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Abstract

A fundamental quandary in oral development is how the jaws and the 

dentition co-develop synchronously, and how each may or may not influence 

the other's development. The aim of this study was to identify any differences 

in mandibular growth that might underlie known differences in the timing of 

permanent molar tooth initiation that exist between baboons {Papio anubis) and 

great apes (Pan paniscus, Pan troglodytes). The principal hypothesis was that 

greater space availability, or some difference in mandibular growth, explains 

intertaxon differences in molar initiation times. This was tested by comparing 

mandibular and molar tooth development between genera (Papio n=52 and 

Pan) and sister taxa (bonobos n=44 and chimpanzees n=60). Radiographic, 

linear measurement, and three-dimensional (3D) co-ordinate landmark data 

were taken from individuals of these three taxa representing a broad range of 

developmental ages. Multivariate statistical shape analyses demonstrated that 

the mandibles of baboons and the apes develop across statistically different 

ontogenetic trajectories of shape change. Observed changes in mandibular 

shape were supported and in some instances explained by bivariate analyses of 

mandibular and molar tooth proportions. No statistical differences in mandibular 

shape change were observed between the ape species. Multivariate shape 

analysis of molar crown formation failed to confirm statistical differences 

between any of the taxa. Qualitative analysis of these 3D data demonstrated 

subtle and inconclusive intergenus differences among adjacent intermolar 

distances. The pattern of intermolar spacing was virtually constant throughout 

development for all molar crowns in all taxa. Space available distal to 

successive molar crowns was equivalent among taxa, but perhaps slightly 

greater in the baboon. The poor correlation between mandibular proportion and 

both intermolar spacing and 3D molar development pattern failed to confirm the 

principal hypothesis. Rather, the mandible and dentition are a good example of 

two developmentally autonomous systems that have evolved in complement 

under strong selection pressures.
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CHAPTER 1

A Review of the Literature Pertaining to Dental Ontogeny, 

Variability & Evolution in Primates, and to Spatial, Ontogenetic & 

Evolutionary Relationships between Teeth & Jaws

1.0 Introduction

A fundamental quandary in oral development is how the mandible and 

the lower dentition co-develop synchronously, and, more specifically, how each 

may or may not influence the development of the other. While rows of teeth 

grow continuously throughout the adult lives of reptiles, mammals have only two 

sets of teeth, deciduous and permanent. Developing permanent molar tooth 

germs are particularly salient to investigations of developmental autonomy 

between the mandible and the dentition. The development of the deciduous 

teeth begins in utero’, these teeth are sufficiently diminutive to properly develop 

and function in an infant jaw. Conversely, mineralization times of the markedly 

larger and more numerous adult teeth vary between sexes and, importantly, 

among species. While permanent antemolar tooth germs mineralize, erupt and 

emerge into the space created for and maintained by the deciduous dentition, 

new space must be made within the back of the growing mandible for 

developing permanent molar germs. Thus, a reasonable question is whether 

space availability within the jaw influences or constrains specific times of 

permanent molar tooth initiation. A subsequent question is whether differences 

in space availability in the posterior mandibular corpus and, to an extent, the 

ascending ramus anterior to the mandibular foramen generate observed 

intertaxon variation among initiation times of molar germ development and 

molar crown mineralization. Essentially, do mandibular proportions and their 

rates of developmental growth dictate schedules of permanent molar tooth 

formation?

Variation in tooth mineralization and emergence sequences and times, 

as well as variation in tooth morphology and size, has been observed in

16



different degrees in monkeys and apes as well as between fossil hominins and 

among modern human populations. The combined effects of genes and genetic 

variation may intrinsically generate both individual and taxonomic variation in 

dental ontogeny and schedules of development. This variation may also be 

extrinsically generated by environmental factors such as diet and disease. In 

human populations, these external factors are associated with socio-economic 

and lifestyle differences often derived from acculturation and increased 

Westernisation. It has also been suggested that mandibular robusticity and size 

significantly influence schedules of tooth development. To comprehensively 

study dental development, one must consider all these factors and understand 

the effects each may have both independently and in combination, not only with 

each other, but also with other developing organs and systems such as the 

endocrine system, skeleton, and brain.

Determining the sources of ontogenetic variation within the dentition, a 

physiological system that is highly invariable and largely immune to 

perturbations, is key to understanding what so tightly regulates dental 

development. It is also critical to grasping the mechanisms by which the 

dentition evolves, and to recognising what parts of the dentition are 

developmentally plastic and whether these bear upon dental evolution. The 

developing dentition is an ideal model with which to investigate complex issues 

about the regulation of development and the material upon which natural 

selection acts. While mandibular growth may directly affect schedules of tooth 

formation, other intrinsic variables unrelated to space apportionment might be 

equally or more relevant to this problem.

Whether an ontogenetic relationship truly exists between the dentition 

and the jaw as they develop in tandem is enigmatic and the mechanisms by 

which the jaws and teeth maintain developmental synchronicity are largely 

unknown. A single developmental feedback system may underlie the 

development of both the jaws and teeth. Conversely, these may be two 

developmentally discreet systems that have evolved in complement. Recently, 

the idea that the development of the teeth and jaws is interrelated and 

interdependent has been seriously questioned. In light of recent evidence that 

suggests the evolutionary origins of teeth are older than those of jaws. Smith
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and Coates (2000:113) contended “the whole concept of teeth linked to jaws as 

an integrated functional unit, constant throughout evolution and development, 

needs to be reassessed”. The answer to the question of whether jaw 

development in any way governs or constrains tooth development schedules 

will either underscore the hypothesis of developmental interdependence or 

strongly support the concept of developmental autonomy within the oro-dental 

complex.

1.1 Dental Development among Extant Primates

1.1.1 Introduction

The dentition was largely considered in ontogenetic isolation until 

comparative studies of primate dental development clearly demonstrated links 

between the growing dentition and other body systems. Now, the dental system 

generally is regarded as an integrated part of an animal's whole development, 

particularly so the relation between tooth development patterns and the timing 

of major ontogenetic events. Ontogenetic milestones such as weaning and 

sexual maturation, and salient events in dental development such as the 

emergence of the first adult molar and the completed emergence of the 

dentition, are highly correlated. This strongly suggests tight relationships 

between the development of the teeth and other biological and/or physiological 

systems. The direct and immediate responses of developing tooth tissues to 

physiological upsets such as pathological or nutritional stresses also provide 

strong evidence for systemic associations. However, the dental system 

maintains a clear degree of ontogenetic independence. The developing teeth 

are largely immune to the deleterious effects of extreme physiological stresses, 

such as starvation, that might otherwise delay or inhibit tooth growth. Next to 

brain development, tooth development is a highly protected ontogenetic process 

afforded priority at the expense of other body systems that develop in parallel.

Comparative studies of dental morphology and development among 

modern primate taxa including humans are sound models with which to address 

evolutionary questions about the life histories of both living and fossil primates.
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Unfortunately, comprehensive studies of primate dental development remain 

few. The majority of this work has focused upon anthropoid taxa, notably 

squirrel monkeys, macaques, and baboons. Far fewer studies have 

encompassed the apes, but the small number that have tended to focus upon 

dental development in chimpanzees. There are few reasons for these sampling 

biases other than the ready availability of and access to living primate groups 

upon which careful and often prolonged research could be properly conducted.

Many students of primate dental development have documented clear 

differences in the sequences, times and overall periods of tooth development 

between monkeys and great apes. Numbers of teeth within a given tooth class 

also vary among Old and New World monkeys. Although variability in patterns 

of dental development can be marked within a single species, several 

significant taxonomic differences in tooth formation appear to persist among 

taxa. What phylogenetic weight these developmental distinctions carry is 

arguable: to what extent do these differences reflect autapomorphic 

odontogenetic change? Intraspecies variability among sequences, stages, and 

times of tooth formation can be substantial, and sample groups, often lab- 

raised, are but small subsets of primate populations. However, thoughtful and 

careful studies of primate dental development have produced great insights not 

only into primate odontogenesis but also primate life history. Thus, this 

research has important implications both for understanding modern primate 

populations and reconstructing fossil primate taxa.

1.1.2 The development of the deciduous dentition

Early development of the deciduous teeth is entirely in utero, and well 

buffered from outside environmental influence through the mother's body. 

Perhaps as a result of this, the deciduous teeth are less variable in the time 

schedules of their development, and more stable in their numbers and 

morphologies. The deciduous teeth also exhibit notably fewer sequence and 

emergence polymorphisms than do permanent teeth. Perhaps it is at least in 

part the comparative simplicity of the primary dentition that reduces the chances 

of developmental anomalies. Additionally, the potential size of the deciduous
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teeth is partially limited by the small volume of the infant jaw. Rapid 

development of the primary teeth facilitates their emergence into functional 

occlusion and hastens the nutritional independence of the infant from the 

mother. The diminutive milk teeth occupy the infant's jaw while it grows to a 

size where accommodation of the larger permanent teeth is possible.

The infant primate suckles maternal milk exclusively for the first months 

of its life. Thus, teeth are not needed in occlusion. During this time, some 

permanent teeth are developing. The deciduous teeth fulfil three important 

roles as the infant matures. Firstly, they facilitate the transition to solid foods, 

and ensure the stressful weaning process is successful. Secondly, the 

deciduous teeth hold space for and help guide the emerging adult teeth into 

proper occlusion in the mouth. Lastly, having a primary set of teeth allows a 

larger and more slowly formed set of permanent teeth to develop, and extends 

the life of the permanent dentition into late adulthood. Because the deciduous 

dentition forms before the permanent dentition, and because the permanent 

teeth begin to bud along the dental lamina from which the deciduous teeth first 

began to form, the embryology of the deciduous teeth is critical to our 

understanding of adult tooth development.

1.1.2.1 Deciduous cusp formation and coalescence

Sequences of cusp mineralization for both the upper and lower 

deciduous molars are shared among cercopithecoids and apes (Swindler & 

McCoy 1964, Swindler et al. 1968, Newell-Morris & Fahrenbruch 1985). In the 

mandible, this sequence is protoconid-metaconid- hypoconid-entoconid 

(Newell-Morris & Fahrenbruch 1985). In the maxillary deciduous molars, this 

sequence of cusp mineralization is paracone-protocone-metacone-hypocone 

(Newell-Morris & Fahrenbruch 1985, Swindler & McCoy 1964).

a) Cercopithecines

No later than birth, the first deciduous molars of the rhesus macaque 

{Macaca mulatta) have two to three cusps mineralized (Swindler & McCoy 

1964). At the same age, the second deciduous molars are growing but are less
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developed, and have no more than one mineralized cusp (Swindler & McCoy 

1964). Mineralization of the deciduous canine and both incisor crowns is 

complete in the neonate rhesus monkey (Newell-Morris & Fahrenbruch 1985). 

At birth, both sexes of the pig-tailed macaque {M. nemestrina) also have full 

complements of deciduous teeth, at various stages of development (Swindler & 

Emel 1990). Not only are the incisor and canine crowns complete, but root 

formation has also begun in the latter teeth (Swindler & Emel 1990). Both the 

first and second deciduous molar crowns are circumferentially mineralized, and 

there is some cusp coalescence in dmi (Swindler & Emel 1990). The pig-tailed 

macaque may be slightly advanced in its deciduous molar tooth development 

compared to the rhesus macaque. Certainly, Swindler and Emel (1990) 

concluded that this was the case in a comparison of the pig-tailed macaque (M. 

nemestrina) with a New World monkey, the white-fronted capuchin (Cebus 

albifrons), studied by Fleagle and Schaffler (1982).

The deciduous dental development of the baboon is quite advanced 

relative to macaques. In the fetal baboon (Papio anubis), the first and second 

deciduous molars begin to mineralize in utero between weeks 11 to 15, and 

week 14 to 17, respectively (Swindler et al. 1968). Intercuspal coalescence of 

the lower dmi and dm2 began during the 14̂  ̂ to 17̂ *̂  weeks (98 to 119 days) 

and the 18̂  ̂to 20̂  ̂weeks in utero, respectively (Swindler et al. 1968). All cusps 

on both deciduous molars had mineralized and coalesced by the 26*  ̂

gestational week (Swindler et al. 1968). Intercuspal coalescence of both upper 

deciduous molars was complete on average a couple of weeks earlier than in 

the lower deciduous molars. Cusp coalescence patterns were very similar 

between maxillary and mandibular deciduous molars (Swindler et al. 1968).

Although cusp mineralization sequence expresses some level of 

taxonomic affiliation. Swindler et al. (1968) proposed that cusp coalescence 

patterns provided both deeper phylogenetic and developmental insight. While 

pattern of cusp coalescence was similar between rhesus monkeys and 

baboons, it differed between these two primates and humans (Swindler et al. 

1968). In both monkey species, deciduous molar cusps connected transversely 

prior to the circumferential mineralization of the crown (Swindler et al. 1968), 

although there was evidence of dm2 crown outlines forming prior to cusp

21



coalescence (Swindler & Emel 1990). In the rhesus macaque, intercuspal 

unions began only after all calcification centres of a molar had appeared 

(Swindler & McCoy 1964). As clearly illustrated by Swindler et al. (1968), in 

baboons, also, enamel extensions grew outward from cusp calcification centres 

to unite respective cusps. In baboon molars, enamel extensions first united the 

mesial cusps, and secondly, joined the distal cusps (Swindler et al. 1968). 

Following buccal intercuspal union, the coalescence of the lingual cusps 

completed the connection between mesial and distal moieties of the teeth 

(Swindler et al. 1968). This pattern of cusp coalescence is the expression of 

the derived bilophodont molar pattern diagnostic of Old World monkeys 

(Swindler et al. 1968). Human molars are not bilophodont. The crowns of 

human teeth are peripherally defined before the cusps become transversely 

joined (Swindler et al. 1968). Indeed, Swindler and colleagues (1968) 

discovered the “deciduous molar tooth buds of the baboon and rhesus monkey 

can be distinguished from human tooth buds at an early stage in their 

morphodifferentiation”.

b) Great apes

In the same paper. Swindler and colleagues (1968) postulated that great 

apes, rhesus macaques, baboons, and humans shared among their first and 

second mandibular deciduous molars a cusp mineralization sequence of 

protoconid-metaconid-hypoconid-entoconid. Later work by Tarrant and 

Swindler (1972) on a fetal chimpanzee {Pan troglodytes) gestationally aged at 

160 days confirmed this hypothesis. The mandibular first deciduous molar of 

this fetus had three of five cusps, the protoconid, metaconid, and hypoconid, 

mineralized in this order (Tarrant & Swindler 1972). The dmi was more 

developmentally advanced than its maxillary counterpart, and was “much more 

molariform” (Tarrant & Swindler 1972). In the same fetus, the maxillary dm2 

had all four cusps mineralized, in progressing order of paracone-protocone- 

metacone-hypocone (Tarrant & Swindler 1972). In the mandible, the left dm2 

had cusps mineralized in progressive order of protoconid-metaconid-hypoconid- 

entoconid-hypoconulid, while the last cusp had not begun to mineralize on the 

right dm2 (Tarrant & Swindler 1972). While two mineralized intercuspal unions 

joined the protoconid and metaconid, and protoconid and hypoconid in dmi, no
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such unions were apparent in the dm2’s of either jaw (Tarrant & Swindler 

(1972).

