 

as the technique opted for size correction.
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2.2  Extant sam ple param eters

The sample of modern primates used in this study is diverse, encompassing 25 

genera (and 26 species) belonging to five major families: Hominidae, Pongidae, 

Hylobatidae, Cercopithecidae, and Cebidae. The classification adopted follows 

that of Nowak (1999) with two exceptions: syndactylus has been differentiated 

at generic level (Symphalangus) from other species of HylobateSj while only 

Pan and Gorilla have been included in the Hominidae family in accordance to 

recent evidence grounded on genetic research {e.g. Ruvolo, 1997, Goodman et 

a l, 1998) and contrary to the more traditional classification, according to which 

all great apes are grouped together in one family; Pongo has been moved to the 

family Pongidae. A description of the sample is given in table 2.1.

Data were collected at the following locations: The Powell-Cotton 

Collection (PC), Quex House, Birchington-on-Sea, Kent, England; The Royal 

Museum for Central Africa (RMCA), Tervuren, Belgium; The Museum Naturalis 

(MN), Leiden, The Netherlands; The Anthropological Institute and Museum 

(AIM), University of Zurich-Irchel, Zurich, Switzerland; The State Collection for 

Anthropology and Palaeoanatomy (SCAP) and Zoological State Collection (ZSC), 

Munich, Germany; the Division of Mammals, Natural History Museum, The 

Smithsonian Institute (SI), Washington D.C., U.S.A. Table 2.2 presents 

information on the institutional provenance of each taxon included in the study 

sample. Due to the nature of the study, only skulls associated with mandibles 

were measured. Equally, only fully adult individuals were included in the study 

sample. The developmental age was judged exclusively on the criterion of dental 

eruption -  namely the full emergence of the Mgs and canines. This last point is 

worthy of some further clarification.

It has been observed that dental development is perhaps the only 

yardstick of growth that remains relatively unaffected by extrinsic factors such
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as malnutrition or environmental stress (Braga, 2001). Nevertheless, while in 

most developmental studies individuals that exhibit full M3 eruption are 

traditionally classified as “fully adult”, there is often an additional criterion 

taken into consideration, namely that of the spheno-occipital synchondrosis or 

complete fusion of the basilar suture {e.g. Braga, 2001; Shea, 1983; 1985). 

Usually, in the latter case a subdivision of the adult cohort is made into stages 1 

and 2, while it is noted that the individuals exhibiting full fusion of all sutures 

also display rather advanced dental wear. The incisors are particularly 

susceptible to heavy wear due to their early eruption. Since the metric 

properties of the anterior dentition are focal in the present study, the 

employment of the suture closure criterion for the establishment of adult status 

was rejected, since by the time of the synchondrosis the incisors would be too 

worn for the analysis.

Furthermore, no individuals exhibiting signs of old age (in the form of 

either extreme dental attrition and/or advanced bone resorption) were included 

in the analysis. Equally disregarded were those specimens, for which a definite 

adult state could not be determined, or for which uncertainty existed as to 

whether they were wild shot or reared at a zoo facility. Accordingly, only fully 

adult, wild shot animals with no obvious craniodental pathologies were 

incorporated in the sample.

Sex was determined through consultation of the catalogues of each 

collection, where identification took place on the basis of original field 

observations and/or preserved skins with genitalia. In cases where such 

information was lacking, sex was assigned on the basis of personal observations 

of sexually dimorphic traits. In certain cases secure sex identification was 

hampered by inadequate catalogue information and the lack of evident sexual 

dimorphism. However, since this thesis does not primarily discuss the issue of
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sexual dimorphism, questionable specimens were still included in the database, 

as long as their adult status had been confidently established. For each species, 

a total number of 50 individuals (25 male, 25 female) was targeted, except in the 

case of great apes where larger samples were collected. In practice, logistical 

difficulties relating to the composition of each collection (itself largely an 

artefact of the social structure of the various primate groups), as well as the 

preservation of the specimens, restricted these numbers, in many cases 

significantly. Particularly unfortunate in this respect is the incompleteness of 

the sample of the larger papionins (particularly Mandrillus and Theropithecus), 

since the representation of the subfamily in the fossil record is relatively good. 

Equally restrictive was the unbalanced availability of specimens belonging to 

different subspecies of the great apes, and in particular the scarcity of 

individuals of P. p. abelii, P. t. verus and G. g. beringei. Since an adequate 

number of individuals from all different subspecies of great apes was not 

attainable in the research destinations selected, the analyses were carried out 

incorporating only P. t  troglodytes, G. g. gorilla and P. p. pygmaeus in the 

study sample. Finally, there is a bias towards the females of the species inherent 

in the sample (Table 2.1).

No reliable information was available in the collections visited regarding 

the subspecies (or even the exact provenance, from which in certain cases the 

subspecies could be inferred) of the majority of the Old and New World 

monkeys that were included in the sample. When such information was 

available, this either covered only part of the sample, or was questionable. 

Accordingly, only the following taxa out of the total included in this study, have 

been reliably assigned to subspecies: Alouatta palliata palliata, Ateles geojfroyi 

panamens, Cercopithecus ascanius schmidti, Lophocebus albigena johnstoni, 

Piliocolobus badius badius. Furthermore, the majority of the Cebus apella
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group belongs to the C. a. apella subspecies, and the majority of the 

Trachypithecus cristatus group belongs to the T. c. cristatus subspecies. There 

is also accurate subspecies information for all the great apes included in the 

study, confidently assigning them to the Pan troglodytes troglodytes, Gorilla 

gorilla gorilla and Pongo pygm aeus pygm aeus subspecies (Jenkins, 1990, plus 

unpublished catalogue information from the Munich Zoological State 

Collection).

2.3 F ossil sam ple

In addition to the extant sample, a number of extinct taxa were incorporated in 

the database. Due to logistical difficulties related to time constraints and 

financial limitations, data collection took place in the cast collection of the 

Palaeontology Department, Natural History Museum (NHM), London. The only 

original fossil specimen measured was specimen BM(NH) M8945, a male 

individual of Mesopithecus pentelicus, currently in the NHM collection. All taxa 

are represented in the sample by a single individual.

Pliopithecus (Epipliopithecus) vindobonensis, Neudorf an der March. Czech 

Republic (Individual II: Zapfe. iq 6 o):

Cast no.: BM(NH) M50570 & BM(NH) M50571. Cast of an undistorted 

fragmentary (facial) skull with associated mandible. Much of the calvaria is 

missing, but the specimen preserves a large part of the frontal bone with 

glabella, both orbits, the piriform aperture and complete palate with maxillary 

dentition. The lateral margin of the right orbit and the superolateral margin of 

the left orbit are missing. The piriform aperture is incomplete superiorly. The 

mandible is undistorted and preserves the complete dentition with the 

exception of the left canine.
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Afropithecus turkanensis, Kalodirr. West Turkana. Kenya TKNM-WK i 6 qqq: 

Leakey et a l, ig88bl:

Cast no.: BM(NH) M44462. Cast of cranial specimen preserving part of the 

frontal and facial regions with dentition. The facial skeleton is fairly complete 

with only the lateral half of the left orbit and part of the left zygomatic missing. 

Ankarapithecus meteai, Sinap Tepe. Yassorien. Middle Sinap. Turkey TMTA 

212s: Andrews & Tekkava. iq S oI:

Cast no.: BM(NH) M36999. Cast of a specimen preserving the lower face. The 

right side preserves the maxilla, including inferior orbital margin and nasal 

aperture, and much of the zygomatic bone. Only the inferior half of the left 

maxilla is preserved, including most of the nasal aperture and zygomatic 

process. The palate and maxillary dentition are complete.

Sivapithecus indicus. Potwar Plateau. Siwalik. Pakistan TGSP isooo: Pilbeam. 

IQ 82: Preuss. IQ 82I:

Cast no.: BM(NH) M42840, BM(NH) M42841, & BM(NH) M42842. Composite 

cast consisting of two facial and two mandibular fragments. The first facial 

fragment consists of the left orbit, and the second of a large part of the midfacial 

region with a nearly complete nasal aperture and maxilla. The other two 

fragments comprise the two mandibular halves. The dentition is complete. 

Ouranopithecus macedoniensis, Xirochori. Macedonia. Greece TXIR-i: de Bonis 

et ah, iQQok

Cast no.: BM(NH) M37836. Cast of a fragmentary skull preserving part of the 

frontal and facial regions. The right side of the face is largely complete 

preserving the glabella, right orbit, piriform aperture and maxilla with dentition 

(although this male individual was lacking its right Ms). Parts of the lateral 

margins and the inferior border of the nasal aperture and alveolar process of the 

premaxilla are missing and have been reconstructed.
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Proconsul heseloni, Rusinga Island. Kenya fKNM-RU 16000I:

Cast no.: BM(NH) M44532. Cast of a complete maxillary specimen preserving 

the inferior margin of the piriform aperture. The incisors and canines are 

missing, and the right Ps is half broken in the mesiodistal direction, but the 

remaining dentition is complete.

Mesopithecus pentelicus. Pikermi. Attica. Greece CBMCNHl MSodf;: Zapfe. 

iQ Q i ) .

Fragmentary facial skull preserving part of the frontal bone with glabella, both 

orbits, the nasal aperture and the maxilla. The nasal aperture is only missing 

parts of the right medial margin. The maxilla preserves the complete dentition 

with the exception of the left and Ms.

[N.B. There is a slight discrepancy with regard to the Mesopithecus pentelicus 

nomenclature. Zapfe (1991) mentions that Wagner named penfe/icus in 1839, to 

refer to the locality where the specimens were originally found (in the vicinity of 

Mount Pentelikon). Subsequently, Gaudry (1862; mentioned in Zapfe, 1991) 

changed the specific name to pentelici, because he mistook the original 

pentelicus for a noun, rather than an adjective. Despite the wide use of this 

second term in the literature, the text of this study abides by the original 

nomenclature.]

2.4  D efin ition  o f  the m easu rem en ts

A total of 35 cranial measurements were employed in an effort to best document 

the variable metric properties of the premaxilla and corresponding mandibular 

symphysis. Of these, 28 were collected with a Microscribe 3DX digitiser, while 

the remaining seven were taken with standard cranial and/or digital calipers. A 

further 16 (28, when measurements taken on antimeres are also counted) dental 

measurements were collected for each specimen, thus describing the size of the
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individual elements of dentition accommodated in the anterior gnathic region. 

All dental measurements were taken with a sliding digital caliper, and the values 

were recorded in millimetres with precision to within o .i mm.

The Microscribe was connected to a laptop computer via a serial cable, 

and using the manufacturers’ Inscribe software the x, y and z coordinates were 

automatically entered into a Microsoft Excel 2000 spreadsheet. The landmarks 

chosen for this study are fully explained in the following section. Once the 

coordinates of each landmark had been collected, the extraction of inter

landmark distances was rendered possible through the use of the following 

formula:

\ /  (((X. - +((Yi -  Ya)=) + ((Z, -

For the purposes of this study, the skulls and mandibles were separately 

placed (embedded) on a ring made of plasticene or Play-Doh, the skulls 

standing on the occipital, the mandibles on their gonial angles. These positions 

were chosen as the optimal for the full exposure of the chosen landmarks, thus 

requiring minimal repositioning of the skeletal elements in question. At the 

same time, both the mandible and the cranium were judged to be robust enough 

for this kind of preparatory treatment, without any damage as a result of contact 

with plasticene/Play-Doh. The whole digitising process is non-invasive and does 

not harm the studied surfaces in any way. Finally, in case of unilateral 

measurements, all skulls and mandibles were digitised on their right side if their 

state of preservation permitted it, and measurements were recorded in 

millimetres.
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The inter-landmark distances and craniodental measurements collected 

for this study are presented below, accompanied by a serial number for 

reference to figures 2.1 to 2.5.

1. Orbital Height: the distance between the most superior and inferior points on 

the margin of the orbit.

2. Orbital Breadth: the distance between the most medial and most lateral 

points on the margin of the orbit. This distance was recorded at an axis 

perpendicular to that defined by orbit height.

3. Nasion -Nasiospinale: the distance between “the point where the internasal 

and frontonasal sutures meet in the mid-line” and “the midpoint on a line that 

connects the lowest points of the border of the piriform aperture on either side 

at the base of the anterior nasal spine” (Aiello & Dean, 1990: 52).

4. Height o f  the Piriform Aperture: the distance between the most superior 

point of the piriform aperture in the midline and nasiospinale.

5. Breadth o f the Piriform Aperture: the distance between the two most lateral 

points on the margin of the nasal aperture.

6. Premaxillary Length: The distance between the point where the premaxillary 

bone meets the palatine process of the maxilla and prosthion.

7. Premaxillary Breadth (a): the distance between the lateral edges of the 

alveoli of the Ds.

8. Premaxillary Breadth (b): The distance between right and left 

premaxillomaxillary sutures measured palatally (denoted in the tables as: right 

suture-left suture).

9. Maxillary Length: the distance between alveolare and the point where the 

median palatine suture intersects the transverse palatine suture. In cases where 

the latter suture was not patent, this point was approximated by the point on the
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median palatine suture intersected by the line joining the distal-most point of 

the M^s.

10. Maxillary Breadth (a): the distance between the two most lingual points at 

the edges of the canine alveoli.

11. Maxillary Breadth (b): the distance between the two most projecting points 

of the canine crowns buccally.

12. Maxillary Breadth (c): the distance between the ectomolaria of the Pss.

13. Maxillary Breadth (d): the distance between the ectomolaria of the two M^s.

14. Length o f the postcanine tooth row: the distance between the most 

projecting point of the Ps crown mesially to the most projecting point of the M3 

point distally.

15. Incisive foram en/fossa -  Alveolare (prosthion): the distance between the 

most posterior point of the incisive foramen/fossa to “the mid-line point on the 

most inferior part of the tip of the alveolar septum between the right and left 

upper central incisors” (Aiello & Dean, 1990: 52-53).

16. Incisive foram en/fossa  -  Premaxillomaxillary suture: the distance between 

the most posterior point of the incisive foramen/fossa and the right 

premaxillomaxillary suture.

17. Projection o f  the maxillary central incisor alveolus: the chord created by the 

most posterior point of the incisor alveolus and the most posterior point of the 

incisive foramen/fossa, in the midline. This measurement was recorded for both 

right and left maxillary central incisor alveoli and their mean was calculated and 

subsequently used in the analysis.

18. Projection o f  the maxillary lateral incisor alveolus: the chord created by the 

most posterior point of the incisor alveolus and the most posterior point of the 

incisive foramen/fossa, in the midline. This measurement was recorded for both
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right and left maxillary lateral incisor alveoli and their mean was calculated and 

subsequently used in the analysis.

19. Mandibular Width (a): the distance between the two most lingual points at 

the edges of the two canine alveoli.

20. Mandibular Width (b): the distance between the two most lingual points at 

the edges of the two P3 alveoli.

21. Mandibular Width (c): the distance between the two most lingual points at 

the edges of the two M2 alveoli.

22. Mandibular Width (d): th e  d is ta n c e  b e tw e e n  th e  e c to m o la r ia  o f  th e  PgS.

23. Mandibular Width (e): the distance between the ectomolaria of the M2S.

24. Length o f  the mandibular postcanine row: the distance between the most 

medial premolar (P2 for ceboids, P3 for catarrhines) to the most distally 

projecting point of the M3.

25. Length o f  the mandibular symphysis: the distance between symphysion and 

the most lingually projecting point of the inferior transverse torus in the 

midline.

26. Inferior to Superior Transverse Torus Distance: the distance between the 

most lingually projecting point of the inferior transverse torus in the midline 

and the equivalent point on the superior transverse torus.

27. Superior Transverse Torus to Symphysion Distance: the distance between 

the most lingually projecting point of the superior transverse torus in the 

midline and symphysion (infradentale).

The seven cranial measurements recorded with calipers are as follows:

28. Skull Length: the distance between glabella and opisthocranion.

29. Skull Breadth: the distance between the two farthest points on the two 

parietals.
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30. Premaxillary Thickness: the maximum thickness of the premaxillary bone 

in the midline, placing one end of the caliper to the posterior edge of the incisive 

foramen/fossa on the palatal side of the maxilla, and the other on the labial side 

to a point just posterior to the end of the incisor roots (to avoid overestimation 

of this dimension as a result of the actual thickness of the roots).

31. Thickness o f  the Superior Transverse Torus (STT): the maximum thickness 

of the STT measured in the midline with the mandible placed on its proper 

anatomical position, i.e. resting on its angles.

32. Thickness o f the Inferior Transverse Torus (ITT): the maximum thickness 

of the ITT measured in the midline with the mandible placed on its proper 

anatomical position, i.e. resting on its angles.

33. Length o f the right diastema: the distance between the distal edge of the 

right alveolus and the mesial edge of the upper right canine alveolus.

34. Length o f the left diastema: the distance between the distal edge of the left 

12 alveolus and the mesial edge of the upper left canine alveolus. This 

measurement was recorded at both right and left sides since it was highly 

variable.

In addition to these, a number of standard dental measurements were 

collected in order for the properties of the crucial anterior dentition to be 

recorded. The definitions of the mesiodistal and buccolingual dimensions were 

in accordance to those given in Hillson (1996: 70-71):

Mesiodistal Length (MD): defined as the greatest dimension taken parallel to 

the median plane of the tooth.

Buccolingual Breadth (BL): defined as the greatest dimension taken along the 

buccolingual axis and at a perpendicular fashion in relation to the mesiodistal 

length as described above.

Following these definitions, the following measurements were recorded:
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3 5 - MD length

36. D MD length

37. O  MD length (maximum length)

38. h  MD length

3 9 .12 MD length

40. Cl MD length (maximum length)

41. P BL breadth

42. D BL breadth

43. D  BL breadth (maximum breadth)

44. h  BL breadth

4 5 .12 BL breadth

46. Cl BL breadth (maximum breadth)

Measurements 35 to 46 were recorded for both left and right antimeres. Their 

mean was subsequently calculated and used in the analysis. In case of missing 

values, the single (right or left) measurement was used in place of the mean.

47. Length o f  the maxillary central incisors: defined as the greatest distance 

between the lateral edges of the two maxillary central incisor crowns. 

Depending on the positioning of the central incisors on a straight or a curved 

line, this measurement may or may not amount to the combined total of the MD 

lengths of the individual incisor crowns.

48. Length o f the mandibular central incisors: defined as the greatest distance 

between the lateral edges of the two mandibular central incisor crowns. 

Depending on the positioning of the central incisors on a straight or a curved 

line, this measurement may or may not amount to the combined total of the MD 

lengths of the individual incisor crowns.

49. Length o f  the maxillary incisor row: defined as the greatest distance 

between the right and the left lateral maxillary incisor crowns. This
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measurement may or may not differ from the combined MD lengths of all 

central and lateral incisors, in that it gives some indication of the curvature of 

the incisor row (and to a degree the dental arcade as a whole).

50. Length o f  the mandibular incisor row: defined as the greatest distance 

between the right and the left lateral mandibular incisor crowns. This 

measurement may or may not differ from the combined MD lengths of all 

central and lateral incisors, in that it gives some indication of the curvature of 

the incisor row (and to a degree the dental arcade as a whole).

Figures 2.1 to 2.5 provide graphic representations of all these 

measurements to facilitate their visualisation.

2.5  C learing o f  th e  data and  S ize C orrection

Following the completion of data collection a grand total of 1131 individuals had 

been recorded. In an effort to maintain as many individuals in the sample as 

possible, despite missing values, while at the same time eliminating those 

variables that appeared to duplicate measurements, means were calculated 

where appropriate, e.g. in case of antimeres. Accordingly, means were 

calculated for the following: incisor MD length and BL breadth (central and 

lateral, upper and lower); canine maximum length and breadth (maxillary and 

mandibular); F and P  alveolar projections (right and left); and incisor 

fossa/foramen -  premaxillomaxillary suture radius (right and left). No mean 

was calculated for combined diastema size, since this measurement was found 

to be highly variable at the right and left sides. Values of premaxillary breadth 

were incorporated in the analysis on the basis of two measurements, namely the 

distance between the right and left premaxillomaxillary sutures measured 

interiorly (where they were always patent), and premaxillary breadth recorded 

at the lateral edges of the Ps alveoli. Further measurements of premaxillary
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breadth measured at the premaxillomaxillary sutures in anterior view, and at 

the mesial edges of the maxillary canines were initially recorded. However, due 

to the complete obliteration of the premaxillomaxillary sutures anteriorly in the 

majority of adult Pan and Pongo individuals, this measurement was disregarded 

from further analysis. Also disregarded was the measurement of premaxillary 

breadth recorded at the mesial edges of the canine alveoli, since it largely 

incorporated the size of the diastemata for which a separate measurement had 

been collected.

The inclusion in the study sample of such hugely different taxa in term s 

of size, such as gorillas and sakis or talapoins, rendered size removal necessary 

despite valid arguments regarding body size as an important component of 

shape or physiology, and, thus, a functionally and phylogenetically driven 

variable of relevance to any such study (Aiello & Wood, 1994; Peters, 1983; 

Damuth & MacFadden, 1990a; McNab, 1990; Eisenberg, 1990; Jungers, 1990). 

The data were size adjusted by dividing all values by their geometric mean 

(Jungers et al., 1995). Analyses were then run on both raw and size-corrected 

data and the implications of the differences between the two are discussed in 

detail at the relevant section of each chapter.

Following the exclusion of all specimens with missing values from the 

sample and the combination of antimeric values into means, the total number of 

individuals was significantly reduced from 1131 to 622. A breakdown of this final 

sample by species and numbers of individuals according to sex is given in table

2.3.

2 .6  M easurem ent error

Intra-observer measurement error was evaluated by repeated measuring (using 

both the Microscribe digitiser and standard calipers) of a female Pan
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troglodytes and a male Lophocebus albigena skull stored in the collection of the 

Daryll Forde Laboratory, Department of Anthropology, University College 

London. These two skulls were chosen in order to approximate the biological 

range of variance of the sample in this study. The extent of the error margin was 

calculated using the method described in White (1991) and was found to be in 

the range of 0.1% to 6.62% (Pan) and 0.17% to 3.79% (Lophocebus). Although 

the Pan range included an error of 6.62% for palate length and 5.41% for 

inferior superior transverse torus distance, the remaining upper limit to the 

range was in fact 3.95%. The potential error of these two measurements will 

therefore be borne in mind in the study.

2.7 Principal C om ponents A nalysis

The first set of research questions posed in this study relates to the investigation 

of any predictable morphometric relationship between the premaxilla and the 

corresponding mandibular symphysis. To this end, a Principal Components 

Analysis (PCA), using a Correlation Matrix of all variables, was employed with 

the view to investigate the strength of correlations between premaxillary and 

symphyseal morphology independent of the remaining set of variables. Largely 

correlated variables are combined into linear principal component axes (PCs), 

which, when plotted against each other, graphically describe the clustering or 

separation of study groups. In this respect, PCA is ideal for reducing databases 

with large numbers of variables to only a few PCs, with each of them accounting 

for a certain percentage of total group variance, and scores of the variables 

loading on these PCs clearly listed.

For the purposes of this study, PCA was run using the statistical software 

package SPSS, version 11.0.0, and incorporating initially raw and subsequently 

size corrected data. Following the application of the technique on the whole
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database, and in an effort to facilitate the interpretation of the results, the 

sample was subsequently broken down into smaller taxonomic units, i.e. 

hominoids, cercopithecoids, and ceboids. The analysis was then re-run on each 

of these subsets, and again using both raw and size corrected data.

2 .8  D iscrim inant Function A nalysis

Following the application of PCA to the database. Discriminant Function 

Analysis (DFA) was performed with the aim to study multivariate separation. 

Discriminant Functions (DFs) are extracted and groups are distributed along 

them on the basis of their centroids, i.e. their mean discriminant scores on a 

function (Tabachnick & Fidell, 2001). Depending on the degree of difference 

between the centroids of groups, separation of groups is possible along DF axes.

DFA was used to investigate the relationship between diet and the 

morphology of the premaxilla and the corresponding mandibular symphysis. 

Stepwise DFA was carried out in order to explore predicted group membership 

in discrete dietary categories on the basis of symphyseal and premaxillary 

variables. Dietary categories comprised the grouping variable(s) while PC scores 

were treated as independent variables in place of raw data, as a means to 

alleviate the problem of inclusion of a number of variables disproportionate to 

the number of individuals belonging to each taxon (Tabachnick & Fidell, 2001). 

As in the case of PCA, DFA was run using the statistical software package SPSS, 

version 11.0.0, and incorporating initially raw and subsequently size corrected 

data. The sample was again treated initially as a whole, and subsequently 

broken into taxonomic units incorporating hominoids, cercopithecoids and 

ceboids. The analysis was then re-run on each of these subsets, and again using 

both raw and size corrected data. Since the analysis on raw data produced 

results identical to the PCA ones, they have not been reported.
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Dietary information was compiled from the literature. Although there is a 

large amount of information pertaining to the dietary habits and feeding ecology 

of primates, it is difficult to summarise it in concrete dietary categories. Most 

fieldwork studies have targeted specific populations at only one site (Gautier- 

Hion, 1988), although it has been long shown that intraspecific (and often 

intrasexual) variation in feeding behaviour is significant (Clutton-Brock, 1977b), 

and generalisations on this basis can be misleading. Furthermore, seasonal 

variation has been shown to be a major factor of dietary diversity (Hladik, 

1988), while more composite studies that incorporate information on the social 

structure of the sample groups (e.g. pregnant or lactating females, dominant vs. 

subordinate individuals) along with data on tooth use and tooth wear are still 

very much at an embryonic stage (Teaford & Glander, 1996). Nonetheless, an 

effort was made to represent dietary diversity by adopting composite categories 

(such as frugivore-seed predator), as well as to differentiate between taxa whose 

staple foodstuff is similar, but which display different feeding adaptations for 

implementing their nutritional intake or for coping with scarcity. The 

information presented below is summarised in tabular form in table 2.4. It 

should be emphasised that all these characterisations are broad working 

definitions used only as a general framework within which to discuss 

morphological adaptations.

Hominoids: All hominoids -  with the exception of Gorilla and Sym phalangus- 

rely heavily on fleshy fruits as their staple foodstuff (Fleagle & Kay, 1985), but 

they differ markedly in their supplementary dietary resources, especially when 

ripe fruits are in short supply. Amongst the African great apes, both common 

and pygmy chimpanzees are primarily frugivorous, while complementing their 

respective diets with herbaceous plants and insects. By comparison to the other
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great apes, chimpanzees are distinct in that they also incorporate small 

quantities of animal m atter in their diet, which is the result of either active 

hunting (Pan troglodytes), or opportunistic encounter (Pan paniscus) (White, 

1996; Badrian et a l, 1981; for scavenging instances involving common 

chimpanzees see Muller et a l ,  1995, and relative references therein). A wide 

range of 25 (Basabose & Yamagiwa, 1997) to over 35 (Uehara, 1997) mammalian 

species have been reported as predated upon by chimpanzees, and although 

most relevant studies on Pan troglodytes have been carried out on the P. t. 

verus and P. t. schweinfurthii subspecies at the famous sites of Gombe and Tai 

National Parks and the Mahale Mountains {e.g. Goodall, 1986; Morris & 

Goodall, 1977; Boesch & Boesch, 1989; Stanford et a l,  1994), there are no 

indications that P. t. troglodytes -  the subspecies discussed here -  is 

significantly different in its dietary choices. Accordingly, and for the purposes of 

this study, both Pan paniscus and P. troglodytes have been termed omnivores 

to differentiate them from other, strictly frugivorous, taxa.

By contrast, the other African great ape. Gorilla has been traditionally 

viewed as primarily herbivorous (Watts, 1996). Extensive fieldwork over the last 

decades has indicated that at least the western lowland subspecies. Gorilla 

gorilla gorilla, of interest to this study, is a selective feeder coping with 

seasonality by consuming large amounts of fruit and leaves, as well as insects 

and aquatic plants (Tutin & Fernandez, 1985; Doran & McNeilage, 1998; Remis, 

1997; Remis et a l, 2001). In fact, fruits are such an important resource for 

western lowland gorillas, that their diet has been compared more often to that of 

chimpanzees {e.g. Kuroda et a l ,  1996) than that of, for example, the mountain 

gorillas (G. g. beringei), and observations of G. g. gorilla individuals and 

chimpanzees feeding together on the same tree are not viewed as anecdotal 

anymore (Doran & McNeilage, 1998; Malenky et a l, 1994). Accordingly, the
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gorilla individuals incorporated in this study sample have been characterised as 

frugivore-folivores (iV.J3. No distinction is made in this context between 

frugivore-folivores and folivore-frugivores, depending on the respective 

percentages of fruit and leaves incorporated in the diet).

Finally, the third of the great apes, Pongo pygmaeus, is also highly 

dependent on ripe fruit for the bulk of his diet, while favourite fallback 

resources in times of low fruit availability include flowers, leaves, bark and pith, 

and invertebrates (Galdikas, 1988; Leighton, 1993; Rodman, 1988). Though 

orang-utans are often termed “omnivores” due to their dietary flexibility, this 

term has been reserved in this study for taxa such as Fan, by which animal prey 

is consumed in adequate quantities, and orang-utans are, therefore, listed as 

frugivores. The smaller of the lesser apes included in this study, Hylobates 

moloch, has also been termed a frugivore on the basis of studies confirming the 

dominant role of ripe fruit in its diet, which is otherwise supplemented by 

leaves, flowers, and, only occasionally, insects (Rappeler, 1984). The larger 

siamang, however, differs in that its dietary intake consists of nearly equal 

amounts of young leaves and fruit (Rappeler, 1984; Hunt Curtin & Chivers, 

1978; Chivers & Raemaekers, 1986), thus being referred to as frugivore-folivore 

for the purposes of this study.

Cercopithecoids: Cercopithecoid diet is usually discussed in terms of a 

dichotomy between cercopithecines and colobines, or between frugivores and 

folivores. Though convenient, this simplification is in many cases misleading, 

especially in the case of the colobines (Yeager & Rool, 2000) and when 

seasonality is taken into consideration. Thus, both Piliocolobus badius and 

Procolobus verus have been shown to depend on resources other than young 

leaves: P. badius also incorporates a large intake of mature leaves, flowers,
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fruits and seeds, while although Procolobus verus consumes higher quantities of 

young leaf, they are also supplemented by mature leaves, seeds, flowers and 

fruit (Oates, 1988; Davies et a l, 1999; Daegling & McGraw, 2001). Interestingly, 

seeds appear to constitute an important part of the diet, a pattern, which has 

been documented for other colobine species too (Maisels et a l  1994; Davies et 

a l,  1999), including the ones incorporated in the study sample (Nasalis 

larvatus, Trachypithecus cristatus; Benefit, 2000). Accordingly, all these taxa 

have been here termed folivore-seed eaters.

Of the cercopithecines included in the study, Macaca fascicularis relies 

predominantly on fruit, while it supplements its diet with flowers, grasses, and 

insects (Wheatley, 1980; Rodman, 1978). These feeding habits appear to be 

representative of most other cercopithecines in the study, including 

Cercopithecus ascanius, Chlorocebus aethiops, Lophocebus albigena (which 

also incorporates large seed quantities in its diet; Waser, 1977), and 

Erythrocebus patas (Hapel, 1988; Nowak, 1999; Chism & Rowell, 1988; 

Fedigan & Fedigan, 1988; Gautier-Hion, 1988). All of these taxa have been 

classified as frugivores, like Pongo. Amongst the larger papionins, the diet of 

Papio anubis resembles that of the chimpanzee in being primarily frugivorous, 

yet supplemented by a rich variety of other resources such as leaves, grasses, 

seeds and small animal prey (Rowell, 1979; Elton, 2000). Accordingly, and for 

the purposes of this study, Papio has been classified as an omnivore along with 

Mandrillus (Lahm, 1986; Cowlishaw & Dunbar, 2000), with which baboons 

share a largely similar diet, although the foraging strategies of the two are rather 

different (Elton, 2000). Finally, Theropithecus gelada is unique amongst 

primates in relying on a diet predominantly dependent on grasses, and has, 

thus, been classified as a graminivore (Dunbar, 1977; 1984; Dunbar & Bose, 

1991; Iwamoto, 1993; Benefit, 2000; Elton, 2000).
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Ceboids: Traditionally, New World monkeys have been viewed as primarily 

frugivorous, but long-term research has highlighted a rich diversity in their 

feeding habits and a large degree of dietary adaptability as a strategy for coping 

with seasonal variation. Alouatta  is largely distinct because it consumes 

approximately equal quantities of fruit and leaves throughout the year (Milton, 

1980; 1998; Smith, 1977), and it is best characterised as frugivore-folivore 

(Kinzey, 1997), a description that has been adopted for the purposes of this 

study. Howler monkeys display a preference for unripe fruit and young leaves. 

By contrast both Ateles and Lagothrix are primarily frugivorous, favouring ripe 

fruit and complementing their diet with small quantities of young leaves, seeds 

and flowers (Kinzey, 1997; Peres, 1994; Stevenson et a l,  1994; Chapman & 

Chapman, 1991). The pitheciines included in the study sample, Pithecia and 

Chiropotes, are also frugivorous, but they specialise on sclerocarp feeding, i.e. 

the consumption of fruit with extremely hard pericarps and soft seeds (Kinzey, 

1992; Norvonk, 1996), although Pithecia is slightly different from Chiropotes in 

preferring flowers as a fallback resource in times of scarcity (Kinzey & Norvonk,

1993). Finally, Cebus apella, the last NWM included in the sample, displays 

high dietary flexibility (Brown & Zuninno, 1990; Siemers, 2000) by consuming 

large quantities of hard (ripe and unripe) fruit, seeds, leaves, flowers, 

arthropods and occasionally small animal prey, hence being best characterised 

as an omnivore (Mittermeier & van Roosmalen, 1981; Daegling, 1992; Anapol & 

Lee, 1994).
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2 .9  P hylogenetic  C om parative A nalysis

Having carried out PCA and DFA, the results were then evaluated in an 

evolutionary perspective by carrying out a phylogenetic comparative analysis 

(PhyCA) with the aim to assess the effect of phylogenetic inertia. Despite its 

nearly unanimous acceptance as a necessary implementation to evolutionary 

biology (Ryan, 1996), PhyCA is still sceptically viewed by many, not the least 

because of the assumptions and statistical limitations of the methods currently 

available, including the very real lack of robust, resolved phylogenies {e.g. Nunn 

& Barton, 2001; Purvis & Webster, 1999). In this respect, the decision to use this 

analysis in the context of the present study requires some justification.

Comparative Analysis (CA) itself has always been an essential part of 

scientific methodology, especially so in those disciplines {e.g. evolutionary 

biology), where use of experimentation techniques is prohibitive due to 

constraints of parameters such as time (MacLarnon, 1999; Nee et a l,  1996). The 

last twenty years have witnessed the radical proclamation of the phylogenetic 

component of CA as the “missing link” in the methodology of life sciences. 

Starting with the seminal publications of Felsenstein {e.g., 1985) and Harvey & 

Pagel (1989; 1991) the realisation became clear that in standard statistical 

techniques the underlying assumption of independence of the comparative data 

points is false since the phylogenetic inheritance of taxa is ignored. As a result, 

one is unable to ascertain whether any significant causal relationships 

demonstrated are due to true correlated evolution or an artefact of shared 

descent. The recognition of this principle of “phylogenetic correlation”, as 

defined by Martins & Hansen (1996a: 25), namely of the “... underlying 

correspondence between the phenotypes of existing species and the historical 

patterns of spéciation”, along with the advances in the reconstruction of 

phylogenies, especially molecular ones (MacLarnon, 1999; Nee et al., 1996) have
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since triggered the development of a multitude of statistical phylogenetic 

comparative techniques. As Harvey & Nee (1996: 8) put it, these methods test 

“the null hypothesis of independent evolution between characters, or between 

characters and environment”.

Traditionally, comparative methods with evolutionary perspectives are 

classified in one of two categories: those that belong to the “directional” group 

or those that could be characterised as “cross-sectional” studies (Pagel, 1998). 

As hinted by their name, the former methods focus on the direction (and tempo) 

of evolution by reconstructing ancestral character states and subsequently 

calculating changes between them and more derived forms, with the aim of 

producing correlations between these evolutionary changes along the tree 

(Pagel, 1998). By contrast, the so called “cross-sectional” methods compare 

character states as these are demonstrated in extant forms (i.e. the tips of the 

phylogeny), as well as reconstructed character states at internal nodes, thus 

being advantageous in incorporating contemporary forms in the analysis and 

contrasting them to each other (Pagel, 1998). One of the most widely used group 

of methods of this latter school of approaches -  especially in cases where 

continuous characters are studied -  is that of independent contrasts (Pagel, 

1999)5 which has its origins in Felsenstein’s original research on the potential 

for circumvention of the non-independence of the taxa compared through 

modelling of evolutionary change (Felsenstein, 1985). Methods that are founded 

on the principle of independent contrasts allow the user, on the basis of a 

phylogeny, to generate contrasts between mutually independent points in the 

tree (i.e. between species, between higher nodes or between a node and a 

species) starting from the tips of the tree, and with the aim to subsequently 

check for the strength of correlations between the resulting values (Nunn &
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Barton, 2001). In this respect, they are ideal for testing hypotheses of correlated 

evolution of traits.

The idea of independent contrasts is founded on the following simple 

observation: in any bifurcating phylogeny, two terminal taxa found at the end of 

a node have developed any differences between them after they last shared a 

common ancestor. In this respect, they can be considered as independent data 

points when compared to two different terminal taxa found at another branch of 

the phylogeny (Felsenstein, 1985). Though valid in principle, the mathematical 

manifestation of this model is founded on a number of assumptions: a Brownian 

model of evolution, a resolved phylogeny and available (and equally correct) 

branch lengths, and non-existent or negligible intra-specific or population 

variation (Martins & Hansen, 1996a, 1996b; Nunn & Barton, 2001; Purvis & 

Webster, 1999). Despite the fact that all of these assumptions can be criticised at 

some level, simulation tests have demonstrated that failure to incorporate 

information on phylogenetic inheritance altogether has a significantly more 

negative effect on the outcome of an analysis, than using a phylogeny that is not 

robust enough or simply wrong (Nunn & Barton, 2001; Purvis, 1995).

The most widely used statistical application of the method of 

independent contrasts is Comparative Analysis by Independent Contrasts 

(CAIC) (MacLarnon, 1999), developed by Purvis & Rambaut (1995). CAIC 

version 2.0.0 has been the method of choice for the evaluation of the effects of 

phylogeny in the context of the present study too, and it was performed on a 

PowerMac G4 running Mac OS X. The advantage of the application lies in its 

ability for calculation of contrasts both between pairs of continuous traits and 

between the latter and a -preferably dichotomous- categorical variable.

For the present study, a number of comparative analyses were run using 

either continuous data, or continuous data combined with categorical variables,
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as in the case where the effects of diet on the anterior gnathic morphology were 

studied in their wider evolutionary context. Throughout the analysis the data 

processed were size corrected, the values having been divided by their geometric 

mean as described above. In the case of continuous variables, the group mean 

was calculated for each variable and the comparisons were run between means. 

The dietary categories used as categorical variables were the same as those 

defined for the purposes of the DFA. However, the inability of the program to 

include in the comparison more than one categorical variable at a time, as well 

as its preference for processing such traits that are either expressed as simple, 

dichotomous states (e.g. folivory vs. frugivoiy) or can be ranked in a continuum 

(e.g. folivory folivory-frugivory frugivory), meant that the analysis had to 

be run in stages. In order for the caveat of evolutionary assumptions related to 

the ranking of dietary categories to be circumvented, only one dietary category 

was selected for at each time, and effectively compared against the effect of its 

absence in the remaining taxa. Integers of o and +i were used for coding. Thus, 

for example, frugivory was initially coded as i and all other dietary states as o, 

and the analysis was then repeated in the same fashion for each one of the 

dietary categories defined earlier on. This way, no directionality of evolution 

was assumed.

Having calculated the group means and prepared the input file, the next 

step was to feed the application with a phylogeny of the taxa studied. For the 

purposes of this study the primate phylogeny used was the composite one put 

forward by Purvis (1995). Purvis combined a number of previously proposed 

trees, ranging from ones generated on the basis of molecular data or 

morphological/behavioural characters to maximum likelihood trees and 

taxonomies, and provided an estimate one linking all species of the order 

Primates. The combination of these diverse sources was rendered feasible due to
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the development of the method of matrix representation with parsimony, 

according to which all available trees were coded using a binary system of 

assigning i to all taxa in the clade defined by the node, o to all taxa in the sister 

clade, and ? to all other taxa including any missing ones (Purvis, 1995). The 

resulting matrix was subsequently analysed like any other cladistic output, 

following the principle of parsimony and with the use of an outgroup (Purvis, 

1995). In addition to the incorporation of all primate species, Purvis’s composite 

phylogeny provides estimates of branch lengths for the resulting tree, i.e. 

approximate ages for the majority of nodes stemming from it.

Certainly, Purvis’s phylogeny suffers from many shortcomings; to start 

with, Purvis admits that though with current techniques one is not supposed to 

combine discrete with continuous characters, he compiled all types of 

information to produce his composite estimate (Purvis, 1995). Furthermore, due 

to the exhaustive number of proposed phylogenies pertaining to the inter

relationships of the great apes (including Homo), he randomly chose a number 

of them (23) without setting any criteria for this choice, other than their 

availability (Purvis, 1995). And, finally, in order to evaluate the relative strength 

of the different maximum parsimony trees that were generated at the end of his 

analysis, Purvis performed bootstrapping, even though the technique is based 

on the assumption that the characters used are independent (Purvis, 1995). 

That, of course, was a condition impossible to be met given the m anner in which 

the characters were compiled (as well as the notorious methodological inability 

of anthropologists to assign objective characters that are functionally 

independent from each other).

More serious problems pertain to the construction of branch lengths. For 

their estimation all chronologically relevant information was used, i.e. both 

absolute and relative dates. Nonetheless, and in acknowledgment of the
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shortcomings of the dating methods applied, test simulations were run by 

Purvis et al. (1994), who found that the results generated by incorporating 

inadequate branch length information in the analysis were encouraging.

The phylogeny that resulted in this manner incorporates all extant 

species of the order Primates, a total of 203 taxa according to the Corbet and 

Hill classification (1991). It differs slightly from the classification adopted in this 

study in the following respects: Chlorocebus aethiops is not distinguished from 

Cevcopithecus ascanius at the generic level, and is thus classified under 

Cercopithecus; equally, Symphalangus syndactylus is not differentiated at the 

generic level from Hylobates moloch, and remains assigned to the Hylobates 

genus; badius is assigned to the genus Colobus rather than Piliocolobus; and, 

finally, the specific name of the Trachypithecus (Presbytis) taxon used here is 

given as cristata rather than cristatus. In any case, the resulting tree has 160 

nodes, accounting for an approximate 79% of resolution. Some better studied 

groups such as the cercopithecines come out as resolved to circa 90%, in 

contrast to the colobines for which a 63% of resolution can be estimated (Purvis,

1 9 9 5 ).

Both the coding of the phylogeny and the branch lengths themselves were 

kindly provided upon request by Dr A. Purvis. In order for the effects of the 

assumptions inherent in the branch lengths calculated for this phylogeny to be 

partially minimised, all phylogenetic comparative analyses were run twice, 

initially using the branch lengths proposed and then including no such feedback 

(i.e. essentially assigning identical lengths to all branches), a methodological 

exercise, which, though, assumes a punctuational model of evolution (Pagel,

1994). Discussions at the end of each such section provide comparisons of the 

respective results acquired.
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Depending on the kind of analysis required, CAIC uses two kinds of 

algorithms for the calculation of contrasts: “Crunch” in case where all variables 

analysed are continuous, and “Brunch” in case where a categorical variable has 

been added. In the latter case, this always serves as the independent (predictor) 

variable; alternatively, when Crunch is selected for, the user is asked to define 

which of the columns of continuous variables will serve at each time as the 

predictor variable (Purvis & Rambaut, 1995). Crunch can compute a contrast at 

each node of the phylogeny by using species values to calculate contrasts both 

between sister taxa and at higher nodes; Brunch, on the other hand, can only 

use species values once. As a result, analysis using this algorithm results in 

fewer contrasts, but also makes fewer assumptions. For the purposes of this 

study. Crunch was routinely used for the analysis of continuous variables, and 

Brunch was set as the default option for the processing of dietary data.

After the CAIC application was run on the G4 PowerMac, the output was 

transferred on a PC SPSS v. 11.0.0 spreadsheet, on which the strength and 

significance of correlations were evaluated. In the case of continuous traits 

analysis (Crunch), bivariate hypotheses about the correlation between variables 

(relating to premaxillary and symphyseal or dental morphology) were tested by 

running simple regressions.

Categorical variables were added to the PhyCA to test the null hypothesis 

that evolution of the morphology of the structures studied (premaxilla, 

mandibular symphysis, anterior dentition) has not been influenced by evolution 

of the independent (categorical) variable used, namely diet. This null hypothesis 

can be accepted in cases where there is a near equal number of positive and 

negative contrasts calculated, and their mean is zero (Purvis & Rambaut, 1995). 