Moxham and Berkovitz (1974) buttressed Swindler et al.'s (1968) and 

Tarrant and Swindler’s (1972) results with their conclusion that the circumnatal 

deciduous dentitions of humans, chimpanzees, and gorillas were generally 

similar. Dental differences that did exist among these taxa concerned cusp size 

and morphology between human and ape deciduous teeth, and variation in 

some features of crown morphology, root growth rate, and mineralization 

pattern between the deciduous teeth of chimpanzees and gorillas (Moxham & 

Berkovitz 1974). Rather later, Siebert and Swindler (1991) stated plainly, the 

“ordering of cusp calcification” in the dm2s of the chimpanzee {Pan troglodytes) 

was “identical to that of other primates”. This order was, in the maxilla: 

paracone-protocone-metacone-hypocone; and in the mandible: protoconid- 

metaconid-hypoconid-entoconid-hypoconulid, and, when present, tuberculum 

sextum (Swindler 1961, Kraus & Jordan, 1965, in Siebert & Swindler 1991).

A complete, well-developed set of deciduous tooth germs may be 

present in fetal chimpanzees as young as 160 gestational days (Tarrant & 

Swindler 1972). Although the cusps of all deciduous teeth are likely to be in 

some stage of mineralization (Tarrant & Swindler 1972), no deciduous tooth 

mineralizes completely until at least four postnatal months of growth (Siebert & 

Swindler 1991). This contrasts with the rhesus macaque, which has all of its 

deciduous canine and incisor crowns complete at birth (Newell-Morris & 

Fahrenbruch 1985), and to the baboon, which has at least both upper and lower 

first deciduous incisor crowns complete by the same time (Lawrence et al. 

1982). In chimpanzees aged at term, the first deciduous molar still has only 

three cusps mineralized, but with prominent mesiodistal ridges; the second 

deciduous molar has what Siebert and Swindler (1991) described as “a more 

typical molariform pattern” (Siebert & Swindler 1991). At four months of age, 

the mandibular incisors and canines are the only deciduous teeth to have 

complete crowns in Pan (Siebert & Swindler 1991). While all the dm2 cusps of 

a four-month-old chimpanzee are mineralized and connected by partially 

mineralized ridges, the mineralization of intercuspal basins remains incomplete 

(Siebert & Swindler 1991). As with the incisors and canines, molar
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mineralization follows an occlusal to basal gradient, beginning at the cusp tips, 

followed by mineralization of the ridges, and completed by mineralization of the 

basins (Siebert & Swindler 1991 ). The first and second deciduous molars of the 

same animal clearly have “gelatinous” roots (Siebert & Swindler 1991). 

However, despite their advanced mineralization and early root development, 

both deciduous molars are unerupted at four months (Siebert & Swindler 1991).

In the 160-day-old fetal chimpanzee, the central incisors were the most 

advanced deciduous teeth, each with about half of its crown mineralized 

(Tarrant & Swindler 1972). The deciduous canines were only mineralized at the 

crown tips (Tarrant & Swindler 1972). The more advanced deciduous incisors 

of a slightly older fetus reflected adult incisor proportions, with upper central 

incisors wider than lateral incisors, and all lower incisors of similar widths 

(Siebert & Swindler 1991). This animal's very small canine lagged behind the 

incisors in development and emergence (Siebert & Swindler 1991).

In sum, cercopithecine monkeys and great apes are distinguished 

developmentally by their respective patterns of cusp coalescence. The pattern 

of deciduous tooth mineralization in the term chimpanzee fetus studied by Oka 

and Kraus (1969) was similar to mineralization sequence patterns exclusive to 

humans (Kraus & Jordan 1965, Tarrant & Swindler 1969). This pattern was 

very different from that of cercopithecoid monkeys, which had a cusp 

coalescence pattern reflective of their bilophodont molar tooth morphology 

(Swindler & McCoy 1964, Swindler, and Orlonsky & Hendrickx 1968 in Tarrant 

& Swindler 1972). However, these two groups of primates also have different 

schedules of deciduous dental development, where, at birth, mineralization of 

the deciduous teeth of cercopithecines is advanced compared with 

mineralization of the same teeth in great apes.

1.1.2.Ü Deciduous tooth emergence

a) Old and New World monkeys

The deciduous teeth of macaques (Hurme & van Wagenen 1953, Bowen 

& Koch 1970), baboons (Lawrence et al. 1982) and squirrel monkeys {Saimiri
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sciureus) (Galliari & Colillas 1985, Long & Cooper 1968) emerge in the 

sequence dll dl2 do dmi dm2, and, in S. sciureus, dm3. However, based on 

observations made by Nissen and Riesen (1945), canine emergence coincides 

with dmi emergence, and is notably in advance of dm2 emergence (Nissen & 

Riesen 1945) in the rhesus macaque. The lower di2 and dm2 emerge before 

the uppers, and upper dmi emerges before the lower in this monkey (Hurme & 

van Wagenen 1953). These teeth emerge in the opposite order relative to their 

respective counterparts in S. sciureus (Galliari & Colillas 1985). However, like 

the squirrel monkey, the maxillary deciduous molars emerge before their 

mandibular counterparts in M. irus, the crab-eating macaque, a taxon now 

subsumed into M. fascicularis (Bowen & Koch 1970).

In Galliari and Colillas' (1985) study of the squirrel monkey, only one 

animal was born with an emerging deciduous tooth, the dii. However, by 14 

postnatal weeks, all the deciduous teeth were emerged in the squirrel monkey 

(Galliari & Colillas 1985). Emergence of the deciduous teeth in the squirrel 

monkey was somewhat advanced relative to the crab-eating macaque. Bowen 

and Koch (1970) observed that the deciduous incisors of this macaque began to 

emerge in the first week of life and had completed their emergence by about 

eight weeks of age. Two weeks later, at about 10 weeks, followed the 

emergence of the deciduous canines and the first deciduous molar (Bowen & 

Koch 1970). The second deciduous molars did not appear before about 30 

weeks of age (Bowen & Koch 1970).

The timing of dental emergence varies considerably among Papio, 

Macaca and Cercopithecus despite a shared time of 7 to 8 years to complete 

linear growth (Coelho, unpublished data, Bramblett, unpublished data, and 

Gavan 1967, all in Lawrence et ai. 1982). The vervet monkey completes its 

deciduous teeth by about 95 days and the macaque in about 135 days, around 

one half and three-quarters of the approximately 190 days required by the 

baboon, respectively (Lawrence etal. 1982).
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b) Great and Lesser apes and Humans

No observed premature or term chimpanzees (Pan troglodytes) have any 

deciduous teeth emerged (Siebert & Swindler 1991). The deciduous teeth of 

chimpanzees and gorillas emerge in the sequence d ii di2 dmi dm2 del 

(Bennejeant 1940, Nissen & Riesen 1940, Tarrant & Swindler 1972, Kuykendall 

et al. 1992, Conroy & Mahoney 1991, and Willoughby 1978, Gavan 1967 and 

Schultz 1940 in Winkler et al. 1991). This sequence is also likely consistent for 

orang-utans (Winkler et al. 1991, Fooden & Izor 1983, and Lippert 1977), 

although reversals in the orders of dmi and di2 (Grandes 1939, Schultz 1941, 

and Willoughby 1978), and dm2 and del (Selenka 1898) have been observed. 

The human sequence of deciduous tooth emergence, d ii di2 dm2 dc dmi 

(Berkovitz et al. 1978), differs from that of the three apes. In humans, the 

deciduous canine emerges second last, after the dmTs, and before the dm2’s 

(Berkovitz et al. 1978, Smith et al. 1994). The orangutan and the chimpanzee 

have shorter periods of deciduous tooth emergence, lasting about 291 days and 

174 days, respectively, than the gorilla, which takes about 376 days to emerge 

its deciduous teeth (Fooden & Izor 1983, Nissen & Riesen 1945, and 

Willoughby 1978, respectively, in Winkler et al. 1991). Willoughby’s (1978) 

earlier study of these great apes documented moderately briefer intervals of 

deciduous tooth emergence. However, the gorilla maintained the longest period 

of deciduous tooth emergence. In Willoughby’s sample, gorilla deciduous 

incisors emerged earliest, between an average of 44-84 days, compared with 

the chimpanzee and orang-utan, whose primary incisor teeth emerged between 

an average of 92-120 and 134-204 days, respectively (Willoughby 1978). 

Interestingly, while the gorilla’s di’s emerged early, its deciduous molars and 

canines emerged after those of the chimpanzee and orang-utan by one to two 

weeks and around two months, respectively (Willoughby 1978). While the 

emergence of the deciduous teeth was generally most delayed, that is, occurred 

at a later age, in the orang-utan, its dc’s emerged between 343-350 days of 

age, at least 50 days in advance of the gorilla and chimpanzee (Willoughby 

1978).

Emergence can be defined as any part of a tooth emerging one millimetre 

through the gingiva (Nissen & Riesen 1945). The average number of days at
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which Nissen and Riesen (1945) observed each deciduous tooth emerged in 

the chimpanzee {Pan troglodytes) was i1 (90d), \2 (109d), m l (131d), m2 

(269d), c (354d), for both sexes. Kuykendall and colleagues (1992) calculated 

similar, median emergence times for the same sequence. While this sequence 

varied very little according to Nissen and Riesen (1945), Kuykendall et al. 

(1992) noted some extreme cases where emergence varied frequently among 

upper and lower jaws. Generally, about half of all teeth in one jaw (i.e. lower) 

emerged before their counterparts in the other jaw (i.e. upper) (Nissen & Riesen 

1945). Absolute variability, the length in days of age-ranges of emergence, was 

smallest for the incisors, and slightly higher for the canines and second molars 

(Nissen & Riesen 1945). Relative variability, how tightly teeth clustered about 

their average age of emergence relative to the aforementioned age-range of 

emergence, is least for the canines and almost twice that for the rest of the 

teeth (Nissen & Riesen 1945). Most of the chimpanzees studied by Nissen and 

Riesen (1945) were internally consistent in the speed at which their teeth 

emerged. However, a few animals, premature in the emergence of one tooth, 

had delayed emergence of another tooth (Nissen & Riesen 1945). Ultimately, 

Nissen and Riesen (1945) cautioned that the emergence sequence of the 

deciduous teeth was but a rough guide of age; the authors affirmed a negative 

relationship between length of gestation and time of emergence.

Chimpanzees take significantly longer to emerge their deciduous 

dentitions than do cercopithecoid monkeys (by about a hundred days compared 

to the rhesus macaque [Nissen & Riesen 1945] and by somewhat less than that 

compared with the baboon [Lawrence et al. 1982]). The span of human 

deciduous tooth emergence is almost twice that of chimpanzees' (Nissen & 

Riesen 1945). Compared to this ape, emergence of the human deciduous 

dentition begins later, at 219 days compared to 70 days, and ends later, at 852 

days compared to 376 days (Nissen & Riesen 1945). Clearly, relative time of 

dental development is extended in humans, and comparatively foreshortened in 

chimpanzees (Nissen & Riesen 1945). As mentioned above, human deciduous 

canines emerge after the first deciduous molars (Gavan 1967 and Moyers 1959 

in Winkler et al. 1991), and before the second deciduous molars (Nissen & 

Riesen 1945). Chimpanzees demonstrate the reverse order of dc-dm2 

emergence, and emerge their dc’s last (Nissen & Riesen 1945). There are also
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some differences between humans and chimpanzees in upper-lower 

sequences, “particularly of the lateral incisors and second molars” (Nissen & 

Riesen 1945).

In the gibbon, the deciduous incisors are the first teeth to emerge, 

typically followed by the deciduous first molars, canines, and second molars 

(Robinson 1925 in Schultz 1935, Smith et al. 1994, Dirks 1998). Robinson 

(1933 in Schultz 1935) documented the emergence of all four deciduous lower 

incisors and both upper central incisors at twenty-nine days in Hylobates 

leucogenys. Schultz (1935) concluded that “the first few deciduous teeth” 

emerged only slightly later in gibbons compared to macaques.

Patterns of emergence of the deciduous dentition prove rather less 

constant than patterns of mineralization. The greater variability of emergence 

among primates suggests that these sequences may provide less phylogenetic 

information than do mineralization patterns or sequences. However, deviance 

from an established emergence sequence may be explained in terms of 

inheritance, as the offspring of some parents may adhere most closely to a 

"group pattern" than the offspring of others (Nissen & Riesen 1945). More 

intriguing is the developmental significance of this variable event during dental 

growth. Why should teeth mineralize in a relatively tight schedule, only to 

emerge in a less controlled, less consistent manner? And what of root 

development, specifically, its time of initiation, and rate of growth? One might 

argue that such fluctuations are permissible in an infant whose first food is 

liquid, and who has little immediate dependence upon its teeth. These issues 

will be returned to later in this chapter, with discussions of the eruption of the 

permanent teeth. Patterns of tooth mineralization are generally more constant 

than those of tooth emergence within species and sample populations. Yet, 

while tooth mineralization may yield results of comparatively greater 

developmental value, stages of mineralization are not totally uniform, i.e. the 

pattern of cusp coalescence is less variable compared to sequence of cusp 

calcification.
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1.1.3 The development of the permanent dentition

Very little is known about how the development of the deciduous tooth 

germs affects the tiny budding permanent tooth follicle. Studies have been 

done which have concluded that space constraints and subsequent 

overcrowding and interfollicle contact either distorted permanent crown shape, 

or displaced the tooth entirely (Gruneberg 1937, Diamond 1944, Pearce & 

Brown 1948). But it is not known how overcrowding of the developing 

deciduous dental follicles might affect the initiation, form, and position of the 

future permanent teeth.

The follicle of the developing molar tooth germ is essential to the proper 

development and retention of shape and the proper positioning of the 

embryonic tooth (Butler 1956). When Lefkowitz, Bodecker and Mardfin (1953, 

in Butler 1956) removed the follicle experimentally, the tooth germ flattened and 

the distinction of cuspal outlines dissolved. Instances where the necessary 

resorption of the bone surrounding the tooth germ did not occur in time resulted 

in impeded follicle growth, and subsequent deformation of crown pattern 

(Gruneberg 1937, Diamond 1944, Pearce & Brown 1948, and others, in Butler 

1956). Legros and Magitot (1879) found that where crowded follicles pressed 

against one another, tooth germs flattened at the areas of contact. Prior to 

initiation of molar mineralization, severe crowding of the follicles resulted in the 

distortion of the germs. After mineralization had begun, the crowding of follicles 

resulted in the displacement of a tooth from its normal position. Butler (1956) 

summarized that mammals with less space available in their jaws for developing 

molars tended to have proportionately shorter teeth than mammals that had 

long jaws and broad time intervals between adjacent developing teeth. While 

this generalization may hold true, how such a pattern developed and persisted 

remains unexplained. Studies of dental development patterns in conjunction 

with studies of jaw development should help establish a preliminary 

understanding of these mechanisms and create a foundation upon which a 

fundamental understanding of these mechanisms may be built.
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1.1.3.1 Permanent tooth cusp formation and coalescence

a) New and Old World monkeys

There is unanimous agreement that the first permanent molar has begun 

to mineralize at birth in higher primates (Gleiser & Hunt 1955, Swindler 1961, 

Kraus & Jordan 1965, Swindler & Gavan 1966, Bowen & Koch 1970, Tarrant & 

Swindler 1973, Swindler et al. 1982, Swindler & Emel 1990, Swindler & Meekins 

1991, and Swindler & Beynon 1993). M l cusps are at similar stages of 

mineralization and coalescence in newborn macaques (Macaca), baboons 

(Papio, Theropithecus), and howler monkeys (Alouatta), but there is no 

evidence of cusp coalescence in the MTs of newborn great apes (Swindler 

1962, Swindler et al. 1982, Swindler & Beynon 1993). At birth, development of 

the first molars is consistently advanced in monkeys compared to apes (Pan 

troglodytes) and humans (Homo sapiens) (Swindler & Beynon 1993). MTs 

initiate development earlier by matters of weeks in prenatal monkeys compared 

to prenatal apes. M l crowns begin development in macaques (120 days) 

almost three weeks before gibbons (139 days), and nearly six weeks before 

chimpanzees (160 days). Interestingly, differences in gestation periods are 

markedly greater, with macaques fully developed six weeks and nine weeks 

earlier than gibbons and chimpanzees, respectively (Smith 1991). Faster dental 

development correlates with advanced maturation of other developing systems, 

such as the skeleton (Schultz 1937 in Newell-Morris & Tarrant 1978, Swindler & 

Emel 1990, Smith 1991, Swindler & Beynon 1993).

Marshall’s (1933) work on stillborn macaques was the first direct study of 

deciduous and permanent tooth mineralization in these monkeys. Decades 

later. Swindler (1961) re-evaluated Marshall’s work and found that, contrary to 

Marshall’s (1933) findings, macaque mandibular MTs began to mineralize at a 

gestational age significantly earlier than birth, specifically, earlier than 153-169 

days gestation. Indeed, Swindler and Gavan (1966) reported that in the rhesus 

macaque, the first permanent molar began to mineralize in utero as early as 

120 days. In a fetal macaque of 129 days gestation, “membranous dental 

organs” housed in mandibular molar crypts had two of four cusps beginning to 

mineralize, and seemed further developed than tooth germs in maxillary crypts
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(Swindler 1961). Swindler (1961) and Swindler and Gavan (1962) noted that 

cusp coalescence of the permanent teeth in the rhesus monkey began with a 

cuspal outline formed by mesial, then distal intercuspal unions, followed by 

coalescence about, but not onto, the periphery of the occlusal surface. The 

same, bilophodont pattern occurred in the permanent molars of baboons 

(Swindler & Meekins 1991). It would thus appear that both the deciduous and 

permanent molar teeth share the same pattern of cusp coalescence diagnostic 

of bilophodont molars.

b) Great and Lesser apes

The permanent first molar is the first, and often only, adult tooth to begin 

prenatal development in great apes (Tarrant & Swindler 1972, Siebert & 

Swindler 1991, Winkler et al. 1991, Winkler 1995), lesser apes (Dirks 1998), 

and perhaps, humans (Hillson 1996). In a study of these three groups. Oka and 

Kraus (1969) documented Mi mineralization order as protoconid- metaconid- 

hypoconid, and recorded initial mineralization at the time of birth. In the gibbon 

{Hylobates lar), Dirks (1998) observed that both upper and lower permanent 

central incisors and first molars began to mineralize in utero, 3 days and 71 

days before birth, respectively. Oka and Kraus (1969) documented advanced 

mineralization of the permanent molars in a sixteen-day-old gibbon compared to 

great apes (Gorilla gorilla, Pongo pygmaeus, and Pan troglodytes) and modern 

humans (Homo sapiens), aged at term (Pongo, Pan, Homo), and five days 

(Gorilla). Furthermore, in the orang-utans, buds of entoconid cusp were 

mineralizing (Oka & Kraus 1969). The mineralization of both upper and lower 

Ml crowns was approximately complete in a stillborn orang-utan studied by 

Winkler et al. (1991). Mineralization of the Mi entoconid was further advanced 

in the circumnatal gibbon studied by Oka and Kraus (1969), and a calcified 

enamel bridge joined the mesial cusps. Three cusps were present at birth in 

the M^'s of the apes and humans, the paracone, protocone, and metacone, 

which mineralized in this order (Oka & Kraus 1969). Additionally, in the gibbon, 

mineralization of the M  ̂ hypocone had begun (Oka & Kraus 1969). However, 

Oka and Kraus (1969) acknowledged that at sixteen days, the gibbon was the 

oldest circumnatal specimen, which could account for the relatively advanced 

state of its first permanent molar.
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In chimpanzees, the lower M1 begins development at least as early as 

160 gestational days (Tarrant & Swindler 1972, Siebert & Swindler 1991). A 

chimpanzee fetus of this age studied by Tarrant and Swindler (1972) had upper 

and lower MTs that, while “morphologically well developed", were 

unmineralized. In a fetus 38 days further developed, these teeth had early cusp 

formation, with slight mineralization of the paracone and protoconid (Tarrant & 

Swindler 1972). While one chimpanzee of 195 days gestation, had an Mi with 3 

cusps in early mineralization, one newborn animal had with meta- and 

hypocones formed, but not mineralized (Siebert & Swindler 1991). Siebert and 

Swindler (1991) found it standard for full term chimpanzees to have permanent 

first molars with two or three mineralized cusps, as M l generally underwent 

mineralization between 160 and 225 days (full term) of gestation, which agreed 

with Oka and Kraus’ (1969) earlier findings. All the MTs of the term 

chimpanzee fetus described by Oka and Kraus (1969) had three mineralized 

cusps, the para-, proto- and metacones, and proto-, meta- and hypoconids. 

Winkler (1995) determined that, in the chimpanzee, the most common pattern of 

Mi cusp mineralization was protoconid-metaconid-hypoconid, and for M \ this 

pattern was paracone-protocone-metacone-hypocone. These were identical to 

the cusp mineralization sequences of the dmTs. Mineralization patterns of the 

both deciduous and permanent first molars were identical in chimpanzees 

(Siebert & Swindler 1991). The order of molar cusp mineralization was nearly 

identical among apes, humans, and monkeys, and the ontogeny of chimpanzee, 

human, monkey, and other ape teeth similar “in many respects” (Siebert & 

Swindler 1991). Simpson et al. (1990) asserted that, among all apes and 

humans. M l crown formation began at the time of birth and was complete within 

2.5-3 years. Reid et al. (1998) concluded that while cusp initiation sequence 

was similar among monkeys, apes and humans, sequence of cusp coalescence 

distinguished human tooth development from that of these other primates.

1.1.3.Ü Sequences of tooth mineralization

Macaques, baboons, great apes and humans share a general order of 

permanent tooth mineralization: M l, II, 12, C, P3, P4, M2 and M3 (Swindler & 

Meekins 1991). Within this, the least stable mineralization sequence is P4 and 

M2. While these teeth typically begin to mineralize in this order, M2 often
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completes subsequent developmental stages, such as crown completion and 

emergence before, or in tandem with, P4 (Swindler & Meekins 1991). In the 

pig-tailed macaque, M2 and P4 usually develop in tandem, although the molar 

may develop before the premolar, or, less frequently, after it (Swindler et al. 

1982). The histological study of crown mineralization conducted by Dirks and 

colleagues (2002) on four baboons included two females, 73261 and 73436, 

that shared identical permanent tooth initiation sequences (Mi U I2 C P3 M2 P4 

M3), where M2 initiated growth before P4. In these monkeys, as is the case in 

great apes, crown initiation sequences differed from crown completion 

sequence. The latter sequence differed between the above two female 

baboons (Mi M2 P3 [li P4] I2 C M3 in the first female and Mi U I2 [P3 P4 M2] C M3 

in the second female) (Dirks et al. 2002). From their radiographic study of 

twenty baboons, Swindler and Meekins (1991) observed yet different crown 

completion sequences for Papio cynocephalus. These differences involved the 

earlier completion of both incisors, and the rather later completion of the second 

molar (Swindler & Meekins 1991). The P4 M2 sequence polymorphism 

occurred most frequently in humans, followed by (M2 P4 ) and, least frequently, 

by M2 P4 (Swindler et al. 1982). These sequence polymorphisms varied in 

frequency between taxa, and may indeed be shared among all higher primates, 

as well. However, Winkler et al. (1996) noted that, in the orang-utan, there 

appeared to be close parallels between the developmental stages of P4/4 and 

M2/2. Both teeth began to calcify at about the same time, and later, emerged in 

rapid succession (Winkler etal. 1996).

In their study of the crab-eating macaque, Bowen and Koch (1970) found 

that mineralization times of the permanent teeth were remarkably constant in 

the incisor, P4 and M2 teeth. These teeth began to mineralize at about 5 

months (I) and 15 months (P4, M2), respectively (Bowen & Koch 1970). Crown 

completion times of M2, P4, II, 12, and M l were also remarkably consistent, 

and ranged from 11 months for the incisors to 27 months for the premolars and 

second molars (Bowen & Koch 1970). In the rhesus macaque, initial 

mineralization of the lower M2 occurred at just under or, in some cases, at 

approximately one year (Swindler 1962). In the baboon, ranges of M l crown 

completion were broader than those of crown initiation, encompassing 2 0 2  to 

414 days for males, and 190 to 318 days for females (Swindler & Meekins
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1991). The mean age that M l completed development was 2.4 years (Swindler 

& Meekins 1991). While the second molar was among the last teeth to 

mineralize, the third molar and canine were the final teeth to begin 

mineralization and complete development (Swindler & Meekins 1991).

In a dental study of baboons (Papio; one anubis hybrid, the other 

hamadryas-like), Dirks and colleagues (2002) found that daily enamel formation 

rates increased from the enamel dentine junction (EDJ) to the enamel surface, 

suggesting that tooth crowns formed at increasingly accelerated rates over time. 

Despite accelerated mineralization rates, the findings of Dirks et al. (2002) 

differed from those of Swindler and Meekins (1991), where baboon teeth 

demonstrated significantly shorter crown mineralization periods. Dirks et al. 

(2002) calculated the mean duration of M l crown formation for their baboon 

sample as 1.41 years, 0.5 to 0.7 years longer than the mean periods (for both 

males and females) registered by Swindler and Meekins (1991). In the same 

monkeys, the incisor and third molar crowns completed formation one year 

later, the premolar and second molar crowns 0.5 to 0.7 years later, and the 

canine crowns almost two years later than the top ages given by Swindler and 

Meekins (1991). These top ages, all from male baboons, were 2.33 (II, 12), 

4.71 (M3), 2.47 (P3, P4), 1.13 (M l), and 2.64 (M2) years (Swindler & Meekins 

1991). However, onsets of mineralization for every tooth but P4, M2 and M3 

were within the ranges assessed by Swindler and Meekins (1991), most of 

which exceeded five months. Mineralization of the fourth premolar and second 

and third molars began after 0.95, 0.9, and 2.2 years of age, respectively, but 

no later than one year subsequent to these ages (Swindler & Meekins 1991).

Swindler and Meekins (1991) found that events in lower molar 

development occurred at “practically the same chronological time” in macaques 

(M. nemesthna) and baboons (P. cynocephalus). Swindler and Beynon (1993) 

noted that Theropithecus, a cercopithecid closely related to Papio, was rather 

similar to Papio and Macaca in “relative sequence and perhaps timing of 

ontogenetic events”. Development of the first permanent molars began slightly 

earlier in the baboon (Papio cynocephalus) than in the rhesus macaque, prior to 

120 days In utero (Swindler & Meekins 1991). With the exception of M3, 

baboon permanent teeth took longer to develop than those of macaques

34



(Swindler & Meekins 1991). Indeed, Swindler and Beynon (1993) concluded 

that crown length “determines the overall period of crown formation”. It is 

interesting that, although the third molar crown is the longest among the 

permanent teeth of the baboon, this tooth formed faster in this animal than in 

the smaller-bodied macaque. Differences in rates of molar development among 

gibbons, siamangs, and baboons, which were relatively slower in the monkey, 

manifested themselves in variations in developmental rates of different molar 

teeth, or parts of these teeth (Dirks 1998).

1.1.3.111 Phylogenetic information gathered from tooth morphoiogy 
and histoiogy

Oka and Kraus (1969) observed that molar morphologies were 

significantly more distinct among higher primates post-emergence than they 

were circumnatally, although such morphological distinctions were detectable at 

this very early age. Hence, morphological differences among the first 

permanent molars of great and lesser apes, and humans, amplified with 

development (Oka & Kraus 1969). In Oka and Kraus' (1969) study, no entire 

suite of surface morphology traits of either circumnatal or completed permanent 

first molar crowns clearly related or distinguished the gibbons, gorillas, 

chimpanzees, orangutans and humans sampled from each other. Traits were 

shared in different combinations among the different taxa, so that while some 

characters linked some species, other characters divided them, or linked them 

to other, different species. This begs the question: how might dental 

morphology traits be weighted for phylogenetic significance? Reid et al. (1998) 

suggested that functional morphology, the need of functional cusps to bear the 

greatest masticatory load and greatest abrasion, most likely dictated differential 

cusp formation sequences. These authors (1998) explained similarities in 

sequences of tooth mineralization, tooth emergence, and cusp initiation in 

relation to shared functional morphologies. Functional cusps took longer to 

develop as these cusps were most thickly enamelled (Reid et al. 1998).

Enamel thickness may carry a small measure of phylogenetic weight. 

Prosimians have thinner enamel for a given tooth size or body weight than do 

anthropoids (Shellis et al. 1998). Hylobates has enamel of average thickness;
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Homo has thick enamel; Gorilla has thin enamel; and Pan and Pongo have 

average or thin enamel depending on tooth type (Shellis et al. 1998). Scaling of 

tooth size and body weight shows positive allometry among anthropoids (Shellis 

et al. 1998). However, the method in which enamel of varying thickness forms 

may give clues regarding species relationships. Thin enamel in African apes 

results not from reduced rate of ameloblast secretion but from an abbreviation 

of the total secretive period of the ameloblasts (Beynon et al. 1991). A longer 

period of ameloblast secretion accounts for thicker enamel in humans, and to 

an extent, in orang-utans (Beynon et al. 1991). The final shape of the crown is 

also governed largely by ameloblast secretion; and Beynon et al. (1991) 

asserted that the thicker the enamel, “the greater the influence this will have on 

final tooth form”. Smaller differences between outer cervical and outer lateral 

(cuspal) cross-striation values in the great apes suggested that the rate of 

slowing in cervical enamel was less, particularly in orang-utans, compared with 

humans, who showed a progressive slowing of crown formation towards the 

tooth cervix (Beynon et al. 1991 ). Reid et al. (1998) concluded that while it was 

not as yet possible to confidently describe how gorillas, chimpanzees or orang

utans differed "in any aspect of their dental development", there was little doubt 

that these taxa should indeed differ from one another “even if only in some 

small ways”. Reid et al. (1998) suggested that the deceleration of enamel 

secretion in the cervical region was a characteristic of enamel formation in great 

apes. P. troglodytes appears to have a “greatly reduced time for root growth 

before emergence occurs”. Major differences between H. sapiens and P. 

troglodytes lie in the first part of the root formation.

1.1.3.iv Sequences of permanent tooth emergence

Times of crown completion and initial eruption of the same tooth do not 

necessarily coincide. In addition, an eruption period may be notably longer than 

the period within which a given tooth crown mineralized. This apparent 

decoupling of crown mineralization schedules and root formation and tooth 

eruption schedules is curious, and does not fail to contribute additional 

complexity to understanding the mechanisms that underlie crown mineralization 

schedules.
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Bowen and Koch (1970) reported that the premolars, canines, and 

second molars all emerged at about 44 weeks in the crab-eating macaque. 

This monkey and the rhesus macaque shared similar emergence sequences for 

both the primary and adult dentitions (Bowen & Koch 1970). The time of 

emergence was also similar between the two macaques, and occurred later in 

these monkeys than it did in Chlorocebus aethiops. (Bowen & Koch 1970). 

Baume and Becks (1950) found that the developmental sequence of M. mulatta 

was consistent except for occasional “deviation in eruption order” of the 

premolars in a limited number of individuals. As discussed earlier, the 

premolars exhibit higher levels of developmental variability than do the other 

permanent teeth in Old World monkeys and apes. It appears that such levels of 

high variability remain throughout emergence as well.

Although somewhat similar between the macaques, emergence 

sequences differed between the deciduous and permanent dentitions of the 

squirrel monkey, S. sciureus (Galliari & Colillas 1985). Compared to its position 

in the deciduous tooth emergence sequence, the emergence of the permanent 

canine is delayed (Galliari & Colillas 1985). The sequence of emergence of the 

adult premolars is also inverted (Galliari & Colillas 1985).