One-sample t-tests were performed to test the significance of the difference
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between the mean of the linear contrasts calculated for each continuous variable 

and zero, with significance levels set at 0.05.
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Table 2.1: Original sam ple prior to  size-adjustm ent and com bination  o f  antim eric  m easu rem en ts
FAMILY GENUS SPECIES MALES FEMALES TOTAL COMMON NAME
Cebidae Alouatta palliata 26 30 56 Howler monkey

Ateles geoffroyi 21 25 46 Spider monkey
Cebus apella 33 26 59 Capuchin
Chiropotes satanas 26 26 52 Bearded saki
Lagothrix lagotricha 19 24 43 Wooly monkey
Pithecia pithecia 15 12 27 Saki

Cercopithecidae Cercopithecus ascanius 25 25 50 Black-cheeked white-nosed monkey
Chlorocebus aethiops 18 26 44 Savannah guenon (grivet)
Erythrocebus patas 5 3 8 Patas monkey
Lophocebus albigena 26 25 51 Black mangabey
Macaco fascicularis 26 26 52 Crab-eating macaque
Mandrillus sphinx 12 4 16 Mandrill
Miopithecus talapoin 1 3 4 Talapoin
Nasalis larvatus 25 25 50 Proboscis monkey
Papio anubis 34 19 53 Olive baboon
Piliocolobus badius 25 25 50 Red colobus monkey
Procolobus verus 21 22 43 Olive colobus monkey
Pygathrix nemaeus 7 3 10 Done langur
Theropithecus gelada 2 7 9 Gelada
Trachypithecus cristatus 26 30 56 Brow-ridged langur

Hylobatidae Hylobates moloch 25 26 51 Silvery gibbon
Symphalangus syndactylus 21 15 36 Siamang

Pongidae Pongo pygmaeus 25 38 63 Orang-utan
Hominidae Gorilla gorilla 50 52 102 Gorilla

Pan paniscus 9 28 37 Pygmy chimpanzee (bonobo)
Pan troglodytes 15 48 63 Common chimpanzee
Total 538 5 9 3 1131
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Table 2.2: List o f  taxa incorporated  in to  the study ind icating  
collection  provenance (for abbreviations used , 
refer to  the text)

GENUS SPECIES COLLECTION
Alouatta palliata MN,AIM, SI
Ateles geoffroyi AIM, SI
Cebus apella MN, AIM, ZSC
Cercopithecus ascanius RMCA
Chiropotes satanas MN,AIM, SI
Chlorocebus aethiops RMCA, MN, AIM, ZSC, SI
Erythrocebus patas SI
Gorilla gorilla PCC
Hylobates moloch ZSC
Lagothrix lagotricha MN, AIM, ZSC, SI
Lophocebus albigena RMCA
Macaca fascicularis ZSC
Mandrillus sphinx MN, AIM, ZSC
Miopithecus talapoin SI
Nasalis larvatus MN, ZSC
Pan paniscus RMCA
Fan troglodytes PCC
Papio anubis RMCA, ZSC, SI
Piliocolobus badius RMCA
Pithecia pithecia MN, SI
Pongo pygmaeus MN, SCAP
Procolobus verus RMCA
Pygathrix nemaeus MN, SI
Symphalangus syndactylus AIM, ZSC, SI
Theropithecus gelada MN, AIM
Trachypithecus cristatus MN, ZSC
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Table 2.3: Final sam p le u sed  In the analyses follow ing size-adjustem ent and com b ination  o f
antim eric m easurem ents

FAMILY GENUS SPECIES MALES FEMALES TOTAL COMMON NAME
Cebidae Alouatta palliata 8 21 29 Howler monkey

Ateles geoffroyi 16 19 35 Spider monkey
Cebus apella 22 18 40 Capuchin
Chiropotes satanas 13 17 30 Bearded saki
Lagothrix lagotricha 11 12 23 Wooly monkey
Pithecia pithecia 8 7 15 Saki

Cercopithecidae Cercopithecus ascanius 10 10 20 Black-cheeked white-nosed monkey
Chlorocebus aethiops 10 20 30 Savannah guenon (grivet)
Erythrocebus patas 3 2 5 Patas monkey
Lophocebus albigena 11 9 20 Black mangabey
Macaca fascicularis 21 19 40 Crab-eating macaque
Mandrillus sphinx 5 3 8 Mandrill
Miopithecus talapoin 0 1 1 Talapoin
Nasalis larvatus 17 13 30 Proboscis monkey
Papio anubis 10 11 21 Olive baboon
Piliocolobus badius 15 8 23 Red colobus monkey
Procolobus verus 14 12 26 Olive colobus monkey
Pygathrix nemaeus 3 3 6 Done langur
Theropithecus gelada 1 6 7 Gelada
Trachypithecus cristatus 19 22 41 Brow-ridged langur

Hylobatidae Hylobates moloch 4 3 7 Silvery gibbon
Symphalangus syndactylus 6 8 14 Siamang

Pongidae Pongo pygmaeus 10 18 28 Orang-utan
Hominidae Gorilla gorilla 27 40 67 Gorilla

Pan paniscus 0 7 7 Pygmy chimpanzee (bonobo)
Pan troglodytes 11 38 49 Common chimpanzee
T o ta l 275 3 4 7 622
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Table 2.4; B reakdow n o f  th e  sam p le according to  d ietary  hab its

GENUS SPECIES DIETARY CHARACTERISATION
Alouatta palliata Fmgivore-Folivore
Ateles geojfroyi Fmgivore
Cebus apella Omnivore
Cercopithecus ascanius Frugivore
Chiropotes satanas Frugivore-Seed Predator
Chlorocebus aethiops Fmgivore
Erythrocebus patas Fmgivore
Gorilla gorilla Fmgivore-Folivore
Hylobates moloch Fmgivore
Lagothrix lagotricha Frugivore
Lophocebus albigena Frugivore
Macaca fascicularis Frugivore
Mandrillus sphinx Omnivore
Miopithecus talapoin Fmgivore
Nasalis larvatus Folivore-Seed Predator
Pan paniscus Omnivore
Pan(tr) troglodytes Omnivore
Papio anubis Omnivore
Piliocolobus badius Folivore-Seed Predator
Pithecia pithecia Fmgivore-Seed Predator
Pongo pygmaeus Fmgivore
Procolobus verus Folivore-Seed Predator
Pygathrix nemaeus Folivore-Seed Predator
Symphalangus syndactylus Fmgivore-Folivore
Theropithecus gelada Graminivore
Trachypithecus cristatus Folivore-Seed Predator
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Figure 2.1 Measurements employed in this study. Cranium, anterior view. 

Numbers refer to measurements listed on pp. 58-63. (Adapted from Fenart & 

Deblock, 1973)
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Figure 2.2 Measurements employed in this study. Cranium, lateral view. 

Numbers refer to measurements listed on pp. 58-63. (Adapted from Fenart & 

Deblock, 1973)
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Figure 2.3 Measurements employed in this study. Mandible, lingual view of 

hemisection. Numbers refer to measurements listed on pp. 58-63. (Adapted 

from Fenart & Deblock, 1973)
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Figure 2.4 Measurements employed in this study. Palate, inferior view. 

Numbers refer to measurements listed on pp. 58-63. (Adapted from Fenart 

& Deblock, 1973)
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Figure 2.5 Measurements employed in this study. Mandible, superior view. 

Numbers refer to measurements listed on pp. 58-63. (Adapted from Fenart 

& Deblock, 1973)
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Chapter 3 

Principal C om ponent A nalysis

3.1 In troduction

This chapter presents the results of the study of patterns of variation within a 

large multivariate database using a Principal Components Analysis (PGA), and 

discusses their implications for the research questions posed. In particular, this 

initial analysis was set up with the view to test the null hypothesis that due to 

largely complementary functional roles, a strong correlation should be 

expected between the morphology o f  the premaxilla and that o f  the 

corresponding symphysis in the prim ate taxa studied. PGA was employed with 

the view to isolate those variables responsible for the greatest percentage of 

variance observed in the sample, and to subsequently reconstruct discrete 

patterns of primate gnathic morphology based on the loadings of the PG scores 

and the separation of the study groups in gD-space. The results section that 

follows, describes the relative position of the sample taxa across the PG axes, 

while recording the loadings of each one of the variables analyzed. These allow 

any correlations between variables loading on the same PG and pertaining to 

premaxillary and symphyseal morphology to be highlighted, and their strength 

(based on the loading scores) to be evaluated.

As described in the methods section, a total of 26 extant primate species 

incorporating all genera of hominoids, 14 genera of cercopithecoids, and six 

genera of ceboids, comprised the study sample used. Due to limitations of 

availability regarding specimens of certain taxa, and of missing values 

(especially with respect to dental measurements), the number of individuals 

incorporated in this statistical analysis was significantly reduced from that 

targeted during data collection. Accordingly, the representation of individuals 

(and sexes) within each taxon is not equal, an observation, which has some
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influence on the interpretation of the results of the analysis. A total of 50 

variables representing facial and mandibular inter-landmark distances and 

standard cranial and dental measurements were incorporated in the analysis. 

Detailed information on these variables and the method of their combining can 

be found in the methods section (Chapter 2).

PGA was performed using the SPSS 11.0.0 statistical package, and was 

carried out on both raw and size corrected data. Due to the sheer size and 

diversity of the study sample, and in order for a more effective presentation of 

the results to be facilitated, the full database was broken down into smaller sub

samples, representing taxonomic units, such as hominoids, cercopithecoids, and 

ceboids. The following results section has been structured accordingly.

3.2  R esu lts

3.2.1 Full D atabase -  Raw Data

Following the application of a PGA on the raw data of the whole database, two 

Principal Components (PCs) were extracted based on the sum of squares. 

89.833% of the total variance observed amongst the 26 taxa can be accounted 

by PGi, as opposed to only 2.933%, which is attributable to PG2 (Table 3.1). This 

type of result is quite expected in view of the large body size range incorporated 

in the raw data sample used, and exemplified at the upper range of the spectrum 

by Gorilla (135-275 kg) and at the lower one by Miopithecus (OWM; 1,230- 

1,280 gr) and Pithecia (NWM; 700-1,700 gr) (adult weight reported for males; 

Nowak, 1999).

Figure 3.1a illustrates the distribution of the individuals studied 

according to species and with PGi plotted against PG2. The great apes are 

located along the positive end of the PGi axis, where there are clearly separated 

from the rest of the study sample, an effect of their increased body size. No clear
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separations are evident amongst them along PCi, with the only exception of Pan 

paniscus, whose distribution does not overlap with that of any of the other great 

apes studied. A marginal separation takes also place along PCi between the two 

large-bodied African apes, Fan troglodytes and Gorilla. No such relationship is 

evident between Gorilla and Pongo, or between the latter and Pan troglodytes 

(figure 3.1a).

Also largely distinct from the rest of the sample along PCi are the larger- 

bodied papionins, namely Papio, Mandrillus and Theropithecus, despite them 

overlapping with each other (figure 3.1a). Equally overlapping are the smaller 

species of the tribe, namely Lophocebus and Macaca, which fail to separate 

from the rest of the cercopithecoids.

Along the diametrically opposite, negative end of the PCi axis, the 

distribution of the various groups becomes more convoluted due to the 

comparable body size of many of the cercopithecoids, ceboids and lesser apes 

included in the study. Immediately obvious is the separation between Pithecia 

and Chiropotes (a relationship, which will be demonstrated many times in the 

analysis) at the extremely negative end of the PCi axis, while Pithecia is also 

separated from all the other taxa to be found at the more positive end of the 

same axis, namely Alouatta, Procolobus, Cebus, Nasalis, Trachypithecus, 

Cercopithecus, Chlorocebus, Lophocebus, Piliocolobus, Macaca, Erythrocebus, 

Pygathrix, Ateles, Lagothrix, Hylobates, Symphalangus, and, of course, all the 

other taxa discussed at the opposite end (the large bodied papionins and great 

apes). [N.B. Since Miopithecus is only represented by two individuals, it is not 

discussed in this context, and has only been incorporated in the analysis and the 

figures to give a very general idea of its relationship to other taxa based on its 

limited sample size). Chiropotes is similar to Pithecia in this respect (namely its 

distancing form most other taxa), although it overlaps completely with
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Procolobus and Cercopithecus, and only partly with Cebus, Alouatta, 

Chlorocebus and Trachypithecus (figure 3.1a).

The only other clear separations along PCi are produced by Lophocebus 

and all the ceboids discussed in this context (with only a minimal degree of 

overlap with Alouatta), while Lophocebus is also separated from Chlorocebus, 

Piliocolobus, Trachypithecus, Procolobus, and Hylobates (and obviously the 

large bodied papionins and great apes). Although the ceboids are at the most 

negative end of PCi and appear separated from the hominoids and the majority 

of the cercopithecoids, they still have a great deal of overlap with the remaining 

cercopithecoids on PCi. Finally, there appears to be marginal separation 

between Symphalangus and Hylobates (the two lesser apes), while they are 

clearly separated from the great apes (figure 3.1a).

There are fewer clear separations along PC2 (figure 3.1a). No separation 

is evident between any of the great apes, while there is only marginal separation 

between Pan (both troglodytes and paniscus) and the large-bodied papionins, 

Papio, Mandrillus and Theropithecus. Pan also separates from Symphalangus 

on the same axis, unlike Gorilla and/or Pongo, and none of the great apes 

separate from Hylobates. Finally, the latter taxon and Pan separate from 

Pithecia and Chiropotes, situated at the positive end of PC2 (figure 3.1a). Again, 

the largely comparable body size range of the smaller cercopithecoids and larger 

ceboids, in combination with the significant body size displayed by the large 

papionins and the great apes hinder the easy interpretation of the inter

relationships of taxa when PCi is plotted against PC2, a situation which calls for 

the elimination of the effects of body size from the sample.

When PCi and PC2 are viewed in combination, most of the relationships 

discussed above become clearer, while there are separations amongst groups 

otherwise overlapping on individual PCs (such as those of Alouatta  and
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Piliocolobus). Interestingly, though, no clear separation is produced amongst 

the African apes and Pongo (Pan paniscus^ obviously, being the exception). 

Similarly, no clear separation exists between cercopithecoids and ceboids, or 

between colobines and cercopithecines within the former group. By contrast, 

there are clearly tight clusters of taxa graphically manifested in the form of three 

straight diagonal lines: the first incorporates all the great apes, the second all 

the larger papionins (including Theropithecus, the range of the true distribution 

of which has been compromised by the limited number of males in the sample), 

and finally, a smaller line along which Pithecia and Chiropotes are to be found 

(figure 3.1a).

Moving on to the study of variables loading on each component, no major 

results can be reported, since for raw data all variables load predictably highly 

on PCi (with scores ranging from 0.987 to 0.735) (table 3.1), which has been 

shown to represent body size (Jolicoeur, 1963). Even so, the highest loadings on 

this PC are those representing jaw breadth (maxillary and mandibular) and 

incisor size (table 3.1). On the other hand, on PC2 the highest scoring variables 

were those of diastema size (0.486), symphyseal thickness (0.316, at the 

superior transverse torus level), lower face height as exemplified by the nasion- 

nasiospinale distance (0.268), length of the mandibular central incisors (- 

0.199), symphyseal length as indicated by the superior transverse torus- 

infradentale distance (0.284), and skull breadth (-0.205) (table 3.1).

Accordingly, taxa such as the larger papionins (Mandrillus and Papio) 

can be separated on PC2 from similarly sized groups, such as Pan and the 

female individuals of Pongo because of their: narrower skulls, smaller (lower) 

incisors, larger canines (possibly a result of the stronger degree of sexual 

dimorphism inherent in these taxa), longer lower faces (again, an indication of 

the large degree of snout prognathism in the large bodied papionins), and -

91



interestingly -  a longer and thicker symphysis. The same characteristics 

separate the female individuals of Gorilla from the similarly sized Pongo males 

on PC2, as well as the Alouatta specimens from those of Ateles, Hylobates, 

Trachypithecus, Cebus, Cercopithecus, and Lagothrix (figure 3.1a).

3 .2 .2  Full D atabase -  S ize C orrected Data

The strong effect of body size on a sample that incorporates such a large size 

range, as it has been made evident in the preceding paragraphs, necessitated the 

application of size removal techniques, in order for other factors of variance to 

come to the fore. The tool of choice for size removal in this context has been the 

geometric mean (GM), the use of which has been described in detail in the 

methods section (Chapter 2).

Following the submission of size corrected data to a PGA, 9 PCs were 

extracted based on the sums of squared loadings. PCi accounts for 23.753% of 

the variance present in the sample, PC2 for 15.671%, PC3 for 13.095% and PC4 

for 7.876%. The remaining PCs are responsible for progressively smaller 

percentages of variance with values ranging from 5.554% (PC5) to 2.509% (PC9) 

(Table 3.2).

Table 3.2 lists the loadings scored by each variable on each PC. Amongst 

the highest loadings on PCi were those scored by variables indicating anterior 

dentition size, as expressed by variables such as the mesiodistal length (MD) of 

I2 (0.833), the MD of P (0.730), the buccolingual breadth (BL) of the P (0.697), 

and the upper canine breadth (-0.630). Also highly loading on PCi are those 

variables indicating jaw breadth, such as premaxillary breadth measured at the 

lateral incisor alveoli (0.676), and mandibular breadth measured at the lateral 

edge of the P3 crown (-0.634), as well as orbit height (-0.652), skull length and 

breadth (-0.644 and -0.560, respectively), premaxilla length (0.600) and P
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projection recorded at the alveolus (0.560) (table 3.2). By contrast, high scores 

on PC2 are produced by variables representing symphyseal length (-0.591) and 

thickness (-0.587, -0.570), lower face height as indicated by the nasion- 

nasiospinale distance (-0.580), while the length of the incisor row (maxillary 

and mandibular) and related jaw breadth score highly on this component too 

(e.g., 0.664 and 0.627, 0.571). Finally, high scores on PC3 are produced by 

variables such as the length of the postcanine tooth row (maxillary and 

mandibular: 0.797 and 0.793, respectively), jaw breadth at the M2 level (0.769 

and 0.578), diastema size (e.g., -0.587), and orbit breadth (0.587) (table 3.2).

Figures 3.2a to 3.2c illustrate these results. When PCi is plotted against 

PC2, the following picture emerges (figure 3.2a). Along PCi and occupying the 

most negative end of this axis, the ceboids are to be found, largely overlapping 

with the two groups of lesser apes, Hylobates and Symphalangus. Accordingly, 

this group can be said to possess -  for their body size -  relatively long and 

broad skulls with high orbits, short and narrow premaxillae accommodating 

vertically implanted, small incisors both mesiodistally and buccolingually, broad 

maxillae and mandibles, and long and broad canines (table 3.2).

Mirroring this positioning is the distribution of the great apes and the 

papionins, which are to be found at the most positive end of the PCi axis (figure 

3.2a), completely overlapping with each other. Despite the size adjustment, both 

Papio and, especially, Mandrillus display again a very large range of 

distribution. The inter-relationships of the remaining taxa, the cercopithecoids, 

along PCi are again, as with raw data, very convoluted.

Along PC2, one of the most obvious results is the complete separation of 

Alouatta  from the remaining ceboids excepting Chiropotes. Both Alouatta  and 

Chiropotes, along with the large bodied papionins -M andrillus, Papio, 

Theropithecus- and Erythrocebus form two clusters of taxa situated at the
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opposite ends of PCi, but equally separated along PC2 from Pan, Cercopithecus, 

Ateles, Cebus and Hylobates, and to a lesser degree from Pithecia and Pongo 

(figure 3.2a). Similarly, on the same axis Gorilla is separated from the other 

African apes, though not from Pongo, as is also the case with Pan paniscus and 

Pan troglodytes. The positioning of Gorilla, Papio, Mandrillus, Theropithecus, 

Erythrocebus, Alouatta, and Chiropotes along the negative end of the PC2 axis, 

in combination with the loadings previously discussed, indicates the relatively 

elongated and thickened symphysis shared by all of these taxa, and combined 

with an elongated lower face, a short incisor row, long maxilla (and deep 

premaxilla), and broad mandible at the P3 level (table 3.2, figure 3.2a).

When PCi is plotted against PC3 (figure 3.2b), along the latter axis all 

great apes overlap completely, as do the lesser apes and all taxa belonging to the 

papionin group. The only clear separation on PC3 is that of Chiropotes from the 

rest of the ceboids (involving only a small degree of overlap in the case of 

Pithecia); indeed, Chiropotes appears separated from most other taxa in the 

study sample with the exception of Symphalangus, the great apes and the large

bodied papionins (figure 3.2b). On the basis of the loadings scoring on PC3, it 

can be said that Chiropotes, Pithecia, Cebus, Symphalangus and the great apes 

can be distinguished from the rest of the taxa included in the sample by 

displaying relatively: short postcanine tooth rows, narrow orbits, thick 

premaxillae, large diastemata, and anteriorly wide jaws (table 3.2).

When PCi and PC3 are viewed in combination, some further separations 

emerge. Thus, Alouatta is now separated from all of the ceboids and the rest of 

the sample, while Gorilla no longer overlaps with Pan and/or Pongo (figure 

3.2b). Finally, when PC2 is plotted against PC3 and the two axes are viewed 

together, Alouatta  is again singled out, the three large-bodied papionins can be 

separated from each other, and Pan troglodytes and Pan paniscus no longer
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overlap with either Pongo or Gorilla (figure 3.2c). On the basis of the loadings 

discussed above, Pan can, thus, be described as displaying a short lower face, 

relatively short and thin mandibular symphysis, an enlarged incisal row (both 

maxillary and mandibular), as well as a correspondingly wide premaxilla and 

mandible at the canine level, along with a reduced postcanine tooth row and big 

canines (table 3.2). Alouatta, on the other hand shares with Papio, Mandrillus, 

and Theropithecus largely the opposite features than those displayed by Pan, 

namely small incisors, long postcanine tooth row, an elongated and 

labiolingually thick symphysis, and a long lower face (figure 3.2c, table 3.2). No 

other major results can be reported in this context.

Following the application of PCA to the whole database using both raw 

and size corrected data, a decision was made to carry out the same analysis on 

sub-sets of the database, in order for the general trends that were originally 

identified to be explored in more detail. Accordingly, three more datasets were 

generated: one incorporating data on hominoids, a second representing 

cercopithecoids, and a third consisting of data on ceboids.

3 .2 .3  H om in oid s -  Raw Data

As a result of the application of a PCA on hominoid raw data, four PCs were 

extracted based on the sums of squared loadings. 77.959% of the variance 

present in the sample is attributable to PCi, 7.498% to PC2, 3.283% to PC3, and 

2.322% to PC4 (Table 3.3). These results are of course expected in view of the 

large size difference between the lesser and great apes. Accordingly, all variables 

score predictably highly on PCi (table 3.3). Scores on this component range 

from 0.985 to 0.535, with the larger values displayed by variables representing 

jaw breadth, symphyseal and (pre-)maxillary length, incisal projection, and size 

of the anterior dentition. On PC2, the highest scores are those of variables
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representing size of the lower incisors ie.g. MD length of the h ,  -0.504, or 

length of the lower central incisor row, -0.528), symphyseal length as indicated 

by the superior transverse torus-infradentale distance (0.442), mandibular 

breadth at the M2 level (-0.478), and diastema size (e.g. 0.451). The latter 

variable also scores highly on PC3 (0.526 and 0.506 for the right and left 

diastema respectively), while premaxillary thickness is one of the two variables 

that score highly on PC4 (-0.478; the other variable being the length of the left 

diastema: 0.403), as it does on PCi (0.659) and PC3 (0.418) (table 3.3).

Figures 3.3a to 3.3e illustrate these results. In figure 3.3a, PCi is plotted 

against PC2. Along PCi, there is a clear separation between lesser and great 

apes, as well as between Pan paniscus and the remaining taxa. Equally, there is 

marginal separation between Symphalangus and Hylobates, Pan paniscus and 

Pan troglodytes, and between both species of Pan and Gorilla, though there is 

no separation between the latter species and Pongo. Along the same axis, Pongo 

largely overlaps with Pan troglodytes (figure 3.3a). These results are in 

complete accordance with those already described when the whole database was 

treated as the study sample, and are totally attributable to the effects of body 

size.

Along PC2, the lesser apes are marginally separated from each other 

while they both totally overlap with Gorilla, even though they are comfortably 

separated from the remaining great apes (figure 3.3a). Gorilla is separated from 

Pongo, and both species of Pan with only a minimal degree of overlap. The three 

latter taxa completely overlap with each other. These results are largely 

comparable to those described for this subgroup when the whole database was 

analyzed, the exception being that this time the smaller African apes and Pongo 

separate from the Gorilla individuals (figures 3.1a, 3.3a). On the basis of the 

loadings discussed above, it appears that Gorilla shares with the lesser apes
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reduced mandibular incisors, enlarged canines (at least mandibular ones as 

indicated by the relatively large diastema size), an elongated symphysis as 

indicated by the superior transverse torus-infradentale distance, and a narrow 

mandible at the M2 level (figure 3.1a, table 3.3).

Figure 3.3b illustrates PCi plotted against PC3. Along PC3, the lesser 

apes again are marginally separated from each other while they both overlap 

with Gorilla. Hylobates is also separated from both species of Pan with only a 

very small degree of overlap; the opposite is true for Symphalangus, which, 

though completely overlaps with all species of great apes. Finally, amongst the 

great apes and along the same axis, Pongo is marginally separated from Pan, 

while it completely overlaps with Gorilla. No separation is possible on this axis 

between the two species of Pan, or between Pan and Gorilla (figure 3.3b). 

Reference to table 3.3 indicates that the separation between Symphalangus and 

Hylobates, or between the latter and the two species of Pan is due to the 

siamang and the chimpanzees sharing large diastemata, and correspondingly 

large (mandibular canines), when compared to the equivalent ones in gibbons 

and orangutans (table 3.3, figure 3.3b). The latter taxa could also be said to 

possess a thinner premaxilla, as becomes obvious by a loading of 0.418 recorded 

by premaxilla thickness on PC3 (table 3.3).

Premaxillary thickness is a variable of particular interest to this study, 

and one that at least amongst great apes, has been shown to successfully 

separate the African apes from the orangutan (see in chapter 1 the literature 

review). Following the application of PCA on hominoid raw data, premaxillary 

thickness was found to also load highly (apart from PCi and PC3) on PC4. When 

the latter axis is plotted against PCi, these observations are confirmed: although 

along PC4, Pongo overlaps with Gorilla, it is separated with only a small degree 

of overlap from the two species of Pan (figure 3.3d), stressing the fact that by
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comparison to chimpanzees orangutans have a thinner premaxilla. On the same 

axis, Symphalangus, sharing a relatively thin premaxilla with Pongo, is again 

marginally separated from Hylobates, as it also appears to be from Pan (a result 

that could partially be due to the incorporation of a disproportionate number of 

females in the Pan sample), though not Gorilla.

Finally, the combination of PC3 and PC4 (the two axes on which 

premaxillary thickness loaded heavily) illustrates clearly the same results: when 

the two PCs are viewed in combination, there are clear separations amongst all 

great apes, with Pongo at one end of the range possessing the thinnest clivus of 

all three apes. Gorilla being intermediate in the thickness of its clivus, and Pan 

having the thickest premaxilla of all (figure 3.3e, table 3.3).

3 .2 .4  H om in oid s -  S ize C orrected Data

8 PCs were extracted following the application of a PCA on hominoid size 

corrected data, based on the sums of squared loadings. 28.726% of the variance 

present in the sample can be accounted by PCi, 20.091% by PC2, 8.647% by 

PC3, 7.425% by PC4, and 5.461% by PC5, while progressively smaller 

percentages can be explained by the remaining PCs (Table 3.4).

The highest loadings on PCi were scored by variables indicating incisor 

size, as represented by e.g. the length of the mandibular incisor row (0.891), the 

length of the corresponding maxillary tooth row (0.745), as well as the 

correlated variables of premaxillary breadth measured at the lateral edges of the 

J2 alveoli (0.776) and the premaxillomaxillary sutures (0.536), and individual 

incisor measurements {e.g. MD length of h: 0.807), along with mandibular 

breadth measured lingually {e.g. mandibular breadth at the canine level, 0.699), 

symphyseal length and thickness {e.g. -0.839 and -0.663 respectively), lower 

face height (nasion-nasiospinale: -0.629), and piriform aperture height (-0.525)
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(table 3.4). Similarly, on PC2 high loadings were scored by variables 

representing jaw breadth, such as when measured at the M2 (0.851) or 

(0.849) levels, skull length (0.590), skull and orbital breadth (0.739 and 0.761, 

respectively), dental size {e.g. MD length of D, -0.703) and interestingly, 

premaxillary (-0.562) and symphyseal length (-0.666) (table 3.4). Finally, on 

PC3 the highest scores were produced by variables indicating incisal projection 

recorded at the alveolus {e.g., 0.757), premaxillary length (“depth”) measured 

palatally (incisive fossa-prosthion: 0.788 and incisive fossa-premaxillomaxillary 

suture: 0.707), and premaxillary thickness (-0.566) (table 3.4).

Figures 3.4a to 3.4c illustrate these results. When PCi is plotted against 

PC2, there are clear separations between the two larger species of African apes 

along the first axis, and between Gorilla and Pan paniscus (figure 3.4a). On the 

same axis, Pongo is also separated from Gorilla with only a minimal degree of 

overlap, though it completely overlaps with both Pan paniscus and Pan 

troglodytes. No separation is possible between the two species of Pan. Moving 

on to the lesser apes, along PCi, Hylobates is comfortably separated from 

Symphalangus, while the latter is also separated on the same axis from Pongo 

and the two species of Pan. By contrast, Hylobates overlaps with the orangutans 

and the chimpanzees on PCi, but it does so to a lesser degree with gorillas, from 

which it can be marginally separated, unlike Symphalangus (figure 3.4a). Along 

PC2, the most obvious result is the complete separation between lesser and 

great apes (figure 3.4a). The only other (marginal) separation evident is that 

between Gorilla and Pan paniscus, and to a lesser degree that between Gorilla 

and Pan troglodytes. Pongo also appears to only marginally overlap with Pan 

paniscus, although its overlap is much greater with Pan troglodytes (figure

3.4a).
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The study of variables that load on each of these two components (table 

3.4) verifies what is known about the facial anatomy of these taxa. Relative to 

size and by comparison to gorillas, chimpanzees and orangutans have a larger 

incisor row (and correspondingly broad premaxilla), a shorter symphysis as 

indicated by the superior transverse torus-infradentale distance, and smaller 

maxillary canines (both length- and breadth-wise), possibly related to the 

smaller degree of sexual dimorphism inherent in these two taxa by comparison 

to gorillas (the chimpanzees more so than the orangutans). Both species of Pan 

and Pongo, when compared to Gorilla, also display relatively smaller postcanine 

tooth row (presumably as a compensation for their enlarged incisor row), and 

shorter lower face (as indicated by the nasion-nasiospinale distance) and 

piriform apertures (table 3.4). All of the features distinguishing Pan and Pongo 

from Gorilla, also separate Hylobates from Symphalangus: accordingly, 

gibbons when compared to siamangs appear to possess larger and more robust 

incisors, a broader premaxilla, smaller canines and postcanine tooth row, a 

shorter and thinner symphysis (at least at the superior transverse torus level), 

and a shorter lower face and piriform aperture, all relative to size (table 3.4, 

figure 3.4a).

The loadings on PC2 when viewed in combination with figure 3.4a 

indicate that the lesser apes are characterized as a group by a relatively broader 

maxilla and mandible (at least at the M2 level), small incisors, a shorter and 

thinner symphysis, a shorter premaxilla, and larger (broader and higher) orbits 

and skulls (table 3.4, figure 3.4a).

When PCi is plotted against PC3, Pongo is well separated from the 

African apes along the latter axis, and less so from Hylobates. No separation is 

possible amongst the African apes on PC3, or between Hylobates and 

Symphalangus (figure 3.4b). On the basis of the loadings on PC3, Pongo is
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distinguished from the African apes and (less so) the gibbons by displaying a 

thin and “deep” premaxilla as indicated by the incisive fossa/foramen-prosthion 

distance, and more anteriorly projecting maxillary incisors (table 3.4). When 

PC2 and PCs are plotted against each other and viewed in combination, the 

separation of the orangutans from the African apes is again confirmed (figure

3.4c).

These results differ slightly from those reported for the PGA applied on 

hominoid raw data. Setting aside the separations of taxa on the basis of their 

size difference in that first analysis, the main result was the clear separation of 

Gorilla from Pan paniscus, Pan troglodytes and Pongo along PC2, and on the 

basis of Gorilla possessing small incisors, a longer symphysis and large 

diastemata (figure 3.3a, table 3.3). By contrast, when the analysis is run with 

size corrected data, the clearest separation is that between Pongo and the 

African apes (figure 3.4b-3.4c) on the basis of features related to the distinct 

premaxillary morphology of the orangutan and its projecting incisors, possibly 

related to the condition of airorhynchy observed in the taxon.

3 .2 .5  C ercopithecoids -  R aw Data

The cercopithecoid database is comprised of 14 genera: Piliocolobus, 

Cercopithecus, Nasalis, Macaca, Lophocebus, Chlorocebus, Erythrocebus, 

Miopithecus, Theropithecus, Trachypithecus, Procolobus, Mandrillus, Papio 

and Pygathrix. Following the application of PGA on cercopithecoid raw data, 

three PCs were extracted based on the sums of squared loadings. 84.597% of the 

variance present in the sample is attributable to PGi, 3.670% to PG2 and 2.433% 

to PG3 (Table 3.5). Predictably, all variables score highly on PGi with no 

exceptions, due to the large body size difference inherent in the sample. Even so, 

the highest scoring variables on this axis are those representing maxillary
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length, premaxillary, maxillary and mandibular breadth, lower face height, as 

indicated by the nasion-nasiospinale distance, maxillary and mandibular incisor 

row length and incisal projection, and symphyseal length (table 3.5). On PC2, 

the highest values were scored by canine size ^e.g. upper canine length, 0.418, 

and lower canine breadth, 0.438), while orbital height is the only variable that 

scores relatively high on PC3 (0.520), as it also does on PCi (0.647) (table 3.5).

Figures 3.5a to 3.5c illustrate these trends. When PCi is plotted against 

PC2, the larger papionins (Mandrillus and Papio, and to a lesser degree 

Theropithecus and Lophocebus) are distributed along the more positive end of 

the PCi axis displaying a huge range of variance (with the exception of 

Lophocebus; figure 3.5a). The extent of this variance can be assumed to be due 

to the large degree of sexual dimorphism present in these taxa, and in particular 

Mandrillus. For this taxon, sexual dimorphism becomes particularly manifested 

in the extreme facial configurations found in the males and especially focused in 

the area under study. Theropithecus also appears to display a large degree of 

intra-specific variance, though this is difficult to establish with certainty, since 

the males of the genus are represented by a single individual in the sample. 

Sexual dimorphism is further inferred from the spatial distribution of all three 

larger papionin taxa (Mandrillus, Papio and Theropithecus), whereby on both 

PCi and PC2 there are evident two distinct clusters of the individuals of each 

genus (indicating males and females), which are clearly separated along both 

axes (figure 3.5a). Indications for the presence of this pattern of (intra-specific) 

separation in the remaining sample can also be seen in Nasalis and 

Piliocolobus. Taking into consideration the loadings on PC2, the following 

anatomical features can be said to distinguish the males from the females of 

each of these taxa: larger canines, smaller incisors (perhaps as a result of the
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enlarged canines?), and a thicker symphysis (at least at the inferior transverse 

torus level) (table 3.5).

When PCi and PC2 are viewed in combination, there are clear 

separations between either of the two larger papionins and Theropithecus and 

Lophocebus, between all four large papionins (Mandrillus, Papio, 

Theropithecus, Lophocebus) and the remaining sample, between Nasalis and: 

Piliocolobus, Trachypithecus, Procolobus, and Cercopithecus, between 

Piliocolobus and Procolobus, and between Lophocebus and the remaining 

sample excluding Theropithecus (figure 3.5a).

When PCi is plotted against PC3, there is extensive overlap along PC3 

amongst all the species included in the sample with the following exceptions: 

Nasalis and Lophocebus, Piliocolobus, Macaca, Chlorocebus, and Procolobus; 

Pygathrix and Lophocebus, Macaca, Piliocolobus, Chlorocebus and Procolobus; 

and Trachypithecus and Lophocebus, Chlorocebus, Macaca, Procolobus, and 

Piliocolobus (figure 3.5b). Interestingly, in both these plots (and even when PC2 

is plotted against PC3, figure 3.5c), no separation is evident between 

cercopithecines and colobines. In figure 3.5b, where PCi is plotted against PC3, 

and when the two components are viewed in combination, in the quadrant 

largely defined by the positive end of PC3 and the negative end of PCi, there can 

be seen a cluster of taxa including most colobine genera such as Nasalis, 

Pygathrix, Trachypithecus. However, Piliocolobus and Procolobus are 

distributed at the more negative end of PC3 largely overlapping with taxa such 

as Chlorocebus and Macaca.

3 .2 .6  C ercopithecoids — S ize C orrected D ata

10 PCs were extracted based on the sums of squared loadings, as the result of 

the application of a PGA to size corrected data for the cercopithecoids. Of the
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percentages of variance inherent in the study sample, 24.898% is attributable to 

PCi, 18.777% to PC2, and 10.578% to PC3, while the remaining PCs are 

responsible for progressively smaller percentages of variance (Table 3.6). On 

PCi, the highest loadings are scored by variables representing skull length and 

breadth (0.867 and 0.916, respectively) as well as orbital height and breadth 

(0.879 and 0.870), along with variables indicating jaw breadth {e.g. mandibular 

breadth at the M2 level, 0.843), symphyseal length (-0.671 and -0.771) and 

thickness {e.g. as measured at the superior transverse torus, -0.769), 

premaxillary and maxillary length (-0.525 and -0.671, respectively), and lower 

face height (-0.711) (table 3.6). By contrast, the highest loadings on PC2 were 

scored by variables representing dental size, such as MD length of the I2 (0.861), 

or breadth of the maxillary canine (-0.757), including premaxillary breadth 

measured at the lateral edges of the P  alveoli (0.615). Finally, on PC3 amongst 

the highest loadings were those of variables indicating length of the postcanine 

tooth row {e.g., 0.731), diastema length (-0.597; also highly scoring on PCi: - 

0.576), and anterior jaw breadth, measured lingually {e.g., -0.655) (table 3.6). 

Incisal projection was amongst the few variables that scored highly on PC4 

(0.721 and 0.694 for maxillary central and lateral incisors respectively) along 

with premaxillary depth (incisive fossa-prosthion: 0.516), while premaxillary 

thickness scored highly on PC5 (-0.501), along with premaxillary breadth 

(0.578) (table 3.6).

Figures 3.6a to 3.6c illustrate these results. When PCi is plotted against 

PC2, and the two axes are viewed in combination, there are clear separations of 

two groups of taxa, distributed across opposite ends of the 2D-space: the first 

group is comprised of all the papionin taxa {Cynopithecinae sensu Hill (1970)), 

namely Mandrillus, Papio, Theropithecus, Macaca and Lophocebus (and also 

Erythrocebus, which though is represented by a small number of individuals

104



and its true range of distribution remains problematic). This cluster occupies 

mainly the negative end of the PCi axis, while it also extends across the whole of 

PC2 (figure 3.6a). At the opposite end, and occupying the more negative end of 

PC2 and positive end of the PCi axis, a group of the colobine taxa is discernible 

consisting of Trachypithecus, Procolobus, Pygathrix, Nasalis and Piliocolobus. 

Their separation from the rest of the study sample is less clear in that their 

distribution overlaps slightly with that of Cercopithecus and, to a lesser degree, 

Chlorocebus (and Miopithecus) (figure 3.6a). Finally, there is separation 

between the two latter taxa, namely Cercopithecus and Chlorocebus, as there is 

between them and Lophocebus (figure 3.6a).

These results largely coincide with those acquired when the analysis was 

run on the same group and prior to size adjustment (figures 3.5a-3.5c): in that 

case, when PCi was plotted against PC2 and the two were viewed jointly, there 

was again an obvious separation of the papionin group from the rest of the study 

sample (largely a result related to the size difference inherent in that group in 

relation to the remaining taxa). In addition, the colobine species were again 

clustered together, only in that analysis, their relationship with taxa such as 

Cercopithecus and/or Chlorocebus involved a large degree of overlap, and 

Pygathrix was almost completely overlapping with Macaca (figure 3.5a). 

Finally, no separation was evident between Cercopithecus and Chlorocebus.

Considering the distribution of the papionins and the colobines along the 

two axes, and bearing in mind the loadings on each of the two PCs (table 3.6), 

the following can be reported. The colobines as a group are characterized by: 

relatively long and broad skulls and orbits, a relatively narrow premaxilla 

accommodating small and buccolingually small incisors, big canines, as well as 

(relative to the larger papionins and taxa such as Lophocebus and Macaca) 

broader jaws, a shorter and less robust symphysis, and a shortened lower face,
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premaxilla and maxilla proper. These results are in accordance with what is 

known about the morphological differences in the facial anatomy between the 

two subfamilies of cercopithecoids.

The second most interesting result when PCi and PC2 are viewed in 

combination is the marginal separation of the papionins from the rest of the 

sample (figure 3.6a). Hence, Mandrillus, Papio, Theropithecus, Macaca and 

Lophocebus are grouped together in a diagonal formation occupying the most 

negative end of the PCi axis, and with the males of each taxon distributed along 

the negative end of the PC2 axis and the females along its positive one. 

According to the loadings scored on these two PCs, the papionins are thus 

separated from the remaining taxa on the basis of their possessing (relative to 

size): a smaller and narrower skull and orbits, narrower jaws both anteriorly 

and posteriorly (at the P3 and M2 levels respectively), longer and thicker 

symphyses, antero-posteriorly longer premaxillae and maxillae, and an 

elongated lower face (table 3.6). The females of these taxa are clearly separated 

from the males on the basis of relatively smaller canines, larger incisors and a 

correspondingly wider premaxilla (table 3.6).

When PCi is plotted against PC3, the only clear result along the latter 

axis is the marginal separation of Cercopithecus from Chlorocebus on the basis 

of the former taxon displaying (relative to size): a shorter postcanine tooth row, 

an anteriorly broader maxilla, and wider diastemata (figure 3.6b, table 3.6). 

Finally, no clear results can be inferred when PC2 is plotted against PC3 (figure 

3.6c).

3.2 .7  C eboids — Raw Data

A separate PGA was performed on data collected on six ceboid taxa (Ateles, 

Alouatta, Cebus, Lagothrix, Chiropotes, Pithecia). Five PCs were extracted
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based on the sums of squared loadings. 55.771% of the variance present in the 

sample can be explained by PCi, 12.432% by PC2 and 9.566% by PC3, while the 

remaining two PCs are responsible for progressively smaller percentages of 

variance (Table 3.7). Moving on to the components matrix (table 3.7), the 

following results can be reported.

Most variables indicating incisal size and projection, jaw breadth, lower 

face height, and premaxilla length, breadth and thickness, orbit breadth and 

height, piriform aperture breadth and height, and skull length and breadth 

score highly on PCi with values ranging from 0.940 to 0.508. The only variables 

that score highly on PC2 are: length of the postcanine tooth row (maxillary and 

mandibular: -0.753 and -0.751, respectively), and variables indicating 

symphyseal length (-0.654; and -0.753 for the superior transverse torus- 

infradentale distance), symphyseal thickness (-0.740), mandibular breadth at 

the canine level (0.576), and maxillary breadth at the M2 level (-0.543) (table

3.7). However, symphyseal length scores almost as high on PCi as well (0.594), 

thus hindering any definite conclusions. Similarly, on PC3, high loadings relate 

to variables representing canine dimensions, diastema size and jaw  breadth at 

the canine region, with values ranging from 0.648 to 0.559, even though most of 

these same variables load equally high on PCi or PC2 (table 3.7).

Figures 3.7a to 3.7c illustrate these results. When PCi is plotted against 

PC2, the most striking result is the complete isolation of Alouatta  on PC2 

(figure 3.7a), a result that is unrelated to size alone and the interpretation of 

which must be sought in the distinctive facial/skull anatomy of the taxon (see 

below). The distribution of the other groups along PC2 is characterized by 

complete overlap. Along PCi, there are clear separations between Pithecia, 

Chiropotes and Alouatta, as well as between the smaller saki group 

{Pithecia/Chiropotes) and another group comprised by Lagothrix, Cebus, and
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Ateles. No separation is possible between the three latter taxa and Alouatta  on 

PCi (figure 7a). These results are in accordance with those presented for the full 

database (figure 3.1a), with Pithecia and Chiropotes separated from each other 

and distributed along the most negative end of PCi, and Cebus, Ateles, and 

Lagothrix completely overlapping with each other (and w ith^/ouaffa) along the 

same axis (and PC2). This distribution along PCi can again be largely attributed 

to the effects of size, since Pithecia and Chiropotes represent the smaller sized 

taxa in the ceboid sample (with respective body sizes of approximately 700- 

1,700 gr for the former and 2-4 kg for the latter species; Nowak, 1999), while 

Ateles, Cebus and Lagothrix (and Alouatta) are similarly sized taxa, with 

respective weights having been reported as follows: Ateles, up to 6 kg; Alouatta, 

4-10 kg; Cebus, 1,100-4,300 gr; Lagothrix, 5.5-10.8 kg (Nowak, 1999).

The distinct positioning of Alouatta along the most negative end of PC2 

requires some interpretation. Based on the loadings of the PCs, this taxon is 

characterised by an extremely deep and thick symphysis, a long postcanine 

tooth row (i.e. elongated premolars or molars or both relative to the anterior 

dentition), and a relatively narrow mandible in the canine region (in accordance 

with the reduced anterior dentition and small diastemata, perhaps resulting 

from the lengthened postcanine tooth row) (table 3.7). However, it has been 

already mentioned that the equally high loadings of the variables representing 

these features on PCi (with the exception of those of symphyseal thickness and 

diastema size) render this interpretation somewhat inaccurate. Accordingly, the 

application of PGA on size corrected data from ceboids becomes especially 

interesting.

When PCi is plotted against PC3, the only clear separation on the latter 

axis is that between Chiropotes and Pithecia. Both of these taxa overlap largely 

with the remaining groups, which, in turn, overlap completely with each other
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(figure 3.7b). The separation of the two smaller sized taxa takes place on the 

basis of Chiropotes, possessing by comparison to Pithecia, relatively larger 

(both length- and breadth-wise) canines and correspondingly large diastemata 

and anteriorly broad maxillae, accompanied by a more robust symphysis, at 

least at the inferior transverse torus level (table 3.7, figure 3.7b). These same 

features separate Chiropotes on the same axis (PC3) also from Ateles, and what 

appear to be the female individuals of Alouatta, Lagothrix, and Cebus, (figure 

3.7b).

Interestingly, when PCi and PC3 are viewed in combination, a group 

formed by Alouatta  and Cebus is separated with only a small degree of overlap 

from another group consisting oi Ateles and Lagothrix (figure 3.7b). Finally, the 

combined view of PC2 against PC3 confirms the complete isolation of Alouatta 

along PC2 and the clear separation of Pithecia from Chiropotes along PC3 

(figure 3.7c), on the basis of the anatomical features discussed above.

3 .2 .8  Ceboids — Size Corrected Data

Following the application of a PGA to size corrected data for ceboids, 10 PCs 

were extracted based on the sums of squared loadings. 25.668% of the variance 

present in the sample can be accounted by PCi, 22.318% by PC2, 8.817% by PC3 

and 6.071% by PC4, while the remaining PCs are responsible for progressively 

smaller percentages of variance (Table 3.8).

Amongst the highest loadings on PCi were those scored by variables 

indicating diastema size (e.g., -0.878), dental size as exemplified by e.g. the MD 

length of the I2 (0.836) or the breadth of the mandibular canine (-0.610), jaw 

breadth (e.g. maxillary breadth at the canine level: -0.901, and mandibular 

breadth measured at the M2 level, 0.638) and maxillary incisor projection 

(0.526 and 0.520 for that of the lateral and central incisors respectively) (table
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3.8). On the other hand, high loadings on PC2 were produced amongst others by 

variables representing symphyseal length (-0.913) and thickness (-0.822, at the 

superior transverse torus level), along with dental size (as on PCi), as 

exemplified by the MD length of the P (0.851), or the length of the postcanine 

tooth row (maxillary and mandibular: -0.744 and -0.789), or even premaxillary 

breadth measured at the incisor alveoli (0.531). Finally, skull length scores 

similarly high on PC2 (0.591) (table 3.8). On PC3, the highest loading variables 

are orbital breadth (0.675), skull length (0.584) and piriform aperture breadth 

(0 -539)- Interestingly, premaxilla length measured anteriorly and premaxilla 

thickness do not score highly on any of the PCs, although premaxillary depth 

measured palatally as the incisive fossa-prosthion distance produces a score of - 

0.509 on PC4 (table 3.8).

Figures 3.8a to 3.8c illustrate these results. When PCi is plotted against 

PC2 (figure 3.8a), Alouatta  is again completely separated on the latter axis from 

the rest of the sample, a result, which confirms the fact that its original 

separation in the raw data analysis was not due to size alone. Furthermore, the 

same features that were found to distinguish Alouatta  from the remaining taxa 

in the raw data analysis, are the same in this analysis too as became evident 

from the study of the loadings on each PC, namely symphyseal thickness 

(robust) and length (increased), narrow anterior dentition (and correspondingly 

narrow jaw breadth at the canine region with reduced diastema) and long 

postcanine tooth row, all relative to size. The only other separation on PC2 is a 

marginal one between Chiropotes and Ateles (figure 3.8a). Along PCi, Alouatta 

completely overlaps with all taxa but Chiropotes, while of the remaining taxa the 

only other separations are those between Chiropotes and Pithecia, and between 

either Chiropotes or Pithecia and a group formed by Lagothrix and Cebus 

(figure 3.8a). Finally, Chiropotes is also separated from Cebus along the same
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axis (PCi). Thus, Chiropotes, relative to all the taxa on PCi, possesses the largest 

diastemata, smallest and least forwardly projecting maxillary incisors, and 

anteriorly widest jaws (table 3.8, figure 3.8a).

When PCi is plotted against PC3, Ateles is marginally separated from 

Cebus and Lagothrix, as is Lagothrix from Pithecia. On the basis of the 

component matrix, both Ateles and Pithecia possess by comparison to Cebus 

and Lagothrix relatively longer skulls, wider orbits and piriform apertures, and 

less robust symphyses at the inferior transverse torus (table 3.8, figure 3.8b). 

No major results emerge when PC2 is plotted against PC3, other than the clear 

separation of Alouatta along PC2, as mentioned before (figure 3.8c).

These results resemble those acquired when an analysis was run on raw 

data in that Alouatta  was found to be clearly distinct by comparison to all other 

taxa discussed in this context, irrespective of whether body size is taken into 

consideration or not, while clear separations are also possible between 

Chiropotes and Pithecia.

3.3 D iscu ssion

The application of a series of PCA to both raw and size corrected data and for 

the whole database as well as various subsets of it, generated a number of 

interesting observations relating both to the specific cranio-dental anatomy of 

individual taxa, and to various comparisons amongst taxa on the basis of the 

anatomy of the area of interest. While some of these observations confirmed 

what is generally known about the facial morphology of certain taxa (such as the 

possession of broad -  relative to size -  incisors by the Pan and Pongo groups, 

for example), others brought to the fore new evidence towards the 

morphological relationships of certain anatomical structures, and invoked new 

questions relating to phylogeny, evolution and function. The following
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discussion draws its information mostly from the analysis of the size corrected 

data, since the effect of size on such a diverse study sample was shown to be 

very strong, and the results generated from the analysis of the raw data were 

often shown to be incongruent to those acquired following the processing of size 

corrected data. The removal of size -  questionable as it might be to a certain 

degree -  facilitates the broader comparisons amongst taxa and sets the 

foundations for further research focusing on the effects of other factors such as 

the phylogeny of the groups discussed.

Starting with the analysis of the ceboid group, amongst the most 

interesting results is the complete separation of Alouatta  from the remaining 

taxa (Ateles, Cebus, Lagothrix, Chiropotes, Pithecia) on the basis of a series of 

characteristics including: a longer and thicker symphysis, a reduced anterior 

dentition, a correspondingly lengthened postcanine tooth row, and, conforming 

to these two latter features, an anteriorly narrow and posteriorly broadened 

maxilla and mandible (figures 3.8a,b; table 3.8). In addition, Alouatta  also 

displays a narrow premaxilla, a reduced diastema, and a narrow skull relative to 

size. Similarly, Chiropotes can be differentiated from the similarly sized 

Pithecia, as well as from most other taxa (excepting Alouatta) on the basis of: a 

narrower incisor row, larger and more robust canines accompanied by 

correspondingly enlarged diastemata, a shorter skull, narrower orbits, and a 

thicker symphysis, all relative to size (Figure 3.8a; table 3.8). Finally, Ateles can 

be differentiated from Cebus by possessing longer and broader orbits, a broader 

piriform aperture, less projecting maxillary lateral incisors, a longer maxilla, 

shorter premaxilla, narrower maxillary canines, and a shorter symphysis (figure 

3.8b; table 3.8).

The most interesting result to come out following the application of PCA 

to size corrected data for the cercopithecoid group is the separation of the two
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subfamilies, the Cercopithecinae and the Colobinae, on the basis of several 

anatomical features. Thus, the colobines were shown to possess relatively longer 

and broader skulls and orbits, shortened lower face, shorter symphysis, shorter 

premaxilla and maxilla proper, larger canines, and narrower (both mesiodistally 

and buccolingually) incisors. In addition, their symphysis was shown to be thin 

at the superior and thick at the inferior transverse torus level (table 3.6).

Equally important is the clustering of the papionin taxa, both large and 

smaller ones, i.e. Mandrillus, Papio, Theropithecus, Macaca and Lophocebus 

fand Erythrocebus), and their separation from the remaining sample, as the 

result of the combined viewing of the PCi and PC2 axes. This distribution in 

combination with the loadings scored on these two PCs stressed the 

commonalities in the facial anatomy of this group as expressed by their 

possessing the following features (again, relative to size): short and narrow 

skulls and orbits, a narrow mandible, a long maxilla and premaxilla, a long and 

thick symphysis (at least at the STT level), and a long lower face (as exemplified 

by the nasion-nasiospinale distance) (Table 3.6, Figure 3.6a). In addition, the 

male papionins further possess (relative to size and compared to the females of 

their respective taxa): enlarged and more robust canines (both maxillary and 

mandibular), reduced incisors, and a correspondingly reduced premaxilla 

(Table 3.6, Figure 3.6a). These results were also confirmed when the analysis 

was carried out on raw data (Table 3.5, Figure 3.5a).

Finally, the following results were obtained following the application of 

PCA on (size corrected) hominoid data. Hylobates and Symphalangus were 

easily separated from the great apes on the basis of the following anatomical 

features (relative to size): a longer skull, larger and broader orbits, a broader 

maxilla and mandible at the M2 level, smaller incisors, both mesiodistally and 

buccolingually, an antero-posteriorly shorter premaxilla, a shorter symphysis, a
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longer piriform aperture, and a longer postcanine tooth row (Table 3.4, Figure 

3.4a). The two genera of lesser apes were further separated from each other with 

only a small degree of overlap. In particular, Hylobates was shown to possess by 

comparison to Symphalangus and relative to its size: a shorter and thinner 

symphysis, a wider mandible, smaller (maxillary) canines, more vertically 

implanted incisors, a longer incisor row (both maxillary and mandibular) and a 

broader premaxilla, a shorter maxilla, and a broader skull (Table 3.4, Figures 

34a, 3.4c).

Interestingly, many of these features also separate both species of Pan 

(bonobos and common chimpanzees) from Gorilla. Thus, by comparison to 

chimpanzees and relative to size, gorillas display a longer and thicker 

symphysis, a narrower mandible and premaxilla, smaller incisors, larger 

canines, a longer maxilla, a longer face (as exemplified by the nasion- 

nasiospinale distance), and a narrower skull (Table 3.4, Figure 3.4a). There is 

also an indication for some separation between gorillas and orangutans with 

only a small degree of overlap, on the basis of gorillas possessing by comparison 

to the Asian ape: broader orbits and longer skulls, broader maxillae and 

mandibles, smaller and more vertically implanted incisors, longer postcanine 

tooth rows, antero-posteriorly shorter premaxillae, a longer piriform aperture, 

and a smaller symphysis, as exemplified by the inferior-superior transverse 

torus distance (Table 3.4, Figures 3.4a-3.4c).

Finally, Pongo appears in some way to represent an intermediate 

morphological state between Pan and Gorilla (Figure 3.4a), since chimpanzees 

are distinctive from orangutans by possessing relatively: shorter and thinner 

symphyses, wider mandibles, larger incisors, wider premaxillae, smaller 

canines, shorter faces and wider skulls (Table 3.4). Interestingly, the African 

apes separate only marginally from Pongo, by displaying less projecting
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incisors, and a shorter premaxilla, as exemplified by the incisive 

fossa(foramen)-prosthion distance (Table 3.4, Figure 3.4b).

The exploration of the morphological inter-relationships amongst taxa 

through PCA has resulted in the recognition of distinct patterns of facial 

configurations, which bear on the issue of the joint study of the premaxilla and 

mandibular symphysis in primates. Table 3.9 presents a summary of the 

morphologies of each of the structures of the lower face studied on the basis of 

high (negative/positive) loadings of these variables on each of the first three PCs 

(PCi, PC2 and PC3), as a result of PCAs run on size corrected data. Its structure 

follows that of the rest of the chapter, thus presenting initially the results of the 

PCA run on the full sample, then the sub-databases of hominoids, 

cercopithecoids and ceboids. The variables presented are: symphyseal length, 

symphyseal thickness, premaxillary length, premaxillary breadth, premaxillary 

depth (incisive fossa-prosthion), premaxillary thickness, incisor size, incisal 

projection, canine size, maxillary length, nasion-nasiospinale distance. No 

distinction is made between maxillary and mandibular incisors/canines, or 

between thickness at the inferior and/or superior transverse torus level of the 

mandibular symphysis.

It becomes immediately obvious that variables pertaining to the 

morphology of the premaxilla and that of the mandibular symphysis load highly 

on the same PC in six out of a total of 12 cases. When that is the case, there are 

indications that the length and thickness of the symphysis are positively 

correlated to the length and negatively correlated to the breadth of the 

premaxilla. This is demonstrated by the loadings of these variables on PC2 and 

PCi of the hominoid and cercopithecoid analyses respectively in the case of 

premaxillary length, and by the relevant loadings on PCi and PC2 of the 

hominoid, cercopithecoid and ceboid analyses in the case of premaxillary
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breadth. Interestingly, symphyseal length appears to also correlate positively 

with premaxillary depth, i.e. the distance between the incisive fossa or foramen 

and prosthion (PC2, full sample; PCi, cercopithecoids). Accordingly, a short and 

thin symphysis is associated with a short and wide premaxilla that does not 

project deeply into the nasal cavity (Table 3.9).

Furthermore, there are indications that a short and thin symphysis is 

always associated with a short maxilla and lower face as indicated by the nasion- 

nasiospinale distance (PC2, full sample; PCi, hominoids; PCi, cercopithecoids; 

PC2, ceboids), while the projection of the incisors is positively correlated with 

the depth rather than the thickness of the premaxilla (PC3, hominoids; PCi, 

cercopithecoids). Predictably, premaxillary breadth is highly positively 

correlated with incisor size (mesiodistal length).

These patterns become clearer when the PC axes are viewed in 

combination. Thus, as a result of a PCA run on the cercopithecoid dataset, and 

when PCi and PC2 where plotted against each other and viewed in combination, 

the colobine and papionin groups where separated from the rest of the sample 

on the basis of their possessing largely opposite facial configurations. The 

colobines were found to possess a short and thin symphysis combined with a 

short premaxilla, maxilla proper and lower face. By contrast, the papionins were 

distinct in displaying an elongated and robust symphysis, long premaxilla and 

maxilla, and a large nasion-nasiospinale distance (Tables 3.6,3.9, Figure 3.6a).

The functional implications of these patterns in the context of dietary 

information, and in the light of the effects of phylogenetic heritage will be 

discussed in detail in chapter 7.
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3 4  C onclusions

This chapter presented the results of the study of patterns of variation within a 

large multivariate database and using Principal Components Analysis (PCA). 

PCA was run on both raw and size-adjusted data, as well as using both the full 

sample and subsets of it (hominoids, cercopithecoids, and ceboids). No strong 

relationship was detected between the premaxilla and the mandibular 

symphysis, as a result of the analysis. However, there are indications that a 

short and thin symphysis tends to be associated with a short, broad premaxilla, 

and a short maxilla and lower face, as demonstrated by their loading on the 

same PC axes.
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Table 3.1. PCA Component Matrix: Full Sample
(Raw Data)

Component 1 2
Percentage of Variance (%) 89.83 2.933
MAXILLA BREADTH (P3-EXTERNAL) 0.987
INCISIVE FOSSA-SUTURE (MEAN) 0.986
PREMAXILLA BREADTH (INCISORS) 0.986
LENGTH INCISOR ROW-UPPER 0.985 -0.14
MANDIBLE BREADTH P3E 0.985
RIGHT SUTURE-LEFT SUTURE 0.984
MAXILLA BREADTH (M2-EXTERNAL) 0.984
MANDIBLE BREADTH M2E 0.984
MAXILLA BREADTH (C-EXTERNAL) 0.984
I2U ALVEOLUS PROJECTION 0.983
BUCCOLINGUAL BREADTH I2L 0.981
BUCCOLINGUAL BREADTH I2U 0.974
MAXILLA LENGTH 0.973 0.129
LENGTH INCISOR ROW-LOWER 0.973 -0.2
LENGTH CENTRAL INCISOR ROW-UPPER 0.973 -0.15
MESIODISTAL LENGTH IiU 0.971 -0.14
MAXILLA BREADTH (C-INTERNAL) 0.97
PREMAXILLA LENGTH 0.969
MESIODISTAL LENGTH I2U 0.969 -0.15
IiU ALVEOLUS PROJECTION 0.969
BUCCOLINGUAL BREADTH IiU 0.969
LENGTH SYMPHYSIS (INT) 0.967 0.152
MESIODISTAL LENGTH I2L 0.966 -0.21
ORBIT BREADTH 0.962
LENGTH POSTCANINE TOOTH ROW 0.961
LENTGTH POSTCANINE TOOTH ROW(MAND) 0.96 0.107
BUCCOLINGUAL BREADTH IiL 0.957
SKULL BREADTH 0.957 -0.2
SKULL LENGTH 0.956
PYRIFORM APERTURE HEIGHT 0.952
MANDIBLE BREADTH P3I 0.951 -0.15
INCISIVE FOSSA-PROSTHION 0.949 0.114
MANDIBLE BREADTH CIN 0.949 -0.18
UPPER CANINE BREADTH 0.94 0.15
PYRIFORM APERTURE BREADTH 0.94
LENGTH CENTRAL INCISOR ROW-LOWER 0.939 -0.2
LOWER CANINE BREADTH 0.937
MESIODISTAL LENGTH I2L 0.935 -0.2
UPPER CANINE LENGTH 0.934 0.19
ORBIT HEIGHT 0.929 -0.14
MANDIBLE BREADTH M2I 0.926 -0.23
LOWER CANINE LENGTH 0.921 0.143
PREMAXILLA THICKNESS 0.917 -0.16
INFERIOR-SUPERIOR TRANSVERSE TORUS 0.912
NASION-NASIOSPINALE 0.908 0.268
SUP TRANVSERSE TORUS-INFRADENTALE 0.902 0.284
SUPERIOR TRANSVERSE TORUS THICKNESS 0.891 0.316
INFERIOR TRANSVERSE TORUS THICKNESS 0.888 0.285
RIGHT DIASTEMA 0.743 0.486
LEFT DIASTEMA 0.735 0.486
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Table 3.2. PCA Component Matrix; Full Sample (Size-Corrected Data)
Component 1 2 3 4 5 6 7 8 9
Percentage of Variance (%) 23753 15.671 13095 7.876 5-554 5.246 2.907 2.829 2.509
MESIODISTAL LENGTH I2L 0.83281 0.2822 0,22789 -0,1678 0,12289
LENGTH CENTRAL INCISOR ROW-LOWER 0.81227 0.33354 0,2062 -0,1298
MESIODISTAL LENGTH IiU 0.73024 0.35612 -0.1357 -0.1349 -0,2058 0,29671
LENGTH CENTRAL INCISOR ROW-UPPER 0.71273 0.41557 -0.1449 -0.1674 -0,1661 0,31471
BUCCOLINGUAL BREADTH IiU 0.69717 0.22337 0.28148 -0,4199 0,21698
PREMAXILLA BREADTH (INCISORS) 0.67565 0.33207 -0.245 0,11976 0,13869 0,20881
MANDIBLE BREADTH M2I -0.6674 0,53256 0,1959 -0,2743
MAXILLA BREADTH (P3-EXTERNAL) -0,6641 0,31552 0,24422 0,30444 0,21433 0.1395 0,22661
ORBIT HEIGHT -0.6519 0,30772 0,42452 -0,2702 -0,131 0,14281 -0,1402
SKULL LENGTH -0.6436 0,29405 0,41405 -0,2671 0.10765 -0,2468
MAXILLA BREADTH (C-EXTERNAL) -0.6432 -0.575 -0,1383 0.21822 0,1423 0,10618 0,12867
MANDIBLE BREADTH P3E -0.6343 0,41324 -0,1167 0,26713 0,24904 0,27969
UPPER CANINE BREADTH -0.6297 -0,2003 -0,1032 0,2717 0.47768 -0,1905 0,18084 0,10775
LOWER CANINE BREADTH -0.6062 -0,3762 0.45549 0.37923 0,12188
PREMAXILLA LENGTH 0.60026 -0,1748 -0,3671 0.33033 0.35483 -0,1105 -0,1487
BUCCOLINGUAL BREADTH IiL 0,57673 0,22848 0,23494 -0,223 -0,5456 -0,1758 0,16846
I2U ALVEOLUS PROJECTION 0,5596 -0,3303 0,15119 -0,2245 0,24969 0,51215 -0,1754 0,2006
SKULL BREADTH -0.5595 0,46585 0,41572 -0,402 -0,1265
IiU ALVEOLUS PROJECTION 0,48337 -0,4541 0,22711 -0,2721 0.12078 0.35341 -0.3305 -0.1243 0,21354
LENGTH INCISOR ROW-LOWER 0.58824 0,66441 0,20694 0,10532
LENGTH INCISOR ROW-UPPER 0.57905 0,62667 0,21649 0,17666 0,11805
MESIODISTAL LENGTH I2L 0.3187 0,59623 0,50708 0,23066 -0,1278
LENGTH SYMPHYSIS (INT) -0.2231 -0,5906 0.49795 -0,3242 0,13138 -0,2008 0,24476
SUPERIOR TRANSVERSE TORUS THICKNESS -0.1467 -0,5866 0,17597 0,27991 -0,4185 -0,2179 -0,1836 0,11515
NASION-NASIOSPINALE 0,33371 -0,5799 0,18949 -0,2653 -0,1132 0,43095
MANDIBLE BREADTH P3I -0.5153 0,57084 -0,2026 -0,2112 0,29308
INFERIOR TRANSVERSE TORUS THICKNESS -0,5699 0,18411 0,25073 -0,1177 0,24233 -0,2069 -0,234
MAXILLA LENGTH 0.44679 -0,5222 0,13398 -0,2699 0,16204 0,27926 -0,1245
INCISIVE FOSSA-PROSTHION 0.45724 -0.5037 0,19098 -0.4502 -0,1409 0,1633



Table 3.2 (continued)

MESIODISTAL LENGTH I2U 0.15593 0.49719 0.31809 0.47512 0.19872 -0.2191 -0.1567
BUCCOLINGUAL BREADTH I2L 0.46171 0.16861 0.18419 0.17957 -0.4151 -0.3975 0.14907 0.19133
UPPER CANINE LENGTH -0.3982 -0.4571 -0.1666 0.27336 0.4436 0.25009 0.27163
LENGTH POSTCANINE TOOTH ROW -0.1359 -0.2484 0.79742 0.27532 -0.2625 0.15942
LENTGTH POSTCANINE TOOTH ROW(MAND) -0.143 -0.3296 0.79321 0.23646 -0.1672 0.19542 0.12149
MAXILLA BREADTH (M2-EXTERNAL) -0.3704 0.19104 0.76945 -0.2238 0.25157 0.1295
MANDIBLE BREADTH CIN 0.5502 -0.5969 -0.1631 0.20699 -0.1267
ORBIT BREADTH -0.5261 0.27336 0.58742 -0.343 -0.1663
RIGHT DIASTEMA -0.3127 -0.3308 -0.5868 -0.4582 -0.2136 -0.1295 -0.1809 -0.1407
MANDIBLE BREADTH M2E -0.5475 0.39691 0.5779 -0.1054 -0.1558 0.21 0.10985
LEFT DIASTEMA -0.3169 -0.3388 -0.5617 -0.4842 -0.2023 -0.1382 -0.1618 -0.1111
MAXILLA BREADTH (C-INTERNAL) -0.3468 0.40176 -0.5221 -0.317 -0.2193 0.17593
BUCCOLINGUAL BREADTH I2U 0.22249 0.28971 0.50958 0.12237 0.36852 -0.1443 -0.3225 0.19716
PREMAXILLA THICKNESS 0.28055 0.23173 -0.4035 0.39955 0.11085 0.2755 -0.2242 -0.1262 -0.2098
PYRIFORM APERTURE BREADTH -0.2665 0.17258 -0.3649 0.17501 -0.3506 0.18207 0.29351
SUPERIOR TRANVSERSE TORUS-INFRADENTALE -0.415 -0.4044 0.37762 -0.5718 -0.1792 0.15925
LOWER CANINE LENGTH -0.3391 -0.2002 -0.1306 0.16563 0.40663 -0.2728 0.10146
INCISIVE FOSSA-SUTURE (MEAN) 0.34301 -0.2425 0.21108 -0.2374 0.35862 0.53361 0.37417
PYRIFORM APERTURE HEIGHT 0.33033 -0.2799 0.24644 -0.2371 0.2996 0.34062 0.10984 0.18356 -0.2713
INFERIOR-SUPERIOR TRANSVERSE TORUS 0.21308 -0.2709 0.22957 -0.2477 0.37911 -0.515 0.2708
RIGHT SUTURE-LEFT SUTURE 0.15579 0.14218 -0.2133 -0.4831 0.15937 0.20179 0.48896 0.25949



Table 3.3. PCA Component Matrix: Hominoids (Raw Data)

Component 1 2 3 4
Percentage of Variance (%) 77.96 7.498 3 2 8 3 2.322
MAXILLA BREADTH (P3-EXTERNAL) 0.985
MANDIBLE BREADTH P3E 0.979
MAXILLA BREADTH (M2-EXTERNAL) 0.973
MANDIBLE BREADTH M2E 0.966
MAXILLA BREADTH (C-EXTERNAL) 0.963 0.167
INCISIVE FOSSA-SUTURE (MEAN) 0.96
RIGHT SUTURE-LEFT SUTURE 0.956 -0.15
PREMAXILLA BREADTH (INCISORS) 0.955 -0.19 -0.1
LENGTH INCISOR ROW-UPPER 0.954 -0.22
MAXILLA LENGTH 0.951 0.177
LENGTH SYMPHYSIS (INT) 0.95 0.171 -0.11 0.121
I2U ALVEOLUS PROJECTION 0.949 0.124
BUCCOLINGUAL BREADTH I2L 0.943 -0.19
MESIODISTAL LENGTH IiU 0.934 -0.22 -0.11
LENGTH CENTRAL INCISOR ROW-UPPER 0.929 -0.25 -0.11
BUCCOLINGUAL BREADTH I2U 0.928 -0.13
IiU ALVEOLUS PROJECTION 0.921 0.189
LENGTH POSTCANINE TOOTH ROW 0.916 0.268 -0.14
PREMAXILLA LENGTH 0.915
BUCCOLINGUAL BREADTH IiU 0.915 -0.27 -0.15 0.109
LENTGTH POSTCANINE TOOTH ROW(MAND) 0.911 0.281 -0.17
MESIODISTAL LENGTH I2U 0.91 -0.2 -0.19
INCISIVE FOSSA-PROSTHION 0.91 0.102 -0.11 0.253
NASION-NASIOSPINALE 0.905 0.276 -0.12
MESIODISTAL LENGTH I2L 0.902 -0.33
MAXILLA BREADTH (C-INTERNAL) 0.9 0.338
UPPER CANINE BREADTH 0.898 0.251 -0.2
LENGTH INCISOR ROW-LOWER 0.895 -0.4
LOWER CANINE LENGTH 0.892 0.26 -0.19 -0.12
BUCCOLINGUAL BREADTH IiL 0.892 -0.36
LOWER CANINE BREADTH 0.89 0.224 -0.14 -0.22
SUPERIOR TRANSVERSE TORUS THICKNESS 0.889 0.344 -0.11
ORBIT BREADTH 0.877 0.241 0.137 -0.24
ORBIT HEIGHT 0.876 -0.14 0.216
PYRIFORM APERTURE HEIGHT 0.869 0.27 -0.15
SKULL BREADTH 0.862 -0.26 0.12 -0.17
INFERIOR TRANSVERSE TORUS THICKNESS 0.862 0.337 -0.16
UPPER CANINE LENGTH 0.861 0.344 -0.22 -0.13
SKULL LENGTH 0.86 0.353 0.149 -0.23
SUPERIOR TRANVSERSE TORUS-INFRADENTALE 0.858 0.442
MANDIBLE BREADTH CIN 0.835 -0.31 0.345
MANDIBLE BREADTH P3I 0.802 -0.4 0.262
MESIODISTAL LENGTH I2L 0.802 -0.5 -0.15
LENGTH CENTRAL INCISOR ROW-LOWER 0.798 -0.53 -0.13 0.116
INFERIOR-SUPERIOR TRANSVERSE TORUS 0.791 -0.24 -0.21 0.305
PYRIFORM APERTURE BREADTH 0.773 0.154
MANDIBLE BREADTH M2I 0.69 -0.48 0.345
PREMAXILLA THICKNESS 0.659 -0.18 0.418 -0.48
RIGHT DIASTEMA 0.537 0.489 0.526 0.29
LEFT DIASTEMA 0.535 0.451 0.506 0.403
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Table 3 .4 . PCA C om ponent M atrix: H om in oid s Size-Correctec Data)
Component 1 2 3 4 5 6 7 8
Percentage of Variance (%) 28.726 20.091 8.647 7A25 5.461 3936 3^448 2.511
LENGTH INCISOR ROW-LOWER 0.89074 -0.1766 0.11516
LENGTH CENTRAL INCISOR ROW-LOWER 0.85501 -0.2577 0.22116 -0.14
SUPERIOR TRANVSERSE TORUS-INFRADENTALE -0.8391 -0.1458 -0.1171 0.13988 0.20416
MESIODISTAL LENGTH I2L 0.80719 -0.3746 0.13613 0.10158 0.18349 -0.1293
BUCCOLINGUAL BREADTH IiL 0.79009 -0.347 0.15504 -0.1395
PREMAXILLA BREADTH (INCISORS) 0.77593 -0.2097 -0.1611 0.30618 0.20458
MESIODISTAL LENGTH I2L 0.76079 -0.4216 0.2493
LENGTH INCISOR ROW-UPPER 0.74478 -0.2314 -0.1111 0.17693 0.11714 0.20511 0.14087
MANDIBLE BREADTH CIN 0.69943 0.33415 -0.3542 -0.1559 0.15075 0.1931
UPPER CANINE LENGTH -0.6972 -0.1583 0.5697 -0.2056 0.10105
LENTGTH POSTCANINE TOOTH ROW(MAND) -0.6649 0.12718 0.20946 0.24099 0.53833 0.14052
SUPERIOR TRANSVERSE TORUS THICKNESS -0.6626 -0.305 -0.2815 0.30327 0.10678
LENGTH POSTCANINE TOOTH ROW -0.6451 0.20149 0.56278 0.30119
MANDIBLE BREADTH P3I 0.64068 0.60935 -0.2143 0.14806
MESIODISTAL LENGTH I2U 0.63045 -0.152 -0.3352 0.22759 0.11405 0.26895 -0.1957 -0.1519
NASION-NASIOSPINALE -0.6289 -0.3516 0.14379 -0.4124
UPPER CANINE BREADTH -0.5865 -0.3579 0.5518 -0.3037 -0.1495 0.11728
BUCCOLINGUAL BREADTH I2L 0.58418 -0.4229 0.33123
RIGHT SUTURE-LEFT SUTURE 0.53585 0.51858 0.25419 0.13465 -0.2115 -0.1301 0.20955
PYRIFORM APERTURE HEIGHT -0.5246 0.22056 0.19741 0.26129 -0.2694 -0.2526
MAXILLA LENGTH -0.4859 -0.2145 0.25195 -0.1607 -0.1744 0.20704
MANDIBLE BREADTH M2E 0.22641 0.85146 0.18329 0.22552 -0.1188
MAXILLA BREADTH (M2-EXTERNAL) 0.13347 0.84922 0.12872 0.27874 -0.1071
MANDIBLE BREADTH M2I 0.49232 0.79921 0.13822
ORBIT BREADTH 0.76103 -0.2898 0.24137 0.20172 0.16847 -0.1799
SKULL BREADTH 0.44334 0.7394 0.25694 0.14379 -0.1513
MESIODISTAL LENGTH IiU 0.52602 -0.7033 0.26268 0.1169
MAXILLA BREADTH (C-INTERNAL) 0.34261 0.69972 -0.4539 0.12765 0.12346
LENGTH SYMPHYSIS (INT) -0.5124 -0.666 0.2304 -0.1635 -0.1112 0.19823



Table 3.4 (continued)

LENGTH CENTRAL INCISOR ROW-UPPER 0.59002 -0.6476 0.27588 0.15297
MAXILLA BREADTH (C-EXTERNAL) -0.381 0.64152 0.19165 -0.3913 0.17276 0.20378
BUCCOLINGUAL BREADTH IiU 0.55283 -0.6011 0.3139 0.12443 -0.1225
SKULL LENGTH -0.3821 0.59011 -0.4644 0.13123 0.10688 0.215
PREMAXILLA LENGTH -0.1311 -0.5619 -0.1231 -0.278 -0.2907 0.28795 0.19326 -0.2676
INFERIOR TRANSVERSE TORUS THICKNESS -0.5359 -0.5412 -0.3124 -0.1242 0.20105
INFERIOR-SUPERIOR TRANSVERSE TORUS 0.24909 -0.5228 0.41972 -0.4033 0.16941 -0.1641
ORBIT HEIGHT 0.12574 0.51014 0.33495 0.26022 0.4641 -0.2088 -0.1131 -0.1414
INCISIVE FOSSA-PROSTHION -0.3344 -0.1379 0.78812 -0.1403 -0.2569
IlU ALVEOLUS PROJECTION -0.2864 0.75671 -0.1907 -0.1674 0.30579 -0.2984
I2U ALVEOLUS PROJECTION -0.2782 0.73013 -0.1193 -0.2181 0.44898 -0.2404
INCISIVE FOSSA-SUTURE (MEAN) -0.1348 0.19505 0.7076 0.16331 -0.3214 0.31743 -0.1666 0.22409
PREMAXILLA THICKNESS 0.412 -0.5656 -0.1958 -0.3982 0.22501 -0.1095
LOWER CANINE LENGTH -0.5701 0.68868 -0.2953 -0.1617
LOWER CANINE BREADTH -0.4717 -0.1869 -0.2654 0.64384 -0.3755 0.11583
LEFT DIASTEMA -0.4286 0.38874 -0.6014 -0.4051
RIGHT DIASTEMA -0.4628 0.39112 -0.1693 -0.5522 -0.1496 -0.3664 -0.1263
MAXILLA BREADTH (P3-EXTERNAL) 0.36289 0.27172 0.15623 0.72299
MANDIBLE BREADTH P3E 0.38839 0.34554 0.36881 0.13364 -0.1772 0.14345 0.56687
BUCCOLINGUAL BREADTH I2U 0.29404 0.10481 -0.2097 0.35612 -0.1935 -0.3735 -0.3075
PYRIFORM APERTURE BREADTH -0.1454 0.13224 -0.1502 0.32707 0.10895 0.59827



Table 3.5. PCA Component Matrix: Cercopithecoids
(Raw Data)
Component 1 2 3
Percentages of Variance (%) 84.6 3.67 2.433
MAXILLA LENGTH 0.982
RIGHT SUTURE-LEFT SUTURE 0.978
NASION-NASIOSPINALE 0.973
PREMAXILLA BREADTH (INCISORS) 0.972 -0.11
INCISIVE FOSSA-SUTURE (MEAN) 0.972
LENGTH INCISOR ROW-UPPER 0.97 -0.17
MAXILLA BREADTH (P3-EXTERNAL) 0.97 0.1213
I2U ALVEOLUS PROJECTION 0.968
LENGTH SYMPHYSIS (INT) 0.966 0.101 -0.117
MAXILLA BREADTH (M2-EXTERNAL) 0.964 0.1692
MANDIBLE BREADTH P3E 0.962 0.151
LENGTH INCISOR ROW-LOWER 0.96 -0.2
IiU ALVEOLUS PROJECTION 0.958
LENTGTH POSTCANINE TOOTH ROW(MAND) 0.955 0.1137
BUCCOLINGUAL BREADTH I2L 0.955
MAXILLA BREADTH (C-EXTERNAL) 0.954 0.199
MANDIBLE BREADTH M2E 0.954 0.1971
SUPERIOR TRANVSERSE TORUS-INFRADENTALE 0.946 -0.19
SKULL LENGTH 0.945 0.1558
MANDIBLE BREADTH P3I 0.945
LENGTH POSTCANINE TOOTH ROW 0.945 0.1391
BUCCOLINGUAL BREADTH I2U 0.944
SUPERIOR TRANSVERSE TORUS THICKNESS 0.941 -0.201
PYRIFORM APERTURE BREADTH 0.935
BUCCOLINGUAL BREADTH IiL 0.934 -0.25 -0.114
BUCCOLINGUAL BREADTH IiU 0.931 -0.29
INCISIVE FOSSA-PROSTHION 0.931
MAXILLA BREADTH (C-INTERNAL) 0.928
MESIODISTAL LENGTH I2L 0.924 -0.13 0.1337
PYRIFORM APERTURE HEIGHT 0.92 0.1479
ORBIT BREADTH 0.912 0.2385
LENGTH CENTRAL INCISOR ROW-UPPER 0.907 -0.34
LOWER CANINE LENGTH 0.9 0.326 -0.144
LENGTH CENTRAL INCISOR ROW-LOWER 0.899 -0.37
PREMAXILLA LENGTH 0.898 0.11 -0.112
MESIODISTAL LENGTH I2U 0.897 -0.14 0.1323
SKULL BREADTH 0.894 -0.13 0.309
MESIODISTAL LENGTH I2L 0.89 -0.38 -0.105
MESIODISTAL LENGTH IiU 0.888 -0.36
UPPER CANINE BREADTH 0.882 0.393
INFERIOR-SUPERIOR TRANSVERSE TORUS 0.879 0.137 -0.203
MANDIBLE BREADTH CIN 0.878 -0.17
INFERIOR TRANSVERSE TORUS THICKNESS 0.87 0.306
MANDIBLE BREADTH M2I 0.868 0.3121
UPPER CANINE LENGTH 0.857 0.418 -0.119
LOWER CANINE BREADTH 0.847 0.438
PREMAXILLA THICKNESS 0.842 0.178 -0.254
RIGHT DIASTEMA 0.832 0.107 -0.278
LEFT DIASTEMA 0.83 0.122 -0.281
ORBIT HEIGHT 0.647 0.205 0.52
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Table 3.6. PCA Component Matrix: Cercopithecoids (Size-Corrected Data)

C o m p o n en t 1 2 3 4 5 6 7 8 9 1 0

P ercen tage  o f  V arian ce  (%) 2 4 . 8 9 8 1 8 . 7 7 7 1 0 . 5 7 8 6 .6 9 7 5-431 4 . 6 4 4 3 . 0 2 8 2 . 8 1 4 2 . 3 6 9 2 . 1 3 8

SK U LL BR EA D T H 0 .9 1 5 6 3 7 0 .1 3 8 7 7 8 9 -0 .1 7 6 5 7 5 -0 .1 4 1 4 7 5

O R BIT H E IG H T 0 .8 7 9 0 0 5 2 -0 .1 3 0 6 7 2 -0 .2 2 6 7 7 6

O R BIT B R EA D TH 0 .8 7 0 0 6 9 3 -0 .1 3 4 2 4 3 0 .1 2 3 6 3 8 1 -0 .1 2 0 6 9 7 -0 .1 4 5 9 0 5 -0 .2 2 5 1 4 6

SK ULL LENG TH 0 .8 6 6 7 5 8 9 -0 .1 6 8 6 2 9 0 .1 3 9 8 4 1 4 -0 .1 0 1 7 9 4 -0 .1 6 7 9 3 -0 .1 4 3 9 0 3

M A N D IB L E  B R EA D T H  M z l 0 .8 6 1 6 3 2 6 -0 .1 2 3 6 5 1 -0 .2 2 2 4 6 0 .1 5 5 4 9 6 3 -0 .2 5 2 6 1 3

M A N D IB L E  B R EA D T H  M zE 0 .8 4 2 9 8 0 7 0 .1 3 6 7 5 7 6 0 .2 7 1 0 0 3 1 - 0 .2 6 7 8 3 9

M AXILLA BR EA D TH  (M 2-E X T E R N A L ) 0 .8 2 3 2 9 7 3 0 .1 6 8 3 6 9 8 0 .3 1 5 1 4 8 2 -0 .2 7 7 7 4 7

M AXILLA B R EA D T H  (P 3-E X T E R N A L ) 0 .7 9 9 1 6 2 4 -0 .2 4 4 4 6 6 -0 .1 1 9 5 4 7 0 .2 1 8 4 3 8 9 0 .1 1 5 6 7 2 8 0 .2 2 6 9 6 0 7 0 .1 5 5 8 1 4 3

SU P E R IO R  T R A N V SE R SE  T O R U S-IN F R A D E N T A L E -0 .7 7 1 2 8 0 .3 1 2 3 4 2 2 0 .1 4 1 8 9 2 7 -0 .1 5 1 9 9 4

SU P E R IO R  T R A N SV E R SE  T O R U S T H IC K N E SS -0 .7 6 9 0 9 8 0 .2 2 3 9 3 1 2 0 .3 1 7 9 1 2 -0 .1 0 8 9 0 5 0 .1 2 6 4 9 6 2 0 .1171775 0 .1 1 6 5 4 6 5 -0 .1 6 3 5 6 2

N A SIO N -N A SIO SP IN A L E -0 .7 1 0 5 3 0 .2 1 0 0 2 8 1 0 .4 4 7 9 3 5 7 0 .2 4 0 2 3 9 9

LEN G TH  SY M PH Y SIS (IN T ) -0 .6 7 0 8 9 1 -0 .1 5 8 2 6 1 0 .2 6 9 6 6 3 5 -0 .2 4 1 2 5 2 0 .2 3 8 2 0 1 7 -0 .137611 0 .2 7 8 8 2 1 4 0 .1 8 1 4 5 8 1

M AXILLA LENG TH -0 .5 9 3 5 5 7 0 .1 9 7 3 4 4 7 0 .1 0 3 0 4 2 8 0 .5 5 7 6 4 1 8 -0 .1 0 5 2 4 7 0 .2 4 0 2 0 9 6 0 .1 2 8 4 3 8 9

R IG H T  D IA STEM A - 0 .5 9 2 8 8 3 -0 .5 6 5 7 3 0 .1 5 3 8 6 9 5 - 0 .3 9 7 5 8 8

M A N D IB LE  BR EA D TH  P 3E 0 .5 8 7 3 7 8 1 - 0 .4 4 0 8 8 2 -0 .2 8 1 8 3 1 -0 .1 8 7 8 5 9 0 .3 1 0 9 6 3 6 0 .2 1 0 0 6 4 4 0 .1 5 8 3 4 0 1

M E SIO D IST A L  L EN G TH  I2L 0 .5 4 7 4 9 7 4 0 .3 8 7 2 8 3 8 0 .1 9 3 6 2 5 2 -0 .1 1 4 0 5 3 0 .3 8 1 8 4 - 0 .1 8 2 6 0 4 -0 .1 9 9 7 3 6 0 .2 6 7 7 1 4

PR EM A XILLA  LENG TH -0 .5 2 5 4 -0 .1 7 8 1 9 6 0 .1 9 5 5 0 2 7 0 .1 6 3 7 2 0 4 -0 .1 3 5 5 7 8 -0 .1 3 4 9 2 3 0 .3 5 4 0 9 6 4

M A N D IB LE  BR EA D TH  C IN 0 .4 6 8 4 6 5 9 0 .3 4 1 6 0 1 3 -0 .3 7 3 3 9 6 -0 .2 2 2 3 1 3 0 .3 5 1 8 6 2 1 -0 .111015 0 .2 0 2 9 0 5 1 0 .1 6 1 9 9 7 1 0 .1 3 3 6 1 7 8

LEN G TH  CENTRAL IN C ISO R  R O W -L O W E R 0 .8 8 3 5 3 2 8 -0 .2 4 5 2 5 5 -0 .1 2 1 3 6 8 0 .1 2 9 3 4

M ESIO D IST A L  LEN G T H  I2L 0 .8 6 0 5 0 9 7 0 .1119547 -0 .2 2 4 1 4 3 -0 .1 2 4 4 8 1 0 .1 4 7 6 4 0 1

BU CC O L IN G U A L B R E A D T H  I lU 0 .8 3 2 5 0 4 8 0 .2 0 2 9 5 5 3 -0 .1 0 1 2 3 7 0 .1 0 0 3 9 1 9 -0 .2 3 4 5 2 8

LENG TH  CENTRAL IN C ISO R  R O W -U P P E R 0 .1 2 6 6 6 3 5 0 .8 3 1 4 9 9 7 -0 .1 2 8 0 7 7 -0 .1 7 4 8 4 6 0 .1 4 8 6 4 9 5 -0 .2 4 0 7 5 5 0 .2 1 5 6 8 2 5 -0 .1 0 4 5 0 9 -0 .1 5 4 8 5 7

M ESIO D IST A L  LEN G T H  I iU 0 .8 1 6 0 5 7 4 -0 .1 1 3 2 0 1 -0 .1 5 9 5 5 8 -0 .2 5 5 4 6 2 0 .1 9 0 6 4 2 6 -0 .1 5 7 9 4 -0 .1 3 2 8 7 7 0 .1 0 8 2 7 4 8

LO W ER  C A N IN E  BR EA D T H 0 .1 5 8 8 7 4 3 -0 .7 7 5 3 8 2 0 .1 2 1 0 7 2 6 -0 .4 0 2 5 9 9 0 .2 2 1 2 6 3 7 - 0 .2 0 2 0 1 3

U P P E R  C A N IN E  BR EA D TH -0 .757171 0 .1 5 3 2 0 8 7 -0 .3 3 1 4 4 0 .1 1 9 9 6 2 3 -0 .2 1 1 8 5 1

B U C C O U N G U A L  B R E A D T H  I lL -0 .1 3 9 3 2 7 0 .7 2 0 3 4 8 8 0 .2 6 9 3 3 5 5 -0 .1 1 3 0 5 3 -0 .2 0 3 0 2 5 0 .1 8 0 5 0 3 6 0 .2 4 3 0 4 9 7 -0 .2 9 9 8 9 3

U P P E R  C A N IN E  LENG TH -0 .2 3 0 3 8 3 -0 .6 8 3 0 4 1 -0 .4 6 6 5 9 7 0 .2 0 8 3 8 1 2 -0 .2 2 0 6 9 1 - 0 .1 8 0 9 9 8

LENG TH  IN C ISO R  R O W -U P P E R 0 .4 4 2 6 7 8 2 0 .6 6 7 9 4 5 8 -0 .1 6 8 8 5 7 0 .2 4 0 0 9 5 6 0 .1 4 0 4 1 9 3 -0 .2 4 2 1 4 9



Table 3.6 (continued)

LOW ER C A N IN E  LEN G TH -0 .2 4 7 1 7 4 - 0 .6 4 6 9 3 4 -0 .4 6 3 2 7 3 -0 .1 4 6 2 5 3 0 .1661713 -0 .1 8 7 4 5 -0 .1 6 6 1 0 2 -0 .1 7 4 5 7 1

PR EM A XILLA  BR EA D T H  (IN C IS O R S) 0 .6 1 4 5 3 8 5 -0 .2 9 5 2 3 8 0 .3 6 3 7 7 1 5 0 .1 6 1 7 5 4 7 0 .1 0 2 0 9 2 6 -0 .2 1 2 5 4 7 0 .1 2 4 7 2 9 3

L ENG TH  IN C ISO R  R O W -L O W E R 0 .5 0 2 8 8 6 2 0 .6 0 6 4 5 9 6 -0 .1 6 6 2 5 1 -0 .2 0 1 3 1 6 0 .2 4 4 1 4 4 2 0 .2 1 6 6 7 9 6

IN F E R IO R  T R A N SV E R SE  T O R U S T H IC K N E SS -0 .2 5 6 3 5 8 - 0 .4 5 4 6 5 8 0 .3 6 8 3 3 8 8 -0 .2 9 7 7 8 1 0 .1 4 3 0 5 3 9 0 .1 7 1 4 6 2 5 0 .1 8 8 0 8 6 1 0 .1 6 9 0 4 0 7

L EN G TH  PO ST C A N IN E  T O O T H  R O W 0 .3 0 4 3 3 4 5 0 .7 3 1 3 5 0 9 0 .1 7 3 6 3 1 6 0 .4 6 3 1 0 9 4

LENTG TH  PO ST C A N IN E  T O O T H  R O W (M A N D ) 0 .2 9 4 9 9 7 3 -0 .1 9 0 9 1 9 0 .7 0 5 6 7 4 2 0 .1 0 7 4 7 6 1 0 .4 6 6 2 9 0 2

B U C C O U N G U A L  B R EA D T H  I2U 0 .3 1 7 0 6 2 7 0 .6 9 0 2 9 6 5 0 .2 4 5 7 8 9 2 0 .1 5 5 9 5 2 9 -0 .2 8 4 4 7 5

M AXILLA BR EA D T H  (C -IN T E R N A L ) 0 .4 1 6 7 7 8 0 .1 9 8 1 9 8 -0 .6 5 4 9 1 1 0 .1 5 7 6 6 5 7 0 .1 1 0 6 9 4 8 0 .2 3 0 4 0 5 3 0 .1 0 1 7 7 7 6

LEFT D IA STE M A -0 .5 7 5 7 6 1 -0 .5 9 6 6 6 7 0 .1 3 9 7 6 7 9 -0 .1 1 3 9 0 4 -0 .3 6 2 7 0 9

M E SIO D IST A L  L EN G T H  I2U 0 .4 4 8 6 5 7 7 0 .5 9 6 5 5 5 9 -0 .1 4 8 3 3 3 0 .2 5 5 5 1 1 3 -0 .1 1 2 0 2 5 0 .2 8 0 7 9 7 2 -0 .2 1 1 0 9 8

M A N D IB L E  B R E A D T H  P 3I 0 .4 3 7 3 4 4 8 0 .1 4 7 2 3 3 5 -0 .5 6 5 8 6 0 .1 6 1 1 8 4 0 .2 2 7 0 9 9 4 0 .1 2 3 4 4 4 8 -0 .1 3 0 5 8 3

M AXILLA B R EA D T H  (C -E X T ER N A L ) - 0 .5 4 0 9 0 2 -0 .5 5 2 0 9 6 -0 .3 4 3 9 7 9 0 .1 3 2 0 6 8 6 0 .1 9 5 2 3 6 0 .1 5 3 3 0 1

I2 U  A LV EO L U S PR O JE C T IO N -0 .2 3 2 1 3 3 - 0 .3 0 9 9 2 8 0 .721311 -0 .2 0 9 1 7 2 0 .3 8 7 0 7 6 7 0 .1 6 4 4 5 8

I lU  A LVE O LU S P R O JE C T IO N -0 .4 7 3 8 4 5 -0 .1 3 6 4 9 0 .6 9 3 9 3 8 1 -0 .3 0 5 1 7 4 0 .1 6 5 5 3 3 8

INC ISIV E  F O SSA -P R O ST H IO N -0 .4 7 8 7 5 1 0 .5 1 6 8 6 5 5 -0 .4 5 6 7 0 2 0 .3 0 6 3 5 1 2 0 .1 5 5 5 1 0 3 -0 .1 1 2 4 4

R IG H T  SU T U R E -L E F T  S U T U R E -0 .3 1 2 2 7 9 0 .5 7 8 5 9 2 9 0 .4 3 8 6 4 1 2 0 .2 8 7 6 5 1 6 0 .2 0 3 9 6 9 1

PR EM A XILLA  T H IC K N E SS -0 .1 6 2 8 7 -0 .3 3 3 9 9 7 0 .2 9 9 0 4 9 3 -0 .1 1 1 0 0 9 -0 .5 0 1 6 3 0 .1 4 9 0 8 9 5 0 .1 3 0 7 6 8 2