Permanent dental emergence sequences of S. sciureus drawn by 

Schultz (1935), Serra (1952), and Long and Cooper (1968) showed that M l, 

M2, Hand 12 emerged first, in this order (Long & Cooper 1968). M^ emerged at 

least two teeth later in sequence than M3, typically after and P  ̂ (Long & 

Cooper 1968), or additionally, after P2 and C  ̂ (Schultz 1935). In all cases 

(Serra 1952, Long & Cooper 1968) in the maxilla, the canines emerged last, or, 

according to Schultz (1935), second last. Long and Cooper (1968) noted that 

"all mandibular teeth precede their maxillary counterparts in mean eruption time 

from as little as 1 week...to as much as 7 months”. The exception to this was 

P"̂ , which emerged two months earlier than its lower counterpart (Long & 

Cooper 1968). The complete sequence provided by Long and Cooper (1968) 

was M l M2 II 12 P^/Ms P4 P2 M^/Ps C l. Work by Galliari and Colillas (1985) 

supported a general permanent tooth emergence sequence of M l, M2, II, P4, 

P3, P2. While 12 consistently emerged after II in the mandible, the position of 

this tooth was quite varied in the maxilla (Galliari & Colillas 1985). M3 and C
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were the last teeth to emerge, and both varied considerably in their sequence of 

emergence (Galliari & Colillas 1985).

In their study of the gelada (T. gelada), Swindler and Beynon (1993) 

determined the sequence of permanent tooth emergence as M l, II, 12, M2, [PS, 

P4, 0], MS, a pattern common to other cercopithecid monkeys and some fossil 

Theropithecus species. Swindler and Beynon’s (199S) estimates of permanent 

tooth emergence ages in Theropithecus based on histological data were, in 

years, M1=1.7; II, 12=3.0-3.2; M2=3.5-4.0; PS, P4, C=4.2-5.3; M3=6.0-6.5. 

Dirks and colleagues (2002) summarised that wild baboons had later 

emergence times (Kahumba & Eley, 1991, Phillips-Conroy & Jolly 1988, and 

Reed 1965, all in Dirks et al. 2002). Emergence schedules may well be varied 

between wild and lab-reared animals, as well (Dirks et al. 2002).

Interestingly, in Papio cynocephalus, the male canine may begin to erupt 

prior to any root formation (Swindler & Beynon 1993). However, root formation 

must occur before the canine can function at the occlusal level (Swindler & 

Beynon 1993).

In their studies of tooth emergence in the gibbon, both Krogman (1930) 

and Schultz (1935) observed an emergence sequence of M l II 12 M2 PS P4 0 

MS. Schultz (1935) noted that the lower teeth typically emerged before their 

maxillary counterparts for all teeth except the upper and lower central incisors, 

which emerged simultaneously. Interestingly, although both sexes have 

canines of approximately equal size, these teeth tended to emerge somewhat 

earlier in females than in males (Schultz 1935).

Kuykendall and colleagues’ (1992) comparative study of tooth 

emergence of humans and chimpanzees found that emergence ages were quite 

variable for all tooth types in both species. Ranges of variability in Pan were 12 

to 49 months for permanent teeth (Nissen & Riesen 1964) and 62 to 220 days 

for primary teeth (Nissen & Riesen 1945). Sequence of tooth emergence was 

also considerably varied. Emergence sequences provided by Nissen and 

Riesen (1964) were, for the maxilla. M l II [12 P3 M2] P4 C M3 and, for the 

mandible. M l II 12 M2 P4 P3 C M3. Dean and Wood (1981) provided identical
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emergence sequences for both upper and lower jaws which were M1 11 [12 M2] 

P3 P4 C M3. Selenka’s (1899) emergence sequence also showed M2 and 12 

emerging simultaneously. Similarly, the most common sequence found by 

Kuykendall et al. (1992) was M l II 12 M2 [P3 P4] C. Using mean emergence 

ages, these workers (Kuykendall et al. 1992) arrived at slightly different 

emergence sequences. These sequences for upper and lower permanent teeth 

were M l II 12 P4 P3 M2 C and M l II 12 M2 P4 P3 C, respectively (Kuykendall 

et al. 1992). In all cases. M l emerged first (Nissen & Riesen 1964, Dean & 

Wood 1981, Kuykendall et al. 1992). Kuykendall et al. (1992) found an 

associative pattern between canines and premolars, where, uniformly, the 

canine either emerged last or was "tied with" the emergence of a premolar. The 

authors suggested that the mandibular (C M2) sequence was potentially 

diagnostic of chimpanzees (Kuykendall et al. 1992); in humans, the canine 

typically emerges after M2. However, the authors conceded that “consistent 

pattern differences are difficult to identify” as there was much variation in 

sequences among individuals (Kuykendall etal. (1992).

1.1.4 The development of the permanent first molar relative to the
permanent anterior dentition

Dean and Wood (1981) observed no differences in patterns of tooth 

development and dental developmental sequences between great apes {Pan 

troglodytes, Gorilla gorilla, and Pongo pygmaeus). They suggested that human 

dental developmental pattern, that is, the mineralization sequences of both the 

deciduous and permanent teeth, was similar to that of the great apes (Dean & 

Wood 1981). Dean and Wood (1981) also asserted that the relative timing of 

dental developmental events in great apes was the same in humans. This 

landmark study was the first publication of its kind to set foundations regarding 

ape dental development from which other workers could base and test their 

hypotheses concerning tooth growth in great apes.
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1.1.4.1 The development of the permanent first molar relative to the 
incisors

A decade after Dean and Wood's (1981) publication, Simpson et a/.'s 

(1991) comparative study of great apes and humans, recorded delayed 

development of II relative to M l in chimpanzees and gorillas, but relatively 

synchronous growth of both teeth in humans. In the apes, the onset of II 

occurred when M l was about one-half complete at about 1.5 years of age 

(Simpson et al. 1991). In a slightly later study, Simpson et al. (1992) reiterated 

that humans differed from apes by the earlier relative mineralization of their 

anterior teeth. Simpson et al. (1991) explained this earlier development as a 

possible consequence of reduced facial prognathism, and of a shift in the great 

ape canine function, in humans. Beynon et al. (1991) agreed that incisor and 

canine crowns took absolutely and significantly longer to form in great apes 

than in humans, and were complete after five or more years, and about 3.5 

years, respectively. However, these workers (Beynon et al. 1991) determined 

that the overall developmental period remained “substantially shorter" in great 

apes due to rapid root growth, associated with early tooth emergence. Indeed, 

dental development in apes was complete after ten to twelve years, while in 

humans teeth finished growing after about eighteen years (Beynon et al. 1991).

In a paper published the same year, Conroy and Mahoney (1991) 

quantified that dental maturation in apes required about half the time that it did 

in humans regardless of the relative delay observed in the developing anterior 

teeth. In addition to delays in initial incisal mineralization among great apes, in 

a sample of chimpanzees, emergence of the central incisors was significantly 

delayed relative to the initial emergence of the MTs by as much as two years 

(Conroy & Mahoney 1991). In humans, these teeth emerged very closely to 

each over a relatively brief interval of about six months (Conroy & Mahoney 

1991, Kuykendall 1996).

To explain this. Anemone and Watts (1992) argued that differences in 

relative timing of anterior tooth development stemmed not from advanced or 

more rapid growth of the human anterior dentition, but from retarded 

development of human molar teeth, particularly, time of M l emergence (Dean &
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Wood 1981, Beynon et al. 1991, Dean & Beynon 1991). Delayed growth of 

human molars was mainly attributed to the lengthened period of root 

development, which lasted seven years in humans, but only three years in 

chimpanzees (Anemone & Watts 1992, Anemone 1995, and Anemone et al. 

1996). In other words, human incisors and first molars grew in tandem because 

the M i's  were developmentally delayed compared to great ape M i’s; these ape 

teeth completed growth earlier than great ape incisors, human incisors, and 

human (first) molars.

Winkler et al. (1996) assumed this view in their study of orang-utans, in 

which central incisor crown development was noticeably delayed relative to all 

stages of M l development prior to, and at, emergence. Interestingly, 

regardless of differences in onsets of mineralization, II and M l emerged at 

approximately the same time in humans (Winkler et al. 1996). This contrasted 

with the emergence sequence of II-M l, with which Anemone et al. (1996) 

distinguished humans and chimpanzees; in the latter species these teeth 

emerged in the reverse order. Kuykendall and Conroy (1996) found that the 11- 

MI sequence occurred with a frequency of 36-52% in humans. There was no 

evidence of this sequence in chimpanzees, although Kuykendall and Conroy 

(1996) highlighted cases where both teeth simultaneously shared the same 

developmental stage. However, these stages were either long or final, enabling 

the incisor to “catch up” with the developmentally advanced first molar 

(Kuykendall & Conroy 1996).

Winkler and colleagues’ work (1996) reaffirmed earlier studies of M l 

development relative to II development in African apes and humans. In both 

humans and great apes, II began to mineralize several months after M l 

(Beynon et al. 1991, Dean & Wood 1981, Winkler et al. 1991, and Smith 1991, 

all in Winkler et al. 1996). However, while these two teeth emerged 

simultaneously in humans, II was one to two developmental stages (of a total 

ten stages of crown and root development defined by the authors) behind M l at 

all stages of II formation prior to and at M l emergence in orang-utans (Winkler 

etal. 1996).
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Simpson et al. (1992) suggested that the slightly earlier development of 

the incisor teeth in Pan compared to Gorilla may be, in some part, a product of 

the earlier fusion of the premaxillary: maxillary suture in the chimpanzee. The 

chimpanzee also exhibited relatively less alveolar prognathism than the gorilla 

(Simpson et al. 1992). This may have facilitated the earlier emergence of 

chimpanzee incisors, which need to emerge through a relatively shorter length 

of bone (Simpson et al. 1992). Interestingly, while the cheek teeth of the gorilla 

were absolutely larger than are those of the chimpanzee, and, incidentally, 

those of the orang-utan, the incisors of both the chimpanzee and gorilla were of 

equivalent size. This suggested that the size of the incisor teeth had no effect 

on their earlier development, and subsequently, their earlier emergence in the 

chimpanzee.

Dirks’ (1998) unique histological study of a juvenile gibbon (Hylobates 

lar) showed that central incisor development began prenatally in this lesser ape. 

Ii crown formation began approximately 3 days before birth, and was complete 

517 days later (Dirks 1998). As with other anthropoids, Mi was the first 

permanent tooth to begin calcification, estimated at 71 days before birth, and 

was crown complete 408 days after birth (Dirks 1998). I2 initiated crown 

development 111 days after birth, and was crown complete much later than Mi, 

at 763 days (Dirks 1998). M2 crown formation, which began at approximately 

368 days, was complete two days later than I2 at 765 days (Dirks 1998). P4 

initiation followed at 467 days, and was complete at 931 days (Dirks 1998). 

Dirks (1998) was unable to determine crown initiation and completion ages for 

Ci or P3.

Incisor development was accelerated relative to molar development in 

the gibbon, and relative developmental stages of these teeth differed from those 

of the great apes (Dirks 1998). At 2.88 years (age at death), when M2 had 1.4 

mm of root formed, the permanent first molars and incisors were emerged and 

in occlusion while the upper second incisor, and upper and lower third and 

fourth premolars and second molars were developing in their crypts (Dirks 

1998). As Dirks (1998) found no evidence of developing M3’s in the juvenile 

gibbon she examined, no overlap of M2 crown completion and M3 crown 

initiation could be established. Gibbons may share with humans prenatal, or
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near-birth, incisor development (Dirks 1998, Dean & Beynon, 1991, Takiguchi, 

1996).

In an eighteen-day-old orang-utan, all four M l cusps were calcifying 

(Winkler et al. 1991). The crown of this tooth was over one-half complete by 

about seventeen months (Winkler et al. 1991). Both upper and lower canines 

and central incisors began development before nine months of age: the upper 

canine was already calcifying in one newborn male orang-utan (Winkler 1995). 

In older infant orang-utans, the central incisors were developmentally advanced 

relative to the canines (Winkler 1995). Mineralization of the upper and lower 

lateral incisors had begun in the nine-month-old infant (Winkler 1995). In both a 

16- and a 17-month-old infant, at least one cusp was beginning to mineralize in 

all third premolars, while a single cusp was beginning to mineralize in the fourth 

premolars (Winkler 1995). In the same two animals, the lower second molar 

had begun to mineralize (Winkler 1995). While present, mineralization of the 

upper M2 had not started (Winkler 1995). Thus, the orang-utan shared with 

other great apes notable temporal overlap of at least developing first and 

second molars (Winkler et al. 1991, Anemone et al. 1991, Beynon et al. 1991a). 

Winkler's (1995) dissections of developing permanent teeth in the orang-utan 

showed that both upper and lower lateral incisors, canines, and third and fourth 

premolars, and the lower second molar, began to calcify earlier than previously 

reported in Beynon et a/.'s (1991) histological study of the same ape. In some 

cases, a gap of more than six months separated the results (Winkler 1995).

As discussed above, in a newborn orang-utan. M l crown shape is nearly 

complete, and the crown is relatively advanced in its calcification (Oka & Kraus 

1969, Winkler et al. 1991). Unexpectedly, Winkler et al. (1991) noted that the 

lower molar cusps calcified progressively in the order of metaconid-hypoconid- 

protoconid. If representative of typical M l development, this calcification order 

would distinguish orang-utan dental development from that of the gorilla and 

chimpanzee. However, in a later study of circumnatally aged apes, Winkler 

(1995) found that the most common sequence of cusp mineralization was 

indeed, in progressing order, protoconid-metaconid-hypoconid, although, again, 

one individual demonstrated a hypoconid-metaconid reversal.

43



1.1.4.Ü The development of the permanent first molar relative to the 
canines

While Simpson et al (1990) asserted that chimpanzee canines only began 

to mineralize after Ml was crown complete and its roots starting to form, 

Anemone at al. (1991) and Anemone and Watts (1992) found little difference 

between initial mineralization times of the canine relative to M l in apes and 

humans. Rather, their assessment agreed with Swindler's (1985) findings that 

“the initial times of calcification of the incisors, canines and first molars is 

similar” among pig-tail macaques, apes and humans. It is particularly 

interesting that this occurred, as Anemone and Watts (1992) highlighted, “in 

spite of great differences in overall period of dental development in these taxa”.

Kuykendall (1996) found no diagnostic difference between human and 

chimpanzee molar mineralization times. Rather, he concluded that the canine 

was the most diagnostic tooth between these two taxa (Kuykendall 1996). 

While chimps and humans shared an almost identical period of overall canine 

development, differences in periods of crown and root formation were marked 

(Kuykendall 1996). In humans, crowns took less than half as long as roots to 

grow, whereas in chimpanzees, crown development took slightly longer than 

root development (Kuykendall 1996).

By the time of Ml crown completion, all permanent teeth but M3 had 

begun to calcify in Pongo (Winkler at al. 1996). Canines were between % to % 

developed at the stage when the first molar was crown complete with some root 

growth (Winkler at al. 1996). One wild-reared male orang-utan that had 

unemerged M i's  with early root growth had M2 crowns that were % developed; 

premolar and canine crowns that were both % to % developed; incisor crowns 

that were % developed; and no calcification of M3 (Winkler at al. 1996). 