B U C C O U N G U A L  BR E A D T H  I2L 0 .2 2 8 4 3 3 8 0 .2 2 7 0 5 4 7 0 .4 4 2 5 5 6 1 0 .1 1 6 7 6 8 8 -0 .2 4 1 4 9 1 0 .4 6 7 8 1 5 2 -0 .3 0 3 8 1 7 0 .1 3 6 1 0 4

INC ISIV E  F O S S A -S U T U R E  (M E A N ) -0 .4 5 4 1 0 1 0 .4 7 5 6 7 2 6 0 .2 0 9 4 0 5 8 0 .5 6 5 2 4 5 0 .1 6 9 7 7 8 2 0 .1 1 2 4 7 4 2

PYRIFO RM  A P E R T U R E  H E IG H T 0 .1 6 0 5 9 6 6 - 0 .3 6 4 4 2 8 0 .3 7 3 2 7 3 4 0 .1 3 5 4 1 8 3 0 .2 0 6 5 7 5 7 -0 .1 3 8 5 1 4 - 0 .4 7 0 6 0 4 -0 .2 7 0 9 7 5 0 .2 4 5 5 4 4 4
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Table 3.7. PCA Component Matrix; Ceboids (Raw Data)

Component 1 2 3 4 5
Percentage of Variance (%) 55-77 12,43 9-57 4,12 2,643
I2U ALVEOLUS PROJECTION 0.94
MANDIBLE BREADTH P3E 0.928 0.164 -0.13
INCISIVE FOSSA-SUTURE (MEAN) 0.919 0.109
BUCCOLINGUAL BREADTH IiU 0.91 0.145 -0.23 -0.15
LENGTH INCISOR ROW-UPPER 0.908 0.172 -0.26 -0.13
IlU ALVEOLUS PROJECTION 0.907 -0.16 0.124
MAXILLA BREADTH (P3-EXTERNAL) 0.901 -0.3 0.139
SKULL LENGTH 0.898 0.221 -0.19 0.158 -0.12
LENGTH INCISOR ROW-LOWER 0.898 0.192 -0.27 0.17
BUCCOLINGUAL BREADTH I2L 0.897 0.258 -0.14 -0.12
MANDIBLE BREADTH M2E 0.895 -0.34
MESIODISTAL LENGTH I2U 0.88 -0.23 -0.27
MANDIBLE BREADTH P3I 0.875 0.243 0.245
PREMAXILLA BREADTH (INCISORS) 0.869 0.259
LENGTH CENTRAL INCISOR ROW-LOWER 0.867 0.175 -0.33 0.152
MESIODISTAL LENGTH I2L 0.86 -0.39 0.205
BUCCOLINGUAL BREADTH I2U 0.858 0.155 -0.23 -0.29 -0.12
ORBIT BREADTH 0.856 -0.1 -0.23 0.271
PYRIFORM APERTURE HEIGHT 0.839 0.104 -0.13
MANDIBLE BREADTH M2I 0.839
SKULL BREADTH 0.83 0.29 -0.15 0.115
MESIODISTAL LENGTH I2L 0.827 0.154 -0.41 0.248
PREMAXILLA THICKNESS 0.821
BUCCOLINGUAL BREADTH IiL 0.815 0.437 -0.2 -0.11
MAXILLA BREADTH (M2-EXTERNAL) 0.815 -0.54
RIGHT SUTURE-LEFT SUTURE 0.803 0.377 0.17 0.176 -0.16
INCISIVE FOSSA-PROSTHION 0.778 0.111 0.301 0.154 0.118
LENGTH CENTRAL INCISOR ROW-UPPER 0.778 0.474 -0.31
MESIODISTAL LENGTH IiU 0.761 0.489 -0.28 -0.12
ORBIT HEIGHT 0.754
PYRIFORM APERTURE BREADTH 0.717 0.268
NASION-NASIOSPINALE 0.709 -0.43 -0.32
PREMAXILLA LENGTH 0.7 -0.15 0.211 0.103 0.114
MAXILLA LENGTH 0.691 -0.36 0.17 0.21 -0.38
UPPER CANINE BREADTH 0.651 0.191 0.474 -0.4 -0.23
MAXILLA BREADTH (C-INTERNAL) 0.567 0.429 0.537 0.154 0.146
INFERIOR-SUPERIOR TRANSVERSE TORUS 0.508 -0.12 0.422 -0.31 0.464
SUPERIOR TRANVSERSE TORUS- 
INFRADENTALE 0.391 -0.75 0.205 0.27
LENGTH POSTCANINE TOOTH ROW 0.622 -0.75
LENTGTH POSTCANINE TOOTH ROW(MAND) 0.63 -0.75
SUPERIOR TRANSVERSE TORUS THICKNESS 0.348 -0.74 0.307 0.121
LENGTH SYMPHYSIS (INT) 0.594 -0.65 0.352 0.179
MANDIBLE BREADTH CIN 0.412 0.576 0.37 0.301
MAXILLA BREADTH (C-EXTERNAL) 0.599 0.399 0.648
LEFT DIASTEMA -0.26 0.495 0.641 0.388
RIGHT DIASTEMA -0.23 0.508 0.634 0.401
LOWER CANINE BREADTH 0.472 0.118 0.611 -0.51 -0.24
INFERIOR TRANSVERSE TORUS THICKNESS 0.293 -0.2 0.607 -0.26 0.417
UPPER CANINE LENGTH 0.542 -0.18 0.559 -0.43 -0.33
LOWER CANINE LENGTH 0.313 0.127 0.195 -0.32 0.207

127



Table 3.8. PCA Component Matrix; Ceboids (Size-Correc ed Data)
Component 1 2 3 4 5 6 7 8 9 10
Percentage of Variance (%) 25.668 22.318 8.817 6.071 4.769 4.472 3015 2.496 2.446 2.025
MAXILLA BREADTH (C-EXTERNAL) -0.901 0.189 -0.151 0.12522 0.16888
LEFT DIASTEMA -0.878 0.156 0.205 -0.1346 -0.2294
RIGHT DIASTEMA -0.869 0.167 0.195 bg -0.1936
MESIODISTAL LENGTH I2L 0.836 0.314 -0.1435 -0.2059 0.13275
MAXILLA BREADTH (C-INTERNAL) -0.804 0.213 0.123 -0.1245 -0.2769 0.18313 0.10269
MESIODISTAL LENGTH I2L 0.777 0.442 -0.138 -0.2065 -0.1816
MESIODISTAL LENGTH I2U 0.771 0.107 -0.379 0.21398 -0.2344
LENGTH CENTRAL INCISOR ROW-LOWER 0.752 0.432 -0.2517 -0.1675 -0.1233
LENGTH INCISOR ROW-LOWER 0.714 0.525 -0.2648 -0.1394
BUCCOLINGUAL BREADTH IlU 0.705 0.450 -0.259 0.20795 -0.1626
MANDIBLE BREADTH CIN -0.689 0.374 0.251 -0.1108 -0.1927 0.20619 0.10006
LENGTH INCISOR ROW-UPPER 0.673 0.533 -0.137 0.15187 -0.2687 0.15848 0.12074
BUCCOLINGUAL BREADTH I2U 0.651 0.376 -0.399 0.30992 0.24032 -0.1409
MANDIBLE BREADTH M2E 0.638 -0.475 0.373 0.25411 -0.1043 0.15091 -0.1055
LOWER CANINE BREADTH -0.610 -0.460 0.47985 0.20764 0.11969
UPPER CANINE BREADTH -0.540 -0.424 0.43243 0.34468 0.11552 0.19478 0.11117
I2U ALVEOLUS PROJECTION 0.526 -0.165 -0.147 -0.4465 0.22407 0.39476 0.29386 0.19506
IlU ALVEOLUS PROJECTION 0.520 -0.315 -0.4399 0.29022 0.30739 0.24954 -0.1413
LENGTH SYMPHYSIS (INT) -0.913 -0.1769 0.17279
LENGTH CENTRAL INCISOR ROW-UPPER 0.257 0.860 0.11368 -0.1441
MESIODISTAL LENGTH IlU 0.226 0.851 0.12898 -0.1146
SUPERIOR TRANVSERSE TORUS-INFRADENTALE 0.115 -0.825 0.251 0.12631 0.32878
SUPERIOR TRANSVERSE TORUS THICKNESS -0.822 0.101 -0.1755 0.10693 0.24089
BUCCOLINGUAL BREADTH IiL 0.278 0.814 -0.139 0.10885 0.1467 0.15592
LENTGTH POSTCANINE TOOTH ROW(MAND) 0.526 -0.789 -0.1464
LENGTH POSTCANINE TOOTH ROW 0.563 -0.744 0.162 -0.1787
MAXILLA BREADTH (M2-EXTERNAL) 0.672 -0.680 0.145 -0.1018
BUCCOLINGUAL BREADTH I2L 0.388 0.630 0.30763 0.28278 0.13796 -0.1681 0.11054
MAXILLA BREADTH (P3-EXTERNAL) 0.443 -0.619 -0.160 0.32182 0.29164 -0.1938 0.12706 0.11487



Table 3.8 (continued)

SKULL LENGTH 0.274 0.591 0.584 0.12351 0.16772 0.15779
PREMAXILLA BREADTH (INCISORS) 0.531 0.18249 -0.298 0.36905 0.3527 0.20941
SKULL BREADTH -0.1157 0.52015 0.50181 0.16296 -0.2773 0.27618 0.12864 0.12859 0.19672
MAXILLA LENGTH -0.51605 0.42205 0.30605 0.25069 0.16222 -0.1361 -0.3451 -0.1124
RIGHT SUTURE-LEFT SUTURE -0.4699 0.49888 0.37172 0.34989 0.11059 0.12691 -0.3148
NASION-NASIOSPINALE 0.42019 -0.42919 0.31278 0.33949 -0.1954 0.25133 0.12208 -0.2723 -0.143 -0.1699
ORBIT BREADTH 0.47782 0.6755 -0.2834 0.11098
PYRIFORM APERTURE BREADTH -0.1877 0.53905 -0.1118 -0.3507 0.29752 -0.1202 -0.2864
INFERIOR-SUPERIOR TRANSVERSE TORUS -0.2392 -0.29275 -0.4595 -0.2063 -0.2744 -0.2819 0.33074 0.20123
INFERIOR TRANSVERSE TORUS THICKNESS -0.4349 -0.38534 -0.437 -0.1254 -0.1023 -0.2871 -0.1258 0.14688
LOWER CANINE LENGTH -0.1984 -0.3505 0.11057 -0.3031 0.19457 -0.2559
UPPER CANINE LENGTH -0.4569 -0.36905 -0.3046 0.5714 0.28973 0.11738 0.13692 0.10882
INCISIVE FOSSA-PROSTHION -0.3396 -0.5091 0.27258 0.31676 0.27908 -0.1579 -0.1042 0.29161
MANDIBLE BREADTH P3E 0.2822 -0.20499 0.43946 0.19645 0.48207 0.21318 -0.3259 0.26175 0.1175 0.12877
PREMAXILLA LENGTH -0.29389 -0.1662 -0.3461 -0.2234 0.49099 -0.2052 -0.312
MANDIBLE BREADTH P3I 0.44037 0.36804 -0.1345 0.46309 -0.4785 0.24091
PYRIFORM APERTURE HEIGHT 0.13933 -0.1195 0.21592 0.1509 0.43158 -0.185 -0.4961 0.13354 0.15154
MANDIBLE BREADTH M2I 0.17755 0.35712 0.27085 -0.388 0.25526 -0.2508 -0.398 0.20215 0.15174
INCISIVE FOSSA-SUTURE (MEAN) 0.3534 -0.16181 -0.1469 -0.3805 0.41208 0.30183 0.50737 -0.1389
PREMAXILLA THICKNESS 0.34566 0.145 0.37657 -0.2715 -0.2156 0.10001 -0.461
ORBIT HEIGHT -0.2924 0.36603 0.26462 -0.2791 0.40703 0.41353



Table 3.9: Polarity o f  PC load in gs o f  all size-corrected  sam ples (fu ll sam ple, h om in o id s, cercop ith eco id s, ceb oid s)
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Figure 3.1a: Full Sam ple (Raw Data)
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Figure 3.2a: Full Sam ple - Size Corrected Data
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Figure 3.2b: Full Sam ple - Size Corrected Data
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Figure 3.2c: Full Sam ple - Size Corrected Data
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Figure 3.3a: H om inoids - Raw Data
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Figure 3.3b: H om inoids - Raw Data
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Figure 3.3c: H om inoids - Raw Data
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Figure 3 .3d  : H om inoids - Raw Data
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Figure 3 .3e  : H om in oid s - Raw Data
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Figure 3.4a: H om in oid s - Size Corrected Data
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Figure 3.4b: H om inoids - Size C orrected Data
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Figure 3.4e: H om inoids - Size Corrected Data
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Figure 3.5a: C ercopithecoids (Raw Data)
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Figure 3.5b: C ercopithecoids (Raw Data)
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Figure 3.5c: C ercopithecoids (Raw Data)
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Figure 3.6a: C ercopithecoids - Size C orrected Data
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Figure 3.6b: C ercopithecoids - Size Corrected Data
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Figure 3.6c: C ercopithecoids - Size Corrected Data
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Figure 3.7a: C eboids - Raw Data
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Figure 3.7b: Ceboids - Raw Data
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Figure 3.7c: C eboids - Raw Data
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Figure 3 .8a: Ceboids - Size Corrected Data
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Figure 3.8b: Ceboids - Size Corrected Data
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Figure 3 .8c: C eboids - Size C orrected Data
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Chapter 4  

D iscrim inant F unction A nalysis

4.1 Introduction

Discriminant Function Analysis (DFA) was used to explore the effects of diet on 

gnathic morphology. It has been shown that diet is reflected in both incisal and 

symphyseal morphology in primates ie.g. Hylander, 1975; 1979; 1984; Ravosa, 

1996; Shea, 1983), and the investigation of its potential effect on premaxillary 

form has been one of the key research questions of the present study. DFA, 

allowing the prediction of group membership from a set of grouping variables 

(in this case, dietary categories), in combination with PCA -  as presented in the 

previous chapter - was chosen as the ideal analytical tool towards this goal.

The parameters of the sample, the definition of the dietary categories 

used as grouping variables and further relevant information have been 

described in detail in the methods chapter. The analysis was initially run on raw 

data, in order for the effects of body size on the choice of diet to be assessed, and 

then on size corrected data to facilitate easy comparison between taxa, following 

the minimization of the effect of body size (which was shown to be considerable 

in this study sample. Chapter 3). There were no obvious differences between the 

raw data DFA results and the raw data Principal Component Analysis (PCA) 

results reported in Chapter 3, and these will not be further reported here. The 

sample was again treated initially as a whole, and was subsequently broken 

down into taxonomic units (hominoids, cercopithecoids, ceboids), as was the 

case with the PCA. Stepwise DFA was performed throughout using a wide range 

of dietary categories as grouping variables. Table 2.4 (Chapter 2) lists all the 

taxa included in the sample according to dietary habits. The analysis was carried 

out on PC scores rather than on raw data, to alleviate the problem of a 

disproportionate number of variables to that of individuals in the sample
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(Tabachnick & Fidell, 2001; see also Chapter 3). Accordingly, throughout the 

analysis (size-corrected) data should be taken to mean the PC scores that were 

generated following the performance of PCA on size-adjusted data, and all 

loading matrices of correlations between predicting variables and Discriminant 

Functions (DFs) should be read in conjunction to those presented in Chapter 3.

4 .2  R esu lts

4 .2.1 Full database — Size C orrected Data

Stepwise DFA was performed on 622 cases using scores of 9 PCs derived from 

the PCA run on the full sample and using size-adjusted data (Chapter 3: 3.2.2). 

These PC scores were used as predictor variables for membership to six groups 

indicating dietary habits. Of the total sample (622 cases), 172 individuals were 

hominoids, 278 were cercopithecoids, and 172 were ceboids.

Five canonical Discriminant Functions (DFs) were calculated as a result 

of this analysis. DFi accounts for 51.5% of the variability within groups, DF2 for 

33.7% and DF3 for 10.5% with the remaining two DFs accounting for 

progressively smaller percentages of variance (Table 4.1). The Wilk’s Lambda 

value is 0.024 for all five DFs (x^=22So.529), 0.118 when DFi is removed 

(X^=i3ii.i09), and 0.416 when the first two DFs are discounted (x^=5S8.050). 

The significance value in all cases is p < 0.001. Table 4.1 is a structure matrix 

presenting the loadings on each of the canoninal DFs extracted. This should be 

read in conjunction with table 3.2 (Chapter 3), which presents the loadings 

scored on each of the PCs extracted during the PCA run on the same sample. 

Using the six dietary categories as grouping variables (folivory-seed predation, 

frugivory, frugivory-seed predation, frugivory-folivory, graminivory and 

omnivory), 84.1% of the original full sample is correctly classified. Within 

individual dietary categories, the correctly classified percentages are as follows:
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97-6% for the folivorous-seed eating group, 73.2% for the frugivorous group, 

96.4% for the frugivorous-folivorous group, 97.8% for the frugivorous-seed 

predatory group, 72.8% for the omnivorous group, and 85.7% for the 

graminivorous group, represented by a single taxon {Theropithecus\ see table 

2.4, Chapter 2).

The highest loadings on DFi are scored by PC6 (with a value of 0.326) 

and PC4 (with a value of 0.353). In turn, the highest loadings on these two PCs 

are variables representing incisor size {e.g. -0.545 on PC6, 0.507 on PC4) and 

projection (0.512 on PC6), symphyseal length (0.497 on PC4), diastema size (- 

0.484 on PC4), premaxillary depth (-0.450 on PC4), breadth (-0.483 on PC4) 

and thickness (0.399 on PC4), and canine breadth (0.455 on PC4), (tables 3.2 

and 4.1). The highest loading PCs on DF2 are PC3 (0.452), and PC5 (0.364). 

Variables scoring highly on these PCs are those representing length of the 

postcanine tooth row (0.797 on PC3), posterior mandibular breadth (0.577 on 

PC3), orbital breadth (0.587 on PC3), diastema size (-0.586 on PC3), and 

incisor (0.509 on PC3) and canine size {e.g., 0.477 on PC5). Finally, the highest 

loading PC on DF3 is PCi (0.690), with variables representing incisor {e.g., 

0.832) and canine {e.g., -0.629) size, premaxillary length (0.600), premaxillary, 

maxillary and mandibular breadth (0.675, -0.667 and -0.634 respectively), 

incisor projection (0.559), and skull (-0.643) and orbital (-0.651) size (tables 3.2 

and 4.1).

Figures 4.1a to 4.1c illustrate these results. When DFi is plotted against 

DF2, there is separation along DFi between the folivore/frugivore group on the 

right, at the positive end of the DFi axis, and all the other dietary groups 

discussed in this context with the exception of the graminivorous group (and a 

small degree of overlap with the omnivorous group; figure 4.1a). Furthermore, 

and along the same axis, there is marginal separation between the folivore-seed
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predator group situated at the origin of the axes, and the strict frugivores, 

located at the left, negative end of DFi, as well as between the former group 

(folivore-seed eaters) and the frugivore-seed predators at the negative end of 

DFi (again, involving a small degree of overlap). Along the same axis (DFi) the 

omnivorous group largely overlaps with the frugivorous one and -  to a lesser 

degree -  with the folivore-seed eaters, an observation, which confirms the 

predominant role of fruit in the diet of taxa that also consume small quantities 

of animal matter (figure 4.1a). Finally, also on DFi, the grazers positioned at the 

positive end of the axis, are clearly separated from all other groups with the 

exception of the frugivores-folivores, where there is overlap (figure 4.1a).

On the basis of the loadings scored on DFi, it can be observed that the 

frugivore-folivores (i.e. Alouatta, Gorilla, Symphalangus) and grazers 

(Theropithecus) situated at the more positive end of the axis share in common 

and can be differentiated from the remaining sample by possessing relative to 

size: mesiodistally large and buccolingually narrow, projecting incisors, a 

mediolaterally narrow and anteroposteriorly thick premaxilla that does not 

project deeply into the nasal cavity, a long symphysis, broad canines and small 

diastemata (tables 3.2 and 4.1, figure 4.1a). By contrast, strictly frugivorous taxa 

{Pongo, Hylobates, Ateles, Lagothrix, and most cercopithecine taxa in the 

sample) share along with the frugivorous seed predators (Chiropotes, Pithecia) 

largely opposite features, such as relatively buccolingually large incisors, a 

mediolaterally wide and posteriorly projecting premaxilla that is 

anteroposteriorly thin, narrow canines and large diastemata, and a reduced in 

length symphysis.

Similarly, along DF2, there is separation between the folivore-seed eating 

group (the colobine taxa) situated at the positive end of the axis, and a cluster of 

groups consisting of the omnivores, frugivore-seed predators, and frugivore-
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folivores completely overlapping with each other at the origin of DFi and DF2 

(figure 4.1a). Also on DF2, there is further separation between the strict 

frugivores and the seed-eating ones (at the negative end of the axis), as well as 

between the graminivorous and frugivorous-folivorous groups (figure 4.1a). On 

the basis of the loadings scoring on each DF, the following conclusions can be 

drawn.

The frugivore-seed predators can be differentiated from strictly 

frugivorous and folivorous seed eating taxa by displaying relative to size: a short 

postcanine tooth row and small incisors, large canines and large diastemata, 

and a posteriorly narrow mandible. The opposite morphology separates the 

folivorous seed-eaters in the sample from those taxa that incorporate nearly 

equal amounts of fruit and leaves in their diet; thus, the colobine taxa (and the 

overlapping grazing Theropithecus) possess by comparison to taxa such as 

Alouatta or Gorilla relatively large incisors and long postcanine tooth rows, 

posteriorly wide mandibles, and small canines (figure 4.1a, tables 3.2 and 4.1).

There are no major results to be reported when DFi is plotted against 

DFs (figure 4.1b), with the exception of the breakdown of the omnivorous group 

along the latter axis: at the positive end of DF3 there is a cluster of omnivorous 

taxa, such as Pan, Papio and Mandrillus. However, at the negative end of the 

same axis, completely overlapping with the folivorous, frugivorous, and 

folivorous-frugivorous groups is Cebus, clearly separated from the frugivorous 

seed predators (figure 4.1b). Although the diet of Cebus does incorporate animal 

matter (such as insects, birds, eggs, and small mammals, such as bats), it is still 

predominantly relying on hard fruit and soft seeds, and its intermediate 

position between the omnivores and the frugivorous seed predators (with which 

Cebus is sometimes grouped) is interesting. On the basis of the loadings scoring 

highly on DF3, it can be said that taxa such as Chiropotes and Pithecia (the
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committed frugivores-seed predators) are distinct from Cebus, by displaying the 

following morphology, relative to size: mesiodistally narrow and buccolingually 

compressed incisors with the maxillary ones being vertically implanted, wider 

jaws both anteriorly and posteriorly, larger (and broader) skulls and orbits, and 

shorter and mediolaterally narrower premaxillae (tables 3.2 and 4.1, figure 

4.1b). No other major results can be reported in this context, or when DF2 is 

plotted against DF3 (figure 4.1c).

4 .2 .2  H om in oid s -  Size C orrected Data

Two canonical DFs were calculated following the application of a stepwise DFA 

on a sample of 172 cases of hominoids. Scores of eight PCs extracted following a 

PCA run on size-adjusted hominoid data (Chapter 3: 3.2.4) were used as 

predicting variables of membership to three dietary groups: frugivory, 

frugivory-folivory, and omnivory.

DFi accounts for 77.4% of the variability within groups, and DF2 for the 

remaining 22.6% (Table 4.2). The Wilk’s Lambda value for both DFs is 0.019 

(X^=b56.365), and 0.235 when DFi is excluded (x^=240.925). In both cases, the 

significance value is p < 0.001. Table 4.2 is a structure matrix presenting the 

loadings on each of the two canonical DFs calculated. This table should be read 

in combination with table 3.4 (Chapter 3), which presents the loadings on each 

of the eight PCs extracted during the PCA on hominoid size-corrected data and 

used in this context in the place of the proper variables for reasons of statistical 

vigor, as explained in chapter 2 (DFA section). Using the three dietary 

categories of frugivory, frugivory-folivory and omnivory as grouping variables, 

99.4% of the sample is correctly classified. The remaining 0.6% represents a 

single frugivorous individual, which is misclassified as a frugivore-folivore.
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The highest loading on DFi is scored by PCi with a value of -0.576, on 

which in turn variables loaded highly representing incisor size (such as the 

length of the incisor row, maxillary (0.744) and/or mandibular (0.890)), 

premaxillary and mandibular breadth measured anteriorly (0.775 and 0.699 

respectively), symphyseal length (-0.512) and thickness (-0.662), and lower face 

and piriform aperture height (-0.628 and -0.524 respectively) (tables 3.4 and 

4.2). The highest loadings on DF2 are scored by PC3 (0.486), and PC6 (-0.279), 

which in turn stand for variables representing incisal projection (0.756 on pC3), 

premaxillary depth (i.e. the distance between incisive fossa/foramen and 

alveolare; 0.788 on PC3), and premaxillary thickness (-0.565 on PC3), diastema 

size (-0.405 on PC6) and symphyseal length as indicated by the inferior- 

superior transverse torus distance (0.419 on PC3, -0.403 on PC6) (tables 3.4 

and 4.2).

Figure 4.2a illustrates these results. When DFi is plotted against DF2, 

there is a clear separation along DFi amongst the omnivorous taxa {Pan 

paniscus, Pan troglodytes) at the negative end of the axis, and the frugivorous- 

folivorous ones (Gorilla and Symphalangus) at the opposite side. Along the 

same axis, there is further separation between the omnivores and frugivores of 

the sample (situated at the origin of the axis), namely Pongo and Hylobates^ but 

not between the frugivores and the frugivore-folivores, which largely overlap 

with each other (figure 4.2a). Along DF2, the omnivores and frugivorous 

folivores are overlapping at the origin of the axis and there is only marginal 

separation between the latter group and the frugivores of the sample at the 

positive end of DF2. Interestingly, all frugivorous individuals that overlap with 

the frugivore- folivores belong to the Hylobates taxon (figure 4.2a). Along the 

same axis (DF2), there is further separation between the omnivores and the 

strictly frugivorous group.
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When the two axes are viewed in combination, the separation of all three 

dietary groups is clear. Of particular interest in this context is the complete 

separation of the omnivorous Pan from the frugivorous group (Pongo, and, to a 

lesser degree, Hylobates), since the diet of Pan is also predominantly dependent 

on ripe fruit, and supplemented by only small quantities of foliage, insects and 

animal prey (Chapter 2, figure 4.2a).

On the basis of the loadings scored on the two axes and the distribution 

of groups along them, the frugivore-folivores possess by comparison to the rest 

of the sample and relative to body size: mesiodistally short incisor rows 

accommodated into a correspondingly narrow premaxilla and mandible 

(measured anteriorly), a long and labiolingually robust symphysis, and, finally, 

a long lower face (as indicated by the nasion-nasiospinale distance) and 

piriform aperture. By contrast, the omnivores display the opposite features 

relative to size at the negative end of DFi, namely mesiodistally large incisors, 

anteriorly broad jaws, short and weak symphysis, and a short piriform aperture 

and lower face, all relative to size. The strictly frugivorous cases display an 

intermediate morphology, differentiated by their possessing, relative to size, 

forwardly projecting incisors accommodated into a long (deep) and 

anteroposteriorly thin premaxilla, coupled with an elongated symphysis and 

large diastemata (tables 3.4, 4.2, figure 4.2a). Both the omnivorous and 

frugivorous-folivorous groups overlapping on DF2 can be said to share, relative 

to size, less projecting incisors than those of the committed frugivores, and a 

thicker premaxilla that does not project much posteriorly (tables 3.4, 4.2, figure 

4.2a).
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4 .2 .3  C ercopithecoids -  S ize C orrected Data

Three canonical DFs were calculated following the application of a stepwise 

DFA on 278 cases of cercopithecoids. Scores of the 10 PCs extracted following a 

PCA run on size-adjusted cercopithecoid data (Chapter 3: 3.2.6) were again 

used as predictor variables for membership to one of the following four groups: 

folivory-seed predation, frugivory, graminivory, omnivory.

DFi accounts for 59.6% of the variability within groups, DF2 for 38.4%, 

and DF3 for 2.0% (Table 4.3). The Wilk’s Lambda value for all three DFs is 

0.017 (x^=1093.620); following the exclusion of DFi, the Wilk’s Lambda for the 

remaining two DFs is 0.143 (x^=525.706), while the same value for DF3 alone is 

0.803 (x^=59-ib3). The significance value in all three cases is p < 0.001. Using 

the four dietary categories mentioned as grouping variables, 99.6% of the 

sample is correctly classified. The error of 0.4% is due to a frugivorous 

individual wrongly classified as a folivore-seed eater; the remaining 99.1% of 

frugivorous taxa are correctly classified as such.

Table 4.3 is a structure matrix presenting the loadings on each of the 

canonical DFs used in the analysis. Again, this table should be read in 

combination with table 3.6 (Chapter 3), since PC scores were used in place of 

raw data (see above). The highest loading on DFi is scored by PC2 (with a value 

of -0.307) and PCi (0.300), on which in turn loaded variables representing 

incisor and canine size {e.g., 0.883 on PC2 for length of the mandibular central 

incisor row and -0.775 on PC2 for breadth of the mandibular canine), 

premaxillary breadth (0.614 on PC2), skull length (0.866 on PCi) and breadth 

(0.915 on PCi), orbital size (height (0.879) and breadth (0.870), both on PCi), 

jaw breadth (.e.g., 0.842 on PCi for mandibular breadth measured at the M2 

level), symphyseal length (-0.670 on PCi) and thickness (-0.769 on PCi), 

premaxillary and maxillary length (-0.525 and -0.593, both scored on PCi), and
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lower face height (-0.710 on PCi). Contrary to this, the highest loading on DF2 

is scored again by PCi (-0.313), on which amongst others, high loadings 

represented skull and orbit dimensions, symphyseal length and thickness, 

premaxillary and maxillary length and jaw breadth, as already described. 

Finally, the highest loadings on DF3 are scored by PC6 (-0.548), PC4 (0.513), 

PC3 (0.491), and PC9 (0.331), on which the highest loadings were produced by 

variables representing length of the postcanine tooth row (0.731 on PC3), 

diastema size (-0.596 on PC3), anterior jaw breadth (-0.654 on PC3), incisal 

projection (0.721 on PC4), premaxilla depth (0.516 on PC4) and breadth (0.438 

on PC6), and symphyseal length as indicated by the inferior-superior transverse 

torus distance (0.460 on PC9) (tables 3.6 and 4.3).

Figures 4.3a to 4.3c illustrate these results. When DFi is plotted against 

DF2, DFi separates the folivorous-seed eating group at the positive end of the 

axis from those representing all other dietary categories in the sample, with only 

a small overlap with the graminivorous group represented by Theropithecus 

(the distribution range of which is deceptive, since there is only one male 

individual included in the sample). Furthermore and on the same axis, there is 

only marginal overlap between the grazing Theropithecus, located at the origin 

of the two axes, and a cluster of omnivorous species including Papio and 

Mandrillus at the negative end of DFi (figure 4.3a). By contrast, along DF2 

there is complete overlap between frugivores and folivorous seed-eaters 

occupying the origin and negative end of the axis, as well as between omnivores 

and the graminivorous group at the positive end of DF2, and the only clear 

separation is that between frugivores/folivorous seed-eaters and 

omnivores/grazers (figure 4.3a). No other major results can be reported when 

either DFi or DF2 are plotted against DF3 (figures 4.3b and 4.3c).
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On the basis of the structure matrix that resulted from the analysis and 

the distribution of the taxa in figure 4.3a, it becomes clear that the more 

folivorous taxa (i.e. the colobines of the sample), which on DFi are distributed 

along the more positive end of the axis, by comparison to the remaining groups 

(omnivorous, frugivorous groups and grazers, i.e. the cercopithecine 

cercopithecoids) and relative to size display the following morphological 

features: mesiodistally small incisors accommodated into a superoinferiorly 

short and mediolaterally narrow premaxilla, a short maxilla, broad canines, a 

short and weak symphysis, a posteriorly broad mandible, short lower face, and 

large (and broad) skulls and orbits (tables 3.6 and 4.3). These same features 

also differentiate Theropithecus, the single graminivorous species in the sample, 

from the other large (omnivorous) papionins {Papio and Mandrillus). On this 

same axis (DFi), the omnivorous and strictly frugivorous groups overlap, and 

can, thus, be considered to share the following features relative to size: narrow 

canines, a long incisor row and wide premaxilla, a long and robust symphysis, 

long maxilla and lower face, and posteriorly narrow jaws. They also share 

similarly small and narrow neurocrania and orbits (tables 3.6 and 4.3; figure 

4.3a).

Similarly, the cluster of omnivores and the single grazer, namely the 

larger papionins of the cercopithecoid sample, can be differentiated from the 

frugivorous and folivorous groups in the study along DF2, by displaying the 

following morphology (relative to size): short and narrow skulls, small orbits, a 

long and thick symphysis, a long maxilla and premaxilla, and an elongated 

lower face.
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4 .2 .4  C eboids — S ize Corrected Data

172 valid cases were included in the stepwise DFA that was carried out on scores 

of 10 PCs extracted following the application of PCA on size-adjusted ceboid 

data (Chapter 3: 3.2.8). These PC scores were used as predictor variables for 

membership into the four following dietary groups: frugivory, frugivory- 

folivory, frugivory-seed predation, and omnivory. As a result of this analysis 

three canonical DFs were extracted. 69.0% of the within groups variability is 

attributable to DFi, 21.3% to DF2, and 9.7% to DF3 (Table 4.4). The Wilk’s 

Lambda value for all three DFs is 0.001 (x^=1234.777), 0.018 for DF2 and DF3 

(X^=664.33i), and 0.187 for DF3 alone (x^=27ô.i79). The significance value for 

all three DFs is p < 0.001. As a result of the analysis, 100% of the sample is 

correctly classified. Table 4.4 is a structure matrix listing all the DF loadings on 

the PC scores that were used in the place of variables proper. Once again, this 

should be interpreted in conjunction with table 3.8, which presents the results 

of the PCA on size corrected ceboid data (Chapter 3). The highest loading on 

DFi is scored by PC2 with a value of 0.557, which in this case represents 

variables such as symphyseal length (-0.913) and thickness (-0.822), incisor and 

postcanine tooth row size {e.g., 0.851 and -0.744, respectively), premaxillary 

breadth (0.531) and skull length (0.591). By contrast, the highest loading on 

DF2 was scored by PCi (with a value of 0.576), which stands for size of the 

anterior dentition (incisors and canines; e.g., 0.836 and -0.610, respectively), 

mandibular breadth measured posteriorly (at the M2 level; 0.638), and 

maxillary incisor projection (0.526). PC3 was the component highly loading on 

DF3 (with a value of 0.347), on which, in turn, the variables that scored highly 

were those representing orbital and piriform aperture breadth (0.675 and 0.539, 

respectively) (Tables 3.8 and 4.4).
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These results are illustrated in figures 4.4a to 4.4c. Along DFi, the only 

clear separation, albeit a strong one, is that of the frugivorous-folivorous group 

(represented by Alouatta) and the remaining groups. The latter represent the 

following dietary categories: frugivory (Ateles, Lagothrix), omnivory (Cebus), 

and frugivory-seed predation (Chiropotes, Pithecia). All these groups display 

complete overlap on DFi. By contrast, there are good separations amongst 

frugivory, omnivory and frugivory-seed predation along DF2, while there is also 

separation between the latter dietary category and frugivory-folivory on the 

same axis. No separation is possible between frugivory-folivory and either strict 

frugivory or omnivory on DF2 (Figure 4.4a).

On the basis of the structure matrix resulting from the analysis, it can be 

remarked that along DFi, the dietary state of frugivory-folivory as represented 

by Alouatta, is associated with the following facial configurations (relative to 

size): an elongated and thick symphysis, long postcanine tooth rows, 

mesiodistally narrow incisors and a correspondingly narrow premaxilla. 

Similarly, and on the basis of their overlap on the DFi axis, the frugivorous, 

omnivorous and frugivorous-seed predating groups can be said to share: short 

and weak symphyses, large incisors and broad premaxillae, and reduced 

postcanine tooth rows (Tables 3.8 and 4.4, Figure 4.4a).

When the distribution along DF2 is considered, the following results can 

be reported: the frugivore-seed predators (Chiropotes, Pithecia) are 

morphologically distinct from the rest of the sample in possessing (relative to 

size): broad canine crowns and correspondingly wide diastemata, mesiodistally 

narrow mandibular incisors and vertically implanted maxillary ones, and a 

posteriorly narrow mandible (Tables 3.8 and 4.4, Figure 4.4a). The committed 

frugivores of the sample display the opposite features, while the omnivorous
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and frugivorous-folivorous groups {Cebus and Alouatta) are morphologically 

intermediate between the two extremes along DF2.

When DFi is plotted against DF3 (Figure 4.4b), the most important 

result is the separation of the previously overlapping omnivorous and 

frugivorous groups along DF3. The omnivores are here positioned along the 

more negative end of the axis separating from the remaining dietary groups, 

which overlap completely with each other (Figure 4.4b). According to the 

loadings scored on DF3, the omnivores can, thus, be morphologically 

differentiated from the remaining taxa by displaying relative to body size: 

narrow orbits and narrow piriform apertures (Tables 3.8, 4.4, Figure 4.4b). 

These results are confirmed when DF2 is plotted against DF3 (Figure 4.4c).

4 .3  D iscu ssion

DFA was performed with the view to test the hypothesis that premaxillary form 

is dependent upon diet. In other words, it was assumed that since the functional 

role of the premaxilla primarily relates to the accommodation of the incisors, 

and due to the fact that incisal morphology has been shown to reflect dietary 

habits fairly accurately (Hylander, 1975), then one should be in a position to 

make inferences about premaxillary form based on knowledge of the diet of the 

taxa in question. The analysis was carried out initially on the full sample, which 

was subsequently broken down into taxonomic units representing hominoids, 

cercopithecoids and ceboids, and new analyses were performed on each of these 

subsets of data. The results, with respect to the hypothesis posed, are mixed.

When the analysis was carried out on the full sample, good separations 

were observed between frugivorous-folivorous and/or graminivorous taxa and 

all other dietary groups, between folivores that supplement their diet with fair 

quantities of seeds and frugivorous seed predators, and between the largely
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folivorous taxa and the committed frugivores. The omnivorous taxa were found 

to possess an intermediate position between either the frugivore-folivores and 

the strict frugivores, or between the seed-eating folivores and the frugivorous 

seed predators. Interestingly, the two groups of folivore-seed eaters (i.e. the 

colobine cercopithecoids) and frugivore-seed predators (ceboid taxa such as 

Chiropotes and Pithecia) presented a small degree of overlap along DFi. 

Accordingly, these groups can be said to share features such as relatively 

projecting incisors, a mesiodistally narrow and anteroposteriorly thick 

premaxilla that does not project much into the nasal cavity, smaller diastemata 

and a long symphysis. Nonetheless, the folivore-seed eaters appear distinct in 

possessing these morphologies in more extreme form, while they also separate 

from the frugivore-seed predators by displaying relatively larger incisors and 

longer postcanine tooth rows, narrower diastemata, and posteriorly wider 

mandibles.

With regard to premaxillary morphology proper, it was found that the 

frugivore-folivores shared with the graminivores a relatively mesiodistally 

narrow, anteroposteriorly thick premaxilla that does not project much 

posteriorly in the nasal cavity. This premaxillary morphology was further found 

to be associated with a relatively long symphysis. By contrast, the 

predominantly frugivorous taxa in the sample were shown to possess largely the 

opposite configuration relative to size, namely a premaxilla that is mesiodistally 

wide, posteriorly projecting as indicated by the large incisive fossa-prosthion 

distance, and anteroposteriorly thin. Taxa displaying this premaxillary 

morphology were further shown to possess a relatively short symphysis. Finally, 

the frugivore-seed predators of the sample were found to be largely similar in 

premaxillary morphology to the more committed frugivores of the sample, 

though they were still clearly separated from them by displaying a relatively
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shorter and mesiodistally narrower premaxilla accommodating correspondingly 

small incisors. Groups such as the folivore-seed eaters and the omnivores, were 

shown to be largely intermediate between the two extremes described.

These distinct premaxillary configurations are best summarized by two 

separate clusters of dietary groups formed when DFi is plotted against DF2: 

there is a primarily “herbivorous” cluster incorporating the frugivore-folivores, 

folivore-seed eaters and the graminivorous groups in the sample, and occupying 

the space defined by the more positive end of DFi and the positive and negative 

ends of DF2. The taxa belonging to this grouping all display a dietary regime 

that involves the processing of nutritionally poor and mechanically hard 

foodstuffs, such as leaves (young and mature), roots, tubers, herbs, seeds, and 

fruit that is not necessarily ripe and soft. In the study sample, this kind of diet is 

characteristic of taxa such as Alouatta  and Gorilla (leaves, fruit), the colobines 

(leaves, seeds), and the graminivore Theropithecus.

Parallel to this grouping and in diagonal formation the primarily 

frugivorous cluster of groups can be seen, including the frugivores, frugivore- 

seed predators and omnivores of the sample, and distributed mainly along the 

negative ends of DFi and DF2 (Figure 4.1a). The taxa comprising this cluster 

subsist on diets that contain high quality foodstuffs, such as ripe, soft fruit (the 

frugivores, e.g. Pongo, Ateles, the cercopithecines), or fruit with a hard pericarp 

and soft seeds (the ceboid seed predators), or even a predominantly frugivorous 

regime with fair amounts of animal protein (omnivores, e.g. Pan, Papio, Cebus).

These two groups represent the two opposite ends of premaxillary (and 

symphyseal) configurations: at one end the “frugivores” are characterized by a 

relatively wide, posteriorly projecting and thin in diameter premaxilla paired 

with a short symphysis, while at the other end the “herbivores” feature a
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relatively narrow and thick premaxilla that does not project much into the nasal 

cavity and is associated with a long and robust mandibular symphysis.

These results are largely in accordance with what is known about anterior 

gnathic morphology in catarrhines (Fleagle, 1999; Verheyen, 1962; Vogel, 1968). 

It has been long observed that, at least with respect to cercopithecoids, there is a 

clear dichotomy in jaw (mandibular) morphology that coincides with the 

taxonomic division of the family in two groups (Cercopithecinae, Colobinae) 

with distinct (and clashing) dietary habits: a reliance on fruit for the 

cercopithecines as opposed to a subsistence on leaves and other plant matter for 

the colobines (Delson, 1992; Fleagle, 1999). The differential mechanical 

properties of these foodstuffs have been shown to be responsible for the 

differences in the masticatory apparatuses of the two groups (Ravosa & Profant, 

2000 ). The consumption of highly fibrous items such as leaves, grasses, herbs, 

pith, bark and seeds by folivorous (and graminivorous, e.g. the cercopithecine 

Theropithecus) taxa requires a greater number of chewing cycles and results in 

repeated elevated masticatory forces {e.g. increased dorsoventral shear) upon 

the mandibular corpus and symphysis (Hylander, 1979). These in turn  have 

caused selection amongst herbivorous taxa for relatively more robust corpora 

and symphyses (superioinferiorly longer, vertically oriented, buccolingually 

thicker) (Ravosa, 1996; Ravosa & Profant, 2000), amongst other adaptations 

such as a relatively long masseter lever arm and large masseter-medial 

pterygoid complex (Ravosa, 1990).

The clear separation of the folivorous and frugivorous taxa in the sample, 

when DFi is plotted against DF2 confirms these observations, while it also 

emphasizes the increased masticatory efficiency of the grazing Theropithecus, 

which, despite its cercopithecine status, has been known to share colobine-like 

adaptations against elevated chewing strains (Bouvier, 1986). In figure 4.1a, the
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graminivorous Theropithecus is positioned further removed from both 

frugivores and folivores, by possessing a relatively longer symphysis, and an 

anteroposteriorly thicker premaxilla that does not project deep into the nasal 

cavity.

One of the most interesting results of the analysis of the full dataset was 

the fact that the frugivore-folivores of the sample were shown to possess the 

most extreme masticatory configurations compared to both the committed 

frugivores and the folivores analysed. Their distribution diametrically opposite 

of the frugivores and frugivore-seed predators, separated from the folivores and 

overlapping with the graminivorous Theropithecus was due to their sharing 

with the latter taxon, relative to size, a very long and robust symphysis and an 

equally anteroposteriorly thick and mesiodistally narrow premaxilla, that does 

not project deep into the nasal cavity, as indicated by the incisive fossa- 

prosthion distance. This finding is somewhat surprising, but does accord with 

recent studies of the mandibular morphology of, for example, the African apes, 

according to which, and controlling for the effects of allometry, gorilla 

individuals (including the frugivorous-folivorous western lowland Gorilla g. 

gorilla, the subspecies used in this analysis) appear to possess more efficient 

masticatory apparatuses than those of the omnivorous Pan (Taylor, 2002; and 

contra Goodman, 1968, who in an analysis of the hominoid mandibular 

symphysis found that Pongo possessed the longest symphysis of all great apes 

relative to size). This conclusion is even more unexpected, given the fact that 

Taylor's results were only suggestive of a difference, that this difference was not 

consistent, and that, more importantly, diet did not appear in the context of that 

analysis to be the sole contributing factor for these results. The latter 

observation is consistent with Ravosa’s (2000) conclusions resulting from an 

allometric study of hominoid mandibles (which also incorporated fossil
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material) and pointing to the fact that larger hominoids were shown to possess 

relatively larger and more robust mandibles and symphyses, that further 

displayed a small degree of curvature. Ravosa concluded that in this respect, "... 

larger-bodied dental apes converge morphologically, and presumably 

functionally in terms of jaw-loading regimes and masticatory forces, on the 

derived colobine condition ” (Ravosa, 2000: 320). Gorilla individuals are 

further known to possess, relative to size, an anteroposteriorly short and thick 

premaxilla, that is mesiodistally narrow (accommodating correspondingly small 

incisors) and does not project deep into the nasal cavity.

A second interesting result of the analysis of the full sample is that the 

distribution of the dietary groups appears to be the outcome of functional 

trajectories and quite independent of the phylogenetic inter-relationships of the 

taxa included in the sample. For example, when DFi is plotted against DF2, at 

the most positive end of the first axis, the frugivore-folivore group is distributed, 

including phylogenetically distant taxa such as Gorilla, Alouatta  and 

Symphalangus. Similarly, at the diametrically opposite end of DFi, the 

frugivorous cluster of taxa is to be found, featuring Pongo, Hylobates and most 

of the cercopithecines of the sample.

The situation is somewhat more complicated when the sample is broken 

down into taxonomic units representing hominoids, cercopithecoids and 

ceboids, and DFAs are run on each of these subsets of data. For example, in the 

case of the ceboid taxa, the distribution appears very similar to that resulting 

from the Principal Components Analysis on this sample: the frugivorous- 

folivorous group (represented in this case by the single taxon of Alouatta) is 

well removed from all other dietary groups, namely the frugivores (Ateles, 

Lagothrix), the omnivores (Cebus), and the frugivore-seed predators 

(Chiropotes, Pithecia). Alouatta  is certainly distinct by being the single ceboid
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taxon in the sample that incorporates such large quantities of leaves in its diet, 

but whether its extreme separation from the remaining groups is solely due to 

the effects of diet on its masticatory apparatus, or whether other factors related 

to alternative adaptations {e.g. with respect to the hyoid bone morphology) also 

contribute to this distribution remains inconclusive. In the same context, it is 

noteworthy that when, as a result of the same analysis, DFi is plotted against 

DF3 and the omnivorous group becomes separated from the previously 

overlapping frugivorous cluster, this separation takes place on the basis of the 

omnivores possessing narrow orbits and piriform apertures, variables that are 

not readily associated with dietary choices.

Similarly, in the analysis of the full sample, the omnivorous taxa were 

distributed between the frugivore-folivores and the frugivores, and were slightly 

overlapping with the latter. By contrast, when the analysis is run on hominoid 

data, the omnivores were at the far (negative) end of the first axis and the 

frugivores were situated instead between them and the frugivore-folivores. This 

result appears again similar to those acquired when PCA was run on size- 

adjusted hominoid data, and it could indicate that phylogeny, rather than diet 

alone might have an effect on the separations witnessed. This possibility 

regarding the effect of phylogenetic inertia will be tested in the following 

chapter.

4 .4  C onclusions

DFA analysis was performed with the view to test the hypothesis that anterior 

gnathic, and, in particular, premaxillary form is largely influenced by diet. When 

the analysis was carried out on the full sample and with size-corrected data, 

good separations were produced amongst most dietary groups in the study, and 

in particular, between frugivores and folivore-seed eaters, and between both of
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these groups and frugivore-folivores. The dietary state of frugivory was shown to 

be largely associated with a relatively mediolaterally wide, anteroposteriorly 

thin premaxilla of increased depth, and a superoinferiorly short symphysis. 

Folivory, in turn, was found to be associated with largely the opposite 

morphology of a relatively reduced maxillary incisor row, narrow premaxilla 

and elongated symphysis. Most importantly, though, frugivore-folivore taxa 

were shown to possess the most extreme adaptations against a mechanically 

demanding diet, by displaying, relative to size, the longest and anteroposteriorly 

most robust symphysis of all other groups, coupled with a mediolaterally 

narrow, anteroposteriorly thick premaxilla that does not project deeply into the 

nasal cavity. Although good separations were produced when DFA was run on 

the whole sample, these separations amongst various dietary groups were much 

clearer when the original sample was broken down into smaller subsamples 

(hominoids, cercopithecoids, ceboids). Interestingly, though, when separate 

DFAs were performed on these subsamples of the dataset, interpretation of the 

results was hampered by the inherent lack of dietary diversity within clades and 

the strong effect of phylogeny.
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Table 4.1: Structure M atrix — Full Sam ple (Size-C orrected Data)

F unction 1 2 3 4 5
Percentage of Variance (%) 51’5 33.7 10.5 3.4 1.0
REGR factor score 6 for analysis 1 0.3258 0.1341 -0.0572 0.0312 0.2774
REGR factor score 1 for analysis 1 -0.0412 0.2634 0.6904 -0.1070 -0.0408
REGR factor score 5 for analysis 1 -0.0464 0.3638 -0.2765 0.7404 -0.0833
REGR factor score 3 for analysis 1 0.0478 0.4525 -0.0423 -0.5003 -0.0377
REGR factor score 7 for analysis 1 -0.0261 0.0294 -0.2538 -0.1628 0.6622
REGR factor score 2 for analysis 1 -0.1722 0.0302 0.2189 0.4052 0.5390
REGR factor score 4 for analysis 1 0.3531 -0.1065 0.3019 0.2119 0.3707
REGR factor score 8 for analysis 1 0.0593 -0.0494 0.1412 0.2838 -0.3054
REGR factor score 9 for analysis 1 -0.1635 -0.0393 0.1784 -0.1286 0.2572

Table 4 .2: Structure M atrix — H om in oid s (Size-C orrected Data)

Function 1 2
% of Variance 77.4 22.6
PCSCOREi
PCSCORE7
PCSCORE5
PCSCORE3
PCSC0 RE6
PCSCORE4
PCSC0 RE8
PCSCORE2

-0.5758 0.2552 
-0.1879 -0.0242 

0.1161 0.1147 
0.0740 0.4862 
0.0153 -0.2794 
0.0156 0.1249 

-0.0359 -0.0852 
-0.0106 -0.0694
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Table 4.3: Structure M atrix -  C ercopithecoids
(Size-C orrected Data)

F unction 1 2 3
% of Variance 596 38.4 2.0
PCSCORE2 -0.3067 -0.0763 0.0581
PCSCORio 0.0637 0.0303 -0.0084
PCSCOREi 0.2999 -0.3135 0.0339
PCSCORE5 -0.0159 0.2086 0.0730
PCSCORE7 -0.0144 -0.0978 -0.0645
PCSC0 RE6 0.0883 0.1881 -0.5476
PCSCORE4 -0.0063 0.1098 0.5133
PCSCORE3 0.1285 0.1870 0.4907
PCSCORE9 0.0199 -0.1107 0.3305
PCSC0 RE8 0.0322 0.0782 -0.2171

Table 4 .4: Structure M atrix -  C eboids 
(Size-C orrected Data)

Function 1 2 3
% of
Variance 69.0 21.3 9.7
PCSCORE2 0.5573 0.1664 -0.0523
PCSCOREi -0.0900 0.5757 -0.1033
PCSCORio -0.1482 0.1509 -0.0353
PCSCORE3 -0.0163 -0.0428 0.3466
PCSC0 RE6 0.0005 -0.0364 -0.2188
PCSCORE4 -0.0181 -0.0730 -0.2052
PCSCORE5 0.0190 0.0963 0.1393
PCSC0 RE8 -0.0120 -0.0209 0.1106
PCSCORE7 0.0030 -0.0568 0.0739
PCSCORE9 0.0083 -0.0038 0.0182
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Figure 4.1a: Full Sam ple (S ize-C orrected Data)
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Figure 4.1b: Full Sam ple (S ize-C orrected D ata)
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Figure 4.1c: Full Sam ple (S ize-C orrected Data)
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Figure 4 .2a: H om inoids (S ize-C orrected Data)
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Figure 4 .3a: Old W orld M onkeys (S ize-C orrected  D ata)
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Figure 4.3b: Old W orld  M onkeys (S ize-C orrected  D ata)
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Figure 4 .3c: Old W orld M onkeys (S ize-C orrected D ata)

10

00
CO

□
-6

6 -

□p

A A

X  X  
X  X

X

.. X)?

10

♦ Folivory-Seed eating 

□ Frugivory 

A Graminivory 

X  Omnivory

DF2



Figure 4.4a: C eboids (Size-C orrected Data)
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Figure 4.4b: Ceboids (S ize-C orrected Data)
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Figure 4.4c: Ceboids (S ize-C orrected Data)
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Chapter 5 

P hylogenetic Com parative A nalysis

5.1 In trod uction

This chapter aims to present the results of phylogenetic comparative analysis on 

the data. Since the assumption that various taxa can be treated as independent 

units of analysis is demonstrably false {e.g. Harvey & Pagel, 1991), it was 

deemed necessary to re-examine the strength of all the correlations reported in 

the preceding analytical chapters, in the absence of phylogenetic effects. This 

has been done by means of the Independent Contrasts (ICs) method, and using 

the Comparative Analysis by Independent Contrasts (CAIC) statistical 

application (Purvis & Rambaut, 1995), as described in the relevant methods 

section (Chapter 2). The results of the Discriminant Function analyses suggest 

that phylogenetic heritage might bear on the relationship between diet and 

morphology when the full sample was broken down into taxonomic units 

representing hominoids, cercopithecoids and ceboids. Similarly, any 

correlations between variables related to premaxillary and symphyseal 

morphology (or between the former and incisal morphology), as manifested 

during Principal Components (PC) and Discriminant Function (DF) analysis 

had to be re-examined for the effect of phylogenetic inertia. Accordingly, the 

null hypothesis tested in this context is as follows: when phylogeny is taken into 

account, there is no relationship between any two maxillary and/or mandibular 

variables {i.e. they have not co-evolved in a correlated fashion).

5.2 M aterials and m eth ods

Details related to the theoretical assumptions, potential, and practical 

application of CAIC have been presented in the methods section (Chapter 2). 

However, the ability of the programme to process both solely continuous
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variables and continuous combined with (one) categorical variables resulted in 

two separate analyses on two different sets of data, and the rationale behind 

them merits some further discussion in this context.

Analysis o f  Continuous Variables CCrunch”). This kind of analysis calculates 

sets of Independent Contrasts (ICs) between two or more continuous variables, 

through means of the so-called “Crunch” algorithm (Purvis & Rambaut, 1995). It 

is aptly suited to testing -am ongst o thers- simple bivariate correlation 

hypotheses, and for this reason it was chosen to assess the strength of any 

statistically significant relationships amongst premaxillary and symphyseal (and 

incisal) morphology from an evolutionary perspective. The dataset of 

continuous variables used was compiled through reference to the results of the 

PC (Chapter 3) and DF (Chapter 4) analyses, although size corrected data were 

used in place of the PC and DF scores, to facilitate interpretation. Species means 

were calculated for each variable and used in place of “raw” data.

Given that the focus of this study is on the interrelationship of 

premaxillary form and that of the corresponding mandibular symphysis and 

accommodated maxillary incisor row, only variables directly pertaining to these 

structures were chosen. Accordingly, the continuous variables used in the 

analysis are as follows: premaxillary length, premaxillary breadth measured 

anteriorly at the lateral incisor alveoli, premaxillary thickness, premaxillary 

breadth measured inferiorly at the premaxillomaxillary sutures, premaxillary 

depth as indicated by the incisive fossa/foramen-prosthion distance, 

symphyseal length, and length of the maxillary incisor row (for a definition of 

these variables see chapter 2, figures 2.1 -  2.5).

Prior to processing the data, CAIC requires the user to define which one 

of the variables to be analysed will be treated as the independent predictor. This 

makes sense in cases where hypotheses are constructed on a predictive basis
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and regressions are subsequently run on the sets of ICs resulting from the 

analysis; however, since only moderate correlations were found between the 

variables discussed, and the analyses are necessarily correlative rather than 

predictive, this requirement is not of particular importance to the present 

analysis. A random decision was, thus, made for symphyseal length and incisor 

row length to be always treated as the predictor variables when compared to 

premaxillary features, except where the two were compared with each other, in 

which case the length of the incisor row was set as the independent variable. 

Amongst premaxillary variables, premaxillary length and premaxillary breadth 

measured at the incisor alveoli were treated as the independent variables.

The strength of correlations between variables (species data) and 

between sets of ICs is reported in terms of the Pearson product-moment

coefficient of correlation (r) (Sokal & Rohlf, 1995), p<0.05 is the threshold for

significance. A statistically significant correlation between two sets of ICs would 

indicate that the two variables compared have co-evolved in a correlated

fashion, and that this relationship is not an artefact of the phylogenetic

closeness of the taxa compared. It should be noted, however, that lack of a 

statistically significant correlation, does not necessarily denote lack of a 

relationship, particularly so with small sample sizes as is the case in this study, 

and this proviso should be kept in mind when reading the interpretation of the 

results.

Analysis o f  Continuous and Categorical Variables CBruncK’). Contrary to the 

analysis of the contrasts of continuous variables only (“Crunch”), this mixed 

analysis allows the user to calculate sets of ICs (using an algorithm known as 

“Brunch”) between one or more continuous variables and a single (preferably 

dichotomous) categorical variable, which is always treated as the independent 

one (Purvis & Rambaut, 1995). In this sense, this kind of analysis is ideally
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suited to test the associations between certain suites of morphological features 

and particular dietary categories, as reported in the preceding chapter (Chapter 

4) following DF analysis. On the basis of those results, it was necessary to run a 

phylogenetic comparative analysis using all dietary categories, namely frugivory, 

frugivory-seed predation, folivory-seed eating, graminivory, and frugivory- 

folivory (omnivory was excluded because it was not found to be strongly 

associated with diet specific morphological features during analysis of the full 

sample). However, some of these diets are either characteristic of 

phylogenetically closely related taxa {e.g. the pitheciines, in the case of 

frugivory-seed predation, or the colobines in case of folivory-seed eating), or 

they are diets that are characteristic of a single taxon in the study sample {e.g. 

graminivory and Theropithecus). Since with the “Brunch” algorithm sets of ICs 

are calculated by using species values once only, rather than by both comparing 

species values to each other and to higher nodes (Purvis & Rambaut, 1995), only 

a single IC could be calculated in each case for frugivory-seed predation, 

folivory-seed eating and graminivory. These ICs were predictably calculated at 

those nodes in the phylogeny leading to the pitheciines, the colobines and 

Theropithecusj respectively. Due to these limitations, analyses could only be run 

using the dietary categories of frugivory and frugivory-folivory as the predictor 

discrete variable at each time.

The categorical variables should preferably occur in one of two states, 

and coded in the binary fashion of either o or 1. Alternatively, the categorical 

variable can assume one of a few discrete states, but only if these can be ranked 

along an axis, a requirement which introduces a sense of directionality into the 

data. Furthermore, the “Brunch” algorithm is only able to process a single 

categorical variable in any one analysis. Thus, to circumvent these problems, a 

separate analysis had to be run for each of the two dietary categories (frugivory
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and frugivory-folivory, respectively). In each case the dietary category of interest 

was coded i and contrasted against all other types of diet coded as o. 

Continuous variables for “Brunch” were chosen on the basis of their scoring in 

the DF analysis and their contribution to the separation of each of the dietary 

categories analysed on DF axes (Chapter 4). Size adjusted data were used in 

place of the PC scores used in the original analysis of diet, to facilitate 

interpretation of the results. As in the case of the analysis of solely continuous 

variables, species mean values were calculated for each variable and used in 

place of the measurements proper.

This analysis was designed to test the null hypothesis that when 

phylogeny is taken into account, there is no relationship between the predictor 

variable (in this case, diet) and any of the continuous variables (morphological 

features). According to this prediction, one would expect an equal number of 

positive and negative ICs calculated, and their mean value to be zero (Purvis & 

Rambaut, 1995). [The “Brunch” algorithm calculates sets of ICs “... with the 

direction of subtraction set such that the discrete variable is positive, retaining 

the direction of subtraction for contrasts in the continuous variable” (Nunn & 

Barton, 2001: 87)]. In each case, a one-sample t-test with a reference value of 

zero was used to test this hypothesis. This method was chosen over sign tests 

due to its greater statistical power with smaller samples (Nunn & Barton, 2001). 

The null hypothesis was accepted in cases where p-values exceeded the 0.05 

confidence limit.

Twenty-five taxa of the original sample of 26 were incorporated in all 

analyses. Miopithecus talapoin, represented in the database by a single female 

individual, was consistently behaving as an outlier and was, therefore, excluded 

from further analysis. Both analyses (“Crunch” and “Brunch”) were originally 

carried out assuming a punctuational model of evolution, according to which all
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branches of the phylogenetic tree were assigned equal lengths. This was 

followed up by the same analyses incorporating the branch lengths published by 

Purvis (1995) for the primate phylogeny he presented in the same paper (and 

which is used in this study; see Chapter 2). Results herein are reported in this 

order. Throughout the analysis, ICs should be taken to mean standardised 

linear contrasts, which are contrasts each divided by the square root of its 

expected variance (i.e. its standard deviation), with this variance being 

proportional to the sum of the branch lengths between each taxon and their 

common ancestor (Purvis & Rambaut, 1995). This is a cautionary measure 

against the problem of unequal variances.

5.3 R esu lts

5.3.1 A nalysis o f  con tin u ou s variab les (Crunch)

Prior to the CAIC analysis of continuous variables, a number of correlation 

analyses were run between pairs of the seven variables of interest in this context 

(the species mean values of the size corrected raw data): premaxillary length, 

breadth (measured both at the lateral incisor alveoli and at the 

premaxillomaxillary sutures), thickness, depth, symphyseal length and length of 

the maxillary incisor row. Values of the strength of these correlations and their 

significance are presented in table 5.1. Correlations in most cases are either 

weak or moderate. Among the moderate correlations, some hint to an 

interrelationship between premaxillary morphology and that of either the 

mandibular symphysis or the maxillary incisor row. There was a negative 

correlation between symphyseal length and both measures of premaxillary 

breadth, with breadth measured at the incisor edges r=-o.479 (p<0.015), and 

with breadth measured at the sutures r= -o .q o i (p<0.047). Further moderate 

(positive) correlations were found between the length of the maxillary incisor
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row and each of the following: premaxillary length (r=o.4ii, p<0.041), 

premaxillary breadth at the incisor edges (though not at the sutures) (r=o.6g2, 

p<o.ooo), and premaxillary thickness (r=o.52y, p<o.ooy) (table 5.1). Finally, a 

moderate negative correlation was found between the length of the maxillary 

incisor row and symphyseal length (r=-o.535, p<o.oo6). Significant positive 

correlations of premaxillary variables, on the size corrected species means, were 

found between premaxillary length and both premaxillary breadth at incisors 

(r=o.523, p<0.007) and premaxillary thickness (r=o.6i2, p<o.ooi), as well as 

between premaxillary breadth at the incisors and: premaxillary thickness 

(r=o.4o8, p<0.043) and premaxillary breadth measured at the sutures 

(r=o.454, p<0.023) (table 5.1).

Following the identification of these relationships, CAIC analyses were 

run using all these pairs of variables. 24 sets of ICs were calculated in each case 

(25 taxa minus 1). Statistically insignificant correlations originally identified in 

the species data were excluded from further analysis based on the CAIC- 

produced IC values. The correlation coefficients (and p values) of the calculated 

sets of ICs are presented in Table 5.2. For consistency, this matrix has been 

constructed in the same format as Table 5.1 (with omitted correlations 

represented by blank cells). The only significant correlation based on ICs is that 

between symphyseal length and premaxillary breadth measured at the 

premaxillomaxillary sutures, with an r value of -0 .564 (p<0.004).

When the analysis is not run on the assumption of a punctuational model 

of evolution, and individual branch lengths are assigned (rather than being of 

uniform length throughout), the results are comparable (table 5.3). Again, the 

only significant correlation is a negative one between symphyseal length and 

premaxillary breadth measured at the sutures (r = -0.405, p<0.050).
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5 .3*2 A nalysis o f  con tin u ou s and categorical variab les (Brunch)

Frugivory: 17 continuous variables were entered for analysis representing the 

following morphological traits: premaxillary breadth (measured at the lateral 

incisor alveoli), premaxillary thickness, premaxillary depth (i.e. the incisive 

foramen/fossa -  prosthion distance), premaxillary width measured inferiorly at 

the premaxillomaxillary sutures, symphyseal length, buccolingual breadth (BL) 

of b, BL of P, maximum maxillary canine length, maximum maxillary canine 

breadth, length of the maxillary incisor row, length of right diastema, length of 

left diastema, BL of L, BL of I2, maximum length of the mandibular canine, 

maximum breadth of the mandibular canine, length of the mandibular incisor 

row. Six sets of ICs were calculated for each of these variables at the following 

nodes representing frugivorous taxa at the tips of them: the node leading to the 

papionins excepting macaques (e.g. Lophocebus), the node leading to the 

macaques, the ateline node (e.g. Ateles, Lagothrix), the node leading to the 

lesser apes (Hylobates), the node leading to Pongo, and finally the root of the 

tree, where platyrrhines and catarrhines bifurcate.

Table 5.4 presents the results of the one-sample t-tests run on sets of ICs 

acquired while assuming that all branches were of equal length, and with the 

aim to test the null hypothesis that when phylogeny is taken into account, there 

is no relationship between fruit consumption and any of the continuous 

variables studied. The only variables scoring p-values lower than 0.05 (i.e. 

values statistically equal to zero) are those related to central incisor size 

(buccolingual breadth, both maxillary and mandibular), and, as a result of this 

(or rather as a result of a correspondingly wide mesiodistal dimension), length 

of the whole incisor row. The bias towards positive scores for all these variables 

can be taken to signify a positive correlation between the evolution of the 

categorical variable studied (frugivory), and that of continuous variables
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representing central incisor size. These results are confirmed when the analysis 

is run using the branch lengths provided by Purvis (1995) (table 5.5). It should 

be noted, however, that due to issues related to both the statistical rigour of the 

CAIC method, and, in particular, the very low sample size of this part of the 

analysis (N=6; Tables 5.4, 5.5), these results do not rule out the existence of a 

relationship between frugivory and any of the other variables studied. In fact, 

the identification of four  correlations between this type of diet and variables 

related to incisal morphology is rather surprising in view of the limited sample 

size.

Frugivoru - Folivoru: 15 continuous variables were successively analysed 

against the dietary category of frugivory-folivory. The continuous variables used 

were the following: premaxillary breadth (measured at the lateral incisor 

alveoli), premaxillary thickness, premaxillary depth, premaxillary breadth 

measured at the premaxillomaxillary sutures, projection of the P alveolus, 

projection of the P  alveolus, symphyseal length, maximum length of the 

maxillary canine, maximum breadth of the maxillary canine, length of the 

maxillary incisor row, length of right diastema, length of left diastema, 

maximum length of the mandibular canine, maximum breadth of the 

mandibular canine, length of the mandibular incisor row. Three sets of ICs were 

calculated for each of these variables at the following nodes representing 

frugivorous-folivorous taxa at the tips of them: the node leading to the African 

apes (Gorilla), the node leading to the atelines (Alouatta), and the one leading 

to the lesser apes (Symphalangus).

Table 5.6 presents the results of the one-sample t-tests run with data 

analysed assuming equal lengths for all branches of the phylogeny. Again, all 

variables have p-values higher than the 0.05 confidence limit, with the 

exception of those related to (central) incisor size, namely projection of the P
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alveolus and length of the maxillary and mandibular incisor rows. All sets of ICs 

for the two latter variables are negative, indicating a negative correlation 

between the evolution of this trait (length of the incisor row) and that of 

frugivory-folivory. The opposite trend is true for (central) incisor projection, 

which was found to positively correlate with this kind of diet. As can be seen 

from table 5.7, these results are duplicated when the analysis incorporates 

heterogeneous branch lengths. As was the case with the analysis of frugivory, 

the lack of significant correlations between frugivory-folivory and any of the rest 

of the variables could reflect the extremely low sample size employed (N=g; 

Tables 5.6, 5.7).

5 .4  D iscu ssion

This chapter was constructed on the basis of the results of the previous two 

analyses, those of Principal Components (Chapter 3) and Discriminant Function 

(Chapter 4). Although only few would dispute the need for control of the 

phylogenetic inertia inherent in any study sample during comparative analysis, 

it would still be fair to acknowledge that in practice, the statistical applications 

designed to address this issue are still fraught with problems such as unresolved 

phylogenies, incorrect branch lengths, and certain theoretical assumptions 

about the manner in which evolution took place, to name but a few. 

Furthermore, the extremely small sample size in this particular analysis was 

proven to be similarly problematic, and as such, the lack of a statistically 

significant correlation between variables cannot necessarily be taken to reflect 

lack of a true relationship. Nonetheless, the results on one hand of phylogenetic 

comparative analyses pointing to the strong impact of phylogenetic closeness on 

any kind of relationships studied (Nunn & Barton, 2001), and the outcomes of 

simulations tests on the other, where it is indicated that the incorporation of
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unresolved phylogenies in the analysis produces still better results than the 

failure to incorporate any evolutionary perspective (Purvis, 1995), provide 

largely adequate justifications for this kind of analysis.

The most important conclusion, when the analysis is run on continuous 

variables, is the demonstration of the fact that all but one of the correlations 

reported on the basis of species values are proven to be statistically insignificant 

when phylogeny is controlled for. On the basis of insight into the effects of 

phylogenetic heritage on biological relationships in the last years (Nunn & 

Barton, 2001), this is not an unexpected result, except in the case of the 

correlation of premaxillary breadth (measured at the incisor alveoli) and length 

of the maxillary incisor row. Since the functional role of the premaxilla is 

primarily the accommodation of the maxillary incisor row, one would expect a 

strong correlation between the latter variable and premaxillary breadth. This is 

particularly so when breadth is measured at the distal edges of the lateral 

incisor alveoli, rather than the premaxillomaxillary sutures where the length of 

the diastemata, right and left, becomes an extra contributing factor. This lack of 

correlation then could be due to the effect of two factors, namely incisor crown 

shape, and incisor crown projection (both labiolingual and mesiodistal).

Incisor crown shape (and projection) is variable in primates (Swindler, 

2002), and it has been shown to largely correspond to the type of diet 

characteristic of the taxon in question (Hylander, 1975) and to a lesser degree, 

its phylogeny (e.g. see Eaglen, 1984, for a discussion of incisor size in ceboids). 

It could be hypothesized that the largely trapezoid shape of the (maxillary) 

incisor crowns contributes to a total mesiodistal length dimension for the whole 

of the incisor row that exceeds that measured at the alveoli edges, which largely 

depicts the total width of the corresponding roots. This discrepancy could be 

furthermore accentuated by the fact that the incisor crowns are in some cases
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projecting, or that the central incisors are positioned further anteriorly in 

relation to the lateral ones.

Of particular interest to the research questions of this study is the 

moderate negative correlation found between symphyseal length and 

premaxillary breadth measured at the premaxillomaxillary sutures (tables 5.2, 

5.3). Although it would be tempting to hypothesize that this relationship really 

reflects the correlation of symphyseal length and incisor row length (a 

hypothesis, which, in turn, would have certain biomechanical implications), it is 

important to note that no significant correlation was found between 

premaxillary breadth measured at the sutures and incisor size.

The mixed analysis of continuous and discrete data produced results 

largely in accordance with the existing literature on the subject of diet specific 

morphologies. Again, the majority of features found to be closely associated 

with either frugivory or frugivory-folivory in the DF analyses proved to be 

unrelated to diet after taking account of phylogeny (although, in light of the 

small sample sizes employed in these two analyses this finding should be viewed 

with caution). The evolution of variables representing incisal morphology 

however, was found to have been linked with that of the diets studied: the 

evolution of central incisor size (as judged by both buccolingual breadth and 

mesiodistal length of the incisor rows, maxillary and mandibular) was found to 

significantly correlate positively with frugivory and negatively with frugivory- 

folivory, based on the polarity of the IC mean values. Furthermore, projection of 

the F alveolus was found to positively correlate with frugivory-folivory. The 

association of incisor size and choice of diet is well documented {e.g. Hylander, 

1975; Kay & Hylander, 1978; but see also Eaglen, 1984), while increased incisal 

projection (documented at the alveolar margin level) in those taxa that 

incorporate near equal amounts of fruit and leaves in their diet, could be

198



interpreted as an adaptation for the processing of fruit, largely compensating for 

the decrease in incisor dimensions. Despite the documented association of 

incisal morphology and choice of diet in the literature, the corroboration of this 

relationship using CAIC in the analysis undertaken in this study, is particularly 

surprising, when one considers the small sample size employed (frugivory: N=6; 

frugivory-folivory: N=s).

Another interesting result of the analysis regards the lack of any strong 

association between the two dietary categories studied and symphyseal length. 

Variation in the latter variable has been largely (though by no means 

completely) understood in biomechanical terms, as a response to specific 

masticatory stress/strain demands. The lack of a statistically significant 

correlation between the evolution of e.g. frugivory-folivory and a 

correspondingly long symphysis according to the predictions of these models, 

points to the inadequacy of strictly dietary explanations towards understanding 

of symphyseal form, although the methodological problems mentioned above 

and related to CAIC assumptions and limited sample size could be partly 

responsible for this result.

One last observation relates to this methodological issue inherent in 

phylogenetic comparative analysis, namely the size and diversity of the study 

sample. It becomes evident from this kind of analysis that a large and as diverse 

as possible sample (in terms of both morphology and ecology) is absolutely 

necessary for the effects of phylogeny to be properly evaluated. Most problems 

related to the interpretation of the results of the DF analysis arose when the 

study sample was broken down into smaller taxonomic units, hominoids, 

cercopithecoids, ceboids (Chapter 4). However, no phylogenetic comparative 

analysis could be performed on these samples (in relation to e.g. diet), because 

the sample size would effectively be one (as was the case with graminivory and
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Theropithecus, or frugivory-seed predation and the pitheciine taxa of 

Chiropotes and Pithecia). It is only when large sample sizes are incorporated in 

the analysis that meaningful tests can be carried out for the effect of 

phylogenetic constraints. Finally, and with respect to the question of branch 

lengths, largely comparable results were acquired when the analysis was 

performed initially with equal and then with individual branch lengths. The only 

difference was the fact that in the first case, coefficient correlation values (in the 

case of the analysis of continuous variables) tended to be higher, slightly 

exaggerating the strength of the relationship.

5.5 C onclusions

Phylogenetic comparative analysis was run with the view to test the null 

hypothesis that any correlations documented in the previous sections, between 

pairs of continuous variables reflecting morphology, or between morphological 

traits and specific dietary categories associated with them, would be found to 

still be significant following control for the effects of phylogeny. In accordance 

to what is known about the effects of phylogeny, the majority of correlations 

reported during the two preceding analytical chapters were found to no longer 

be significant when analyses were run on sets of 1C. The exceptions were the 

correlation between premaxillary breadth (measured at the premaxillomaxillary 

sutures) and symphyseal length (r=-o.s64, p < 0.004) and correlations between 

variables related to incisor size and the dietary categories of frugivory and 

frugivory-folivory. Comparable results were acquired when the analysis was run 

both on equal and individual branch lengths. The last point is a methodological 

one and relates to both the general unreliability of CAIC as a means of 

effectively controlling for phylogenetic inertia, and the extremely small sample 

sizes employed in the phylogenetic analysis of two types of diet (frugivory: N=6;

200



frugivory-folivory: N=3). Accordingly, the lack of a statistically significant 

correlation cannot necessarily be taken to reflect lack of a true relationship 

between the variables studied.
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Table 5.1: Correlation matrix of variables pertaining to premaxillary and symphyseal morphology.
Values in bold indicate correlations significant beyond the 0.05 confidence limit (n=25).

10o
ro

Premaxillary Breadth (at incisors) 0.523
p < 0.007

Premaxillary Thickness 0.612
p < 0.001

0 .408
p < 0.043

Premaxillary Depth 0.317 
p < 0.123

0.085 
p < 0.685

-0.244 
p < 0.241

Premaxillary Breadth (at sutures) 0.089 
p < 0.674

0.454
p < 0.023

-0.042 
P < 0.843

0.102 
p < 0.627

Symphyseal Length 0.011 
P < 0.957

-0.479
p < 0.015

-0.238 
p < 0.251

0.143 
P < 0.497

-0.401
p < 0.047

Length of maxillary incisor row 0.411
p < 0.041

0.692
p < 0.000

0.524
p < 0.007

-0.178 
P < 0.395

0.158
0.450

-0.535
0.006

Premaxillary Premaxillary Premaxillary Premaxillary
Premaxillary

Breadth Symphyseal
Length Breadth (Is) Thickness Depth (Sut) Length



Table 5.2: Correlation matrix of independent contrasts calculated from variables pertaining to premaxillary and symphyseal 
morphology and assuming branches of equal length.
Values in bold indicate correlations significant beyond the 0.05 confidence limit (n=25).

10o
CO

C Premaxillary Breadth (at incisors) 
0

0.207 
P < 0.332

N Premaxillary Thickness 
T

0.260 
p < 0.220

-0.056 
P < 0.794

R Premaxillary Depth 
A
S Premaxillary Breadth (at sutures) 
T

0.304 
p < 0.149

S Symphyseal Length -0.130 
P < 0.544

-0.564
p < 0.004

I Length of maxillary incisor row 
N

0.274 
p < 0.196

0.307 
p < 0.144

0.337
p < 0.107

0.025 
p < 0.909

C O N T R A S T S  IN:
Premaxillary

Length
Premaxillary 
Breadth (Is)

Premaxillary
Thickness

Premaxillary
Depth

Premaxillary
Breadth

(Sut)
Symphyseal

Length



Table 5.3: Correlation matrix of independent contrasts calculated from variables pertaining to premaxillary and symphyseal
morphology after assigning individual branch lengths.
Values in bold indicate correlations significant beyond the 0.05 confidence limit (n=25).

too

C Premaxillary Breadth (at incisors) 
0

-0.101 
p < 0.637

N Premaxillary Thickness 
T

0.301 
P < 0.152

-0.174 
p < 0.416

R Premaxillary Depth 
A
S Premaxillary Breadth (at sutures) 
T

0.231 
p < 0.278

S Symphyseal Length -0.189 
P < 0.376

-0 .405
p < 0.050

I Length of maxillary incisor row 
N

-0.190 
P < 0.374

0.344
p < 0.100

0.293 
p < 0.164

-0.223 
P < 0.295

C O N T R A S T S  IN:
Premaxillary

Length
Premaxillary 
Breadth (Is)

Premaxillary
Thickness

Premaxillary
Depth

Premaxillary
Breadth

(Sut)
Symphyseal

Length



Table 5.4: One-sample t-test results for variables contrasted to frugivory.
P-values in bold indicate p < 0.05

10
0

01

VARIABLE N MEAN t-VALUE p-VALUE
Premaxillary Breadth (incisors) 6 0.013 1.869 0.121
Premaxillary Thickness 6 -0.012 -1.029 0 .3 5 1
Premaxillary Depth 6 0.0127 0 .9 5 5 0.383
Premaxillaiy Breadth (sutures) 6 0.008 0.662 0 .5 3 7
Symphyseal Length 6 0.049 -1.273 0.259
Buccolingual Breadth of maxillaiy Ii 6 0.0121 3.089 0 .0 2 7
Buccolingual Breadth of maxillary I2 6 0.003 -0.995 0.365
Length of the maxillary canine 6 -0.012 -1.242 0.269
Breadth of the maxillary canine 6 -0.0066 -0.913 0.403
Length of the maxillaiy incisor row 6 0.0284 3.403 0 .019
Length of right diastema 6 -0.0051 - 0 .5 3 7 0.614
Length of left diastema 6 -0.0042 - 0 .5 3 3 0.617
Buccolingual Breadth of mandibular Ii 6 0.0112 3 .2 1 3 0 .0 2 4
Buccolingual Breadth of mandibular I2 6 0.0056 1.407 0.218
Length of the mandibular canine 6 0.00144 0.175 0.868
Breadth of the mandibular canine 6 -0.0057 -1.703 0.149
Length of the mandibular incisor row 6 0.0372 2.642 0 .0 4 6



Table 5.5: One-sample t-test results for variables contrasted to frugivory and individual branch lengths assigned.
P-values in bold indicate p < 0.05

to
O

VARIABLE N MEAN t-VALUE p-VALUE
Premaxillary Breadth (incisors) 6 0.00805 1.591 0.172
Premaxillaiy Thickness 6 -0.008 -1.037 0 .3 4 7
Premaxillary Depth 6 0.00755 0.750 0.487
Premaxillaiy Breadth (sutures) 6 0.002 0.228 0.829
Symphyseal Length 6 -0.036 - 1.375 0.227
Buccolingual Breadth of maxillary Ii 6 0.00822 3.870 0 .012
Buccolingual Breadth of maxillaiy I2 6 -0.0024 -1.125 0.312
Length of the maxillary canine 6 -0.0074 -0.979 0.372
Breadth of the maxillary canine 6 -0.0052 -0.853 0 .4 3 3
Length of the maxillary incisor row 6 0.0201 3.000 0 .0 3 0
Length of right diastema 6 -0.0039 -0.585 0.584
Length of left diastema 6 - 0 .0 0 3 5 -0.587 0 .5 8 3
Buccolingual Breadth of mandibular Ii 6 0.00727 3.380 0 .0 2 0
Buccolingual Breadth of mandibular I2 6 0.0032 1.111 0.317
Length of the mandibular canine 6 -0.00071 -0.121 0.908
Breadth of the mandibular canine 6 -0.0034 - 1 .3 4 5 0.237
Length of the mandibular incisor row 6 0.0234 2 .3 5 1 0 .0 6 5



Table 5.6: One-sample t-test results for variables contrasted to frugivory-folivory.
P-values in bold indicate p < 0.05

roo

VARIABLE N MEAN t-VALUE p-VALUE
Premaxillaiy Breadth (Incisors) 3 -0.032 -2.236 0.155
Premaxillary Thickness 3 -0.031 -1.065 0.398
Premaxillary Depth 3 0.0132 1.16 0.366
Premaxillaiy Breadth (Sutures) 3 -0.031 -1.554 0.26
Projection of the maxillary I i  (alveolus) 3 0.0195 5.956 0 .0 2 7
Projection of the maxillary I2 (alveolus) 3 0.0141 2.201 0.159
Symphyseal Length 3 0.122227 2.487 0.131
Length of the maxillary canine 3 0.024 1.405 0.295
Breadth of the maxillary canine 3 0.00675 0.528 0.65
Length of the maxillary incisor row 3 -0.044 -10.936 0 .0 0 8
Length of the right diastema 3 0.00715 0.489 0.673
Length of the left diastema 3 0.00971 0.753 0.53
Length of the mandibular canine 3 -0.00095 -0.067 0.953
Breadth of the mandibular canine 3 0.00936 1.063 0.399
Length of the mandibular incisor row 3 -0.058 -4.255 0 .051



Table 5.7: One-sample t-test results for variables contrasted to frugivory-folivory and individual branch lengths assigned.
P-values in bold indicate p < 0.05

VARIABLE N MEAN t-VALUE p-VALUE
Premaxillary Breadth (Incisors) 3 -0.022 -2.356 0.143
Premaxillaiy Thickness 3 -0.02 -1.044 0.406
Premaxillary Depth 3 0.00969 1.315 0.319
Premaxillaiy Breadth (Sutures) 3 -0.022 -1.662 0.238
Projection of the maxillaiy I i (alveolus) 3 0.0132 3.995 0 .0 5 7
Projection of the maxillary I2 (alveolus) 3 0.0102 2.376 0.141
Symphyseal Length 3 0.0812 2.610 0.121
Length of the maxillary canine 3 0.0147 1.293 0.325
Breadth of the maxillary canine 3 0.00423 0.493 0.671
Length of the maxillary incisor row 3 -0.003 -6.796 0 .021
Length of the right diastema 3 0.0058 0.567 0.628
Length of the left diastema 3 0.00722 0.772 0.521
Length of the mandibular canine 3 0.00161 0.212 0.852
Breadth of the mandibular canine 3 0.00628 1.078 0.394
Length of the mandibular incisor row 3 -0.037 -4.794 0 .041

roo
0 0



Chapter 6 

A nalysis o f  th e  fo ss il sam p le

6.1 In troduction

The aim of this chapter is to predict the diet of various fossil taxa on the basis of 

the strength of the functional correlations detected between the morphology of 

the region under study and dietary categories (chapter 4). Although the CAIC 

analysis preceding this chapter highlighted the importance of phylogenetic 

considerations, the limited sample size employed in that case rendered those 

results inconclusive, and as such they have not been further pursued in this 

chapter. Detailed descriptions of the sample incorporated in the analysis and 

the state of preservation of the specimens (mostly casts) measured have been 

provided in the methods section (chapter 2). Due to the fragmentary and 

differential state of preservation of each specimen separate Principal 

Components (PC) and Discriminant Function (DF) analyses have been carried 

out for each extinct taxon, and the results accordingly reported. The 

measurements used in each analysis depended on the state of preservation of 

the “fossil” specimen in question, and are listed as part of the component matrix 

of the respective Principal Components Analysis (PCA).

As with the extant sample. Discriminant Function Analysis (DFA) has 

been performed using PC scores for reasons of statistical vigour (chapter 2). Due 

to the size discrepancy both between the extinct taxa and the extant ones, and 

amongst the taxa belonging to the extant sample proper as documented in 

chapters 3 and 4, size adjusted data have been used throughout this section. Size 

adjustment has been carried out again by dividing each measurement by the 

geometric mean, as described in the methods section (chapter 2). Finally, in an 

effort to strengthen the statistical analysis in view of the limited number of 

variables used in the majority of cases, discrete phylogenetic units of modern
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taxa (e.g. hominoids, cercopithecoids) were used as comparative sub-samples 

with which the analyses were carried out. Exceptions have been made in a 

couple of cases, where the extant comparative sample has been expanded, and 

the reasons for this are explained in the relevant sections.

6 .2  R esu lts  

6.2.1 P l i o p i t h e c u s  ( E p i p l i o p i t h e c u s )  v i n d o b o n e n s i s

PCA and DFA were performed on a sample including a single individual of 

Pliopithecus (Epipliopithecus) vindobonensis and all extant taxa of hominoids 

(six species), cercopithecoids (14 species) and ceboids (six species) (chapter 2) 

comprising the full modern study sample. Pliopithecus has been shown to share 

affinities with the extant catarrhines (Zapfe, i960; Andrews et a l, 1996). 

However, its primitive appearance resembling forms pre-dating the split 

between hominoids and cercopithecoids, and certain morphological traits 

reminiscent of those shared by platyrrhines (Begun, 2002a) justify its 

comparison with an expanded sample also incorporating ceboid taxa.

As a result of the PCA performed on this sample, 16 PCs were extracted 

based on the sum of squared loadings and accounting for 89.709% of the total 

variance inherent in the sample. 23.496% of this variance can be attributed to 

PCi, 15.826% to PC2 and 12.819% to PC3, with the remaining PCs accounting 

for progressively smaller percentages of variance ranging from 7.601% to 1.111% 

(Table 6.1). Table 6.1 is a component matrix listing the loadings scored by the 

various variables on each PC. The highest loadings on PCi were scored by 

variables representing dental dimensions (e.g. MD length of I2, 0.876; BL 

breadth of P, 0.736; maxillary canine breadth, -0.657), premaxillary breadth 

measured at the lateral incisor alveoli (0.678) and mandibular breadth 

measured at the P3 ectomolaria (-0.615), orbital height (-0.556) and
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premaxillary length (0.526) (Table 6.1). Variables indicating dental length 

scored highly also on PC2 (e.^. length of the mandibular incisor row, 0.625, 

compared to 0.633, scored on PCi; MD length of the h , 0.595), along with 

variables representing mandibular breadth measured anteriorly at the canine 

level (0.675), lower face height (nasion-nasiospinale, -0.627), premaxillary 

depth (incisive fossa-prosthion, -0.591), and symphyseal thickness (e.g. -0.583) 

and length (-0.542). Finally, the highest loadings on PC3 were scored by 

variables indicating, amongst others, maxillary breadth recorded at the M2 level 

(0.831), length of the postcanine tooth row (0.779), and diastema size (e.g. - 

0.668) (Table 6.1). Following this PCA, a stepwise DFA was performed on 622 

cases of hominoids (N=i7i), cercopithecoids (N=278), ceboids (N=172) and 

Pliopithecus (N=i). The 16 PC scores that resulted from the initial PCA carried 

out on size adjusted data were used as predictor variables for membership to six 

groups indicating dietary habits. With regard to the extant sample, these 

categories are the same as described in chapters 2 and 4. No dietary affiliation 

was pre-assigned to Pliopithecus.

Six canonical DFs were calculated as a result of this analysis. DFi 

accounted for 46.1% of the variability within groups, DF2 for 33.5%, and DF3 

for 11.5%, with the remaining DFs accounting for progressively smaller 

percentages of variance (Table 6.2). The Wilk’s Lambda value was 0.004 for all 

six DFs (x^=3294.266), 0.031 when DFi was removed (% ̂ =2111.040), and 0.167 

when the first two DFs were discounted (x ^=1089.332). The significance value 

in all cases was p < 0.001, except for DF6 (Wilk’s Lambda=o.953, x^=29.4i6), 

where p=0.002. Table 6.2 is a structure matrix listing the loadings on each of 

the canonical DFs extracted. This should be read in conjunction with Table 6.1, 

which presents the loadings scored on each of the PCs extracted during the PCA 

performed on size corrected data for this sample. Using the six dietary
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categories (plus Pliopithecus) as grouping variables, 95% of the original sample 

was correctly classified. Table 6.3 presents a breakdown of the classification 

percentages.

The highest loadings on DFi were scored by PC4 (with a value of 0.227), 

PCi (-0.215), and PC6 (0.203) (Table 6.2). In turn, the highest loadings on these 

three PCs are variables representing dental size such as MD length of the lateral 

incisors (0.876 on PCi, 0.463 on PC4), and breadth of the mandibular canine (- 

0.649 on PCi, 0.497 on PC4), premaxillary length (0.526 on PCi), premaxillary 

breadth (at the premaxillomaxillary sutures, -0.469 on PC4; at the lateral 

incisors, 0.678 on PCi), premaxillary thickness (0.450 on PC4), and symphyseal 

length (0.480 on PC4) (Tables 6.1 and 6.2). The highest-loading PCs on DF2 

were PC5 (0.284), PC3 (0.243) and PC6 again (0.235). Variables scoring highly 

on these PCs are those representing jaw breadth at the M2 level (0.831 and 

0.695, for the maxilla and mandible respectively on PC3), length of the 

postcanine tooth row (0.779 on PC3), diastema size (-0.668 on PC3), BL 

breadth of the lateral Is (0.538 on PC3 for D, and -0 .433 on PC6 for I2), D 

alveolar projection (0.447 on PC6), and symphyseal length (superior transverse 

torus-infradentale distance, -0.601) and thickness (superior transverse torus 

thickness, -0.483), both on PC5 (Tables 6.1 and 6.2). Finally, the highest- 

loading PCs on DF3 are PCi (0.483) and PC4 (0.271) as before, and PC7 (- 

0.244).

Figure 6.1 illustrates theses results. When DFi is plotted against DF2, 

there is separation along the former axis between the folivore/seed eaters as 

well as the frugivores of the sample, both situated at the negative end of the DFi 

axis and the remaining groups (grazers, omnivores, frugivore-folivores and 

frugivore-seed predators) situated further along the positive end (Figure 6.1). 

All of the latter groups overlap with each other on the same axis (DFi) as do the
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folivore-seed eaters with the frugivores. Pliopithecus is situated at the periphery 

of the folivorous-seed eating cluster, consisting exclusively of the colobines of 

the extant sample. In this respect, it overlaps along DFi with frugivorous taxa 

such as Old World cercopithecines, Pongo, or platyrrhines such as Ateles 

(Figure 6.1). Along DF2 on the other hand, Pliopithecus is situated at the most 

positive end of this axis, marginally separated from the more committed 

folivores of the sample, and well distanced from all other dietary groups. 

Amongst the latter, there is separation between the folivore-seed eaters and the 

frugivores (previously overlapping on DFi), between the single grazer 

{Theropithecus) and the omnivores/frugivores/frugivore-seed predators, and 

between the frugivore-folivores and the frugivore-seed predators. Finally, and 

on the same axis (DF2) there is only a small degree of overlap between the 

frugivore/omnivores and the frugivore-folivores, while there is complete overlap 

between the frugivores and the frugivore-seed predators, between the former 

and the omnivores, and between the folivores and the frugivore-folivores 

(Figure 6.1).

On the basis of the loadings scored on DFi, it can be said that 

Pliopithecus, of interest in this context, has been shown to share with both 

folivorous-seed eating and with frugivorous taxa the following morphological 

traits: a relatively long, mediolaterally wide and anteroposteriorly thin 

premaxilla, a superoinferiorly shortened mandibular symphysis, an anteriorly 

narrow mandible (at the P3 level), and narrow canines (Tables 6.1, 6.2; Figure 

6.1). By contrast, and along DF2, Pliopithecus appears similar to the folivorous- 

seed eating cluster and distinctive from all other groups by possessing relative to 

size: a posteriorly wide mandible, an elongated postcanine tooth row, small 

diastemata, an anteroposteriorly thin symphysis (at least at the superior
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transverse torus level), and a correspondingly shortened one as indicated by the 

superior transverse torus-infradentale distance (Tables 6.1, 6.2; Figure 6.1).