Another wild-reared male with M i's  in full occlusion with advanced root growth 

had M2's that were about % crown complete, canine crowns that were % to % 

developed, premolars and incisors that were nearly crown complete, and visible 

M3 crypts (Winkler at al. 1996).
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The study by Winkler and colleagues (1996) affirmed earlier findings of 

extended canine developmental patterns in great apes relative to shorter same 

periods in humans. Relative to the M l, the canine had a clearly longer 

developmental period in the orang-utans sampled (Winkler et al. 1996). The 

study also illustrated differences between orang-utan and chimpanzee dental 

development patterns such as the earlier initiation of the canine in Pongo, if 

indeed these differences were real, and not artefacts of the different data 

collection methodologies (Winkler et ai. 1996).

Kuykendall and Conroy (1996) isolated three patterns of chimpanzee 

dental development. Firstly, after "Stage 3", M l was advanced relative to the 

development of any other tooth. Secondly, after “Stage 3”, the development of 

the second molars, the premolars, and the incisors was rather congruent. 

“Stage 3" was defined, in part, as the completed formation of enamel at the 

occlusal surface with its extension and convergence towards the cervix of 

crown. Thirdly, after the canine’s initial congruent development with the incisors 

and M l, this tooth quickly underwent a developmental delay in both crown and 

root formation relative to all other teeth except M3.

1.1.5 Temporal overlap of crown mineralization periods between
adjacent developing molars: intertaxon variation

In their study of the chronology, sequence, and pattern of great ape 

dental development. Dean and Wood (1981) set guideline assumptions of zero 

temporal overlap between developing adjacent molar crowns, and equal time 

intervals of 2.5 years for sequential molar crown mineralization, beginning at 

birth with M l. Contrary to Dean and Wood (1981), Anemone and colleagues 

(1991) later recorded significantly different molar crown mineralization periods 

and degrees of overlap in the developing adjacent molars of chimpanzees {Pan 

troglodytes). These workers (Anemone et al. 1991) found significant 

differences in timing of molar crown initiation between apes and humans, and 

thus argued that chimpanzees exhibited marked overlap of mineralizing 

adjacent molar crowns while humans did not. Using radiographs. Anemone et 

al. (1991) noted molar crown initiation times at and up to three weeks after birth.
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at eighteen months, and at forty-eight months for M1, M2, and M3, respectively. 

Crown completion for the same teeth was logged at twenty-four months, forty- 

eight months, and about ninety-six months, respectively, where M1 crown 

formed in 2 years, M2 crown in 2.5 years, and M3 crown in little over 3.5 years 

(Anemone et al. 1991). However, while these results demonstrated that periods 

of M l and M2 crown mineralization overlapped by about six months, periods of 

M2 and M3 crown formation barely coincided.

Anemone and colleagues (1991) found that durations of both crown and 

root development appeared to increase from Ml to M3. Dean and Wood (1981) 

had also assumed that the roots of similar teeth required the same time to form. 

However, Anemone et ai. (1991) recorded molar root development over 3-4 

years for M l and 4-5 years for M2 and M3. While root mineralization times may 

have varied in molar teeth, they appeared consistent in premolars (Anemone et 

al. 1991). Anemone et al. (1991) found that initial premolar development 

occurred at a slightly earlier age than the little more than two years assessed by 

Dean and Wood (1981) with mineralization starting at eighteen months. The 

premolars were crown complete between 5 and 6  years of age, and achieved 

apical root closure between 9 and 10 years of age (Anemone et al. 1991). 

While Anemone et al. (1991) documented initial mineralization of the incisors at 

6-10 months, and Dean and Wood (1981) at 2-4 months, the consensus was a 

significantly earlier onset of mineralization of the incisors relative to onset of the 

premolars, and crown completion of the premolars around 5 years.

While chimpanzees, gorillas and orang-utans demonstrate at least some 

degree of overlap in the sequential development of their adjacent molars, in 

humans the sequential development of adjacent molars is typically punctuated 

by substantial temporal gaps (Anemone et al. 1991, Anemone 1995, Anemone 

et al. 1996, Beynon et al. 1991, and Winkler et al. 1996). However, the 

existence of a temporal gap in crown mineralization between at least human 

M is  and M2s is questionable (Reid et al. 1998) as these workers found an 

overlap of 0.27 years in crown formation periods of these two teeth. Anemone 

et al. (1991) observed an increase in duration of crown and root development 

from first to last molar teeth in chimpanzees. In orang-utans, when M l crowns 

were approximately one-half complete, M2 crowns and all or most antemolar
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tooth crowns were mineralizing (Winkler et al. 1991). In a later study, Winkler at 

al. (1996) found M2 to be less advanced relative to M l in a male orang-utan. In 

this ape, at the stage at which mVi had not yet emerged but root development 

had begun, M% crowns were about % complete. M% had not yet begun to 

mineralize (Winkler at al. 1996). This relative rate of M2 development also 

appeared to be the case in chimpanzees (Anemone at al. 1996), but not in 

gorillas, where M2 initiation was slightly retarded relative to the other teeth, 

occurring in the last quarter of M l crown growth (Beynon at al. 1991a). While 

both Beynon at al. (1991a) and Winkler at al. (1991) observed M2 developing 

after M^ in orang-utans, Winkler at al. (1991) marked M2 development at least 

as young as twelve months of age, about one year earlier than estimated by 

Beynon at al. (1991a). These workers (Beynon at al. 1991a) suggested that the 

fourth premolars began their development both in coincidence with (P4), and 

slightly before (P"̂ ), the development of the second molars. In contrast, Winkler 

at al. (1991) found instances where M2 began to mineralize before the fourth 

premolars.

Whether a pattern of developmental molar overlap is diagnostic of great 

apes remains uncertain. Simpson at a/.’s (1991) study found no developmental 

hiatus between human MTs and M2’s. In both great apes and humans, not 

only did the first molar develop before the second molar tooth, it also achieved 

full apical root closure before M2 root growth was complete (Simpson at al. 

1991). According to Simpson at al. (1991), apes and humans shared similar 

relative rates of growth, as well as onset times of mineralization, for M l and M2. 

However, other investigations have noted some degree of overlap in sequential 

developing molar patterns between humans and chimps (Simpson 1993, and 

Conroy & Mahoney 1991 in Winkler at al. 1996). In a study of chimpanzees and 

orang-utans Winkler (1995) concluded that, while considerable developmental 

temporal overlap of the lower first and second molars was common, it “may not 

always occur”. More recently, Kuykendall (1996) determined that while timing 

of molar tooth mineralization stages was both relatively and absolutely distinct, 

it remained sufficiently similar so as to fail to diagnose modern humans from 

chimpanzees {Pan troglodytes). Rather, the canine was the most diagnostic 

tooth between these two taxa (Kuykendall 1996). Alternatively, in the same 

year. Anemone at al. (1996) proffered that chimps {Pan troglodytes)
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demonstrated advanced molar development relative to anterior tooth 

development compared to humans, in whom anterior teeth were more 

developed relative to molars at the same given developmental stage.

Simpson et al. (1991) had stated that developmental patterns of ape and 

human postcanine teeth were also fundamentally similar, with no hiatus 

between human M l and M2 development. They had also asserted that 

patterns of dental development between gorillas and chimpanzees were 

indistinguishable (Simpson et al. 1991). However, Anemone and Watts (1992) 

disputed this finding based upon work published the previous year (Anemone et 

al. 1991). Beynon et al. (1991a) histologically examined the teeth of a gorilla 

and an orang-utan, and reported that these apes shared a similar pattern of 

dental formation, although completion of the orang-utan teeth took longer. Both 

the gorilla and orang-utan had molars that mineralized in overlapping series. Ml 

crown complete by three years of age, and early emergence and apical root 

closure of M l prior to canine and premolar crown completion (Beynon et al. 

1991a). Both apes had upper and lower incisors mineralized at approximately 

the same time, with 12 crowns taking only slightly longer to form than II crowns 

(Beynon et al. 1991a). Interestingly, in both taxa, development of the incisor 

and canine crowns took about 5 years and 7.75-8.5 years, respectively, and 

was substantially prolonged by more than two years longer than previously 

thought (Beynon et al. 1991a). This emphasised the absolutely longer 

developmental period of ape anterior teeth compared to the same teeth in 

humans. Yet, overall dental development in apes was completed within 10-12 

years, whereas humans required an average 18 years to complete their 

permanent dentition (Beynon etal. 1991a).

1.2 Dental development of modern humans and dental 
variation among populations

1.2.1 Introduction

Compared to the development of other physiological systems such as 

the skeleton, odontogenesis is relatively invariable in both its morphology and
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schedule, and seemingly impervious to disruption from external influence. 

However, the phenotypic plasticity expressed by the developing dentition, in 

particular, times of crown mineralization and emergence, can be marked. There 

is conjecture as to the cause of this substantial variability in tooth development 

schedules among human populations. It is known that while variability in the 

physical and nutritional quality of diet can significantly effect not only the 

integrity of mineralizing dental tissues but also mandibular size and robusticity, 

the dental development of a child under the most severe nutritional stress 

proceeds without hindrance. While serious illness and disease can have 

deleteriously effects upon structural composition of developing teeth, they, too, 

rarely affect tooth development schedule. However, genetic variability at both 

population and parental levels can manifest as differences in cuspal 

morphology and crown size, as well as relatively advanced or retarded 

schedules of tooth mineralization and emergence. Sex differences in dental 

development carried within the X-chromosome may be another source of 

variation in the timing of tooth mineralization and emergence.

The teeth of different geographic populations develop at different times 

and grow to different sizes. Often, these populations also demonstrate 

differences in mandible:tooth proportions. In response to these observations, 

several workers have suggested that interpopulation variation among tooth 

development schedules is due to differences in the jaw size and, thus, to 

different spatial relationships between the developing jaw and teeth. 

Intrapopulation variation in dental schedule, tooth size, occlusion, and 

developmental abnormalities has also been attributed to spatial differences 

within the jaw with respect to the space allocated to or occupied by the 

developing teeth.

It is important to distinguish what processes are fundamental to 

odontogenesis and dental development, and which aspects of dental 

development are flexible at no detriment to the development of the oro-dental 

system. The identification of key relationships and patterns that accurately 

reflect the underlying processes of dental development will advance our 

understanding of tooth development and dental evolution. It will also help clarify 

odontogenesis within the greater context of somatic maturation, and help
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establish what capacity for change and variability the oro-dental system is 

allowed, and by what it is controlled. Are differences in the timing of tooth 

initiation within and among human groups actively governed by spatial rules 

throughout the development of the teeth, or is the dentition developmentally 

autonomous? Are differences in developmental schedule and mandibular 

proportion coincidental, symptomatic, or causative of each other?

1.2.2 Variability in dental development

1.2.2.1 Deciduous tooth emergence

Among all modern human populations, the general order of deciduous 

tooth emergence is di1 di2 dm1 dc dm2 (Yun 1957, Leighton 1968, Berkovitz et 

al. 1978, Eveleth & Tanner 1990). However, this order is variable to the extent 

that Leighton conceded departures from it the norm rather than the exception. 

Two of the more common examples of this identified by Leighton (1968) were 

the emergence of dm^ before di2, and di2 before dii. Universal among modern 

humans, such variation in the general order of deciduous tooth emergence may 

be attributable to overlap among developmental age ranges of the teeth 

(Leighton 1968), or to genetic drift in geographically separate populations (Yun 

1957). Anterior (dii di2 dc) and posterior deciduous tooth groups may also 

emerge at relatively earlier or later times in different ethnic populations (Yun 

1957). Variability in age ranges of deciduous tooth emergence tends to 

increase over time so that later emerging teeth do so over a greater range of 

time than early emerging teeth. Leighton (1968) suggested that this was 

evidence of diminishing genetic control over time. Regardless of such variation, 

the emergence of the deciduous teeth usually occurs between the sixth and the 

thirtieth months of postnatal growth (Demirjian 1978). The tempo of deciduous 

tooth emergence varies not only within but also between populations. However, 

ethnic differences in emergence schedules, be they advanced or delayed, are 

overcome by about two years of age (Demirjian 1978). Certainly, emergence is 

complete by about two-and-a-half years, the age by which Friedlander & Bailit 

(1969) concluded that deciduous tooth emergence was complete in all children 

regardless of their ethnicities.
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1.2.2.Ü Permanent tooth emergence

The first permanent tooth to emerge is always the lower central incisor 

(Demirjian 1978). Mandibular molars typically emerge before their maxillary 

counterparts; the reverse is the norm for the premolars (Demirjian 1978 citing 

Dalhberg & Menegaz-Bock 1958, Nanda 1960, Gates 1964, Lee et al. 1965, 

Nanda & Chawla 1966, Houpt et al. 1967, Lysell et al. 1969, Garn et al. 1973, 

Helm & Seidier 1974). The permanent teeth emerge in two major spurts, or 

active phases (Eveleth & Tanner 1990). The first of these is the emergence of 

the first molar and both incisors over a period of one-and-a-half to two years, 

which always ends with the emergence of the upper and lower lateral incisors. 

The second phase lasts only a little longer, and begins after a period of 

quiescence that lasts about two to three years. In the second active phase, the 

canine, premolars, and second molar emerge into the mouth. Not until many 

years later, into adulthood, does the third molar make its appearance. 

Population and other hereditary factors hold considerable influence and control 

over the emergence of the adult teeth (Demirjian 1978). As with the deciduous 

teeth, it is not unusual for geographically separate peoples to develop their 

permanent teeth at times advanced or delayed relative to one another 

(Tompkins 1996). Africans tend to enter the first active phase before 

Europeans, who do so after Asiatics, but complete this phase before them 

(Eveleth & Tanner 1990). The timings of the quiescent, and hence, the second 

active phase, are different again between these groups. However, at least 

between Blacks and Whites, ethnic differences manifested most frequently in 

the incisors and molars and least in the premolars and canines (Garn et al. 

1973). Tompkins' (1996) study of South African Blacks, Native American and 

French Canadian children highlighted developmental differences in 

mineralization schedules for many teeth, particularly the permanent third molar. 

Eveleth and Tanner (1990) highlighted that while differences among the dental 

development of populations can be marked the overlap of the various ethnic 

ranges of tooth growth is more striking.

However, developmental differences in the teeth are prevalent among 

many different human populations (Yun 1957, Dahlberg & Menegaz-Bock 1958, 

Eveleth & Tanner 1990, Tompkins 1996, and others). With the exception of the
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central and lateral incisors and the canines, the permanent teeth of Pima Indian 

children emerged significantly earlier than did those of English school children, 

often by about six months or more (Dahlberg & Menegaz-Bock 1958). For 

example, in the Pima children, the permanent first molars emerged around five- 

and-a-half to six years, the first premolars between nine-and-a half to just over 

ten years, and the second premolars between ten-and-a-half and eleven-and-a- 

half years. In addition to, or instead of, the genetic differences between the two 

groups, the earlier emergence of the English anterior teeth (or the delayed 

emergence of the English posterior teeth) may be attributable to a number of 

environmental factors. The unrefined, tougher diet of the Pima and the 

subsequently great and rapid extent of deciduous molar wear may have 

consequently accelerated the eruption of the permanent cheek teeth (Dahlberg 

& Menegaz-Bock 1958). Conversely, the improved standard of living enjoyed 

by the English group might have contributed to their advanced physical growth, 

including earlier anterior tooth emergence. It is also possible that differences in 

developmental rates or proportions of the jaws of the two groups of children had 

some effect on the timing of tooth emergence.

Perhaps not unexpectedly, the geographic, and hence, genetic isolation 

of populations, for example, African Americans, has resulted in tooth 

development schedules that are somewhat changed from that of their parent 

population, in this case, African Blacks (Ferguson et al. 1957). Ferguson and 

colleagues (1957) also found that, in addition to genetic admixture, cultural 

variables such as socio-economic status could upset or reverse geographic 

patterns and norms of tooth development. In a study of Sinhalese children 

(Nanayakkara at si. 1993), children from high socio-economic groups emerged 

all their permanent teeth between 2.5 to 3.5 months earlier than did children 

from lower socio-economic backgrounds. While different socio-economic 

conditions in a large sample of Soweto schoolchildren produced similar 

differences in dental emergence (Blankenstein et al. 1990), Blankenstein and 

colleagues maintained that genes rather than environment predominantly 

influenced emergence ages.