6 ,2. , z A J r o p i t h e c u s  t u r k a n e n s i s

A PCA was initially performed on size-adjusted data from a sample of extant 

hominoid taxa (six species) and a single individual of Afropithecus turkanensis 

(chapter 2). The measurements used for this analysis (as dictated from the state 

of preservation of the fossil specimen) are listed in Table 6.4. 11 PCs were 

extracted as a result, accounting for 88.598% of the total variability inherent in 

the sample. 24.735% of this total can be attributed to PCi, 18.249% to PC2, and 

11.075% to PCs, with the remaining PCs accounting for progressively smaller 

percentages of variance ranging from 8.437% to 2.085% (Table 6.4). Table 6.4 is 

a component matrix listing the loadings scored by the various variables on each 

PC.

The highest-loading variables on PCi were those indicating dental size, 

such as the length of the maxillary incisor row (-0.824), as well as premaxillary 

breadth recorded at the lateral incisor alveoli (-0.792), piriform aperture height 

(0.618), maxillary breadth recorded at the canine level (0.585), length of the 

postcanine tooth row (0.542), premaxillary thickness (-0.520), and diastema 

size ie.g. 0.570) (Table 6.4). On PC2, the highest loadings were scored by 

maxillary breadth recorded at the M2 level (0.811), orbital breadth (0.716) and 

height (0.459), premaxillary breadth measured at the premaxillomaxillary 

sutures (0.646), and premaxillary length (-0.482). Finally, on PC3, the highest 

scores were those of the incisive fossa/foramen-premaxillomaxillay suture 

radius (0.788), the projection of the maxillary incisor alveolus (0.742 for the P  

alveolus, and 0.713 for the P one, respectively), and premaxillary depth as 

indicated by the incisive fossa/foramen-prosthion distance (0.664) (Table 6.4).
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On the basis of these results, a stepwise DFA was subsequently 

performed on the same sample (172 cases), using the PC scores as predictor 

variables for membership to three dietary categories represented by the extant 

hominoid taxa analysed plus Afropithecus, which again was not pre-assigned to 

any dietary category prior to the analysis. Three canonical DFs were extracted as 

a result of this analysis. DFi accounted for 71.5% of the total variability within 

groups, DF2 accounted for 26.0%, and DF3 for 2.5% (Table 6.5). The Wilk’s 

Lambda value was 0.031 (x^=572.i49) for all three DFs, 0.236 (x^=237.2io) 

when DFi was discounted, and 0.810 (x^=34-740) when the first two DFs were 

removed. The significance value in all three cases was p < 0.001. Using the 

dietary categories as grouping variables, 96.5% of the sample was correctly 

classified. A breakdown of the classification percentages is provided in table 6.6.

Table 6.5 is a structure matrix listing the loadings on each one of the 

three DFs extracted. Again, this should be read in conjunction with table 6.4 

listing the scores on each one of the PCs calculated as a result of the PCA 

performed on the same sample. The highest scoring PC on DFi is PCi with a 

value of 0.475, on which in turn the highest scoring variables were, as already 

discussed, the length of the maxillary incisor row, premaxillary breadth, 

piriform aperture height, maxillary breadth recorded at the canine level, length 

of the postcanine tooth row, premaxillary thickness, and diastema size (Tables 

6.4, 6.5). The highest scoring PCs on DF2 were PC3 (-0.386), PC7 (0.271), and 

PC6 (0.264), on which in turn scored highly variables such as the projection of 

the maxillary incisor alveoli {e.g. 0.742 on PC3), premaxillary depth (incisive 

fossa/foramen-prosthion, 0.664 on PC3), premaxillary length (0.615 on PC6), 

maxillary breadth at the P3 level (0.484 on PC6), piriform aperture breadth 

(0.361 on PC6), and BL breadth of the maxillary lateral incisors (0.478 on PC7) 

(Tables 6.4, 6.5). Finally, the highest scoring PCs on DF3 were again PC6
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(0.643), PC4 (0.468), and PC2 (0.365), on which in turn scored highly variables 

such as maxillary breadth at the M2 level (0.811 on PC2), premaxillary length (- 

0.482) and breadth (0.646 at the premaxillomaxillary sutures) both on PC2, 

diastema size {e.g. -0 .584  on PC4), length of the postcanine tooth row (0.472 

on PC4), and all the other variables already mentioned for PC2 (Tables 6.4, 6.5).

Figure 6.2 illustrates these results. When DFi is plotted against DF2, 

Afropithecus is situated at the most positive end of the former axis, well 

separated from all other dietary groups. Along the same axis, the omnivorous 

group {Pan) at the opposite, negative end is also separated from all other 

groups, while there is only a small degree of overlap between the frugivorous 

{Pongo, Hylobates) and frugivorous-folivorous {e.g. Gorilla, Symphalangus) 

clusters, also evident on DF2 (Figure 6.2). Along DF2, Afropithecus is 

marginally separated from the omnivorous group, while it overlaps slightly with 

both the frugivores and the frugivore-folivores of the sample (Figure 6.2). When 

DFi and DF2 are viewed in combination, Afropithecus is clearly separated from 

all other dietary groups.

On the basis of the loadings mentioned above, the morphological 

characteristics (relative to size) that separate Afropithecus from the other 

dietary groups are as follows: a reduced maxillary incisor row and premaxillary 

width, an anteriorly wide maxilla at the canine level with large diastemata, an 

elongated postcanine tooth row and an anteroposteriorly thin premaxilla. 

Furthermore, it was shown to share with frugivorous taxa relatively procumbent 

maxillary incisors, a premaxilla that projects deep posteriorly into the nasal 

cavity, and a narrow piriform aperture (Tables 6.4. 6.5; Figure 6.2).

In addition to these analyses, a further composite analysis (PCA and 

DFA) was performed with Afropithecus and an expanded sample incorporating 

all hominoid, cercopithecoid, and ceboid taxa of the original database (a total of
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622 individuals; chapter 2) with the view to test the hypothesis that 

Afropithecus resembles extant platyrrhines in possessing dentognathic 

adaptations for seed predation (Leakey & Walker, 1997). As a result of this 

second PCA, 11 PCs were extracted, accounting for 88.762% of the total variance 

present in this expanded sample. Of this total, 24.339% was accountable by PCi, 

15.886% by PC2 and 14.743% hy PC3, with the remaining PCs being responsible 

for progressively smaller percentages of variation ranging from 7.667% to 

1.808% (Table 6.7).

The highest scoring variables on PCi were those indicating dental size, 

such as the length of the maixillary incisor row (0.675) and canine breadth (- 

0.622), incisal projection (0.638), premaxillary and maxillary breadth at the 

canine level (0.658 and -0 .688 , respectively), orbital height (-0.644), and 

premaxillary and maxillary length (0.611 and 0.509, respectively) (Table 6.7). 

Dental size scored highly also on PC2 {e.g. BL breadth of the maxillary central 

incisor, 0.618), along with: length of the postcanine tooth row (0.645), diastema 

size (-0.772), maxillary breadth recorded at the M2 level (0.736), and orbital 

breadth (0.550). Finally, the highest loadings on PC3 were scored by variables 

such as: length of the maxillary incisor row (-0.639), incisal projection (0.625), 

premaxillary depth (incisive fossa/foramen-prosthion, 0.604), nasion- 

nasiospinale (0.481), premaxillary thickness (-0.462), and piriform aperture 

height (0.473) (Table 6.7).

These PC scores were subsequently employed as predictor variables in a 

second stepwise DFA carried out on the same expanded sample (a total of 622 

cases). Six canonical DFs were extracted as a result of this analysis. DFi 

accounted for 43.0% of the total variability within groups, DF2 for 33.3% and 

DF3 for 13.5%, with the remaining DFs accounting for percentages ranging from 

7.7% to 0.7% (Table 6.8). The Wilk’s Lambda value was 0.022 for all six DFs
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(X^=2332.040), 0.088 when DFi was removed (x^=i489.646), 0.289 when the 

first two DFs were removed (x^=76o.i62), 0.557 when only DF4, DF5 and DF6 

were considered (x^=358.49o), 0.853 (x^=97-588) when DFi to DF4 where 

removed, and 0.954 (x^=29.037) for DF6 alone. In all cases, the significance 

value was p < 0.001. Using six dietary categories (plus Afropithecus) as 

grouping variables, 90.0% of the sample was correctly classified. A breakdown 

of the classification percentages is provided in table 6.9.

The highest scoring PCs on DFi were PC4 (-0.405) and PC6 (0.339) on 

which, in turn, loaded highly variables indicating canine dimensions, such as 

length (-0.578, PC4) and breadth of the maxillary canine (-0.502, on PC4 and - 

0.376 on PC6), premaxillary length (-0.454), breadth (0.392, recorded at the 

premaxillomaxillary sutures), and thickness (-0.501), all on PC4, incisive 

fossa/foramen-premaxillomaxillary suture radius (0.651, on PC4), piriform 

aperture breadth (0.551 on PC6), length of the postcanine tooth row (0.402 on 

PC6), and lower face height (nasion-nasiospinale, -0.451, on PC6) (Tables 6.7 

and 6.8). On DF2, the highest scoring PCs were again PC6 (-0.318) and PC2 

(0.332), the high scoring variables of which have already been described, while 

on DF3, the highest scoring PCs were PCi (0.484) and PC8 (0.474) (Tables 6.7 

and 6.8).

Figure 6.3, showing DFi plotted against DF2, illustrates these results. 

Along DFi, there is a clear separation between the New World frugivorous-seed 

predators (e.^. Chiropotes, Pithecia), situated at the most negative end of the 

axis, and all other dietary groups with the exception of the frugivorous cluster, 

where there is overlap. At the opposite end of DFi, the frugivorous-folivores are 

overlapping completely with the graminivores (i.e. Theropithecus), and only 

marginally so with the folivores and the omvivores situated at the origin of the 

axis. Afropithecus is positioned at the periphery of the omnivore cluster, largely
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overlapping with the folivore-seed eaters and a few individuals of the 

frugivorous group. Finally along the same axis (DFi), there is clear separation 

between the frugivore-folivores at the positive end, and the frugivores directly 

opposite (Figure 6.3). Along DF2, Afropithecus is still positioned at the 

periphery of the omnivorous cluster, although here, it is clearly separated from 

both the folivores-seed eaters) and the graminivores. It overlaps completely 

with the frugivorous-folivores, and to a lesser degree with individuals of the 

frugivorous and frugivorous-seed predating groups (Figure 6.3). The only other 

clear separations on this axis are between the folivores (and the grazers) and the 

remaining groups (with the exception of the frugivores), and between the 

frugivore-seed predators and a cluster of groups such as the frugivores, the 

folivore-seed eaters, and the grazers (Figure 6.3).

On the basis of this distribution and the PC and DF scores, Afropithecus 

can be said to be distinct from the other dietary groups on the basis of the 

following characteristics, relative to size: a posteriorly narrow maxilla and 

shortened postcanine tooth row, increased diastemata, mesiodistally small and 

buccolingually narrow maxillary canines, and a short, wide and 

anteroposteriorly thin premaxilla (Tables 6.7, 6.8, Figure 6.3).

6 ,2 , s A n k a r a p i t h e c u s  m e t e a i

Following the application of a PCA on size corrected hominoid plus 

Ankarapithecus meteai (chapter 2) data, 11 PCs were extracted accounting for 

90.322% of the total variance inherent in the sample. 26.398% of this total is 

attributable to PCi, 16.434% to PC2 and 12.193% to PC3, with the remaining 

PCs accounting for progressively smaller percentages of variation ranging from 

8.399% to 2.277% (Table 6.10).
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The highest loadings on PCi were scored by variables representing dental 

size {e.g. the length of the maxillary incisor row, -0.817), premaxillary breadth (- 

0.747), maxillary breadth recorded at the canine level (0.610), piriform aperture 

height (0.607), diastema size {e.g. 0591), length of the postcanine tooth row 

(0.516), and premaxillary thickness (-0.504) (Table 6.10). By contrast, on PC2 

the highest loadings were produced by variables such as maxillary breadth at 

the M2 level (-0.681), maxillary canine breadth {e.g. 0.605), premaxillary width 

(recorded at the sutures, -0.572) and length (0.411), while on PC3 the highest 

loading variables were the incisive fossa/foramen-premaxillomaxillary suture 

radius (0.797), the projection of the maxillary incisor alveolus {e.g. 0.737), and 

premaxillary depth (incisive fossa/foramen-prosthion, 0.599) (Table 6.10).

Following this PCA, a DFA was performed on the sample (172 cases) 

using again the generated PC scores as predictor variables for membership into 

three (plus Ankarapithecus) dietary categories. Three canonical DFs were 

extracted as a result, accounting for 73.5% (DFi), 22.5% (DF2) and 4.1% (DF3) 

of the total variance respectively (Table 6.11). The Wilk’s Lambda value was 

0.030 (x^=576.009) for all three DFs, 0.233 (x^=238.3io) when DFi was 

removed, and 0.723 (x^=52.99o) for DF3 alone. In all three cases the 

significance value was p < 0.001. Table 6.11 is a structure matrix listing the 

loadings scored by each PC on each one of the three canonical DFs extracted. 

This should be read in conjunction with table 6.10, which presents the PC scores 

generated as a result of the PCA performed on the same sample. Using the three 

dietary categories (plus Ankarapithecus) 97.7% of the sample was correctly 

classified; table 6.12 presents a breakdown of the classification results.

The highest loading on DFi was scored by PCi with a value of 0.413, on 

which variables such as dental dimensions including length of the postcanine 

tooth row, diastema size, anterior jaw breadth, piriform aperture height, and
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premaxillary width and thickness scored highly, as discussed above. The highest 

scores on DF2 were produced by PC3 (0.351), PCS (-0.298), and PC6 (0.279) 

representing variables such as the projection of the maxillary incisor alveolus 

(0.737)» premaxillary depth (0.599), both on PC3, as well as maxillary length 

(0.531 on PCS), piriform aperture height (-0.396 on PCS), and length of the 

postcanine tooth row (0.346, again on PCS). Finally, the highest loadings on 

DF3 were produced by PCS (0.551), PC6 (0.550), and PCii (0.333), 

representing variables such as piriform aperture breadth (-0.490, on PC6) and 

dental size {e.g. 0.377 for BL breadth of the maxillary lateral incisor on PCii) 

(Tables 6.10 and 6.11).

DFi is plotted against DF2 in Figure 6.4. Ankarapithecus is situated at 

the positive end of the first axis, marginally separated from the frugivores and 

overlapping with the frugivorous-folivorous group, but clearly distanced from 

the omnivorous cluster at the opposite end of DFi. Equally separated from the 

latter are the frugivores and frugivore-folivores of the sample, which, though, 

largely overlap with each other on the same axis (DFi). By contrast on DF2, 

Ankarapithecus can still be found at the periphery of the frugivorous cluster, 

situated at the positive end of the axis, but here it is clearly separated from both 

the frugivorous-folivorous and the omnivorous groups of the sample. The latter 

overlap with each other near the origin of the two axes, but remain marginally 

separated from the strict frugivores (Figure 6.4).

On the basis of the loadings presented above, Ankarapithecus can be said 

to share with the frugivore-folivores {e.g. Gorilla, Alouatta) and relative to size: 

a reduced incisor row and premaxillary width, an equally reduced in thickness 

premaxilla, a lengthened postcanine tooth row, and a wider maxilla at the 

canine region, an effect accentuated by the large diastemata. By contrast, it 

resembles frugivores such as Pongo, in displaying a premaxilla that projects
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deep into the nasal cavity, forwardly projecting maxillary incisors, and a short 

maxilla (Tables 6.10 and 6.11, Figure 6.4).

6 .2 .4  S i v a p i t h e c u s  i n d i c u s

Table 6.13 lists the variables employed in a PCA carried out on hominoid size 

adjusted data and including measurements taken from a single individual of 

Sivapithecus indicus (chapter 2). As a result of this analysis, 14 PCs were 

extracted accounting for 90.725% of the total variance present in the sample. 

26.459% of this total was attributed to PCi, 20.084% to PC2, and 8.907% to 

PCs, with the remaining PCs accounting for percentages ranging from 8.333% 

to 1.258% (Table 6.13).

The highest scoring variables on PCi were those indicating symphyseal 

length (-0.818, for the superior transverse torus-infradentale distance), dental 

size (e.g. 0.788 for the BL breadth of the lower central incisor; -0.725 for the 

length of the maxillary canine), premaxillary breadth (0.786) and thickness 

(0.493), length of the postcanine tooth row (-0.670), lower face height (nasion 

nasionspinale: -0.660), piriform aperture height (-0.556), and maxillary length 

(-0.483) (Table 6.13). Symphyseal length scored highly also on PC2 (-0.652), 

along with jaw breadth (e.g. 0.838 for mandibular breadth measured at the M2 

level and 0.611 for maxillary breadth measured at the canine level), orbital 

breadth (0.730) and height (0.471), incisal size (e.g. -0 .645 for the length of the 

maxillary incisor row), and premaxillary length (-0.545). Finally, on PC3 the 

highest loadings were scored by variables representing alveolar projection 

(0.789 for the central maxillary incisor alveolus) and premaxillary depth 

(incisive fossa/foramen-prosthion: 0.782) (Table 6.13).

The 14 PC scores generated from this analysis were subsequently used as 

predictor variables for membership to various dietary categories as part of a
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DFA carried out on the same sample of size corrected data (total of 172 cases). 

Three canonical DFs were extracted as a result of this analysis, accounting for 

81.3% (DFi), 15.4% (DF2) and 3.3% (DF3) of the total variability within groups 

respectively (Table 6.14). The Wilk’s Lambda value for all three DFs was 0.006 

(X^=839.586), 0.118 (x^=347-i53) when DFi was removed, and 0.558 

(x^=9 4 -747) for DF3 alone. The significance value in all three cases was p < 

0.001. Using three dietary categories (plus Sivapithecus) as grouping variables, 

100% of the original sample was correctly classified (Table 6.15).

Table 6.14 is a structure matrix presenting the loadings on each one of 

the DFs extracted. Once again, this should be interpreted in conjunction with 

table 6.13 presenting the scores on each one of the PCs generated as a result of 

the PCA run on the sample. The highest loading on DFi was scored by PCi 

(0.459), on which in turn loaded highly, as discussed above, variables indicating 

symphyseal and maxillary length, premaxillary width and thickness, dental size, 

and lower face and piriform aperture height (Tables 6.13 and 6.14). On DF2, on 

the other hand, the highest values were scored by PC3 (0.290), PC6 (0.277) and 

PC4 (0.258), on which in turn scored highly, amongst others, variables such as 

incisal projection and premaxillary depth (PC3, see above), as well as diastema 

size (e.g. -0.612, PC4), canine size (e.g. 0.435 on PC4), and symphyseal length 

(as indicated by the inferior to superior transverse torus distance: 0.542, on 

PC6) (Tables 6.13 and 6.14). Finally, on DF3, the highest scoring PCs were again 

PC6 (0.328), PC9 (0.445) and PCii (0.450), representing variables such as the 

breadth of the piriform aperture (-0.648 on PC9) and maxillary length (0.457 on 

PCii).

Figure 6.5 illustrates these results. When DFi is plotted against DF2, 

Sivapithecus is clearly separated from all dietary groups. Along DFi, it is 

situated at the most negative end of the axis marginally overlapping with the
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frugivorous-folivorous groups and well separated from the two other dietary 

clusters, the frugivores and the omnivores at the opposite end of DFi. The latter 

groups are separated from each other on the same axis, as they are also from the 

frugivore-folivores. Along DF2, by contrast, Sivapithecus, at the more positive 

end of the axis, falls well into the middle of the frugivore cluster, while being 

clearly distanced from both the frugivore-folivores and the omnivores of the 

sample. On the basis of the PC and DF loadings discussed above, Sivapithecus 

can be said to be distinct from all other dietary groups, by displaying, relative to 

size: a mediolaterally narrow premaxilla that is anteroposteriorly thin, and 

projects deeply into the nasal cavity, an elongated symphysis, a long postcanine 

tooth row, long maxilla, projecting incisors, large canines and small diastemata, 

and a long piriform aperture (Tables 6.13 and 6.14, Figure 6.5).

6 .2 .5  O u r a n o p i t h e c u s  m a c e d o n i e n s i s

A  PGA run on size corrected hominoid data (plus measurements from a single 

individual of Ouranopithecus macedoniensis; chapter 2) produced 12 PCs 

accounting for 90.694% of the total variance inherent in the sample. 24.792% of 

this total was attributable to PCi, 17.736% to PC2 and 11.578% to PC3, with the 

remaining PCs representing progressively smaller percentages of the total 

variance, ranging from 8.352% to 1.746% (Table 6.16). Table 6.16 lists the 

measurements incorporated in this analysis, chosen on the basis of the state of 

preservation of the fossil specimen. A component matrix listing the loadings 

scored on each PC by the variables in question is given in Table 6.16.

The highest loadings on PCi were scored by variables indicating incisal 

{e.g. 0.819, for the length of the maxillary incisor row) and canine (0.515 for the 

length of the maxillary canine) size, premaxillary width measured at the distal 

margins of the lateral maxillary incisors (-0.762), premaxillary thickness (-
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0.506), height of the piriform aperture (0.632), maxillary breadth measured at 

the canine level (0.620), diastema size {e.g. 0.586), and length of the postcanine 

tooth row (0.549) (Table 6.16). On PC2, the highest scores were produced by 

variables such as maxillary breadth recorded at the M2 level (0.770), orbital 

breadth (0.668), premaxillary width measured at the premaxillomaxillary 

sutures (0.656), the distance between nasion and nasiospinale (-0.604), 

maxillary canine breadth (-0.602), and premaxillary length (-0.520). Finally, 

the highest scoring variables on PC3 were those indicating incisal projection 

(e.g. 0.804) and premaxillary depth (0.710) (Table 6.16).

Subsequent to this analysis, a DFA was carried out on the PC scores as 

predictor variables for membership to three dietary categories represented by 

the modern hominoids in the sample, plus a fourth one represented by 

Ouranopithecus. Three canonical DFs were extracted, accounting respectively 

for 76.1% (DFi), 20.4% (DF2) and 3.5% (DF3) of the total variability within 

groups (Table 6.17). The Wilk’s Lambda for all three DFs was 0.017 

(X^=663.46i), 0.188 (x^=273.039) when DFi was removed, and 0.686 

(X^=6i.558) for DF3 alone. The significance value in all cases was p < 0.001. 

Using the three dietary categories (plus Ouranopithecus) as grouping variables, 

99.4% of the sample was correctly classified (Table 6.18).

Table 6.17 is a structure matrix listing the loadings scored by each PC on 

each DF, and it can be interpreted in conjunction with table 6.16. The highest 

loading PC on DFi was PCi with a value of 0.368, on which, as mentioned 

above, the highest scores were produced by variables representing dental size, 

premaxillary and maxillary breadth at the canine level, premaxillary thickness, 

diastema size and height of the piriform aperture (Tables 6.16 and 6.17). The 

highest scoring PCs on DF2, by contrast, were PC6 (0.325), PC3 (-0.323) and 

PC5 (0.232), on which, in turn, scored highly variables such as incisal projection
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and premaxillary depth (both on PC3, as mentioned above), maxillary canine 

length (0.458 on PC5), premaxillary thickness (0.423, on PC5), and piriform 

aperture breadth (0.478 on PC6). Finally, the highest scores on DF3 were 

produced by PC6 and PC3 again (with values of -0 .568 and -0.381 

respectively), and PCii (0.491), on which the highest scoring variable was 

maxillary length (0.484) (Tables 6.16 and 6.17).

Figure 6.6 shows DFi plotted against DF2. Along DFi, Ouranopithecus is 

positioned at the most positive end of the axis, completely separated from all 

other dietary groups, though still closest to the frugivorous-folivorous cluster. 

The latter are completely separated from the omnivores, found at the most 

negative end of DFi, but slightly overlap with the committed frugivores, at the 

origin of the axis. The frugivores only marginally overlap with the omnivorous 

group. Along DF2, the frugivores are marginally separated from both the 

omnivores and the frugivorous-folivores, which completely overlap with each 

other, while Ouranopithecus (situated near the origin of this axis) also shares a 

degree of overlap with all three groups, and slightly more so with the frugivore- 

folivores (Figure 6.6). On the basis of the loadings previously discussed and its 

distribution on the figure just described, Ouranopithecus is separated from all 

other dietary groups by possessing, relative to size: a reduced maxillary incisor 

row and corresponding premaxillary width, an anteroposteriorly thin premaxilla 

that projects deep into the nasal cavity, an anteriorly wide maxilla (at the canine 

level), large maxillary canines and diastemata, and a lengthened postcanine 

tooth row (Tables 6.16 and 6.17, Figure 6.6).

6 .2 .6  P r o c o n s u l  h e s e l o n i

Table 6.19 lists the measurements employed in a PCA performed on size 

adjusted hominoid and cercopithecoid data, plus data from a single individual
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of Proconsul heseloni (chapter 2). An expanded sample including both 

hominoids and cercopithecoids was opted for in view of the debatable hominoid 

status of Proconsul (e.g. Harrison, 1987, 2002; Rae, 1997; Walker, 1997). As a 

result of this analysis, eight PCs were extracted, accounting for 88.884% of the 

total variance inherent in the sample. 25.034% of this total can be attributed to 

PCi, 18.830% to PC2 and 12.569% to PC3, with the remaining PCs accounting 

for even smaller percentages of variance ranging from 11.286% to 3.404% 

(Table 6.19).

Table 6.19 is a component matrix listing the variable loadings scored on 

each one of the eight PCs extracted. The highest loadings on PCi were scored by 

variables representing premaxillary depth (incisive fossa/foramen-prosthion, 

0.860), premaxillary thickness (-0.592), premaxillary breadth measured at the 

distal edges of the lateral incisor alveoli (-0.493), alveolar projection (0.785), 

maxillary length (0.465), and piriform aperture breadth (-0.469). On PC2, on 

the other hand, the highest scores were produced by variables representing 

maxillary breadth at the M2 (-0.778) and P3 (-0.594) levels, diastema size 

(0.709), length of the postcanine tooth row (-0.631), and premaxillary length 

(0.536). Finally, amongst the highest scoring variables on PC3 were 

premaxillary breadth measured at the premaxillomaxillary sutures (0.621), and 

maxillary breadth measured at the canine level (0.601) (Table 6.19).

Using these PC scores as predictor variables for membership to various 

dietary groups, a stepwise DFA was subsequently performed on the same 

sample (a total of 450 cases), as a result of which five canonical DFs were 

extracted. DFi accounted for 60.8% of the total variability within groups, DF2 

for 26.7%, and DF3 for 7.4% (Table 6.20). The Wilk’s Lambda value for all five 

DFs was 0.073 (x^=ii5b.328), 0.275 (x^=57i.i29) when DFi was removed, 

0.608 (x^=220.269) when the first two DFs were removed, 0.812 (x^=92.055)
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when only DF4 and DF5 were considered, and 0.988 (x^=5.i55) for DF5 alone. 

The significance value in all cases was p < 0.001, except for DF5, where 

p=o.272. Using five dietary categories (plus Proconsul) as grouping variables, 

82.4% of the sample was correctly classified. A breakdown of the classification 

percentages is provided in table 6.21.

Table 6.20 is a structure matrix listing the PC scores on each one of the 

five DFs calculated. The highest scoring PCs on DFi were PC2 (0.498) and PCi 

(-0.253). On DF2 the highest scores were produced by PC6 (0.656) and PC5 (- 

0.432), while on DF3 the highest scoring PC was PC8 (0.765) (Table 6.20). The 

highest scoring variables on these PCs have already been described above.

Figure 6.7, showing DFi plotted against DF2, illustrates these results. 

Along DFi, Proconsul is positioned in the middle of the two overlapping groups 

of folivore-seed eaters and frugivores at the negative end of the axis. The latter 

group overlaps heavily with the remaining dietary clusters of omnivores, 

frugivore-folivores and grazers. Along DFi, the only clear separations are those 

between folivore-seed eaters and omnivores, and between the folivore-seed 

eaters and frugivore-folivores (and marginally so between folivores-seed eaters 

and graminivores) (Figure 6.7). Along DF2, Proconsul is still situated at the 

periphery of the frugivore cluster, positioned at the negative end of the axis, 

though here, it is distanced from the folivorous-seed eaters and only overlaps 

with the omnivores of the sample. The only clear separation along this axis is 

that between the latter group and the frugivorous folivores (Figure 6.7). When 

DFi and DF2 are viewed in combination. Proconsul clearly falls within the 

frugivore group.

On the basis of the PC loadings on the DFs just described and its 

distribution. Proconsul can be said to be distinct from other dietary groups by 

possessing the following morphology, relative to size: a wide maxilla (both at the
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?3 and M2 levels), long postcanine tooth row, small diastemata, a short and 

mediolaterally narrow premaxilla that is anteroposteriorly thin and projects 

deep into the nasal cavity, a long maxilla, and a narrow piriform aperture 

(Tables 6.19 and 6.20, Figure 6.7).

6 .2 .7  M e s o p i t h e c u s  p e n t e l i c u s

Table 6.22 lists the measurements employed in the PCA performed on a (size 

adjusted) sample of extant cercopithecoids and incorporating a single individual 

of Mesopithecus pentelicus (chapter 2). 11 PCs were extracted as a result of this 

analysis, accounting for 87.967% of the total variance present in the sample. 

21.619% of this total can be attributed to PCi, 18.981% to PC2, and 12.301% to 

PC3, with the remaining PCs accounting for progressively smaller percentages 

of variance, ranging from 8.125% to 2.169% (Table 6.22).

The highest loading variables on PCi were those indicating orbital height 

and width (-0.793 and -0.743, respectively), diastema size {e.g. 0.743), 

maxillary breadth recorded at the P3 level (-0.702), alveolar projection {e.g. 

0.637), lower face height (as represented by the nasion-nasiospinale distance, 

0.622), dental dimensions {e.g. MD length of the lateral maxillary incisor, - 

0.546, also scoring highly on PC3: -0.510), premaxillary depth (0.535) and 

length (0.521), and maxillary length (0.517) (Table 6.22). On PC2, on the other 

hand, the highest scoring variables were those indicating dental (incisal and 

canine) dimensions {e.g. 0.841 for the MD length of the maxillary central 

incisor, -0.779 for breadth of the maxillary canine), and premaxillary width 

(0.620) and thickness (-0.416). Finally, on PC3, high loadings were scored by 

maxillary breadth at the canine level (0.685), length of the postcanine tooth row 

(-0.603), premaxillary breadth measured at the premaxillomaxillary sutures 

(0.433), and, as already mentioned, dental dimensions (Table 6.22).
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A DFA was performed on these PC scores (a total sample of 279 cases) to 

explore dietary group membership of the extant cercopithecoids in the sample 

and Mesopithecus. Four canonical DFs were calculated as a result of this 

analysis. DFi accounted for 63.9% of the total variability within groups, DF2 for 

31.1%, DF3 for 4.2% and DF4 for the remaining 0.7% (Table 6.23). The Wilk’s 

Lambda value for all four DFs was 0.021 (x^=i04i.04s), 0.158 (x^=498.3i3) 

when DFi was removed, 0.655 (x^=ii4 567) when the first two DFs were 

removed, and 0.934 (x^=i8.554) for DF4 alone. The significance value in all 

cases was p< 0.001, with the exception of DF4, where p=o.oio. Using the 

various dietary categories (plus Mesopithecus) as grouping variables, 97.8% of 

the sample was correctly classified. A breakdown of the classification 

percentages is provided in table 6.24.

Table 6.23 is a structure matrix listing the loadings that each PC scored 

on each one of the four DFs. This should be interpreted in conjunction with 

table 6.22 listing the loadings scores by the employed variables on each PC 

originally extracted. The highest scoring PCs on DFi were PC2 (0.455) and PCi 

(0.272), on which in turn, as already described above, scored highly variables 

indicating orbital dimensions, maxillary, premaxillary, and diastema lengths, 

dental dimensions, premaxillary and maxillary breadth, premaxillary thickness, 

and incisal projection (Tables 6.22 and 6.23). By contrast, the highest scoring 

PCs on DF2 were PC5 (0.382) and PC3 (-0.257), on which the highest scores 

were produced by variables such as length of the postcanine tooth row and 

premaxillary breadth (both on PC3, as described above), as well as piriform 

aperture breadth (0.542) and the nasion-nasiospinale distance (0.521), both on 

PC5. Finally, the highest loading PCs on DF3 were PCio (-0.804), PC9 (0.445), 

and PCii (0.398), on which, in turn, the highest loading variables represented
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premaxillary length (0.616 on PCio), premaxillary thickness (0.411 on PCii) 

and piriform aperture height (.397 on PC9) (Tables 6.22 and 6.23).

Figure 6.8, where DFi is plotted against DF2, illustrates these results. 

Along DFi, Mesopithecus is clearly situated in the folivorous-seed eating cluster, 

positioned at the most negative end of DFi, and separated from all other groups 

on the same axis. Amongst the latter groups, there is clear separation between 

the omnivores, at the completely opposite, positive end, of DFi, and the 

graminivores (represented in this sample by a simple taxon, Theropithecus). 

Both of these groups overlap on DFi with the frugivore cluster. Conversely on 

DF2, the graminivores overlap with the omnivores at the positive end of the 

axis, while both are clearly separated from the frugivorous group. The seed- 

eating folivores (including Mesopithecus, still situated well within the periphery 

of this cluster) clearly overlap with the frugivores and marginally overlap with 

the omnivores. Along DF2, the folivorous-seed eating group is only separated 

from the graminivores (Figure 6.8).

On the basis of the loadings previously discussed and its distribution in 

the figure in question, Mesopithecus can be described as sharing with the 

folivores of the sample and relative to size: shortened and vertically implanted 

incisors accommodated into a mediolaterally narrow, though thick premaxilla; 

broad canines and narrow diastemata; a short lower face, as exemplified by the 

nasion-nasiospinale distance; a short maxilla and premaxilla, that does not 

project deep into the nasal cavity; large orbits, and a long piriform aperture 

(Tables 6.22 and 6.23; Figure 6.8).

6.3  D iscu ssion

The aim of this penultimate chapter has been to predict the diet of a number of 

fossil taxa, on the basis of the strong functional correlations between
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dentognathic morphology and feeding habits, demonstrated in the previous 

section (chapter 4). The nature of the study requiring associated (pre-)maxillary 

and mandibular (symphyseal) comparative material imposed serious 

restrictions as to the number of specimens available for analysis (chapter 2), 

and the variables incorporated in it.

Pliopithecus (Epipliopithecus) vindobonensis, following DFA performed 

on a wide sample representing six distinct dietary categories, was shown to align 

more closely with the folivorous-seed eating cluster, while also overlapping on 

the first axis (DFi) with the committed frugivores of the sample (Figure 6.1). 

Along the DF2 axis, Pliopithecus was again situated at the margin of the 

folivorous-seed eating cluster, well removed from all other dietary groups. 

When the two Eixes are viewed in combination, Pliopithecus appears very similar 

in its feeding habits to modern folivores. This result is in accordance with 

published descriptions of the perceived Pliopithecus diet, based on 

palaeoecological reconstructions, microwear analysis and general 

dental/gnathic morphology. On the basis of those, Pliopithecus is generally 

thought of as an “eclectic feeder” (Harrison, 1996; Fleagle & Kay, 1985), 

displaying some (dental) adaptations for folivory (Szalay & Delson, 1979), while 

also including a soft fruit element in its diet (King, 2001), very much like extant 

colobines.

Similar analysis performed on samples including a single individual of 

Afropithecus turkanensis produced conflicting results. An initial DFA carried 

out on a limited extant hominoid sample (plus the fossil specimen) failed to 

align Afropithecus with any of the three dietary regimes encountered amongst 

modern apes. Despite good separations between omnivores (at the far negative 

end of DFi), frugivores (situated at the origin of the axes) and frugivore- 

folivores (at the most positive end of DFi), Afropithecus was distributed in the
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vicinity of the latter group, though clearly separated from it in the positive 

direction (Figure 6.2). This result was not unexpected, since Afropithecus is not 

generally thought to have resembled modern hominoids in its feeding habits. By 

contrast, and on the basis of the morphology of its teeth and jaws, Afropithecus 

is reconstructed as a “pitheciine mimic”, i.e. a sclerocarp seed predator 

possessing adaptations to facilitate the preparation and processing of large and 

hard foodstuffs (Leakey & Walker, 1997). This view of Afropithecus’s ability to 

withstand a largely abrasive diet is further corroborated by evidence from its 

relative enamel thickness, which was found to be substantial, though not as 

extreme as originally suggested (Smith et al.y 2003).

Leakey & Walker (1997) founded their original hypothesis on the anterior 

gnathic morphology of Afropithecus, which resembles that of New World 

pitheciines in possessing: styliform mandibular incisors, a long and projecting 

premaxilla accommodating procumbent incisors, and very large canines and 

diastemata aimed at successfully puncturing large, tough objects. No 

mandibular material was included in the analysis performed in the context of 

the present study. However, following an initial DFA performed on an extant 

hominoid sample, Afropithecus was shown to possess some of these features, 

and in particular: an anteriorly wide maxilla at the canine level, indicating large 

canines; large diastemata; projecting maxillary incisors; and a long premaxilla 

that projects deep into the nasal cavity (Chapter 6: 6.2.2, Tables 6.4 & 6.5, 

Figure 6.2).

In view of the limited range of dietary regimes represented by extant 

hominoids, on a sample of which this initial analysis was performed, and in 

order to test the hypothesis proposed by Leakey & Walker (1997), a decision was 

made for a further, expanded analysis to be carried out on the full sample of 

extant primates in the dataset. In this sample, frugivory-seed predation is
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represented by two taxa, Chiropotes and Pithecia (Chapters 2 and 4). As a result 

of this second DFA, and contrary to the previous results, Afropithecus was 

shown to align with the omnivorous group, comprised of taxa such as Pan, 

Papio, and Cehus (Figure 6.3). At first glance, this result appears to be 

incongruent to that produced when the analysis was performed on the hominoid 

sample alone. As a result of that analysis, Afropithecus was shown to be 

completely separated from the omnivore cluster (Figure 6.2), represented in 

that sample by Pan alone. By contrast, Afropithecus aligned with the omnivores 

(Figure 6.3), when the sample was expanded to include amongst this dietary 

group taxa such as Papio, Mandrillus and Cebus. Cehus has been classified in 

this study as an omnivore (Chapter 2), due to the inclusion of large amounts of 

meat and other animal matter {e.g. birds’ eggs) in its diet. Interestingly, though, 

it is a New World primate, that has been often viewed as a competitor of the 

pitheciines in the incorporation of hard seeds in its diet, thus resembling taxa 

such as Chiropotes and Pithecia (Kinzey, 1992; Terborgh, 1983). Of course, as 

Kinzey notes (1992), the fundamental difference in the case of Cebus is its 

advanced manual dexterity, which allows such individuals to crack hard nuts 

and gain access to the seeds. However, it could still be claimed that Afropithecus 

resembles taxa such as Cebus rather than Pan or Papio in several gnathic 

adaptations, including thickly enamelled molars (Smith, 2003).

The vicinity of the single Ankarapithecus specimen to the frugivorous 

group (Figure 6.4), represented in the hominoid sample by Pongo and 

Hylobates, raises again the obvious problem of the validity of the results in light 

of the effect of phylogeny (chapters 4 and 5). A close phylogenetic relationship 

between Ankarapithecus and Pongo has been suggested very early on (Andrews 

& Tekkaya, 1980; Andrews & Cronin, 1982; Kelley & Pilbeam, 1986), and, 

although the discovery of a new, more complete specimen (Alpagut et a l,  1996;
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Andrews & Alpagut, 2001) has shed some doubts on this association, the 

traditional view has certainly not been abandoned {e.g. Begun & Güleç, 1998; 

Begun, 2002b). The question then rises, whether the observed distribution of 

the Ankarapithecus specimen is truly indicative of resemblances in feeding 

habits to those of the other frugivores, or whether it is simply an artefact of 

phylogeny.

Certainly, the specimens most closely aligned to Ankarapithecus belong 

to Pongo rather than Hylobates, the other frugivore in the sample. On the other 

hand, information on the diet of Ankarapithecus from other sources remains 

scant, with it being a taxon largely omitted in discussions of palaeodietary 

reconstruction {e.g. Kay & Ungar, 1997; King, 2001). In a recent published 

account of the functional anatomy of the taxon, Andrews & Alpagut (2001) put 

forward a convincing case for adaptations (such as a powerful masticatory 

apparatus) for ingestion of tough foodstuffs, an observation previously made 

also by Begun & Güleç (1998). Although as a result of this analysis, 

Ankarapithecus did appear to overlap on one axis (DFi) with the frugivore- 

folivores (Figure 6.4), i.e. with taxa most suitably equipped, out of all the extant 

hominoids examined, for an abrasive and mechanically demanding diet, its 

closest morphological affinities were shown to be with the frugivores.

One reason for this “discrepancy” between the perceived notion of the 

feeding habits of the taxon and the results of this study could be the 

incompleteness of the material studied. Andrews & Alpagut (2001) based their 

assertion mainly on evidence such as thickness of the enamel, robusticity of the 

mandible, molar relief, and zygomatic morphology, none of which are 

characters incorporated in the present analysis. The specimen included in the 

study (MTA 2125, the type specimen for the taxon) lacks an associated 

mandible, the morphology of which has been repeatedly shown to rather
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accurately reflect adaptations for powerful chewing (chapter 4; Hylander 1979, 

1984; Ravosa, 1996).

The problem of the impact of phylogenetic heritage on the acquired 

results becomes again relevant with the next fossil taxon analysed, Sivapithecus 

indicus, however this time the results are rather encouraging as to the validity of 

the method. Despite strong arguments to the contrary, made most forcibly by 

Pilbeam (1996; 1997; 2002a; and Pilbeam et a l ,  1990; Pilbeam & Young, 2001), 

a close phylogenetic relationship between Sivapithecus and Pongo remains 

largely the accepted view (e.g. Andrews & Cronin, 1982; Kelley & Pilbeam, 1986; 

Ward & Kimbel, 1983; Ward, 1997; Kohler et a l,  2001). Following 

morphological analysis undertaken in the context of this study with the aim of 

predicting feeding habits, Sivapithecus was clearly shown distanced from the 

committed frugivores of the sample (represented by Pongo and Hylobates), and 

equally removed from the other dietary groups analysed (omnivores and 

frugivore-folivores) (Figure 6.5). Although it shares morphological features with 

both frugivores and frugivore-folivores (Figure 6.5, Tables 6.13 & 6.14), no 

definitive dietary association emerged. Relevant studies provide conflicting 

reports. Initial reconstructions of the Sivapithecus diet consisting of fruit and a 

fair amount of hard objects (Kay, 1981; Fleagle & Kay, 1985), based primarily on 

the thickness of the enamel, were later refuted by microwear analysis indicating 

a resemblance to the modern chimpanzee diet for the Asian hominoid (Teaford 

& Walker, 1984). Though inconclusive as to the actual dietary regime of 

Sivapithecus, the analysis undertaken here provides no support for this latter 

hypothesis (In this study, chimpanzees are characterised as omnivores rather 

than soft frugivores).

Similarly, DFA performed on Ouranopithecus and an extant hominoid 

sample failed to align the latter with any of the three dietary categories
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(omnivory, frugivory, fmgivoiy-folivory) represented by the extant sample. 

Interestingly though, the resulting distribution (Figure 6.6) is very similar to 

that acquired when a similar analysis was performed on the extant hominoid 

sample alone (Chapter 4, Figure 4.2a). Despite the reduced number of variables 

processed (and, in particular, the lack of mandibular data), the analysis 

produced clear separations between the omnivorous, frugivorous and 

frugivorous-folivorous clusters. Moreover, when DFA was carried out on extant 

samples, both on the hominoid sample (Chapter 4: 4.2.2; Figure 4.2a) and on 

the full dataset (Chapter 4: 4.2.1; Figure 4.1a), the frugivore-folivores were 

shown to possess (along with the graminivores) the most extreme adaptations, 

relative to size, against a mechanically demanding dietary regime. These 

included a superoinferiorly elongated and anteroposteriorly buttressed 

symphysis, an equally thick premaxilla of reduced mediolateral width and small 

posterior projection into the nasal cavity, and mesiodistally small incisors 

(Chapter 4, Tables 4.1,4.2; Chapter 3, Tables 3.2,3.4).

On the basis of evidence on gross morphology, extreme enamel thickness, 

dental microwear and palaeoecological reconstructions, the diet of 

Ouranopithecus is unanimously reconstructed as highly abrasive and inclusive 

of tough objects such as roots, tubers, seeds and hard nuts (e.g. de Bonis & 

Koufos, 2001; King, 2001; Kay & Ungar, 1997; Ungar, 1996; de Bonis, 1995). 

Extant hominoids, on the other hand, are in their majority ripe fruit eaters 

(Fleagle & Kay, 1985), and the fact that Ouranopithecus failed to align with any 

dietary cluster represented by them, is an expected result. Moreover, its 

distribution along the far end of an axis that evidently represents a range of 

masticatory adaptations against structural failure, from (soft fruit) frugivores to 

frugivore-folivores, would suggest an even more demanding diet and 

correspondingly resistant dentognathic morphology. This is a very interesting
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result, particularly so in the absence of variables such as symphyseal length and 

thickness, mandibular robusticity, and enamel thickness in this analysis.

A last point on Ouranopithecus concerns its facial anatomy, as has been 

reconstructed following PCA and DFA. One of the defining morphological traits 

of the taxon, separating the single individual of Ouranopithecus from the rest of 

the sample was shown to be the increased size of its maxillary canines (this 

chapter, section 6.2.5; Tables 6.16, 6.17; Figure 6.6). This finding might initially 

appear incongruent with numerous reports on Ouranopithecus, according to 

which one of its most defining features is canine (height) reduction (and 

corresponding lack of a sectorial P3; e.g. de Bonis & Melentis, 1977; de Bonis & 

Koufos, 1993, 1994, 2001; de Bonis, 1995; Cameron, 1997). However, it is in 

accordance with a recent study by Kelley (2001), whereby it is shown that 

canine size in Ouranopithecus is within the expected range for hominoids of this 

body size.

Proconsul was a further fossil catarrhine clearly aligned with a dietary 

group, in this case the committed frugivores of the sample, represented by taxa 

such as Pongo, Hylobates or the cercopithecines (Figure 6.7). This result is 

supported by relevant literature on the purported feeding habits of this early 

Miocene catarrhine, based on both gross morphological evidence (such as molar 

shearing crest lengths), and microwear analysis (e.g. Kay & Ungar, 1997; 

Walker, 1997; Kelley & Pilbeam, 1986).

Finally, Mesopithecus was shown to unequivocally align with the 

folivorous group of its comparative sample, represented by the extant colobines 

(Figure 6.8), a result which again is in general agreement with its reconstructed 

diet and, indeed, phylogenetic affinities (e.g. Szalay & Delson, 1979; Strasser & 

Delson, 1987; Jablonsksi, 2002). Zapfe (1991) argued that Mesopithecus should 

not be considered as exclusively “leaf-eating”, an assertion put forward on the
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basis of palaeoenvironmental reconstructions of Pikermi, the type site in Attica, 

thought to be dominated by coniferous flora. Zapfe went on to suggest that 

Mesopithecus was supplementing its predominantly herbivorous diet with 

insect material, thus being comparable to modern Presbytis, with which it 

shares morphological affinities and a similar degree of terrestriality (Zapfe, 

1991; Delson, 1975). Since this assertion has not been corroborated by 

morphological evidence, and no dento-gnathic adaptations have been linked to 

occasional insectivory, this hypothesis could not be further tested in this 

context. On the basis of the dietary diversity observed amongst extant taxa, even 

as specialised ones as colobines, it would still seem reasonable to hypothesize 

that Mesopithecus was indeed supplementing a nutritionally poor diet with 

additional resources, the details of which currently remain unknown.