Helm (1969) confirmed that he had found a secular trend in earlier 

permanent canine, premolar and second molar tooth emergence between two
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populations of similarly aged Danish schoolchildren temporally separated by 

fifty-two years. Because both samples of Danish children entered school at the 

age of seven, permanent teeth that typically emerged earlier than seven years 

could not be included in Helm’s (1969) study. Helm (1969) eliminated the 

influences of observer error, race and clinical dental history, and considered the 

effect of residential conditions to have been small. While the physical 

development of the temporally later group was clearly advanced compared with 

the earlier group, dental development was often constant between the two 

samples (Helm 1969). Significant differences in emergence age only 

manifested themselves in certain teeth and at particular stages of development 

(Helm 1969). While Helm (1969) attributed the observed secular trend in tooth 

emergence to different relations between the timing of dental and physical 

development in the earlier and later groups of children, he could not account for 

why these differences had developed.

Although geographic and ethnic populations may vary, perhaps often 

significantly, in their schedules and patterns of dental growth, this may be less 

of an evolutionary phenomenon than perhaps expected. Garn, Lewis and 

Polachek (1959) concluded that variability of tooth formation (although only 

premolars and molars were studied) was approximately three times greater than 

what had been traditionally accepted. They found low variability in both tooth 

emergence and tooth mineralization, and that both were lower in their relative 

variabilities when compared with variability in skeletal development. Almost 

three decades later, Kieser and Groeneveld (1988a) supported Garn et a/.’s 

(1959) results with very similar profiles among South African Blacks, Native 

Americans, and Whites. No conclusive relationship between metric variability 

and occlusal complexity could be established (Kieser & Groeneveld 1988a). 

However, metric variability did correlate with length of developmental period.

1.2.3 Sexual dimorphism among the dentitions of modern human

populations

In a recent assessment of metric sexual dimorphism in the deciduous 

teeth of modern Pima, Alvrus (2000) showed absolutely low levels of
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dimorphism. While these were exceeded by those of Australian Aboriginal 

youths (Margetts & Brown 1978, cited by Alvrus), they were greater than those 

of White children (Black 1978, cited by Alvrus). The deciduous teeth that 

exhibited the highest levels of sexual dimorphism were the mandibular first 

incisor and second molar, and the maxillary canine and second incisor (Alvrus 

2000). Although sexual dimorphism was manifested in buccolingual and/or 

mesiodistal dimensions of many deciduous teeth, none of the measurements 

proved “significant at the p is ^0.05 level” (Alvrus 2000). Previous work (Black 

1978, Margetts & Brown 1978, Farmer & Townsend 1993) supported the finding 

that the degree of sexual dimorphism for this group was low (Alvrus 2000). 

Alvrus (2000) also found the amount of sexual dimorphism between the 

deciduous and the permanent teeth of the Pima studied was not significantly 

different. Tsai (2000) observed significant sexual differences in mean 

buccolingual crown dimensions of deciduous second molars, where boys' 

crowns were larger buccolingually. Tsai (2000) proposed sexual differences 

between the buccolingual and mesiodistal crown diameters of individual teeth 

were perhaps generated by distinct and different genes that independently 

controlled each of the two dimensions. Alvrus (2000) suggested that a 

prolonged period of amelogenesis in males might be responsible for sexual 

dimorphism in both deciduous and adult dentitions. This is supported by the 

earlier conclusions of Moss (1978) that duration of amelogenesis and enamel 

thickness contributed to morphological and metrical sexual dental differences. 

Additionally, somewhat earlier work showed negligible differences between both 

size and shape of the pulpal outline and dentine-enamel junction of boys and 

girls (Carlsen & Anderson 1966, Mjor & Hougen 1974, both in Moss 1978).

Sexual differences in tooth size have long been recognised in the 

permanent teeth, although the mechanisms through which this dimorphism 

derives have largely remained cryptic (Seipel 1946 & Moorrees 1959, in Kieser 

1990, Ch.6 , and Moss 1978). Moss (1978) surmised that gene loci such as 

those on the X- or Y-chromosomes, or both, perhaps in combination with 

environmental factors, likely dictate sexual differences. While sexual 

dimorphism is most prominent in the canines (Kieser 1990, Ch.6 , Thompson et 

al. 1975), there are significant sexual differences in both anterior and 

postcanine tooth groups (Kieser et al. 1985e). Kieser and colleagues (1985e)
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found the mesiodistal dimensions of upper and lower canines and upper second 

molars, and the buccolingual dimensions of upper and lower third premolars, to 

be the best dental discriminators of sex. Interestingly, Harris and Bailit (1988) 

noted sexual differences in dental size patterns, where females had better size- 

integrated adult teeth than males. A decade earlier. Moss (1978) had found 

evidence of sexual differences in dental development, and of dimensional 

dimorphism produced by differences in enamel thickness that resulted from 

differing durations of amelogenesis in boys and girls. Heilman (1936) found a 

higher incidence of congenitally absent MS’s in females: eighty-five percent of 

females sampled had one to two MS’s missing. However, a markedly greater 

proportion of males had a greater number of congenitally absent MS’s: two 

thirds of males sampled had between two and four MS’s missing (Heilman 

19S6). Garn and Lewis (1970) found that hypodontia was more closely 

associated with crown-size reduction in females than males. In their study of 

Blacks and Whites, Merz et al. (1991) concluded that at least some level of 

sexual dimorphism (mesiodistal diameters) was completely unrelated to race. 

Garn and colleagues (1966, 1967, 1968a [Garn, Lewis & Kerewsky], and 1967 

[Garn, Lewis, Swindler & Kerewsky]) found evidence of genetic control of the 

magnitude of sexual dimorphism among families.

Patterns of deciduous tooth mineralization are generally similar between 

the sexes. If anything, Fanning’s (1961) results suggested these teeth may 

develop slightly earlier in girls, while Moorrees, Fanning and Hunt’s 

observations tended towards slightly advanced deciduous tooth growth in boys 

(196Sb). Leighton (1968) found deciduous tooth emergence tended to be 

slightly earlier in boys than in girls. In none of Leighton’s study cases did the 

reverse occur, and Leighton emphasised that no cases of advanced deciduous 

emergence in girls had been documented in previous work (Sandler 1944, and 

Robinow et al. 1942). However, only sexual differences in emergence ages 

associated with the upper deciduous canines proved statistically significant 

(Leighton 1968). Fanning (1961) found significant sex differences in deciduous 

tooth root resorption that increased with age; ages at which the lower central 

incisor, and the canine and second molars were shed were the least and the 

most sexually dimorphic, respectively. Eveleth and Tanner (1990) considered 

the persistent debates of whether and to what extent sexual differences were
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manifest in the deciduous dentition. These workers tended towards the results 

found by Tanguay et al. (1984, 1986) that, at least by one postnatal year, there 

was no difference in deciduous tooth growth between boys and girls of 

equivalent body size.

While the deciduous teeth of males might typically emerge earlier than 

those of females, quite the reverse tends to be true of permanent tooth 

emergence. Both mineralization and emergence are generally advanced in 

females compared to males (Gleiser & Hunt 1955, Dahlberg & Menegaz-Bock 

1958, Hotz et al. 1959, Nolla 1960, Demirjian & Levesque 1980, Thompson et 

al. 1975, and others). Thompson et al. (1975) observed sex-specific 

developmental patterns in crown mineralization and root formation in White 

preadolescent Canadians. Their study demonstrated that, with the exception of 

M3, permanent tooth development was delayed in males compared to females, 

with a maximum age delay of twenty percent in canine mineralization, followed 

successively by P3, 12, II and P4 (Thompson et al. 1975). In males, root 

formation was delayed in all teeth except M3; equivalent stages of root 

formation for this tooth were observed in females who were twenty-one percent 

older than the males sampled (Thompson et al. 1975). Nigerian females both 

initiated and completed third molar emergence about two years before males 

(Odusanya & Abayomi 1991). Debrot’s (1972) study of Black and White girls 

and boys demonstrated a maximum difference of 0.9 years for upper P4 

emergence age, and the slightest difference, 0 .1  year, in emergence age for the 

permanent canine between the sexes. Black children also emerged their 

permanent teeth significantly earlier than did the White children (Debrot 1972).

Kieser (1990, Ch.6 ) suggested two explanations for sexual dimorphism in 

dental size. The first of these was that relative concentrations of hormones 

produced after the differentiation of male and female gonads influenced dental 

size. The second mechanism Kieser considered was the direct effect of genes 

on the sex chromosomes (originally discussed, for Kieser’s purposes, by 

Townsend and Alvesalo 1985). Certainly, some types of hormonal interference 

can affect the rate of tooth growth (Garn et al. 1965). Garn et al. (1965) 

confirmed that at least anabolic steroids, adrenally derived, “can and do spur 

tooth formation and movement". Although typical precocity in dental maturity is
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but about one eighth that of skeletal advancement, females exposed to 

adrenally derived androgenic hormones prior to birth exhibited a twenty-nine 

percent (versus a seven percent) absolute and relative advance in dental 

development (Garn etal. 1965).

Years earlier, when Gleiser and Hunt (1955) studied permanent 

mandibular first molar development, they found that mediobuccal cusp 

mineralization was precocious in girls but not in boys, and occurred within the 

first three weeks after birth. These authors also noted that in girls, the average 

developmental span of M l, including both crown and root formation, was ninety- 

six percent that of boys, and that at approximately equivalent stages of 

permanent tooth development, girls were typically ninety-five percent as old as 

boys were. Gleiser and Hunt concluded that, as female first molars were 

smaller that their male counterparts’ by equivalent amounts in their linear 

dimensions, absolute velocities of M l “elongation” were similar between both 

sexes. A little later, Nolla (1960) summarised that although girls both began 

and completed their permanent tooth development before boys, both sexes 

developed their adult teeth at the same rate. Females in a population of 

Sinhalese schoolchildren emerged their permanent canines approximately nine 

months before males (Nanayakkara et al. 1993). Perhaps this was the result of 

growing absolutely smaller canines that were functionally ready sooner, and so 

emerged sooner, than the larger male canines. Although Nanayakkara and 

colleagues (1993) found no sexual differences in emergence sequence, they 

noted that tooth emergence in girls was typically ahead of the boys' by almost 

four and a half months. Sexual differences in the number of permanent teeth 

present in the children’s mouths peaked at eleven years, perhaps the age by 

which most children were well into puberty (Nanayakkara et al. 1993). 

Ultimately, girls completed their permanent tooth emergence about half a year 

before the boys (Nanayakkara et al. 1993). Blankenstein and colleagues (1990) 

found that, with the exception of h. South African (Soweto) Black girls emerged 

their permanent incisors between two and four months before the boys, typically 

at six and seven years compared to seven and eight years, respectively. The 

emergence time of M l, typically at six and seven years, was not statistically 

different between the sexes (Blankenstein et al. 1990). In their survey of 

Ugandan children, Krumholt et al. (1971) also observed earlier tooth emergence
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in females, except for the first tooth, the permanent central incisor, which they 

noted emerged earlier in boys. This contrasted with White children, in whom 

“there is no doubt” that all the permanent teeth emerge first in the females 

(Krumholt et al. 1971). In addition, the permanent dentitions of the Ugandan 

Blacks sampled had fully emerged about one to one-and-a-half years before 

those of Whites (Krumholt at a/. 1971). For instance, while Ml emerged 

between a mean range of 5.1 to 5.4 years in the Ugandan children (Krumholt at 

si. 1971), the same molar emerged between a mean range of 5.9 to 6.4 years in 

Whites (Hurme 1948, 1949).

1.2.4 Odontometric variation among human populations

While tooth size may not have changed significantly within the recent 

human past, there have been significant secular trends in tooth dimension 

change (Kieser at a/. 1987). Ubiquitous secular trends such as the increase of 

average adult body height over generations (Kieser at a/. 1987) and the general 

acceleration of the onset of puberty (Helm 1969) suggest that secular trends in 

dental development are not unreasonable. However, the mechanism of, say, 

the rather global shift in stature was largely due to the acculturation of non- 

European peoples, and to subsequently improved living standards. This does 

not help explain changes in the teeth of these populations (Perzigian 1981, 

Wolpoff 1985, Garn at al. 1986, all cited by Kieser at ai. 1987). Indeed, studies 

of many of these peoples have shown that negative secular trends in tooth size, 

that is, trends in tooth reduction, subsequent to Westernisation are “most 

pervasive” and “best documented” (Kieser at al. 1987, 1990). Over three 

generations, study groups of South African Blacks exhibited buccolingual 

increases in the anterior (canine and incisor) teeth, and a general increase in 

mesiodistal dimensions, anterior to posterior along the dental arcade (Kieser at 

al. 1987). However, it must be iterated that although Kieser, Cameron and 

Groeneveld (1987) observed this trend of increasing tooth size, there was no 

significant statistical difference between the actual tooth sizes of the three 

temporally separate Black populations. At the time of this publication, Kieser 

and colleagues' (1987) noted that only one other worker, Scott (1979), had also 

observed such “a positive odontometric trend” among humans. Neither Scott
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(1979) nor Kieser et al. (1987) could definitively account for the causes behind 

this trend. Scott (1979) posited gene flow and inbreeding depression as two 

possible mechanisms, which Kieser at al. (1987) maintained as highly plausible, 

particularly gene flow. These workers rejected the idea that the alleviation of 

interproximal dental attrition by a refined diet had caused the apparent increase 

in tooth dimensions.

Some months earlier than the work of Kieser, Cameron and Groeneveld 

(1987), Kieser, Groeneveld and Preston had investigated dimensional changes 

in teeth within single populations. The Paraguayan Lengua Indians studied by 

these workers (Kieser at al. 1985c) exhibited changes in tooth size throughout 

individuals' lives. The teeth of these people tended to be larger in older 

individuals, although this trend was only significant for maxillary teeth. Kieser at 

al. (1985c) suggested several hypotheses to explain this trend, including 

environmental effects such as food processing. However, the authors 

considered two of the proposed hypotheses viable for this sample population 

(Kieser at al. 1985c). These were probable mutation effect (PME) and survivor 

effect. PME explained significant trends in dental dimension as products of 

selectional relaxation upon recessive alleles. The accumulation of these 

recessive alleles eventually produced a reduction in anatomical features upon 

which the alleles could exert a measure of control (Wright 1931, Brace 1962, 

1963, 1964, 1967, 1976, 1980, all cited by Kieser at al. 1985c). The PME 

hypothesis fails to explain why the same anatomical features do not experience 

size increase. Allometric association with survivor effect was due to sampling 

bias towards individuals who possessed certain traits for longevity that also 

correlated with dental development and growth (Kieser at al. 1985c). This 

hypothesis proposed that taller individuals typically enjoyed more robust health 

than many shorter individuals who suffered reduced growth as a result of 

enduring more frequent or acute environmental stresses. Taller individuals not 

only lived longer but also had absolutely larger teeth compared to shorter 

individuals, a greater proportion of whom died earlier. In a study of two 

American skeletal populations, Guagliardo (1982) conceded that smaller crown 

size observed in younger individuals compared to adults could be have due to a 

combination of reduced body size caused by malnutrition or disease and 

deleterious factors that directly interfered with healthy crown development.
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Sofaer (1973) designed another hypothesis, his model of compensatory 

tooth size interaction, to explain changes in tooth size as a way of fitting all the 

teeth properly into the jaw. Sofaer envisioned an inverse relationship between 

the early and late developing teeth of each tooth class. Several years prior to 

Sofaer's studies, Kurten (1967) acknowledged that, phyletically, teeth have in 

some instances “increased in size at the cost of the teeth next to them”. 

However, Kurten (1967) emphasised that teeth within the same mouth generally 

tended to correlate positively with one another, especially with their nearest 

neighbours and with those teeth with which they occluded. In their studies of 

Lengua Indians (Kieser et al. 1985d) and South African Whites (Kieser et ai. 

1986), Kieser, Groeneveld and Preston found evidence that supported a 

positive correlation between early and late developing teeth within the same 

class. They also found very little support for Sofaer's proposals of

compensatory tooth size interactions (Kieser et ai. 1985d, 1986). Other work 

done by Townsend and Brown (1980) on Australian Aborigines, and Cheverud

(1982) on rhesus macaques, also failed to support a hypothesis of 

compensatory tooth interaction. Rather, their work suggested that the teeth, 

under tight genetic control, would most probably respond to selective forces or 

pressures as a single unit, and not as distinct dental subclasses. Indeed, these 

workers proposed that no evolutionary interactions might have existed between 

the teeth and the jaws, and therefore, no integrated tooth-jaw reduction, either. 

Hence, why would there be an impetus for tooth germs to check and adjust their 

sizes to accommodate jaw size? Workers who studied both deciduous and 

permanent tooth sizes among Australian Aborigines and Australian twins found 

that while a large proportion of variability in tooth size derived from genetic 

factors (58% in the deciduous teeth, Townsend 1980; 64% and 52-92% in the 

permanent teeth, Townsend & Brown 1978 and Dempsey & Townsend 2001, 

respectively) a significant proportion was due to environmental effects (15% in 

the deciduous teeth, Townsend 1980; 6% and 8-29% in the permanent teeth, 

Townsend & Brown 1978 and Dempsey & Townsend 2001, respectively). In 

their study of permanent M l and M2 tooth size sequences in Australian 

Aborigines, Townsend and Brown (1983) underscored “that local environmental 

conditions acting during odontogenesis, together with differential responses to 

other environmental influences, play an important role in determining observed 

patterns of molar tooth size” (1983:69). Curiously, there are exceptional cases
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where certain teeth have compensated for each other, but only in cases of 

hypodontia (Kieser et al. 1986). Sofaer et ai. (1971b) documented the 

significant enlargement of maxillary central incisors in instances where adjacent 

lateral incisors were absent due to agenesis. Garn and Lewis (1970) and, a 

decade later, LeBot et ai. (1980) repeatedly observed cases of third molar 

agenesis where first permanent molars were bigger. Such unusual 

developmental interactions had become increasingly challenging to explain in 

light of evidence suggesting that the same teeth, the permanent central incisors 

and first molars, as well as the canines, tended to be the least variable 

(Dahlberg 1945, Kieser & Groeneveld 1988a).

Patterns of dental metric variability were similar among both sexes of the 

South African Blacks studied by Kieser and Groeneveld (1988a), and were 

shared by Native Americans and Whites. Metric variability was decidedly 

unrelated to occlusal complexity; for example, Kieser and Groeneveld (1988a) 

found the premolars significantly more variable in size than the canines. 

Rather, the authors proposed that the length of the developmental period was 

the principal source of significant metric variability. Kieser and Groeneveld's 

(1988a) results supported Pengilly’s (1984) slightly earlier suggestion that the 

high variability of the postcanine dentition was a product of development, 

specifically developmental duration, rather than of functional constraints. Kieser 

and Groeneveld (1988a) concluded “environmental factors acting independently 

on the four morphogenic tooth classes during...precalcification...probably 

accounts for the observed patterns of metric variability in the human dentition” 

1988a: 108). This line of reasoning returns to the idea that the teeth develop, 

and hence, perhaps evolve, as distinct subclasses or units.

Lavelle (1972) confirmed the greater prevalence of dental irregularity and 

malocclusion in industrialised. Western peoples than in non-Westernised 

populations. Blacks typically had the largest mesiodistal crown diameters, with 

Mongoloid crown diameters intermediate, and Whites' the smallest (Lavelle 

1972, Merz et ai. 1991). Odontometrically, Blacks and Native Americans 

(Lengua Indians) differed less significantly from each other than either did from 

Whites (Kieser & Groeneveld 1992). However, the Native Americans were 

dentally intermediate to the Blacks and Whites that Kieser and Groeneveld
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(1992) studied, and shared some dental characteristics with both of these 

groups. Lavelle (1972) also found a greater degree of size conformity between 

mandibular and maxillary teeth in Blacks, then Mongoloids, and, least of all, in 

Whites. Merz and colleagues (1991) noted that, despite having significantly 

larger canines, premolars, and first molars, their Black sample population had 

relatively less dental crowding than the smaller-toothed Whites they studied. 

Lavelle found lower incidences of malocclusion in non-industrialised 

communities, regardless of whether they possessed absolutely larger teeth. 

For whatever reason, Merz et al. (1991) observed that their Black sample 

generally had significantly wider and deeper maxillae, and almost significantly 

wider and deeper mandibles, than did the Whites they examined.

Teeth vary not only metrically but also morphologically among peoples. 

In Dahlberg’s (1945) study of dental variation and change throughout human 

populations, he cited China as the foci of incidences of shovel-shaped incisors, 

away from which frequencies of this trait gradually diminished. The lowest 

frequency at which this trait was found was in White males (Dalhberg 1945). 

Those peoples who had been least or not influenced by industrialised. Western 

civilisation tended to have the largest teeth, fewest malocclusions, and highest 

frequencies of the inherited and diagnostic Y5 molar pattern on each and every 

lower molar tooth (Dahlberg 1945). The “absence and degeneration” of the 

anterior teeth was also less common among native peoples such as Australian 

Aborigines, Bantu, and Melanesians (Dahlberg 1945).

Secular change is a very different issue from phyletic change, and the 

former is by no means a sure indication of the latter. However, the exciting 

thought that secular change is a sign or manifestation of evolutionary processes 

is very appealing. Changes in tooth size and shape may reflect adaptive 

advantages that enhanced a population’s ability to cope with or manage its 

environment. But, often, it seems more likely that these dental shifts were not 

born of natural selection, but originated and prevailed because of the subtle but 

persistent and directional shuffling of genes over a shorter period of time 

(Kieser 1990, Gh.5). Kieser weighed four general theories aimed at best 

explaining odontometric trends. The first of these was active selection. This 

proposed that improved food processing techniques afforded energy
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conservation opportunities via tooth size diminution. Also, jaw size reduction, 

perhaps indirectly effected by correlated changing characters, might have in 

turn restricted dental size: Kieser cited y’Edynak’s (1978) conclusion that dental 

crowding and subsequent increases in tooth caries resulting from toothijaw 

maladjustment in a Mesolithic Inuit population was a strong selective impetus 

for reductions in tooth size. However, Kieser (1990) underscored that the 

extent to which dietary quality significantly affects tooth size remained 

undetermined. Secondly, reduced selection was rather the opposite of active 

selection (Kieser 1990, Ch.5). This theory, probable mutation effect (PME), 

proposed that relaxed selective pressures allowed the accumulation of random 

mutations in the dentition. This accumulation then induced shifts in tooth size 

(Brace 1967, in Kieser 1990, Ch.5). However, Kieser recalled Holloway's 

(1966) important point that attributing phenotypic shifts to collections of random 

mutations presupposed that only ‘good’ mutations occurred, and accumulated. 

Y’Edynak (1978) dismissed PME because of the decreasing morphological 

variability she observed in Inuit teeth, which was opposite to the increase in 

dental morphological variability concordant with PME predictions. Williams 

(1978, cited by Kieser 1990, Ch.5) considered the time span too brief and the 

effect of neutral alleles too small to have changed, or in this case, reduced, 

hominin teeth during and since the Pleistocene. Thirdly, it may be that more 

than one mechanism is responsible for dental change. LeBlanc and Black’s 

work (1974, in Kieser 1990, Ch.5) cast reasonable doubt upon whether the 

maxillary and mandibular teeth were in fact regulated by the same controls. 

Leutenegger (1972, cited by Kieser 1990, Ch.5) iterated that odontometric 

change could be effected by altering the occlusal surface area in either overall 

tooth dimension or only in cusp size. The fourth possibility was that 

odontometric change bore no adaptive purpose (Lewontin, in Kieser 1990, 

Ch.5). Shifts in tooth size may have resulted from the interactions of random 

factors. However, this failed to account for odontometric trends in modern 

human populations that have not experienced sufficiently high levels of 

breeding isolation (Kieser 1990, Ch.5). Alternatively, interconnected alleles 

may have all changed by virtue of their association with a single allele that 

directly experienced selection. Or a single gene might have had multiple 

developmental effects so that selection on one effect might result in unselected
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or perhaps even counter selective changes in other effects (Lewontin 1986, 

cited by Kieser 1990, Ch.5).

1.2.5 Relationships between molar agenesis and other
developmental abnormalities of the permanent dentition

As tooth dimension and tooth size vary between ethnic groups, so do 

incidences of developmental abnormalities of the teeth. While the congenital 

absence of the first and second molar teeth is “extremely rare”, particularly for 

M l, the failure of the third molar to form is comparatively common (Dahlberg 

1945, and Garn et al. 1963). However, even third molar agenesis varies in 

frequency across human populations. Congenital third molar absence has been 

documented as high as forty-nine and fifty percent in Hungarians (Heilman 

1940, cited by Dahlberg 1945) and some Asiatic peoples (Garn & Lewis 1970), 

respectively, and as low as 2.6 percent in West African Blacks (Dahlberg 1945) 

or as non-existent (zero percent) in some other African groups (Garn & Lewis 

1970). Dahlberg (1945) lists Chinese, Inuit, Buriats, Hawaiians, Native 

Americans, Australian Aboriginals, American Blacks, Melanesians, Ancient 

Egyptians, and the aforementioned West African Blacks in order of decreasing 

frequency of third molar agenesis. Garn et ai. (1963) estimated that there was 

an overall range of seven to twenty-six percent third molar agenesis frequency 

among human populations. In addition to the third molars, anomalous 

pathological changes most often appear in the lateral incisors and fourth 

premolars; they occur least frequently in the central incisors, canines, third 

premolars, and first molars (Dahlberg 1945, Garn & Lewis 1970). Again, rather 

than attributing these developmental frequencies to different environmental and 

geographic factors, Dahlberg (1945) reasoned that gene frequencies and 

“hereditary mechanisms” were responsible for the inter-population differences.

The exceptionally illuminating study of Garn and Lewis (1970) on 

hypodontia revealed much about the developmental interrelations of tooth 

agenesis with many different aspects of both dental and physical growth. Not 

only was hypodontia associated with a reduction in crown size, as Butler (1939) 

had proposed decades earlier, but the extent of tooth reduction was greater in
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0-
instances of multiple tooth, rather t h ^  only third molar, agenesis. For some 

reason, this relationship was more amplified in females as compared to males 

(Garn et al. 1963, Garn & Lewis 1970). In addition to reductions in crown size, 

third molar agenesis was also associated with reductions in molar cusp number 

and crown-size profile pattern (Garn & Lewis 1970). Additionally, not all of the 

teeth seemed equally affected by this condition. In cases of hypodontia, Garn 

and Lewis (1970) found gradients of tooth size reduction from anterior (most) to 

posterior (least) teeth. As mentioned earlier, third molar agenesis also 

correlated with a smaller body size and a deceleration of prenatal growth rates 

(Garn & Lewis 1970). The most extreme developmental anomaly associated 

with third molar agenesis was the marked increase of absent teeth in other 

morphological classes (Garn etal. 1963).

In an earlier study, Garn, Lewis, and Vicinus (1963) found that third 

molar agenesis was clearly associated with delayed mineralization of the 

posterior teeth in the affected children they sampled. Interestingly, they also 

observed this delay in these children's unaffected siblings (Garn et al. 1963). 

Garn et a/.’s (1963) findings led them to suggest that “agenesis of one or more 

teeth could be considered as the extreme degree of expression of a gene or 

genes responsible for delayed calcification and formation” (1963:1353). This 

builds from Witkop’s (1961, as cited by Garn et al. 1963) earlier proposal that 

both fallible genes and imperfect developmental timing were responsible for 

dental agenesis.

Another interesting correlation that has implications for understanding 

developmental variation among humans is the direct relationship between 

P4M2/M2P4 sequence polymorphisms (Garn et al. 1963). The former 

sequence was most common in cases of third molar agenesis, and, hence, its 

frequency may parallel the incidence of congenital third molar absence: the two 

may share a genetic interrelation (Garn et al. 1963). Garn and Lewis (1970) 

insightfully concluded

“It is now more than evident that reduction in tooth number (hypodontia) 
is associated with a wide variety of alterations in the size, morphology, and 
developmental timing of the remaining teeth and with alterations in the rates of 
extra-oral development and the size of the body in the prenatal period.” (1970: 
55)
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And that

“tooth number reduction again proves to be no simple and isolated 
anomaly but rather the key to altered patterned relationships within the 
dentition” (1970:56).

1.2.6 Associations of dental development with other kinds of
physiological growth

At least as early as birth, dental development appears to correlate 

significantly with body weight (Demirjian 1978). Compared with babies carried 

to term, infants born prematurely, defined here as having birth weights no 

greater than 5.5 pounds, were degenerate in the quality of both their deciduous 

and permanent teeth (Houston & Aitchison 1961). Albeit tracking a small 

sample of just under sixty individuals, Houston and Aitchison (1961) found that 

premature children had markedly higher rates of deciduous tooth decay, and 

higher incidences of permanent tooth malocclusion, despite attaining, by the 

age of six, body weights indistinguishable from those of children born at term. 

Garn and Lewis (1970) found associations between third molar agenesis and 

increased incidence of prematurity and reduced body size. Other workers have 

also observed a correlation between child body weight and dental development, 

but one manifested, perhaps unexpectedly, in the accelerated rate of dental 

emergence in smaller, rather than weightier, babies (McGregor et al. 1968, 

Falkner 1957, Robinow 1973, Billewicz etal. 1973, all cited by Demirjian 1978). 

Conversely, Eveleth and Tanner (1990) cited studies that showed that infants 

who weighed more typically had one tooth more in their mouths than rather 

lighter infants of the same age (Rantakallio & Makinen 1983, 1984). Living 

standards and socio-economic class had no effects on deciduous tooth 

development; neither did sexual differences (Eveleth & Tanner 1990). 

Demirjian (1978), too, maintained that there was a close relationship between 

infant weight and tooth emergence, but for what he felt was insufficient support, 

was reluctant to attribute this to gestational duration. Anderson and colleagues 

(1977) noted a significant correlation between mesiodistal lateral incisor and 

canine tooth widths and body weight, but only in males. In addition to infant 

weight, both maternal body weight and maternal age also have small but
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apparently significant and direct influences upon postnatal dental development 

(Bailit & Sung 1968). Subtler in humans, these effects, such as tooth agenesis 

and tooth size-reduction, appeared to be amplified in laboratory mice observed 

by Gruneberg (1951), Searle (1954a & b), Badar (1965) and others (as cited by 

Bailit & Sung 1968). Bailit and Sung (1968) continued that maternal diet and 

hybrid vigour also affected offsprings’ tooth quality and quantity. Gene 

recombination via population interbreeding has similarly, although not 

singularly, affected human populations in terms of notably increasing 

frequencies of dental hypoplasia, hypodontia and malocclusion, among other 

dental developmental processes (Heilman 1936, Dahlberg 1945, Garn & Lewis 

1970, Lavelle 1972).