This discussion has highlighted the potential of the variable morphology 

of the anterior gnathic region for providing information on the diets of extinct 

taxa, while at the same time it highlighted certain methodological issues that 

pertain to any such exercise. A first conclusion concerns the relative robusticity 

of the premaxillary and dental variables with respect to the separation of 

various dietary categories. Despite some inconclusive results regarding extinct 

taxa, the majority of extant dietary groups were clearly defined and well 

separated from each other. This is a surprising result in view of the absence of 

any mandibular (symphyseal) data in most cases analysed. Mandibular, and 

especially symphyseal morphology has long been thought of as particularly 

informative of feeding habits {e.g. Greaves, 1995; Hylander, 1979; Lauder, 1995; 

Ravosa, 1990; Smith, 1993), since the sole functional demand of this region 

relates to the preparation and processing of food, unlike that of the maxilla (and 

premaxilla?), where compliance and compromise with other, often conflicting, 

functional demands imposed by the rest of the facial skeleton must be involved.
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Despite these good results on the extant sample, the issue remains that 

with regard to the fossil specimens, the outcome of the analysis was, at least in 

one case, unclear (^Sivapithecus). The compromised accuracy of the data 

collected on the Sivapithecus specimen (a composite cast; Chapter 2) could be 

offered as an explanation for its extreme separation from the modern sample. 

This suggestion, however, appears doubtful in light of the results acquired in all 

other cases where casts were also used. A second reason, could relate to the true 

lack of intra-specific variability inherent in fossil samples, where taxa are often 

represented by a single individual. In this analysis, this limitation was partly 

imposed by the state of preservation of many individuals of fossil taxa, and 

could be, thus, viewed as a “sampling bias”. To return to Sivapithecus, its diet 

could be indeed distinct from that of the modern apes (which comprised the 

comparative sample), yet found to be similar to that of other primate taxa in the 

study, had the analysis been extended to include them (an option rejected due to 

issues related to statistical vigour).

Following up from this is a third observation, that relates to the actual 

fossil specimens analysed and the morphological/ecological diversity they 

manifest. A point often overlooked in comparative analyses is the divergence of 

the fossil forms from any extant taxa in terms of ecology, physiology and 

behaviour. As Pilbeam & Young (2001) note with respect to modern apes, they 

need to be seen as animals inhabiting environments vastly different from those 

of the Miocene and Pliocene, with potentially very specialised diets as a result 

(e.g. ripe fruit) and, thus, as unsuitable models for palaeobiological 

reconstructions. The limitations of the number/diversity of dietary categories in 

the sample, as these are represented by extant phylogenetic subgroups 

(hominoids, cercopithecoids etc.) become immediately obvious when any 

(extinct) taxa not conforming to these standards (in this case dietary regimes)
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are incorporated in the analysis. In this analysis restricted samples were opted 

for in favour of statistical vigour and clearer interpretation of the results (itself a 

necessity imposed by the inclusion of a single individual for each extinct taxon). 

However, it would appear that for reasons of increased diversity and control of 

the effects of phylogeny, wider samples should be employed whenever possible. 

This is an issue also raised following DFA employed on extant taxa (Chapter 4). 

Moreover, wide ranging ecomorphological studies such as the one by Andrews 

et al. (1997), combining palaeoenvironmental, morphological, and functional 

data, along with taphonomic information on species diversity, provide welcome 

additions to the body of evidence on the dietary regimes and feeding habits of 

extinct taxa.

6 .4  C onclusions

This chapter aimed at predicting the diets of various extinct taxa. Following a 

series of composite PCA and DFA, and in accordance to other relevant studies, 

Pliopithecus and Mesopithecus are shown to be predominantly folivorous-seed 

eaters, while Ankarapithecus and Proconsul share affinities with the committed 

frugivores of the sample. No specific dietary regime can be assigned to 

Ouranopithecus, which, though, has been shown to possess adaptations to a 

mechanically tough diet. Similarly, although not definite, there is evidence 

suggesting that Afropithecus shares adaptations with taxa such as Cebus. 

Although capuchins have been described in this context as omnivores (due to 

their regular consumption of animal protein), theirs is primarily a mechanically 

demanding diet of hard-coated fruit and seeds. Finally, no definite conclusions 

could be drawn in the case of Sivapithecus, although it would appear that its 

diet was significantly different than that of any modern ape, with which it was 

compared.
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Table 6.1:
PCA Component Matrix: Full Sample plus Pliopithecus (Epipliopithecus) vindobonensis (Size Corrected Data)

Component 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Percentages of Variance (%) 2 3 5 15-8 12.8 7.6 5-740 5 3 8 3-04 2.97 2.500 1-99 1.72 1-54 1-54 1-31 1-13 1.111
MESIODISTAL LENGTH I2L 0.876 0.156 0.183 -0.155 0.113 -0.132 -0.103 -0.127
LENGTH CENTRAL LIi ROW 0.858 0.212 0.176 -0.121 -0.113 -0.177 -0.154 0.114
MESIODISTAL LENGTH IiU 0.747 0.321 -0.128 -0.180 -0.156 0.320 -0.225 0.171
BUCCOLINGUAL BREADTH IiU 0.736 0.101 0.246 -0.146 -0.397 0.211 0.122 0.118
LENGTH CENTRAL UIi ROW 0.733 0.383 -0.118 -0.200 -0.114 0.339 -0.219 0.151
MAXILLA BREADTH (C-EXT) -0.682 0.175 -0.501 0.235 0.147 0.104 0.105 0.106 0.119
PREMAXILLA BREADTH (INC) 0.678 0.324 -0.233 0.138 0.175 0.199 0.203 0.122 0.106 0.212 0.128
UPPER CANINE BREADTH -0.657 -0.112 0.315 0.412 -0.269 0.182 0.176 -0.107
LOWER CANINE BREADTH -0.649 0.148 -0.236 0.497 0.334 0.122
LENGTH INCISOR ROW-LOWER 0.633 0.625 0.177 0.118 -0.143 -0.151 0.128
BUCCOLINGUAL BREADTH IiL 0.631 0.107 0.165 -0.186 -0.564 -0.186 0.134 0.172 0.126
MAXILLA BREADTH (P3-EXT) -0.626 0.324 0.434 0.162 0.205 0.122 0.182 0.166 0.116
LENGTH INCISOR ROW-UPPER 0.622 0.580 0.190 0.196 0.100 0.158 0.132
MANDIBLE BREADTH P3E -0.615 0.497 0.176 0.247 0.258 0.126 -0.141 0.245
MANDIBLE BREADTH M2I -0.581 0.509 0.338 -0.387 -0.105 -0.185
ORBIT HEIGHT -0.556 0.229 0.496 -0.350 0.116 -0.205 0.126 -0.151 0.157
I2U ALVEOLUS PROJECTION 0.541 -0.402 -0.190 0.358 0.447 -0.181 0.229 -0.102 0.128
PREMAXILLA LENGTH 0.526 -0.108 -0.400 0.403 0.396 -0.113 -0.103 0.109
UPPER CANINE LENGTH -0.458 -0.361 -0.175 0.350 0.403 -0.121 0.277 0.257 -0.113 0.120 0.149
MANDIBLE BREADTH CIN 0.675 -0.454 -0.116 0.240 -0.114 0.148 0.221 0.157
MANDIBLE BREADTH P3I -0.476 0.640 -0.181 -0.179 0.247 0.113 -0.288
NASION-NASIOSPINALE 0.287 -0.627 -0.311 0.457 -0.109
MESIODISTAL LENGTH I2L 0.348 0.595 0.124 0.463 0.266 -0.128 -0.124 -0.200 -0.129
INCISIVE FOSSA-PROSTHION 0.440 -0.591 -0.393 0.107 -0.120 0.201 -0.181 0.143 0.123 -0.126
SUP TRANS TORUS THICKNESS -0.202 -0.583 0.265 -0.483 -0.178 0.107 0.225 0.164 -0.212 0.118
MAXILLA LENGTH 0.400 -0.568 -0.236 0.135 0.213 0.250 -0.144 0.255 -0.214 0.161
INF TRANS TORUS THICKNESS -0.559 0.263 0.199 -0.137 0.224 -0.246 -0.220 0.354 0.180 0.132 -0.180
LENGTH SYMPHYSIS (INT) -0.299 -0.542 0.480 -0.364 0.127 -0.173 0.289



Table 6.1 (Continued)

Component
Percentages of Variance (%)

1 2 3 4 5 6 7 8  9 10 11 12 13 14 15 16
2 3 5  15-8 12.8 7.6 5-740 5.38 3.04 2.97 2.500 1.99 1.72 1.54 1.54 1.31 1.13 1.111

IiU ALVEOLUS PROJECTION 
MAXILLA BREADTH (C-INT) 
MAXILLA BREADTH (M2-EXT) 
POSTCANINE ROW L 
POSTCANINE ROW L (MAND) 
MANDIBLE BREADTH M2E 
RIGHT DIASTEMA 
LEFT DIASTEMA 
ORBIT BREADTH 
BUCCOLINGUAL BREADTH I2U 
MESIODISTAL LENGTH I2U 
PREMAXILLA THICKNESS 
SUP TRANS TORUS-INFRADENTALE 
INCISIVE FOSSA-SUTURE (MEAN) 
PYRIFORM APERTURE HEIGHT 
BUCCOLINGUAL BREADTH I2L 
RIGHT SUTURE-LEFT SUTURE 
INF-SUP TRANSVERSE TORUS 
PYRIFORM APERTURE BREADTH 
LOWER CANINE LENGTH

0.463 -0.536 -0.237 0.202 0.316 -0.330 0.243 -0.119
-0.343 0.521 -0.418 -0.340 -0.150 0.185 -0.107 0.200 0.222 0.167
-0.283 0.831 -0.213 -0.126 0.241 0.119
-0.103 -0.395 0.779 0.145 -0.221 0.207 0.123
-0.117 -0.472 0.754 0.117 -0.117 0.219 0.124

-0.448 0.291 0.695 -0.272 0.179 0.109
-0.377 -0.187 -0.668 -0.382 -0.215 -0.100 -0.175 -0.157 0.111 -0.119
-0.379 -0.202 -0.648 -0.412 -0.200 -0.117 -0.161 -0.130 0.131 -0.122
-0.413 0.143 0.611 -0.426 -0.138 -0.213 0.220
0.295 0.153 0.538 0.321 -0.231 -0.330 0.208 -0.183 0.200 0.226 -0.176
0.215 0.423 0.460 0.412 0.176 -0.227 -0.216 0.140 0.108 -0.277
0.251 0.314 -0.308 0.450 0.124 0.305 -0.200 -0.119 -0.178 0.169 0.148 -0.106 -0.253 0.233 -0.280

-0.471 -0.343 0.323 -0.601 0.100 -0.155 0.102 0.183 0.142
0.341 -0.315 -0.230 0.479 0.429 0.103 0.367 0.119 -0.107 0.146 -0.157
0.333 -0.365 0.111 -0.211 0.382 0.254 0.127 0.153 -0.271 -0.129 -0.324 -0.177 0.106 0.256
0.107 0.409 0.268 0.181 -0.433 -0.385 0.209 0.182 -0.326 0.251 0.115
0.163 0.154 -0.250 -0.469 0.108 0.107 0.225 0.493 0.168 0.393 -0.116 -0.123
0.188 -0.292 0.125 0.175 -0.276 0.326 -0.491 0.319 0.213 -0.319 0.119 -0.149 -0.161 0.184 -0.122

-0.338 0.311 -0.261 0.143 -0.307 0.276 0.327 -0.156 -0.411 -0.134 0.146 -0.280
-0.367 -0.135 -0.117 0.236 0.328 -0.333 0.111 -0.202 0.130 -0.458 -0.136 -0.312 0.306



Table 6.2
Structure Matrix: Full sample plus Pliopithecus (Epipliopithecus) 
vindobonensis

Function 1 2 3 4 5 6
% of Variance 46.1 3 3 5 11.5 6.9 1-5 0.4
PCSCORE3 -0.118 0.243 0.008 -0.243 -0.062 -0.028
PCSC0 RE6 0.203 0.235 0.103 -0.178 0.06 -0.219
PCSCOREi -0.215 0.103 0.483 -0.14 -0.015 -0.051
PCSCOREio -0.008 0.08 -0.03 0.544 -0.116 0.063
PCSCORE5 -0.16 0.284 -0.202 0.337 0.181 -0.094
PCSCORE2 -0.067 -0.133 0.103 0.235 0.571 -0.259
PCSCORE16 0.067 -0.074 0.062 0.11 -0.358 0.032
PCSCORE7 -0.022 0.024 -0.244 -0.176 0.335 0.012
PCSCORE4 0.227 0.107 0.271 0.004 0.315 0.054
PCSCORE15 0.024 0.076 -0.126 -0.049 0.403 0.506
PCSCOREii 0.011 -0.036 0.164 0.057 0.265 -0.477
PCSCORE14 0.016 0.012 0.157 0.079 0.099 0.474
PCSC0 RE8 0.044 0.007 0.066 0.094 0.107 0.265
PCSCORE9 -0.089 -0.139 0.021 -0.196 0.214 0.264
PCSCORE12 -0.005 0.015 0.163 0.149 -0.042 0.25
PCSCORE13 0.113 -0.011 -0.165 0.047 0.075 -0.191

2 4 4



Table 6.3
Matrix of DFA group classification percentages performed on P. (E) vindobonensis and the extant 
full sample using dietary categories (size corrected data)

DIET
Folivory-
Seed Frugivory

Frugivory-
Folivory

Frugivoiy-
Seed Omnivory Graminivory Pliopithecus T o ta l

Folivory-Seed 98.41 1 * 5 9 0 0 0 0 0 100
Frugivory 1.44 94.23 0 0 4.3 0 0 100
Frugivory-
Folivory 2.75 0 93.54 0 3.67 0 0 100
Frugivory-Seed 0 0 0 100 0 0 0 100
Omnivoiy 0 2.4 0 0 92 5.6 0 100
Graminivory 0 0 0 0 0 100 0 100
Pliopithecus 0 0 0 0 0 0 100 100
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Table 6.4
PCA Component Matrix: Hominoid Sample plus Afropithecus turkanensis (Size Corrected Data)

Component
Percentages of Variance (%)

1 2 3 4 5 6 7 8 9 10 11
24^735 18.249 11.075 8 .4 3 7 6.209 5 0 6 4 4.267 3 3 2 7 2.636 2 .5 1 4 2.085

-0.8244 0.13981 0.20203 0.17625
-0.7922 0.26712 0.11716 0.22401 0 .1 4 9 7 3 0.15686 0.17436 0.12796
-0.7671 - 0 .4 1 7 4 0.17398 0.10936 -0.2774 -0.1666 0.11406
-0.7488 0.10061 0.253 0 .3 4 5 9 0.11075
-0.7094 - 0 .5 1 7 7 0.10045 -0.2478 -0.112 -0.1464 0.13786
-0.6339 -0.4065 0 .3 5 4 9 1 -0.1926 -0.1296 -0.2349 0.13179 0.11108
0.61817 0.35986 -0.5083 -0.1511 0.16223
0.58479 0.46265 0.4664 -0.2687 0.18201
0.54419 - 0 .4 1 7 3 -0.2059 0 .3 9 3 3 3 0.46346 -0.1001 0.15796

0.5417 -0.1714 0.47223 -0.3007 0 .1 5 9 5 7 0.2362 0.31168 -0.155 0.1784
-0.5201 0.19411 -0.3387 -0.3294 0.34224 0.27859 0.2448 -0.2775 0.11399

0.82355 0.11211 -0.3231 -0.143 0.18019 0.15073 0.10004 0.13697
0.17283 0.81062 0.1646 0.2903 -0.1613 -0.1827
0.22032 0 .7 1 5 5 9 -0.159 0.34123 0.27904 0.24911 -0.1736 -0.1489
-0.2417 0.64582 0.42839 0.2295 -0.1915 -0.1906 -0.1066 0.19171 -0.1951

0.40846 - 0 .5 8 5 5 -0.1688 0.27813 0.46752 -0.1566 -0.2446
0.47456 - 0 .5 7 7 8 -0.2134 0.18511 -0.186 0.25228 0.10298
0.16538 0 .4 5 9 3 5 0.31426 0.43962 -0.3798 -0.2426 -0.1769 -0.1225 -0.2668
0.31077 0.78803 0.32688 0.10005 0.19636 -0.1001
0.39724 -0.2608 0.74215 -0.2024 0.11571 0.13485 0.25175 0.10316
0.44359 -0.2488 0.71267 -0.2712 0.26228
0.45636 - 0 .3 9 1 7 0.66402 -0.1833 -0.1109 0.10655
0.57008 0.22498 -0.3072 -0.5841 -0.1105 -0.2494 0.10491
0.56124 0 .2 6 3 3 7 -0.246 - 0 .5 7 7 9 -0.2549 -0.2251 0.14361
-0.1544 -0.4818 -0.1739 -0.2928 0.13358 0.61539 -0.1721 -0.165 -0.1202
0.21718 0 .3 3 5 2 9 0.20291 0.24294 0.48422 -0.4609 -0.2088 0.29273 0.29317
-0.3047 0.18418 0.19518 0.38493 -0.3409 0.47845 -0.2839 -0.1119 0.39732 0.17036
0.25624 0.22839 -0.132 0.28811 -0.228 0.36123 0 .1 9 3 7 4 -0.1451 0.66484 0.21163
0.36906 -0.3963 -0.236 -0.1737 -0.2294 0.18019 0 .3 3 1 7 4 0.11457 -0.2027 0.57728

LENGTH INCISOR ROW-UPPER 
PREMAXILLA BREADTH (INCISORS) 
LENGTH CENTRAL Ii ROW-UPPER 
MESIODISTAL LENGTH I2U 
MESIODISTAL LENGTH IiU 
BUCCOLINGUAL BREADTH IiU 
PYRIFORM APERTURE HEIGHT 
MAXILLA BREADTH (C-EXTERNAL) 
UPPER CANINE LENGTH 
LENGTH POSTCANINE TOOTH ROW 
PREMAXILLA THICKNESS 
MAXILLA BREADTH (C-INTERNAL) 
MAXILLA BREADTH (M2-EXTERNAL) 
ORBIT BREADTH 
RIGHT SUTURE-LEFT SUTURE 
UPPER CANINE BREADTH 
NASION-NASIOSPINALE 
ORBIT HEIGHT
INCISIVE FOSSA-SUTURE (MEAN) 
I2U ALVEOLUS PROJECTION 
IiU ALVEOLUS PROJECTION 
INCISIVE FOSSA-PROSTHION 
RIGHT DIASTEMA 
LEFT DIASTEMA 
PREMAXILLA LENGTH 
MAXILLA BREADTH (P3-EXTERNAL) 
BUCCOLINGUAL BREADTH I2U 
PYRIFORM APERTURE BREADTH 
MAXILLA LENGTH



Table 6.5
Structure Matrix: Hominoid sample plus Afropithecus turkanensis
(Size Corrected Data)

Function 1 2 3
% of Variance 71-5 26.0 2.5
PCSCOREi 0.475 0.071 0.036
PCSCORE9 0.1836 0.025 -0.017
PCSCOREii 0.1187 -0.058 0.003
PCSCORE3 -0.015 -0.386 0.023
PCSCORE7 0.0152 0.271 -0.066
PCSC0 RE6 0.0002 0.264 0.643
PCSCORE4 0.0959 -0.133 0.468
PCSCORE2 -0.15 0.08 0.365
PCSCORE5 -0.094 0.141 -0.302
PCSCOREio 0.0565 0.075 -0.237
PCSC0 RE8 0.0551 0.146 -0.216
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Table 6.6
Matrix of DFA group classification percentages performed on A. turkanensis and the extant 
hominoid sample using dietary categories (size corrected data)

A
00

D IET Frugivory Frugivory-Folivory Omnivory Afropithecus T o ta l
Frugivory 91-43 8.57 0 0 100
Frugivory-
Folivory 2-5 96.25 1.25 0 100
Omnivory 0 0 100 0 100
Afropithecus 0 0 0 100 100



Table 6.7
PCA Component Matrix: Full Sample plus Afropithecus turkanensis (Size Corrected Data)

1 2 3 4 5 6 7 8 9 10 11
24339 15.886 1 4 .7 4 3 7.667 6.498 4925 4 5 4 0 3 325 2.804 2.228 1.808

0.68847 -0.4987 0.18792 -0.2046 -0.1551 0.12394 -0.2769
-0.6878 -0.4709 -0.1715 0.27238 -0.1647 0.21833 0.12346
0.67499 - 0 .5 4 7 9 0.21624 -0.1766 -0.112 0.16597 -0.2675
0.66991 0.29429 -0.1602 0.21093 -0.2919 -0.3038 0.19956
0.65757 -0.1303 -0.4461 0.17117 0.19175 0.21501 0.16202
-0.6443 0.46969 0 .3 7 5 4 1 -0.2077 -0.1493
0.63806 -0.1043 0.48586 0.46331 -0.113 -0.1289 0.14371
-0.6236 0.48279 -0.127 0.1583 0.22028 0.13087 -0.1248 0.21529 0.19041 0.17601
-0.6216 0.14387 -0.5016 -0.3758 0.27077
0.61126 - 0 .3 1 5 7 -0.1371 -0.4542 0.12556 0.25453 -0.1245 -0.136 -0.1176

0.50854 -0.1762 0.43148 -0.3596 0.24668 0.23584 -0.129 0.34857
-0.3659 -0.7718 0.25416 -0.1406 -0.2165 0.17468 0.12821
-0.3746 - 0 .7 5 7 7 0.11985 0.29196 -0.1311 -0.2051 0.16937 0.12981
-0.2823 0.73647 0.25211 0.27214 0.30409 0.18105

0.6453 0.48378 -0.216 0.40204
0.17001 0.63904 -0.3507 -0.3073 0.1202 -0.1435 0.32123 0.21586
0.25127 0.61751 -0.1294 -0.34 0.52899 0.11867
-0.4832 0.54968 0.19194 0.40806 0.15142 -0.279 -0.1668
0.56813 0.2945 -0.639 0.13563 0.13742
0.56078 -0.1199 0.62529 0.26927 -0.2389 0.17821
0.51165 -0.2074 0.60396 0.23625 -0.2046 -0.1186 -0.1803 0.12857
-0.4037 -0.3261 -0.495 0.39104 0.34565 0.1808 0.14414 0.20619
0.37944 -0.1492 0.48073 -0.4508 0.24077 0.31762 0.23979 0.15174
-0.3772 -0.2175 0.28066 -0.5781 -0.2287 0.41069 -0.1866
0.27054 - 0 .1 3 5 9 -0.4618 -0.5009 0.25479 0.21225 -0.2691 0.12881 -0.2059 0.1205 -0.3077
0.41346 0.46387 0.65091 0.16967 0.21567
-0.3259 -0.2178 -0.361 0.55087 0.19215 0.25812 -0.4898
0.14278 -0.278 0.392 0.37265 0.58776 0.33929 -0.2483
0.38071 0 .4 7 3 0 7 0.22868 0.20785 - 0 .5 5 7 7 -0.3034 0.28105

Component
Percentages of Variance (%)
MESIODISTAL LENGTH IiU 
MAXILLA BREADTH (C-EXTERNAL) 
LENGTH CENTRAL Ii ROW-UPPER 
BUCCOLINGUAL BREADTH IiU 
PREMAXILLA BREADTH (INCISORS) 
ORBIT HEIGHT 
I2U ALVEOLUS PROJECTION 
MAXILLA BREADTH (P3-EXTERNAL) 
UPPER CANINE BREADTH 
PREMAXILLA LENGTH 
MAXILLA LENGTH 
RIGHT DIASTEMA 
LEFT DIASTEMA
MAXILLA BREADTH (M2-EXTERNAL) 
LENGTH POSTCANINE TOOTH ROW 
MESIODISTAL LENGTH I2U 
BUCCOLINGUAL BREADTH I2U 
ORBIT BREADTH 
LENGTH INCISOR ROW-UPPER 
IiU ALVEOLUS PROJECTION 
INCISIVE FOSSA-PROSTHION 
MAXILLA BREADTH (C-INTERNAL) 
NASION-NASIOSPINALE 
UPPER CANINE LENGTH 
PREMAXILLA THICKNESS 
INCISIVE FOSSA-SUTURE (MEAN) 
PYRIFORM APERTURE BREADTH 
RIGHT SUTURE-LEFT SUTURE 
PYRIFORM APERTURE HEIGHT



Table 6.8
Structure Matrix: Full sample plus 4/^oipzf/iecus turkanensis (Size Corrected Data)

Function 1 2 3 4 5 6
% of
Variance 4 3 0 3 3 3 135 7.7 1 7 0.7
PCSCORE4 -0.405 0.106 -0.047 0.174 0.166 0.336
PCSCOREi 0.141 0.243 0.484 0.582 -0.026 -0.178
PCSCORE5 0.072 0.221 -0.074 -0.321 -0.283 0.296
PCSCOREio 0.058 -0.006 0.086 -0.211 -0.094 -0.028
PCSCORE7 0.019 -0.04 0.025 0.082 0.011 -0.008
PCSCORE3 0.116 0.243 -0.41 0.107 0.639 -0.486
PCSC0 RE8 0.104 0.068 0.474 -0.484 0.601 0.116
PCSC0 RE6 0.339 -0.318 -0.176 0.291 0.286 0.673
PCSCOREii 0.162 -0.059 -0.085 -0.14 -0.392 -0.449
PCSCORE2 0.147 0.322 -0.012 0.167 -0.296 0.37
PCSCORE9 -0.033 -0.195 0.255 0.187 -0.056 -0.259
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Table 6.9
Matrix of DFA group classification percentages performed on A. turkanensis and the extant
full sample using dietary categories (size corrected data)

DIET
Folivory-
Seed Frugivory

Frugivory-
Folivory

Frugivory-
Seed Omnivory Graminivory Afropithecus T o ta l

Folivory-Seed 94.4 3-2 0.8 0 1.6 0 0 100
Frugivory 2.9 87 1.91 0.96 7.7 0 0 100
Frugivory-Folivory 8.3 0.9 89.0 0 1.83 0 0 100
Frugivoiy-Seed 0 0 0 100 0 0 0 100
Omnivory 0 2.4 1.6 0.8 88.0 7.2 0 100
Graminivory 0 0 0 0 0 100 0 100
Afropithecus 0 0 0 0 0 0 100 100

to
cn



Table 6.10:
PCA Component Matrix: Hominoid sample plus Ankarapithecus meteai (Size Corrected Data)

Component 1 2 3 4 5 6 7 8 9 10 11
percentages of Variance (%) 26.398 16.434 12.193 8.399 6.102 5105 4.712 3393 2.947 2.363 2.277
LENGTH INCISOR ROW-UPPER -0.8171 0.18726 0.19929 0.12217
LENGTH CENTRAL Ii ROW-UPPER -0.7721 0.4076 0.15533 -0.3058 0.22084
MESIODISTAL LENGTH I2U -0.7536 0.1943 -0.348 -0.1341 0.16727
PREMAXILLA BREADTH (INCISORS) -0.7472 -0.3125 0.23933 0.11936 0.1598 0.13656 0.17097 0.19445 0.18962 0.10336
MESIODISTAL LENGTH IiU -0.739 0.45848 -0.3014 0.23683
BUCCOLINGUAL BREADTH IiU -0.6268 0.4299 0.30776 0.13939 -0.2214 -0.2421 -0.108 0.10721 0.26911
MAXILLA BREADTH (C-EXTERNAL) 0.61035 -0.4156 0.34511 0.28049 0.34091 0.14258
PYRIFORM APERTURE HEIGHT 0.60725 0.3336 -0.157 -0.1089 -0.3962 0.37645 -0.1784
RIGHT DIASTEMA 0.59145 -0.3768 -0.2926 -0.4756 0.19419 -0.1845 0.11391
LEFT DIASTEMA 0.58542 -0.3752 -0.23 -0.5149 -0.1207 0.19713 -0.193 0.13879
LENGTH POSTCANINE TOOTH ROW 0.51604 0.29643 0.28426 -0.4529 -0.2448 0.10244 0.34591 -0.1826 -0.1578
UPPER CANINE LENGTH 0.51183 0.48976 -0.2671 0.47606 0.28886 0.12533 0.12114 -0.1008
MAXILLA BREADTH (C-INTERNAL) -0.8589 0.24311 -0.2086 -0.1169 0.11998 0.15724
MAXILLA BREADTH (M2-EXTERNAL) 0.23162 -0.6814 0.24487 0.33402 -0.271 -0.1216 -0.1983 -0.1465
UPPER CANINE BREADTH 0.37361 0.60541 -0.2414 0.4174 0.31264 0.28326 -0.1147 0.13601
RIGHT SUTURE-LEFT SUTURE -0.1721 -0.5716 0.51219 0.23402 0.16625 0.23374 -0.2283 -0.1194 0.18263 0.11276 -0.149
INCISIVE FOSSA-SUTURE (MEAN) 0.35638 0.10768 0.79726 0.14845 0.24886 0.2037
I2U ALVEOLUS PROJECTION 0.40921 0.30715 0.73702 -0.1915 0.13804 -0.1874 0.15741
IiU ALVEOLUS PROJECTION 0.45746 0.28563 0.69885 -0.2901 0.10509 -0.1822
INCISIVE FOSSA-PROSTHION 0.45977 0.45112 0.59857 -0.2705 -0.1039
PREMAXILLA THICKNESS -0.5043 -0.2975 -0.2447 -0.224 0.52052 -0.1295 0.23251 0.16846 0.2459
MAXILLA BREADTH (Pg-EXTERNAL) 0.26407 -0.2476 0.2694 0.35197 -0.2248 0.2216 0.53854 -0.25 0.17532 0.35065
PREMAXILLA LENGTH -0.1648 0.41137 -0.1911 -0.3924 0.35105 -0.1975 0.5283 -0.1205
BUCCOLINGUAL BREADTH I2U -0.3116 -0.1877 0.31047 0.3259 -0.4139 -0.498 -0.2145 0.37731
MAXILLA LENGTH 0.33749 0.38659 -0.264 -0.1854 0.1491 -0.195 0.53068 0.13568 0.4903
PYRIFORM APERTURE BREADTH 0.26848 -0.1593 -0.1366 0.17765 -0.297 -0.4905 0.19255 -0.1289 0.62399 0.26196



Table 6.11
Structure Matrix: Hominoid sample plus Ankarapithecus meteai
(Size Corrected Data)

Function 1 2 3
% of Variance 73.5 22.5 4-1
PCSCOREi 0.413 -0.125 0.101
PCSCORE2 0.18 0.128 -0.079
PCSCORE9 -0.04 0.006 -0.006
PCSCORE3 -0.03 0.351 0.058
PCSCORE5 -0.144 -0.18 0.008
PCSCORE7 -0.004 -0.176 0.172
PCSC0 RE8 0.026 -0.298 0.551
PCSC0 RE6 -0.018 0.279 0.55
PCSCOREii -0.014 -0.036 0.333
PCSCOREio -0.042 0.098 0.289
PCSCORE4 0.047 0.104 0.178
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Table 6.12
Matrix of DFA group classification percentages performed on A. meteai and the extant
hominoid sample using dietary categories (size corrected data)

ro

2

DIET Frugivory F rugivory-Folivory Omnivory Ankarapithecus T o ta l
Frugivory 88.57 11.43 0 0 100
Frugivory-
Folivory 0 100 0 100
Omnivory 0 0 100 0 100
Ankarapithecus 0 0 0 100 100



Table 6.13:
PCA Component Matrix: Hominoid sample plus Sivapithecus sivalensis (Size Corrected Data)

Component 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Percentages of Variance (%) 26.46 20.08 8.907 8.333 6.057 4.279 3.913 2.402 2.202 2.095 1.897 1.447 1.39 1.258
SUP TRANS TORUS-INFRADENTALE -0.818 -0.140 -0.218 -0.218 0.178 -0.110 0.120
BUCCOLINGUAL BREADTH IiL 0.788 -0.354 0.200 0.110 -0.116 0.116 0.189 0.219
PREMAXILLA BREADTH (INCISORS) 0.786 -0.125 0.152 -0.136 0.211 -0.102 0.347 0.215
MESIODISTAL LENGTH I2L 0.768 -0.372 0.148 0.166 -0.178 -0.152 -0.132
MESIODISTAL LENGTH IiL 0.753 -0.424 -0.222 -0.106 -0.113
MANDIBLE BREADTH CIN 0.731 0.365 0.117 -0.253 0.101 0.240 -0.109 0.133
UPPER CANINE LENGTH -0.725 -0.195 -0.295 0.435 0.229 -0.138
LENGTH POSTCANINE ROW (MAND) -0.707 0.114 0.110 0.271 -0.494 -0.166 0.127 0.119
LENGTH POSTCANINE ROW (MAX) -0.670 0.205 -0.508 -0.298 0.156 -0.115 0.174 0.142
NASION-NASIOSPINALE -0.660 -0.364 -0.262 0.210 0.218 -0.156 0.185 0.161 0.138 0.237
MESIODISTAL LENGTH I2U 0.645 -0.174 -0.311 0.146 -0.148 -0.350 0.167 -0.212 0.103
MANDIBLE BREADTH P3I 0.628 0.618 0.112 0.184 0.131 -0.106 -0.170
UPPER CANINE BREADTH -0.617 -0.389 -0.255 0.434 0.307 0.156 -0.106
LOWER CANINE LENGTH -0.609 -0.328 0.570 0.300 0.100
BUCCOLINGUAL BREADTH I2L 0.576 -0.445 -0.109 0.347 0.344 0.318 0.101
PYRIFORM APERTURE HEIGHT -0.565 0.186 0.300 -0.131 0.285 0.450 -0.174 0.148 -0.100 0.123 0.281
PREMAXILLA THICKNESS 0.493 -0.417 -0.351 0.372 -0.215 0.114 0.212 -0.277 0.186
MAXILLA LENGTH -0.483 -0.231 -0.224 0.155 -0.182 0.350 -0.202 0.457 0.172 -0.355 -0.151
MANDIBLE BREADTH M2E 0.194 0.838 0.286 -0.240 0.130 -0.148
MAXILLA BREADTH (M2-EXTERNAL) 0.104 0.836 0.243 -0.291 -0.107 -0.103
MANDIBLE BREADTH M2I 0.473 0.787 0.214 -0.131 -0.129 -0.119
MAXILLA BREADTH (C-INTERNAL) 0.371 0.730 0.127 -0.355 0.153 -0.125 0.121 0.152
ORBIT BREADTH 0.730 -0.334 0.133 -0.191 -0.314 -0.107 -0.122 -0.131
MESIODISTAL LENGTH IiU 0.506 -0.703 -0.266 -0.228 0.119 0.115



Table 6.13 (Continued)
Component 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Percentages of Variance (%) 26.46 20.08 8.907 8.333 6.057 4.279 3913 2.402 2.202 2.095 1.897 1.447 139 1.258
LENGTH SYMPHYSIS (INT) -0.524 -0.652 0.241 -0.127 0.236 0.146 -0.144 -0.189
LENGTH CENTRAL Ii ROW-UPPER 0.556 -0.645 0.123 0.122 -0.268 -0.235 0.128 0.107
MAXILLA BREADTH (C-EXTERNAL) -0.396 0.611 -0.171 0.199 0.351 0.230 -0.193 0.181 0.114
BUCCOLINGUAL BREADTH IiU 0.512 -0.606 0.281 0.256 0.148 -0.144 0.205
PREMAXILLA LENGTH -0.545 -0.335 0.262 -0.104 0.390 0.302 0.120 -0.195 -0.168 0.170 -0.126
RIGHT SUTURE-LEFT SUTURE 0.488 0.514 0.168 0.287 0.221 0.163 -0.184 -0.132 0.238 -0.141 0.287
ORBIT HEIGHT 0.471 0.195 0.421 -0.471 0.164 -0.239 0.105 -0.147 0.280
IiU ALVEOLUS PROJECTION -0.326 0.789 0.246 -0.276 -0.134 0.121 0.114
INCISIVE FOSSA-PROSTHION -0.391 -0.122 0.782 0.119 -0.208 -0.141
I2U ALVEOLUS PROJECTION -0.301 0.756 0.310 -0.405
INCISIVE FOSSA-SUTURE (MEAN) -0.189 0.209 0.623 0.351 0.421 -0.261 -0.123 -0.105 0.164 0.127
LOWER CANINE BREADTH -0.478 -0.225 -0.513 0.450 0.389
LEFT DIASTEMA -0.398 0.413 -0.612 0.321 -0.260 0.216
RIGHT DIASTEMA -0.422 0.414 -0.604 0.279 -0.264 0.164 0.104
INF-SUP TRANS TORUS 0.192 -0.515 0.350 0.152 0.542 0.184 -0.185 -0.346
MAXILLA BREADTH (P3-EXTERNAL) 0.378 0.215 0.240 0.258 0.666 0.168 0.179
MANDIBLE BREADTH P3E 0.344 0.361 0.280 0.342 0.134 0.225 0.535 0.122 0.113 -0.217 0.119
BUCCOLINGUAL BREADTH I2U 0.299 -0.329 0.300 0.126 -0.224 -0.279 0.398 0.377 0.375 0.137 -0.170
PYRIFORM APERTURE BREADTH -0.225 0.239 -0.250 -0.235 0.147 0.297 -0.648 0.170 0.332 -0.105 -0.198 -0.157



Table 6.14
Structure Matrix: Hominoid sample plus Sivapithecus sivalensis
(Size Corrected Data)

Function 1 2 3
% of Variance 81.3 15-4 3 3
PCSCOREi 0.459 0.104 0.031
PCSCORE3 -0.027 0.29 -0.227
PCSCORE4 -0.011 0.258 0.134
PCSCORE14 0.142 0.146 -0.058
PCSCORE7 -0.015 -0.137 0.086
PCSCORE5 0.076 -0.105 -0.067
PCSCORE2 0.007 -0.07 -0.015
PCSCOREii -6E-04 -0.036 0.45
PCSCORE9 -0.023 -0.079 0.445
PCSC0 RE6 0.016 0.277 0.328
PCSCORE12 0.017 -0.01 0.225
PCSCORE13 -0.015 0.028 0.121
PCSC0 RE8 0.015 -0.018 0.092
PCSCOREio -0.021 -0.023 -0.075
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Table 6.15
Matrix of DFA group classification percentages performed on S. indiens and the extant
hominoid sample using dietary categories (size corrected data)

ro

00

DIET Frugivory Frugivory-Folivoiy Omnivory Sivapithecus T o ta l
Frugivory 100 0 0 0 100
Frugivoiy-
Folivory 0 100 0 0 100
Omnivory 0 0 100 0 100
Sivapithecus 0 0 0 100 100



Table 6.16:
PCA Component Matrix: Hominoid sample plus Ouranopithecus macedoniensis (Size Corrected Data)

Component 1 2 3 4 5 6 7 8 9 10 11 12
Percentages of Variance (%) 24.792 17.736 11.578 8.352 6.360 4.875 4.563 3.255 2.705 2.447 2.283 1.746
LENGTH INCISOR ROW-UPPER -0.819 0.103 0.221 0.169 0.154
LENGTH CENTRAL Ii ROW-UPPER -0.791 -0.365 0.118 0.123 -0.328 -0.148
MESIODISTAL LENGTH IiU -0.767 -0.429 0.124 -0.315 -0.126 0.103 0.101
PREMAXILLA BREADTH (INCISORS) -0.762 0.338 0.173 0.239 0.151 0.166 0.196
MESIODISTAL LENGTH I2U -0.740 0.138 0.239 0.127 0.311 -0.155 0.115 0.118
BUCCOLINGUAL BREADTH IiU -0.662 -0.374 0.317 -0.150 -0.238 -0.155 -0.211 0.165 0.101 -0.157
PYRIFORM APERTURE HEIGHT 0.632 0.330 -0.437 -0.212 0.301 0.264
MAXILLA BREADTH (C-EXTERNAL) 0.620 0.427 0.378 -0.359 0.129 0.149
RIGHT DIASTEMA 0.586 0.257 -0.294 -0.563 -0.132 -0.114 -0.196 0.107
LEFT DIASTEMA 0.582 0.259 -0.247 -0.545 -0.285 -0.156 -0.170 0.144
LENGTH POSTCANINE TOOTH ROW 0.549 -0.244 0.424 -0.263 0.299 0.324 -0.115 0.206 0.183
UPPER CANINE LENGTH 0.515 -0.469 -0.187 0.374 0.458 -0.147 0.147
PREMAXILLA THICKNESS -0.506 0.221 -0.291 -0.366 0.423 0.256 -0.287 -0.193
MAXILLA BREADTH (C-INTERNAL) 0.828 0.110 -0.317 -0.146 0.206 0.151 0.146
MAXILLA BREADTH (M2-EXTERNAL) 0.261 0.770 0.141 0.314 -0.159 -0.193
ORBIT BREADTH 0.291 0.668 -0.138 0.337 0.105 0.294 -0.117 0.273 -0.133 -0.172
RIGHT SUTURE-LEFT SUTURE -0.195 0.656 0.401 0.153 -0.357 0.148 -0.222
NASION-NASIOSPINALE 0.446 -0.604 -0.228 0.136 -0.169 0.172 0.222 -0.164 0.195 0.206
UPPER CANINE BREADTH 0.372 -0.602 -0.188 0.312 0.423 -0.317 -0.138
PREMAXILLA LENGTH -0.191 -0.520 -0.411 0.254 0.295 0.375 -0.158 -0.195
INCISIVE FOSSA-SUTURE (MEAN) 0.282 0.818 0.313 0.125 0.173 -0.108 0.109
I2U ALVEOLUS PROJECTION 0.320 -0.245 0.804 -0.188 0.136 0.218 0.124
IiU ALVEOLUS PROJECTION 0.367 -0.226 0.785 -0-253 0.206
INCISIVE FOSSA-PROSTHION 0.383 -0.393 0.710 -0.176 -0.115 -0.122
ORBIT HEIGHT 0.191 0.426 0.306 0.466 -0.377 -0.203 -0.200 -0.162 -0.241 -0.152 -0.155
MAXILLA BREADTH (P3-EXTERNAL) 0.273 0.272 0.158 0.239 -0.189 0.684 -0.119 -0.154 0.283 0.163 -0.234
BUCCOLINGUAL BREADTH I2U -0.316 0.221 0.208 0.418 0.253 -0.481 -0.220 0.379 0.280
PYRIFORM APERTURE BREADTH 0.288 0.142 0.209 -0.101 0.478 0.182 -0.206 0.700 -0.164
MAXILLA LENGTH 0.356 -0.388 -0.273 -0.216 -0.218 0.407 -0.192 0.484 -0.288



Table 6.17
Structure Matrix: Hominoid sample plus Ouranopithecus macedoniensis
(Size Corrected Data)

Function 1 2 3
% of Variance 76.1 20.4 3.5
PCSCOREi 0.407 -0.09 0.155
PCSCORE2 0.191 0.076 -0.164
PCSCORE3 -0.026 0.335 -0.142
PCSCORE5 0.132 0.3 0.235
PCSCORE7 -0.002 -0.263 0.207
PCSCORE4 0.023 0.085 -0.04
PCSCORE9 -0.029 -0.065 0.016
PCSC0 RE8 0.015 -0.187 0.432
PCSC0 RE6 -0.059 0.218 0.386
PCSCOREio -0.056 0.185 0.329
PCSCOREii -0.05 0.1 -0.11
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Table 6.18
Matrix of DFA group classification percentages performed on O. macedoniensis and the extant
hominoid sample using dietary categories (size corrected data)

N)

DIET Frugivory Frugivory-Folivory Omnivory Ouranopithecus T o ta l
Frugivory 100 0 0 0 100
Frugivoiy-
Folivory 1.25 98.75 0 0 100
Omnivory 0 0 100 0 100
Ouranopithecus 0 0 0 100 100



Table 6.19:
PCA Component Matrix: Catarrhine sample plus Proconsul heseloni (Size Corrected Data)

Component 1 2 3 4 5 6 7 8
Percentages of Variance (%) 25^034 18.830 12.569 11.286 7.526 5-943 4.292 3-404
INCISIVE FOSSA-PROSTHION 0.860 0.193
IiU ALVEOLUS PROJECTION 0.785 0.279 0.264 0.277 0.191
I2U ALVEOLUS PROJECTION 0.682 0.168 0.457 0.444 0.140
PREMAXILLA THICKNESS -0.592 0.365 0.439 0.390
MAXILLA BREADTH (M2-EXTERNAL) 0.135 -0.778 0.204 -0.285 -0.190 0.196 0.149
RIGHT DIASTEMA 0.198 0.709 0.136 -0.534 -0.265
LEFT DIASTEMA 0.246 0.678 0.179 -0.549 -0.274
LENGTH POSTCANINE TOOTH ROW 0.453 -0.631 -0.292 0.347 0.161
MAXILLA BREADTH (P3-EXTERNAL) -0.393 -0.594 0.362 -0.322 0.235 0.199
RIGHT SUTURE-LEFT SUTURE -0.113 0.621 -0.251 0.541 0.131 -0.378 0.138
INCISIVE FOSSA-SUTURE (MEAN) 0.539 -0.121 0.615 0.366 -0.272
MAXILLA BREADTH (C-INTERNAL) -0.541 0.601 -0.230 -0.173 0.350 0.144
PREMAXILLA LENGTH -0.302 0.536 -0.197 0.557 0.275 0.169
PREMAXILLA BREADTH (INCISORS) -0.493 0.132 0.265 0.585 -0.349 0.350
MAXILLA LENGTH 0.465 0.195 -0.325 -0.308 0.466 0.344 0.163 0.356
PYRIFORM APERTURE BREADTH -0.469 0.265 0.285 0.104 0.637 0.167 -0.351



Table 6.20
Structure Matrix: Catarrhine sample plus Proconsul heseloni
(Size Corrected Data)

Function 1 2 3 4 5
% of Variance 60.8 26.7 7A 4^8 0.3
PCSCORE2 0.498 -0.111 -0.146 0.123 0.125
PCSC0 RE6 0.174 0.656 0.156 0.225 -0.19
PCSCORE5 0.176 -0.432 0.332 0.404 -0.408
PCSC0 RE8 0.019 -0.007 0.765 -0.018 0.503
PCSCORE4 0.039 0.166 0.31 -0.145 -0.116
PCSCOREi -0.253 0.029 -0.004 0.83 0.2
PCSCORE7 0.181 0.076 -0.267 0.272 0.574
PCSCORE3 -0.039 -0.12 -0.048 -0.251 0.554

263



Table 6.21
Matrix of DFA group classification percentages performed on P. heseloni and the extant
catarrhine sample using dietary categories (size corrected data)

ro

DIET
Folivory-
Seed Frugivory Frugivory-Folivory Omnivory Graminivory Proconsul T o ta l

Folivory-Seed 92.06 7.14 0.79 0 0 0 100
Frugivory 11.92 71.52 5.23 9.93 0 1.3245 100
Frugivory-
Folivory 2.5 6.25 90 1.25 0 0 100
Omnivory 0 12.94 3.53 78.82 4.71 0 100
Graminivory 0 0 0 0 100 0 100
Proconsul 0 0 0 0 0 100 100



Table 6.22:
PCA Component Matrix: Cercopithecoid sample plus Mesopithecus pentelicus (Size Corrected Data)

Component
Percentages of Variance (%)

1 2 3 4 5 6 7 8 9 10 11
21.619 18.981 12.301 8.125 7.626 4-451 4.211 3.222 2.827 2.434 2.169

-0.7928 -0.2927 0.13185 0.19736 -0.1964 -0.1967 -0.1384 -0.1077
0.74267 0.12126 0.35823 -0.2236 -0.2534 0.15548 -0.2205
-0.7425 -0.2959 0.1296 0.32017 -0.1641 -0.1951 -0.217
0.72998 0.4008 -0.2343 -0.2175 0.20173 -0.2063
-0.7019 -0.3703 0.29966 0.14563 0.18241 0.13306 -0.2423 0.11776
0.63717 -0.1165 -0.3185 0.54395 -0.1839 0.12621
0.62178 0.38181 -0.1178 -0.1018 0.52106
-0.5457 -0.1677 -0.5104 0.42109 0.21859 0.10195
0.53502 0.17558 -0.3658 0.36778 -0.1665 0.29326 -0.2992 -0.218 -0.1371
0.51741 0.38349 -0.2164 -0.1869 0.40992 -0.3731 0.10696 0.28165
-0.299 0.8549 0.1809 -0.2404

-0.2503 0.84137 -0.1149 0.13797 -0.2517 0.10378
-0.1483 0.77936 -0.2828 -0.1098 0.15351 -0.1046 -0.2378 -0.1454

-0.7286 -0.3869 0.21034 0.24428 0.25622 -0.1434
-0.1077 0.6197 0.27418 0.14386 0.16208 0.36315 0.26562 0.35653
-0.5931 0.5994 0.28987 0.20731 0.11424
0.23813 -0.5595 0.22264 -0.4549 0.1302 0.27262 -0.234 0.28065 0.10373 -0.1891
0.12604 -0.4163 -0.3114 -0.2081 -0.3528 0.10498 0.26311 0.34079 -0.3391 0.41066
-0.2978 0.15643 0.69236 0.2901 -0.1729 0.17032 0.21895 0.17838

-0.4776 0.68471 -0.1244 0.33433 0.12975
-0.4144 -0.6032 0.48931 -0.2081 0.15951
-0.4733 -0.1255 -0.5969 0.17561 0.38955 -0.1035 -0.2216

0.46095 -0.3121 -0.1876 0.70516 -0.1078 0.21517 0.10927
0.21396 -0.479 0.61445 0.16952 0.38664 -0.1442 -0.1386

0.43299 0.18111 0.68793 0.15574 0.1467 -0.2245 0.15003
0.12361 0.24214 0.38276 0.33692 0.5419 -0.2638 0.20943 -0.2244 -0.1806 -0.1317

-0.3746 0.27074 0.3 -0.5027 -0.2543 0.31254 0.397 0.19671
0.5215 -0.3474 -0.1008 -0.2458 0.16302 0.61556 -0.2791

ORBIT HEIGHT 
RIGHT DIASTEMA 
ORBIT BREADTH 
LEFT DIASTEMA
MAXILLA BREADTH (P3-EXTERNAL) 
IiU ALVEOLUS PROJECTION 
NASION-NASIOSPINALE 
MESIODISTAL LENGTH I2U 
INCISIVE FOSSA-PROSTHION 
MAXILLA LENGTH 
LENGTH CENTRAL Ii ROW-UPPER 
MESIODISTAL LENGTH IiU 
BUCCOLINGUAL BREADTH IiU 
UPPER CANINE BREADTH 
PREMAXILLA BREADTH (INCISORS) 
LENGTH INCISOR ROW-UPPER 
UPPER CANINE LENGTH 
PREMAXILLA THICKNESS 
MAXILLA BREADTH (C-INTERNAL) 
MAXILLA BREADTH (C-EXTERNAL) 
LENGTH POSTCANINE TOOTH ROW 
BUCCOLINGUAL BREADTH I2U 
I2U ALVEOLUS PROJECTION 
INCISIVE FOSSA-SUTURE (MEAN) 
RIGHT SUTURE-LEFT SUTURE 
PYRIFORM APERTURE BREADTH 
PYRIFORM APERTURE HEIGHT 
PREMAXILLA LENGTH



Table 6.23
Structure Matrix: Cercopithecoid sample plus Mesopithecus 
pentelicus
(Size Corrected Data)

Function 1 2 3 4
% of Variance 6 3 9 3i ’i 4.2 0.7
PCSCORE2 0.455 -0.162 -0.066 -0.094
PCSCOREi 0.272 0.252 -0.047 -0.135
PCSCORE5 -0.015 0.382 0.101 0.072
PCSC0 RE8 -0.035 0.152 -0.004 -0.006
PCSCORE9 0.014 0.121 0.508 0.445
PCSCOREii -0.017 0.052 -0.478 0.398
PCSCORE3 0.011 -0.257 0.42 0.053
PCSCORE7 -0.004 0.128 0.256 0.014
PCSC0 RE6 0.023 -0.071 0.183 0.018
PCSCORE4 -0.023 -0.046 -0.182 0.083
PCSCOREio -0.057 0.075 0.058 -0.804
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Table 6.24
Matrix of DFA group classification percentages performed on M. pentelicus and the extant
cercopithecoid sample using dietary categories (size corrected data)

roOn

DIET Frugivory
Folivory-Seed
eating Omnivory Graminivory Mesopithecus T o ta l

Frugivory 99.1 0.9 0 0 0 100
Folivoiy-Seed
eating 2.4 96.8 0 0 0.8 100
Omnivory 3.45 0 96.6 0 0 100
Graminivory 0 0 0 100 0 100
Mesopithecus 0 0 0 0 100 100



Figure 6.1: DFA - Full extant sam ple plus P liopithecus (E.) vindobonensis
(S ize corrected data)
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Figure 6. 2: DFA - Extant hom in o id  sam ple plus A fropithecus tu rkan en sis
(S ize corrected data)
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Figure 6.3: DFA - Full extant sam ple plus A fropithecus tu rkan en sis
(S ize corrected  data)
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Figure 6.4: DFA - Extant hom in oid  sam ple plus A n karapith ecu s m etea i
(S ize corrected  data)
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Figure 6.5: DFA - Extant hom in oid  sam ple plus S ivapithecus indiens
(S ize corrected  data)
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Figure 6.6: DFA - Extant h om in o id  sam ple plus O uranopithecus m acedon iensis
(S ize corrected  data)
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Figure 6.7: DFA - Extant catarrhine sam ple plus Proconsul heseloni
(Size corrected  data)
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Figure 6.8: DFA - Extant cercop ith eco id  sam ple plus M esopithecus p en te licu s
(S ize corrected  data)
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Chapter 7 

G eneral D iscu ssion

7.1 In trod uction

The primary aim of this thesis has been to investigate the interrelationship of 

the premaxilla and the mandibular symphysis in morphometric terms and on a 

wide comparative sample of anthropoid primates. The assertion that “the close 

anatomical vicinity o f  the mandibular symphysis and the premaxilla, as well 

as their partly inter-related functional roles (both in mastication and in the 

accommodation o f the incisors, upper and lower) have resulted in inter

dependent morphologies, which, in turn, have stemmed fro m  common dietary 

specifications and parallel evolutionary trajectories” (Chapter 1) has served as 

the primary working hypothesis of the study. To test this hypothesis, inter

landmark distances, reflecting the upper and lower anterior masticatory 

complex, were collected on 26 taxa of extant hominoids, cercopithecoids and 

ceboids. Morphological correlations between the two regions of interest were 

investigated using Principal Components Analysis (PCA), while Discriminant 

Function Analysis (DFA) was employed to determine the extent to which the 

morphology of this anatomical area reflects diet. The contribution of 

phylogenetic inertia to morphological and dietary correlations was tested by 

means of Comparative Analysis of Independent Contrasts (CAIC). Finally, the 

potential of functional correlations between morphology and diet for predicting 

the diets of fossil taxa was further explored on a small sample of extinct taxa 

through a series of composite PC and DF analyses.

Following DFA based on size-adjusted data of the full sample, distinct 

premaxillary and symphyseal morphologies were found to correspond to diet 

across phylogenetically diverse taxa. However, when DFAs were run on size- 

adjusted data on each of the large taxonomic units in the sample (hominoids,
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cercopithecoids, ceboids), interpretation of the results was hampered by the 

inherent lack of dietary diversity within small taxonomic units and the strong 

effect of phylogeny, a result, which was largely confirmed by CAIC. After 

phylogenetic constraints had been controlled for, the only statistically 

significant correlation between variables of premaxillary and symphyseal 

morphology was found to be that of premaxillary breadth measured interiorly at 

the premaxillomaxillary sutures and symphyseal length. With respect to diet 

(and using the dietary categories of frugivory and frugivory-folivory as case 

studies), the only significant correlation found to be independent of 

phylogenetic inertia was that between central incisor size and the dietary 

category in question. However, the failure to identify further correlations 

between the areas of interest, or between the latter and various types of diet 

could be due to the small sample sizes employed in the phylogenetic 

comparative analysis. With respect to the fossil sample, in the majority of cases 

reconstructions of past dietary regimes based on dentognathic morphology were 

largely concomitant with the published literature on the matter. Where 

inconclusive results were attained, these were possibly related to the quality of 

the material measured (casts), its incompleteness and/or the lack of 

intraspecific morphometric variability and interspecific ecological diversity 

inherent in the extinct sample.

This last section aims to discuss at length the respective results of each 

analysis, previously presented individually, and compare them in view of the 

research goals identified in the introduction. Some methodological issues and 

directions for future research are also presented, and the general conclusions of 

the study are summarised.
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7.2 The assoc ia tion  o f  prem axillary and sym physeal m orp holog ies

The primate premaxilla and mandibular symphysis have traditionally been 

studied in isolation, despite the fact that both have been in the past thought of 

as phylogenetically informative (McCrossin, 2003; Ward & Kimbel, 1983; Ward 

& Pilbeam, 1983; Brown, 1997), and that both structures are mutually involved 

in the procurement, preparation and mastication of food, through their close 

relationship to the accommodated incisor rows. To date, the only published 

study that considered the face in general and the subnasal area in particular, in 

combination to the symphysis has been that of Spoor et al. (2003), where the 

hypothesis tested was that subnasal and mandibular prognathism were 

correlated, and the study sample consisted of fossil hominin material. Spoor et 

al. concluded that such a correlation was only evident within the genus Homo, 

and that this kind of relationship (between the profiles of the subnasal and 

symphyseal areas) cannot be used to associate isolated fossil specimens where 

teeth are missing.

The present study demonstrated that numerous correlations between 

premaxillary and symphyseal variables do exist, but they are only weak or 

moderate and largely phylogenetically controlled. The relationships amongst 

variables of interest were initially investigated through Principal Component 

Analysis (PCA) (Chapter 3). The wide size range inherent in the study sample 

highlighted size as an important factor of interspecific (as well as intraspecific) 

variance when the analysis was run on raw data, and no clear patterns of 

correlated variation between premaxillary and symphyseal (and incisal) 

morphologies could be discerned (Chapter 3). However, following size- 

adjustment using the geometric mean method (Chapter 2), certain associations 

emerged in the form of repeated combinations of variables loading highly on the 

Principal Components (PC) axes. These are summarised in tabular form in
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Table 3.9, which is a matrix presenting all variables of interest in this context 

that loaded highly on each of the three first PCs (PCi, PC2, and PC3) in each one 

of the PCAs run initially on the full sample and then separately on hominoid, 

cercopithecoid, and ceboid data respectively. Indications are given not with 

respect to the actual loading score, but rather the polarity sign of each variable, 

to facilitate discussion.

Premaxillary and symphyseal variables load on the same component in 

six cases out of a total of 12 (PC2 of the full sample analysis, PCi and PC2 of 

both the hominoid and cercopithecoid samples analyses, and PC2 of ceboid 

sample analysis; Table 3.9). In three out of those six cases, symphyseal length 

(and thickness) was shown to be negatively correlated with premaxillary 

breadth (PCi: hominoids; PC2: cercopithecoids and ceboids). [N.B. For the 

purposes of this discussion, no distinction is made between premaxillary 

breadth measured anteriorly at the distal margins of the lateral incisor alveoli, 

or that measured inferiorly at the premaxillomaxillary sutures. Similarly, no 

distinction is made between thickness at the inferior and the superior transverse 

torus level, or between mesiodistal and buccolingual dimensions with respect to 

incisor or canine size]. In the remaining three cases, symphyseal length and 

thickness were found to positively correlate with premaxillary length (PC2: 

hominoids; PCi: cercopithecoids) and premaxillary depth (PC2: full sample; 

PCi: cercopithecoids). Premaxillary thickness was not found to correlate with 

any symphyseal variable, although in a single case (PC3: hominoids) it was 

shown to negatively correlate with premaxillary depth.

With respect to symphyseal morphology, length was in all cases (five out 

of 12) found to be positively correlated with thickness (PC2: full sample; PCi 

and PC2: hominoids; PCi: cercopithecoids; PC2: ceboids). Furthermore, both 

variables were shown to be positively correlated to: lower facial height as
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expressed by the nasion-nasiospinale distance (four out of five cases), maxillary 

length (four out of five cases), and canine size (two out of five cases). The latter 

was negatively correlated to incisor size (in four out of five cases).

Moving on to premaxillary morphology proper, length was shown to 

correlate positively with breadth only in a single case (PCi: full sample). It was 

further shown to correlate positively with incisor size in two cases (PCi: full 

sample; PC2: hominoids), and negatively in a single case (PCi: cercopithecoids). 

By contrast, the strongest and most consistent relationship is the one between 

premaxillary breadth and incisor size, found to positively correlate in four cases 

(PCi: full sample; PCi: hominoids; PC2: cercopithecoids; PC2: ceboids). As 

already noted, incisor size was further shown to consistently correlate negatively 

with canine size, as well as maxillary length and nasion-nasiospinale distance 

(PCi and PC2: hominoids; PCi: hominoids; PC2: cercopithecoids; PCi: ceboids). 

Finally, premaxillary depth was shown in two instances to positively correlate 

with incisal projection (PC3: hominoids; PCi: cercopithecoids) and negatively 

correlate with incisor size (PC2: full sample; PCi: cercopithecoids).

These results are largely consistent with what is known about the 

functional morphology of the lower face and mandible. For example, the 

positive correlation of premaxillary breadth and incisor size corresponds to the 

functional role of the premaxilla in accommodating the maxillary incisor row. 

Similarly, a positive correlation between premaxillary depth (z.e. as denoted by 

the incisive foramen/fossa-prosthion distance) and incisal projection 

presumably reflects the exaggerated posterior angulation of the incisor roots in 

cases where the teeth are forwardly inclined, a suggestion previously put 

forward by Schwartz (1997), and originally alluded to by Greenfield (1979). This 

“anchoring” arrangement would secure optimal resistance for these single

rooted teeth against strains caused by e.g. bite forces.
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At the same time, the negative relationship between premaxillary depth 

and incisor size can be interpreted on the basis of developmental constraints. 

The extreme spatial demands posed on the premaxilla by the developing 

perm anent incisor crowns (central and lateral) and their roots, and the 

deciduous predecessors in occlusion, have been hypothesised to be an 

explanation of the relatively elongated nasoalveolar clivus of the premaxilla in 

the case of Pan (Cobb, 2001). Chimpanzees have hypertrophied central and 

lateral incisor crowns and presumably, although currently under study 

(Kupczik, submitted) correspondingly enlarged roots, so whether premaxillary 

morphology is related to occlusal root size and the corresponding biomechanical 

properties and/or developmental spatial constraints remains to be tested. The 

premaxilla of chimpanzees is thick, has a relatively long nasoalveolar clivus (by 

comparison to those of e.g. Gorilla or Hylobates) and does not project greatly 

posteriorly into the nasal cavity. This morphology contrasts to that observed in 

Pongo, which also has a large incisor crown morphology (although, compared to 

the central incisor crowns, the lateral incisor crowns are relatively reduced). 

Here the premaxilla again has a long nasoalveolar clivus (in fact longer that that 

of Pan), is anteroposteriorly thin and projects greatly posteriorly into the nasal 

cavity.

The developmental aspect of the relationship between the nasal floor 

boundaries and premaxillary (and palatal) expansion has been discussed by 

McCollum (1999, 2000) in relation to fossil hominins, australopithecines, early 

Homo  and so called African Homo erectus. Although McCollum mentions the 

contrasting spatial demands posed on the premaxilla (expansion for effective 

housing of the developing incisors versus restriction imposed by the nasal 

cavity), no reference is made to variability in the actual length of the clivus in 

relation to incisor (or root) size and posterior angulation of the premaxilla.
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Rather, the emphasis is on palatal thickness and the influence of vomeral form 

(in particular the height of its insertion on the anterior nasal spine) on 

australopithecine and early Homo cranial morphogenesis (McCollum, 1999,

2000).

With respect to the symphyseal region, again the results accord with 

published accounts on the functional morphology of this area. A strong positive 

correlation was found between symphyseal length and thickness at the 

transverse tori level, a relationship reflecting the need for anteroposterior 

strengthening of the symphysis, following elongation, as predicted by Hylander 

(1979; 1984). An osseous “buttressing” of the symphysis at the inferior 

transverse torus level has been described as an adaptation against symphyseal 

bending caused by transverse movement of the two mandibular halves (the 

dentaries) in a medial or lateral direction and following an increase in 

symphyseal height. A similar increase in symphyseal thickness, through the 

formation of a pronounced superior transverse torus, can be interpreted as an 

adaptation against symphyseal twisting about a transverse axis (Hylander, 1979; 

1984).

All of the afore-mentioned correlations are well-documented 

relationships in relation to facial architecture. Somewhat more cryptic is the 

interpretation of the observed negative correlation between symphyseal length 

and premaxillary breadth (and incisal size). Since symphyseal shape is best 

understood in terms of its biomechanical properties, it would be sensible to 

start by attempting to combine what is known about the two structures (the 

premaxilla and the symphysis) in terms of the transmission of masticatory 

forces, and for this a consideration of the role of incisors in relation to diet is 

necessary. DFA, largely aimed at investigating the relationship between 

premaxillary form and diet, provided some insight into this issue.
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A close correspondence between premaxillary shape and diet (or rather 

feeding behaviour) has been documented amongst extant ruminants, where an 

anteriorly wide and flat premaxilla reflects the grazing behaviour of such 

animals (functioning very much like a mowing machine), while a more pointed 

one is found amongst browsers to facilitate the picking and sorting of grass and 

leafy m atter (Solounias et a l, 1988). Unfortunately no such research has been 

undertaken for primates, which, of course, use their upper limbs for the 

procurement of foodstuffs and such a complete correspondence between 

premaxillary shape and feeding behaviour would not be expected. Nevertheless, 

the primary role of the premaxilla in housing the incisors, and the well- 

documented close relationship of their shape (and size) in relation to diet and 

feeding behaviour in general {e.g. Hylander, 1975; Kay, 1984; Kay & Hylander, 

1978; Eaglen, 1984; Maier, 1984), provided a reference point for the 

investigation of this issue.

DFA carried out with the view of addressing this question, highlighted 

certain recurring patterns between distinct premaxillary morphologies in 

combination with incisor and symphyseal properties, and resulted in clear 

separations between different dietary groups. The PCA results were confirmed 

following the application of DFA on the (size-adjusted) data. In all four separate 

analyses performed on the extant sample (full sample, hominoids, 

cercopithecoids, ceboids) premaxillary variables loaded highly on the same 

Discriminant Function (DF) axis as did symphyseal variables (or, rather, this 

was the case for the Principal Component (PC) scores on which the premaxillary 

and symphyseal variables in question loaded highly, since the analysis was not 

run on “raw” data). Thus, during the analysis of the full sample, there were 

again positive correlations between premaxillary breadth and incisor size (DFi), 

and between premaxillary length and premaxillary breadth (DF3), as well as
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negative correlations between symphyseal length and premaxillary breadth 

(DFl), and between premaxillary depth and premaxillary thickness (DFi) 

(Chapter 4, tables 3.2 and 4.1). Similarly, when the analysis was run on 

hominoid data only, positive correlations were observed again between 

premaxillary breadth and incisor size (DFi), between symphyseal length and 

symphyseal thickness (DFl), between incisal projection and premaxillary depth 

(DF2), and between the two latter variables and lower face height (nasion- 

nasiospinale distance) (DFi) (Chapter 4, tables 3.4 and 4.2).

Negative correlations were further noted between premaxillary depth and 

premaxillary thickness (DF2), and between symphyseal length and premaxillary 

breadth (DFi) (Chapter 4, tables 3.4 and 4.2). Results of DFA run on 

cercopithecoid data confirmed the existence of positive correlations between 

premaxillary breadth and incisor size (DFi), between symphyseal length and 

symphyseal thickness (DFi), between the two latter variables and the nasion- 

nasiospinale distance (DFi), and between symphyseal and premaxillary lengths 

(DFl) (Chapter 4, tables 3.6 and 4.3). The negative correlation between 

premaxillary breadth and symphyseal length was again confirmed on the basis 

of the scorings on DFi (Chapter 4, tables 3.6 and 4.3). Finally, when a separate 

DFA was run on ceboid data alone, the positive correlations between 

symphyseal length and symphyseal thickness, and between premaxillary 

breadth and incisor size were found to be valid again (DFi), as did the negative 

correlation between premaxillary breadth and symphyseal length (DFi) 

(Chapter 4, tables 3.8 and 4.4).

These results were largely confirmed when the same analysis (stepwise 

DFA based on PC scores) was performed on a series of fossil specimens 

belonging to extinct taxa (Chapter 6), despite the reduced number of variables 

processed. Both taxa clearly aligned with specific dietary clusters, such as
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Proconsul (frugivory), and Mesopithecus/Pliopithecus (folivory), and other ones 

with less definite dietary associations, such as Ankarapithecus (frugivory), were 

found to possess morphological features previously shown to be indicative of 

distinct dietary patterns. Thus, both Proconsul and Ankarapithecus were found 

to possess relative to size: a mediolaterally narrow, superoinferiorly short and 

anteroposteriorly thin premaxilla, that projects relatively deeply into the nasal 

cavity, and further accommodates projecting incisors (Ankarapithecus), and is 

accompanied by a long and wide maxilla, and an elongated postcanine tooth row 

(Proconsul) (Chapter 6: Tables 6.10, 6.11, 6.19, 6.20; Figures 6.4, 6.7; sections 

6.2.3, 6.2.6). The majority of these features were shown to be characteristic of 

largely frugivorous taxa when a similar analysis was performed on the extant 

sample (Chapter 4).

The comparison of the two largely folivorous extinct taxa, namely 

Mesopithecus and Pliopithecus, is less straightforward, since the former taxon is 

not represented by any mandibular (symphyseal) material in the analysis 

(Chapter 2). Nevertheless, both taxa were shown to possess relatively narrow 

diastemata, while Mesopithecus was further shown to display, relative to size: 

short and vertically implanted maxillary incisors, broad canines, a 

superoinferiorly short, mediolaterally narrow and anteroposteriorly thick 

premaxilla that does not project deeply into the nasal cavity, a short maxilla, 

and a short lower face (Chapter 6: Tables 6.22, 6.23; Figure 6.8; section 6.2.7). 

Pliopithecus, on the other hand, possesses, relative to size: a posteriorly wide 

mandible, long postcanine tooth tow, narrow canines and small diastemata, and 

a superoinferiorly short symphysis (Chapter 6: Tables 6.1; 6.2; Figure 6.1). 

Moreover, although Ouranopithecus did not align with any dietary category of 

those represented by extant hominoids, it was shown to separate from all other 

groups in the analysis, by possessing morphological adaptations to an obdurate
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diet. These were, relative to size: short incisor and elongated postcanine tooth 

rows, large maxillary canines and wide diastemata, a mediolaterally narrow, 

anteroposteriorly thin premaxilla that projects relatively deeply into the nasal 

cavity, and an anteriorly wide maxilla (Chapter 6: Tables 6.16, 6.17; Figure 6.6).

The analysis of the two remaining fossil taxa, Sivapithecus and 

Afropithecus produced somewhat less straightforward results. Sivapithecus, like 

Ouranopithecus, failed to align with any of the dietary categories represented by 

modern hominoids (Chapter 6; Figure 6.5). It was shown to possess adaptations 

to both frugivory and frugivory-folivory, such as a relatively elongated 

symphysis, mediolaterally narrow, anteroposteriorly thin premaxilla of 

increased depth, projecting maxillary incisors, large canines and small 

diastemata, and a long postcanine tooth row (Chapter 6: Tables 6.13, 6.14). The 

failure of the analysis to associate Sivapithecus with a distinct dietary group 

could in part be explained by the use of a (fragmentary) cast. Alternatively, 

however, it could reflect the uniqueness of the Sivapithecus diet by comparison 

to those displayed by modern apes.

Similarly, Afropithecus was shown to be clearly separated from all 

dietary groups, when the analysis was confined to the extant hominoid 

comparative sample (Chapter 6: Figure 6.2), while it aligned with the 

omnivorous taxa, when the sample was expanded to also include cercopithecoid 

and ceboid taxa (Chapter 6: Figure 6.3). The reason for this discrepancy could 

be related to the lack of ecological diversity in restricted samples (in this case, 

the extant hominoids one). It has been suggested (Leakey & Walker, 1997) that 

Afropithecus resembled the extant pitheciines in its dietary specialisations, with 

regard to the consumption of hard fruit and seeds. It could be argued that, 

although as a result of the analysis presented in this study, Afropithecus failed 

to align with the frugivorous-seed predatory taxa in the sample {Chiropotes and
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Pithecia), its association with omnivores such as Cebus was produced by 

morphological adaptations related to the consumption of tough items. These 

were shown to be (relative to size): small and projecting maxillary incisors, large 

diastemata, an anteriorly wide and posteriorly narrow maxilla, and a 

mediolaterally wide, anteroposteriorly thin and deep premaxilla (Chapter 6.7, 

6.8).

The significance of most of these relationships has already been 

discussed above. However, DFA provided further evidence on the association of 

these morphological configurations with distinct dietary patterns, and it is this 

information that is of interest in this following section. Hence, frugivorous- 

folivorous taxa were shown to be distinct by possessing relative to size an 

anteroposteriorly thick, relatively vertically oriented premaxilla (i.e. one that did 

not project deeply posteriorly into the nasal cavity), that was also of reduced 

mediolateral breadth and was paired with an expectantly (on the basis of 

correlations discussed above) long symphysis. This morphology was exemplified 

by three phylogenetically distant taxa, namely Gorilla, Symphalangus and 

Alouatta, and also shared by the single graminivorous taxon in the study, 

Theropithecus (Chapter 4, tables 3.2 and 4.1, figure 4.1a).

At the opposite end of the morphological spectrum, the frugivorous and 

frugivorous-seed predatory taxa of the sample were shown to be distinct on the 

basis of their possessing the configuration exemplified in its extreme by Pongo, 

namely an anteroposteriorly thin and long premaxilla of increased depth and 

mediolateral width paired with a superoinferiorly short symphysis, all relative to 

size. Although, only orang-utans display this condition in such extreme, the 

morphology of a posteriorly inclined rather than vertically oriented premaxilla 

that is relatively wide and a symphysis that is correspondingly short was shown 

to further characterise all other frugivorous taxa in the sample, namely the
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cercopithecines, Hylobates and the ceboid Afe/es and Lagothrix. Largely similar 

in the manifestation of this morphology were also the frugivorous seed 

predators of the sample {Chiropotes and Pithecia), although, these were shown 

to possess, by comparison, relatively enlarged canines (maxillary and 

mandibular) and diastemata, and correspondingly reduced incisor rows, 

premaxillary width and elongated symphysis (Chapter 4, tables 3.2 and 4.1, 

figure 4.1a).

Intermediate between the two premaxillary and symphyseal 

configurations just described (a relatively vertically oriented, anteroposteriorly 

thickened, mediolaterally narrow premaxilla with a long and robust symphysis 

compared to a posteriorly inclined, thin, anteriorly wide premaxilla with a short 

and thin symphysis) is the morphology exemplified by the folivore-seed eaters 

and omnivores of the sample. Taxa such as the colobines studied, as well as Pan 

(both paniscus and troglodytes), Papio, Mandrillus, and Cebus were shown to 

possess an anteroposteriorly more gracile premaxilla than that displayed by e.g. 

Gorilla, that is further mediolaterally wider and less vertically oriented resulting 

in an increased premaxillary depth; these taxa were shown to further possess a 

relatively longer and more robust symphysis than any frugivorous species 

studied (Chapter 4, tables 3.2 and 4.1, figure 4.1a).

These results support what is known about the biomechanical properties 

of structures such as the mandibular symphysis and the face in general in 

relation to diet. In an influential 1979 paper, Hylander set the foundations for 

the study of the functional morphology of the mandible in primates. According 

to Hylander, a fused symphysis is advantageous in its capacity to withstand 

increased dorsoventral shearing stress levels during unilateral incision and 

mastication (Hylander, 1979). As discussed above, the osseous “buttressing” of 

the symphysis along its height through the formation of a pronounced superior
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or inferior transverse torus (a “simian shelf’) can be seen as an adaptation 

against structural failure in the form of either symphyseal bending caused by 

transverse movement in a mediolateral direction or transverse twisting 

(Hylander, 1979; 1984).

Empirical support for these theoretical predictions has been sought in the 

form of primate taxa which are characterised by largely opposite diets and, as a 

result, experience differential loading regimes at the crucial symphyseal area. 

For example, the consumption of fibrous and hard foodstuffs (such as leaves, 

bark, stems or tubers) results in repeated cyclic chewing, which, in turn, 

requires increased symphyseal resistance against structural fatigue, through 

robusticity achieved by a combination of increased length and thickness 

(Hylander, 1979; 1984).

Comparative studies of the two cercopithecoid subfamilies, traditionally 

defined on the basis of a dietary polarity with frugivory on one end 

(cercopithecines) and folivory (colobines) on the other (Fleagle, 1999; Fleagle & 

Kay, 1985; Benefit & Me Crossin, 1993), and all the morphological differences 

that are associated with them, have largely confirmed these expectations. 

Colobines (especially at smaller sizes; Ravosa, 1996) have been shown to possess 

more robust (superoinferiorly deeper and labiolingually thicker) mandibles (and 

symphyses) when compared to cercopithecines of comparable body sizes as an 

adaptation against elevated masticatory stresses (Bouvier, 1986a; Ravosa, 1990; 

1996; Ravosa & Profant, 2000). In addition, colobine taxa have been shown to 

have anteroposteriorly shorter, more vertical and “deeper” faces, an adaptation 

that also relates to the dissipation of masticatory strains (Hylander, 1979) and 

could account for the positive correlation noted in this study between 

symphyseal length and lower face height as indicated by the nasion-nasiospinale 

distance (Chapter 3, Table 3.9).
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These observations are broadly valid even within subfamilies, when 

comparisons are drawn between taxa that exercise tougher diets and others that 

subsist on mechanically less demanding foodstuffs, like Anton's comparative 

study of macaques (Anton, 1996) or Daegling’s comparative study of capuchins 

(Daegling, 1992), although not all comparisons comply to these expectations 

{e.g. Daegling & McGraw, 2001; Taylor, 2002).

As already mentioned, the results of this study comply with the 

prediction that largely folivorous taxa possess more effective symphyseal areas 

in relation to the dissipation of stresses. When the full sample was considered, 

folivores were shown to possess superoinferiorly longer and labiolingually 

thicker symphyses, as well as shortened incisor rows (and premaxillae of 

reduced breadth and depth) by comparison to frugivorous taxa (Chapter 4, 

Tables 3.2, 4.1, Figure 4.1a). Interestingly, though, and as a result of the same 

analysis folivores were shown to possess less “efficient” symphyses than the 

graminivorous Theropithecus and those taxa in the sample that consume nearly 

equal amounts of fruit and leaves, namely AZouafta, Gorilla, and Symphalangus 

(Chapter 4, Tables 3.2, 4.1, Figure 4.1a).

The efficacy of the Theropithecus mandible and symphysis, in particular, 

to dissipate masticatory stresses/strains imposed by an abrasive and obdurate 

diet of mainly seeds, roots and tubers is well documented in the literature 

(Jablonski, 1993b; Jolly, 1972; Ravosa, 1996). Both the single extant species, T. 

gelada, and fossil forms (such as T. brumpti, T. oswaldi and T. baringensis) 

have been shown to display colobine-like adaptations in their symphyses and 

mandibles in general, possibly to counter-act increased dorsoventral shear 

(Jablonski, 1993b; Jolly, 1972; Ravosa, 1996). Furthermore, in a comparative 

analysis of the biomechanical properties of New World monkeys (NWM), 

Bouvier (1986b) showed that the ceboid morphological adaptations to diet differ
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somewhat from those predicted by Hylander (1979) on the basis of a 

cercopithecoid sample. NWM were shown to possess generally relatively longer, 

buccolingually thinner and superoinferiorly deeper mandibles than the 

cercopithecoid ones. Alouatta, in particular, which was the only “folivorous” 

taxon in Bouvier’s sample, was shown to display a “deep” mandible and 

symphyseal area in particular, but since this was a trend evident in most NWM, 

it was not interpreted as an adaptation related to a tougher diet (especially, in 

view of the fact that further expected adaptations relating to condyle 

morphology and mandibular length were not found). Moreover, it was 

hypothesized that the extreme cranial adaptations found in Alouatta  and related 

to specializations for howling (Hill, i960) could account for some of the 

mandibular adaptations present in the taxon (Bouvier, 1986b). Fossil evidence 

in the form of Protopithecus, an extinct ateline form cranially close to Alouatta 

and displaying many features possibly related to the enlargement of the hyoid 

(MacPhee & Horovitz, 2002), lends support to the hypothesis that this suite of 

morphological features dates to the origin of the lineage and is related to vocal 

communication rather than diet (Hartwig et a l ,  1996).

In the context of this study, Alouatta  was shown to be consistently 

distinct from all other ceboid taxa (when PCA and DFA were run on ceboid data 

alone; Chapters 3 and 4), even when size was removed (Alouatta being amongst 

the largest NWM, often approaching the size of a baboon: Hill, i960). Its 

extreme separation in all cases (Chapter 3, Figures 3.7a, 3.7c, 3.8a; Chapter 4, 

Figures 4.4a, 4.4b) from the rest of the ceboid sample would certainly suggest 

that Alouatta  is different in aspects other than simply its diet or any 

morphological adaptations imposed on its cranium as a result of it.

Irrespective of whether or not it can be claimed that Alouatta  possesses a 

symphyseal region more efficient than that of any folivore taxon in the sample,

291



it is certainly true that both other frugivorous-folivorous taxa studied {Gorilla 

and Symphalangus) do, in terms of their possessing a superoinferiorly longer 

and transversely thicker symphysis. A case has been made by Taylor (2002) for 

Gorilla possessing a relatively more resistant (i.e. robust) symphysis as an 

allometric effect related to its large size, when compared to e.g. Pan.

Indeed, size does seem to pose constraints on the predictions of the 

Hylander (1979) model of biomechanical efficiency through morphological 

adaptation. In a study of mandibular scaling in extinct and extant “dental” apes, 

Ravosa found that larger-sized taxa displayed colobine-like degrees of 

mandibular robusticity and symphyseal curvature, and these were attributed to 

“allometric increases in repetitive loading and/or elevated masticatory forces 

during unilateral mastication related to ingesting a tougher and/or harder diet” 

(Ravosa, 2000: 320).

Similarly, in a comparative study of gnathic morphology in extant and 

extinct Cercopithecidae, Ravosa concluded that larger-bodied taxa experience 

similar allometric constraints resulting in a higher degree of symphyseal 

curvature (Ravosa, 1996). Size is of course interlinked with the choice of diet, 

and generally, larger-bodied animals are characterised by less nutritious diets. 

In this respect, it is important that it is Symphalangus (as opposed to the 

smaller-sized Hylobates) that is aligned with Alouatta  and Gorilla at the 

opposite end of the strictly frugivorous and largely folivorous taxa. In any 

respect, the finding of this study that even by comparison to largely folivorous 

taxa, frugivore-folivores appear to possess morphological adaptations indicative 

of increased symphyseal efficiency against structural failure imposed by an 

obdurate diet is interesting and deserves to be further explored.

The issue of a link between size and choice of diet reflects the 

relationship between diet and phylogeny, as was highlighted in chapter 4.

292



Following the breakdown of the full sample into sub-datasets representing 

smaller taxonomic units (hominoids, cercopithecoids, ceboids) during DFA, it 

became evident that phylogenetic constraints might have an effect on the 

relationships documented. Though diverse, the study sample of 26 taxa 

displaying only a limited range of diets (particularly so within clades) was 

shown to be inadequate to test hypotheses regarding dietary effects on 

morphology. When replicated with these smaller subdatasets, DFA produced 

results somewhat different than those acquired from the analysis of the full 

sample, and resembling more the results produced by PCA run on the same 

phylogenetic groups.

The hypothesis that phylogeny had a major impact on the relationships 

observed both between morphology and diet, and amongst various 

morphological variables was tested through means of phylogenetic comparative 

analysis (PhyCA). The results did indeed confirm the staggering effect of 

phylogenetic heritage, in accordance with relevant literature on the nature and 

limitations of comparative studies {e.g. Harvey & Pagel, 1991; Nunn & Barton,

2001). The only relationships that were found to be independent of phylogeny 

were those between premaxillary breadth and symphyseal length, and between 

(central) incisor size (mesiodistal, buccolingual) and diet (this last correlation 

was positive in the case of frugivory, and negative in the case of frugivory- 

folivory) (Chapter 5). However, the failure to identify further correlations 

between the premaxilla and symphysis, and/or between the morphologies of 

these structures and specific types of diet could be due to the small sample size 

employed in the analysis. Accordingly, these results remain inconclusive.

As already discussed, the effect of diet on dental (and in particular 

incisal) size is well documented {e.g. Hylander, 1975; Kay & Hylander, 1978; 

Eaglen, 1984) and shown to have a functional basis. Accordingly, its repeated
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and independent evolution across different clades is expected. However, the 

documented relationship between premaxillary breadth and symphyseal length, 

although not particularly strong (r=-o.s64, p<0.004, when branches of equal 

length are assumed; Table 5.2; Chapter 5) is more difficult to interpret. This is 

particularly so, since premaxillary breadth refers to the measurement recorded 

inferiorly at the premaxillomaxillary sutures and there is no significant 

correlation between this variable and length of the incisor row (Table 5.1; 

Chapter 5). Rather, it appears as if more than one factor is at play, including the 

variable length of the right and left diastema, and, following on from this, the 

length of the canines, both maxillary and mandibular. This relationship between 

diastema, canine and premaxillary size is an obvious one and has been 

investigated by Schultz (1948), who noted a great degree of variability in all 

variables investigated. Although a biomechanical relationship between 

premaxillary breadth recorded at the premaxillomaxillary sutures and 

symphyseal length could be postulated, the frustrating lack of any information 

on the loading environment of the premaxilla makes this hypothesis presently 

untestable.

In this context, the most interesting point is perhaps a methodological 

one, related to the limitations of the comparative method. It becomes evident 

from the analysis (and that of the fossils; see below) that a large and as diverse a 

sample as possible is absolutely essential if any true relationships (i.e. 

independent from phylogenetic heritage) are to be explored in depth. To go back 

to the analysis of continuous and discrete variables, with morphologies 

compared against a dietary background, comparisons amongst taxa are 

rendered particularly difficult, because, by definition, taxonomic differentiation 

often takes place on the basis of characteristics other than simply morphological 

ones, such as diet and ecology. Inevitably, closely related taxa share adaptations
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that range from feeding behaviour to social systems, and in turn these give rise 

to further -  morphological -  adaptations. As a result, within clades there is 

simply not enough diversity (morphological, ecological, behavioural) for the 

interrelationships of these variables to be confidently tested.

This last point became particularly evident also during the analysis of the 

fossil sample (Chapter 6). Due to the inevitably fragmentary nature of the 

majority of specimens (Chapter 2), resulting in reduced number of variables 

included in the analyses, and in order to minimize “noise” and facilitate the 

interpretation of results, a decision was made for small comparative extant 

samples reflecting concrete phylogenetic units to be used. Following analysis 

and despite good separations amongst dietary categories represented by extant 

taxa, a number of fossil specimens failed to either clearly align with any of these 

dietary clusters {e.g. Ouranopithecus, Sivapithecus) or consistently produce the 

same results when the sample was expanded {Afropithecus).

Despite the limitations posed on the number of variables analysed, an 

outcome of the state of preservation of the fossils, the clear separations 

produced amongst the extant taxa imply that the potential for dietary 

discrimination of the sample on the basis of morphology is still strong, as shown 

in Chapter 4. Moreover, reconstructions of the palaeoecology of these extinct 

taxa based on other lines of research (gross morphology of molar teeth, enamel 

thickness, microwear analysis, palaeoenvironmental information) point to a 

dietary, and correlated morphological, diversity that is often unparalleled 

amongst modern taxa. This is particularly so, in the case of fossil hominoids, 

which constituted an impressive adaptive array during the Miocene, starkly 

contrasted with the marginalisation of modern apes.

Returning to the discussion of PhyCA, although it is fair to admit that the 

methods and techniques currently available for the study of phylogenetic
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constraints are relatively new and largely based on numerous assumptions 

(Chapter 2), thus rendering any such analysis purely a methodological exercise 

in the eyes of critics, the present study indicated their necessity in the context of 

comparative research. It is furthermore noteworthy that when the analysis was 

carried out with individual branch lengths, the correlation coefficients produced 

were of values lower than those produced when equal branch lengths were 

assumed. This could be an indication that punctuational models tend to over

emphasize the strength of relationships, and if this is indeed the case, then it is a 

further encouraging point about the robusticity of the methods currently 

available. Finally, it should be emphasized once again that the PhyCA results 

could have been affected by the small sample size employed in the analysis, and 

as such, remain to be duplicated with expanded samples.

7.3 D irection s for  future research

This thesis has largely been a quantitative comparative study driven primarily 

by the assertion that morphology reflects functional adaptations. During 

analysis, it has also become evident, that phylogenetic constraints are also a 

strong determinant of form. Indeed, as Smith (1993) points out, constraints -  

phylogenetic, functional, mechanical and not least of all, developmental -  are 

now routinely seen as providing valuable insight in the exploration of 

morphological diversification. Of all mechanisms governing the evolution of 

form, growth processes in particular have come to be considered as pivotal in 

understanding organismal diversity and evolution (Hanken & Hall, 1993b; 

Love joy et a l,  2000; Schilling & Thorogood, 2000). Such a developmental 

approach would be particularly beneficial for a study such as the present one, 

especially in view of the premaxilla being a structure clearly designed to 

accommodate demands imposed by the growing permanent anterior dentition
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(Cobb, 2001). Evidence pointing to variability in premaxillary morphology 

displayed by juvenile individuals of Pan or Pongo (McCollum, 2000; McCollum 

& Ward, 1997), taxa widely considered to possess rather diagnostic 

subnasoalaveolar morphologies (see Chapter 1), highlights the need for more 

longitudinal studies. In addition, more fieldwork data on the feeding behaviour 

of various taxa (Pilbeam, 2002b) would be particularly helpful in the 

reconstruction of the functional interaction of structures such as the anterior 

dentition, the premaxilla and the mandibular symphysis.

It is, furthermore, important to expand current research on the loading 

environment of the skull to that of the premaxilla and maxilla proper. As 

McCollum (1997) rightly points out, there is currently no such experimental 

modelling with relation to e.g. the median palatal suture. This is so, despite 

work on the forces transmitted along other cranial sutures (e.p. Herring & Teng, 

2000), or studies, which presuppose the transmission of masticatory forces 

superiorly, to the circumorbital (e.p. Hylander et a l,  1991; Ravosa, 1991b; 

Lieberman, 2000) or interorbital (Ross, 2001) regions.

Finally, it is necessary to widen the evolutionary perspective through 

incorporation in the joint analysis of the premaxilla and mandibular symphysis 

of abundant and diverse fossil material. Though the nature of the study with 

associated skulls and mandibles poses difficulties in relation to the availability 

of abundant and well preserved specimens, the morphological and ecological 

diversity inherent in extinct forms (and clearly witnessed in this study) is crucial 

for reconstructing the functional relationship between the two structures and its 

evolution. The limitations of interpretations based on extant forms become 

particularly evident with each announcement of new and often unexpected fossil 

taxa. The discovery of Sahelanthropus tchadensis (Brunet et a/., 2002) is 

particularly informative in this respect, with its mosaic lower face morphology
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combining incisors larger than those of the average male chimpanzee in a small 

muzzle resembling more that of a gorilla (Pilbeam, 2002b).

298



7.4 SUMMARY OF CONCLUSIONS

1. No strong correlations were found amongst variables of premaxillary and 

symphyseal morphologies, such that could be used to predict the 

morphometric properties of one on the basis of another, e.g. in the case 

of isolated fossil specimens.

2. Moderate negative correlations were found between symphyseal length 

and each of the following: premaxillary breadth measured anteriorly at 

the distal margins of the lateral incisor alveoli, and premaxillary breadth 

measured interiorly at the premaxillomaxillary sutures. Following 

phylogenetic comparative analysis, only the second correlation was found 

to be independent of phylogenetic constraints, although the failure to 

identify further relationships could be due to the small sample size.

3. Further correlations were initially identified amongst variables of 

premaxillary morphology or between those and incisor size as 

represented by the length of the maxillary incisor row. These were: 

premaxillary length and premaxillary breadth; premaxillary length and 

premaxillary thickness; premaxillary breadth and premaxillary thickness; 

premaxillary breadth measured at the distal margins of the lateral incisor 

alveoli and premaxillary breadth measured at the premaxillomaxillary 

sutures; premaxillary length and length of the maxillary incisor row; and 

premaxillary thickness and length of the maxillary incisor row. All of 

these correlations were subsequently shown to be artefacts of the 

phylogenetic closeness of the taxa in the sample, although, again, this 

result could be due to the small sample size.

4. Various suites of premaxillary and symphyseal (and incisal) 

morphological features were associated with particular dietary 

categories, when the analysis was run on the full sample, but these
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patterns were not confirmed when the sample was broken down into 

smaller taxonomic units: hominoids, cercopithecoids, ceboids. Following 

phylogenetic comparative analysis, the only diet specific morphology was 

found to be that of incisors (maxillary and mandibular).

5. Incisor dimensions were shown to positively correlate with frugivory, and 

negatively correlate with frugivory-folivory. Incisal projection was further 

found to positively correlate with the nearly equal consumption of fruit 

and leaves in the diet. These results were confirmed even when the 

effects of phylogeny had been controlled for, although failure to identify 

further diet-specific correlations could be due to the effects of small 

sample size.

6. The diets of a sample of fossil taxa were predicted based on the 

associations between morphological adaptations and dietary categories 

in extant taxa. Results indicate that Proconsul and Ankarapithecus 

shared dentognathic morphological adaptations to frugivory, 

Mesopithecus and Pliopithecus to folivory, and Ouranopithecus was 

shown to possess morphological adaptations to an obdurate diet. 

Sivapithecus and Afropithecus could not be confidently associated with a 

single dietary category, although there are indications that the latter 

possessed adaptations resembling those of the omnivorous Cebus.

7. The study highlighted the need for the incorporation of a robust sample 

in terms of both size and diversity (morphological, ecological, 

behavioural) in research projects with a wide comparative morphological, 

metrical, evolutionary and/or functional scope.
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