While body weight and dental development clearly appear to be related, 

body height (stature) and tooth development seem to correlate rather poorly 

(Kieser et al. 1987, and Garn at al. 1986, Perzigian 1981 and Wolpoff 1985 

cited in Kieser at al. 1987). Garn and colleagues (1968b) observed a significant 

increase in mesiodistal crown diameters over two successive generations, but 

they found no evidence of stature increase in these two sample groups (sample 

population not identified by Garn at al. 1968b). Kieser and fellow workers 

(1987) found a “negative or neutral secular trend” in their sample population of 

South African Blacks. Anderson at al. (1975) found a significant correlation 

between body weight and mineralization of the permanent teeth particularly the 

first molars in males, and Anderson at al. (1977) found a significant relationship 

between mesiodistal widths of canines and second incisors and body weight for 

males. However, neither study found any such correlation between the same 

tooth dimensions and stature for either sex (Anderson at al. 1975, 1977). Garn 

and Lewis (1958), Garn at al. (1968b), and Filipson and Goldson (1963) also 

found zero correlation between tooth dimension and stature. However, Garn at 

al. (1968a) noted that, while tooth size:body size correlations were low, “body 

length and crown size do show some dimensional communality”, which they 

interpreted as suggestive of a level of common genetic control. Henderson and 

Corruccini (1976) found a low, yet somewhat inconsistent, relationship between 

tooth size and only certain measurements of body size, such as sternum height. 

In their study, sternum height always correlated positively with tooth size in 

males, but in their sample of forty-one females this relationship was negative
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(Henderson & Corruccini 1976). Although tooth size and body height may be 

weakly or not at all correlated, in Heilman’s (1936) study of third molar 

development he observed that the M3-impacted and M3-agenesis sample 

groups both weighed less and were shorter than his M3-emerged sample 

group. Unfortunately, Heilman (1936) did not pursue the genetic implications of 

his findings. Rather, he attributed increasing frequencies of third molar 

agenesis to increased orthognathism in the human face (Heilman 1936). 

Talmers (1952) concluded that a significant relationship existed between time of 

M2 emergence and body height and weight development. However, the 

strength of his results is questionable. While rates of tooth emergence and 

physiological growth may have been similar, this did not necessarily furnish 

evidence of a strong correlation between the two systems.

The measurements of age with which tooth development appears to 

firmly correlate are provocative of the processes that underpin physiological 

growth. Both Hotz (1959) and Green (1961) found a high correlation between 

dental age and chronological age (the age of an individual since birth, in years), 

but not between dental and skeletal ages. As dental and skeletal systems each 

have different embryological origins, Demirjian (1978) reasoned that both 

systems might naturally have different genetic controls, and therefore, unrelated 

developments. Garn and Lewis (1960) agreed that dental development rather 

than skeletal maturity was a better gauge of biological development, and 

confidently suggested that tooth development could be a reliable tool with which 

to accurately determine chronological age when unknown. Yet, contrary to Hotz 

(1959), Green (1961) and Garn and Lewis (1960), Brauer and Bahador (1942, 

as cited by Demirjian 1978) found that tooth calcification and emergence ages 

do not necessarily correspond to chronological age. Dental development in 

children may often be delayed or advanced relative to the norm for a given 

(chronological) age group. Nolla (1960) aptly illustrated the discrepancies 

between chronological and physiological ages, and their relationships to dental 

development. She thus emphasised the importance of carefully considering a 

child’s dental age at least as much as his chronological age when making 

clinical diagnoses, and before proceeding with orthodontic treatments (Nolla 

1960). Dental age, one of the least variable measurements of growth (Olson & 

Hughes 1943), may be the best gauge of a child’s physiological development

68



(Nolla 1960, Fanning 1961). This may be explained by the tight genetic control 

under which postnatal tooth development appears to be (Hatton 1955, and Garn 

et al. 1960). Bailit and Sung (1968) gave credence to this, noting that those 

environmental factors that significantly effected dental development tended to 

be prenatal, rather than postnatal.

In their exploration of endocrine activity and dental development, Garn et 

ai. (1965) demonstrated a clearly positive relationship between sexual, somatic, 

and dental maturity. In other words, children most advanced somatically or 

sexually were generally most advanced dentally, and vice versa. Interestingly, 

although dental development consistently correlated directly with skeletal 

growth regardless of a child’s growth rate, degrees of advanced or retarded 

tooth growth did not equate with that of the skeleton. Rather, in cases of 

delayed development (hypothyroidism, celiac disease, anaemia, and others), 

dental delay was approximately one third that of skeletal delay (Garn et ai. 

1965). In cases of hypopituitarism, the delay in tooth growth averaged about 

half that of osseous growth, ranging between twenty-five and fifty percent of 

skeletal delay (Garn et ai. 1965). The strongest example of the intractability of 

tooth development from its normal schedule was in children who were sexually 

precocious. In these individuals, dental advancement was but “a fraction” 

(about one eighth) of skeletal advancement (Garn et ai. 1965). Garn and 

colleagues (1965) surmised that different stages of tooth formation and 

development (crown mineralization; root elongation) may be differentially 

dependent, or independent, of particular trophic hormones. Indeed, there is 

strong evidence that hormones derived from the pituitary, parathyroid, thyroid 

glands are critical to proper ondontogenesis (Bigeard & Sommermater 1991, 

Acevedo et ai. 1996). Recent work on dwarf rats suggested that levels of 

circulating growth hormone (GH) have some positive effect upon rates of 

enamel mineralization (Symons & Seymour 2000). Indeed, earlier studies of 

the local action of GH in rats demonstrated strong evidence that 

immunoreactive GH was expressed in embryonic tooth cells during 

histodifferentiation, morphodifferentiation and dentinogenesis (Zhang et ai. 

1992,1997). However, recent studies of the effects of GH administered to short 

children and children with Turner’s syndrome have found no effects upon rate of 

dental maturation (Van Erum et ai. 1998, Hass et al. 2001). Nonetheless, while
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dental development and the development of some physiological systems seem 

undeniably connected, there remains some degree of dental development that 

is unlikely to be reversed by osteotrophic or somatotrophic hormonal failure 

(Garn etal. 1965).

1.2.7 Mandibular growth and its effects on molar tooth development

In her 1987 paper, Richardson asked whether the human mandible 

effected compensatory change explicitly to accommodate third molar 

emergence, and if it did, then how? Evidence had been put forth that a lack of 

adequate space in the jaw was the primary agent of third molar impaction (Bjork 

et ai. 1956, Begg 1965, Faubion 1968 and Ricketts 1972, all cited by 

Richardson 1977). About a decade before Richardson's (1987) study, Tonge 

(1976) asserted that, at least in utero, tooth germs held developmental priority 

over the jaw “when competing for space during rapid growth”. Tonge (1976) 

also maintained that crowding of the tooth germs was normal for the few weeks 

required for the maxillary and mandibular dental arches to grow in size and 

develop in shape. If impaction truly is “a manifestation of a tooth/tissue 

disharmony or crowding” (Richardson 1977), then how should normal orofacial 

growth proceed? Brash identified the resorption of the anterior border of the 

ascending ramus prior to third molar emergence (Brash 1924), and the 

backward sloping of the ramus relative to the alveolar border (Brash 1934). In 

the same year both Brash (1953) and Scott (1953) observed mesial migration of 

the adult teeth accompanying molar emergence. Soon after, Bjork et ai. (1956) 

suggested that increases in mandibular length and depth, along with sagittally 

oriented dental emergence, generated space for developing molar teeth. 

Richardson (1977) later published work confirming that both overall mandibular 

length and mandibular corpus length were shorter in M3-impacted individuals 

than in people with emerged third molars. This, Richardson (1977) posited, 

might be due to a reduced amount of mandibular growth in the group suffering 

tooth impaction, which was not unreasonable considering that developmental 

abnormalities of the third molar had already been strongly associated with 

reduced physical growth (Heilman 1936, Garn & Lewis 1970). Mandibular width 

was indistinguishable between individuals with and without properly emerged
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third molar teeth (Richardson 1977). Kieser and Groeneveld’s (1988) study of 

tooth and jaw allometry may help account for this as, they discovered, the 

longer the total mandibular length, the narrower the mandible will be.

Richardson (1977) also found significantly greater distances between the 

second and third molars of impacted individuals, as well as third molars that 

tended to be slightly larger, yet at slightly earlier developmental stages, than the 

same teeth of the M3-emerged sample. What emerged from this study 

(Richardson 1977) and Richardson’s later works (1985, 1987) was the effect 

that the initial angulation of third molar crown to the mandibular plane had upon 

third molar emergence. Very steep M3 angulation was usually associated with 

space shortages in the molar region (Richardson 1985). Third molar angulation 

was also directly associated with greater initial space between M2 and M3 early 

in development. Quite counter-intuitively, this early spacing, which closed soon 

after its initial appearance (Richardson 1970, cited by Richardson 1977), tended 

to reflect a likelihood of increased rather than reduced molar crowding 

(Richardson 1977).

Lower third molar crypts start high in the gonial angle of the mandible, 

often at acute angles to the mandibular corpus (Banks 1934). Many third 

molars maintain this angle throughout their mineralization, and may be trapped 

in this unfavourable position for eruption (Banks 1934). Third molars that 

initially develop at an optimal orientation may have their emergence disrupted 

by a lack of mandibular development (Banks 1934). Banks (1934) suggested 

that, in humans, the third molar crypt can appear over a nine-year range, from 

ages five to fourteen; about a year after crypt completion, the M3 cusps are 

completely mineralized. If Banks (1934) was correct, what, then, does this say 

about the timing of M3 initiation with respect to space available within the jaw? 

Surely a nine-year old child has a mandible that is both absolutely and relatively 

smaller than one belonging to a child five years her senior. This would suggest 

that, during its early development, the volume occupied by a young developing 

third molar is negligible within the jawbone.

Using radiographs of both males and females to measure changes in 

mandibular molar space, Richardson (1987) found three major mechanisms by
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which sufficient space was made for the developing and emerging molar teeth. 

A significant positive correlation between total molar space increase and 

positional change, in this case, forward migration, of the first permanent molar 

suggested that the forward movement of the dentition was a very important 

factor in the creation of space for the molars (Richardson 1987). However, the 

two largest increases in molar space derived from the overall large increase in 

mandibular length, and from the forward, versus backward, direction of eruption 

of the molars (Richardson 1987). A significant negative correlation between 

posterior increases in molar space and a forward shift of first molar position 

suggested two mechanisms of developmental change. These were bone 

resorption at the back of the arch, and the forward movement of the teeth 

(Richardson 1987).

Forsberg and colleagues (1989) also analysed available space in the 

mandible relative to third molar emergence, using cephalograms of both men 

and women. They found that the distance between a point at the centre of the 

ramus (Xi) to the distal aspect of the second molar (M2) was significantly 

smaller in the group of men and women who had required third molar 

extractions (Group 2) than in the group for whom wisdom teeth had emerged 

into proper occlusion (Group 1) (Forsberg et al. 1989). The same respective 

results held for both groups when the distance between the intersection of the 

distal aspect of the second molar (M2) and the intersection of the anterior 

contour of the ramus and the functional occlusal plane (ra) was measured 

(Forsberg et al. 1989). Although an (Xi-M2) smaller than twenty-five millimetres 

was not absolutely prohibitive of third molar emergence, and despite four cases 

in Group 2 where (Xi-M2) exceeded twenty-five millimetres, an (Xi-M2) in 

excess of 25mm tended to predict whether the third molars would have 

sufficient room in which to emerge (Forsberg et al. 1989). What is perplexing 

about the results of Forsberg and colleagues (1989) is not the significant 

difference in total mandible length between Group 1 and Group 2 males, but the 

absence of any such significant difference between the females of the two 

groups. Indeed, these workers also suggested that the mandibular 

development of all the women sampled was likely indistinguishable. As sexual 

dimorphism in (Xi-M2) was confirmed, Forsberg et al. (1989) looked to sex 

differences in tooth size (i.e. smaller teeth in females) to account for how Group
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1 females’ third molars could emerge into significantly smaller space (XI-M2). 

However, Kieser and Groeneveld (1988b) clarified that females actually 

possessed postcanine teeth that were larger for their body size than did males 

(citing Albrecht 1978, Kay 1978, and Cochard 1985), and were not simply 

scaled down versions of males maxillofacially. Heilman (1936) cited studies 

(Heilman 1932, Idem 1933, 1935) where the mandibles and maxillae of some of 

the women sampled had entirely finished growing at the time when the third 

molars were but starting to erupt.

Hattab and Alhaija’s (1999) findings supported Forsberg et a/.’s (1989) 

conclusion that a threshold of retromolar space of about twenty-five millimetres 

existed, below which the third molar was unlikely to, or would not, emerge. 

Inadequate dental arch size and space for molar emergence were what Hattab 

and Alhaija (1999) emphasised were the causes of third molar mal-eruption and 

impaction. However, these workers did not observe any relationships between 

size of gonial angle and either emergence or impaction (Hattab & Alhaija 1999). 

Indeed, there are conflicting results of whether this angle is greater or lesser in 

individuals whose third molars had failed to emerge into proper occlusion 

(Richardson 1977, Gauss at al. 1993, Hattab & Alhaija 1999). Essentially, 

seventeen percent of third molars that had requisite space in which to emerge 

failed to do so (Hattab & Alhaija 1999). Hattab and Alhaija (1999) conceded 

that the average space/crown width ratio of the M3-emerged group was 1.1 

compared to the 0.8 ratio of the M3-impacted group.

The pattern of osseous change around erupting teeth appears to 

continue without any apparent relation to tooth development (Manson 1967). 

Fully formed teeth may be carried occlusal-ward by the vertical growth of the 

jaw until growth ceases (Manson 1967). However, Manson (1967) did not 

consider the upward (occlusal-ward) growth of the jawbone a likely aid of tooth 

eruption. What must change if a tooth germ is to form properly is the size of the 

tooth crypt as it accommodates the enlarging tooth crown. The resorption of the 

crypt walls is essential to the development of normal tooth form (Gruneberg 

1937, Diamond 1944, Butler 1956, Manson 1967). To some extent, space for 

the developing germ is created by the active resorption or deepening of the 

corpus (Radlanski 1995). Radlanski (1995) proposed that “the formation of
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tooth buds is a consequence of the mutual spatial impediment” of the dental 

lamina, Meckel’s cartilage, and bone. While crypts of developing teeth change 

in size, they also migrate forward, laterally, or backward through the jawbone to 

maintain stable relationships between the developing teeth and the growing 

corpus at all times during their development (Manson 1967).

There is a growing body of evidence suggesting that spatial relationships 

between developing tooth germs and alveolar osteocytes are, at least locally, 

under molecular regulation (Philbrick et al. 1996, 1998, Liu et ai. 1998, 2000, 

Nakchbandi et al. 2000, Wysolmerski et al. 2001, Kitahara et al. 2002, and 

others). Parathyroid hormone-related protein (PTHrP) is a gene that is 

demonstrably involved in epithelial-mesenchymal cell interactions throughout 

dental development (Kitahara et al. 2002). In the absence of the expression of 

PTHrP, two different abnormalities in bone deposition and resorption around the 

enlarging tooth germ may cause abnormal germ development (Kitahara et al. 

2002). The first of these is the unchecked, excessive growth of alveolar bone 

against the germ (type I). The second is the impairment of osteoclasts to 

appropriately resorb alveolar bone in response to the expanding germ (type II). 

Work by Liu et al. (1998, 2000) and Philbrick et al. (1998) supports the latter 

scenario. However, very recent work by Kitahara and colleagues (2002) 

“strongly” supports type I germ destruction, and has underscored the critical role 

that PTHrP appears to play in normal cell-to-cell signalling between alveolar 

osteocytes. In addition to these osteogenic abnormalities, Kitahara et al. (2002) 

also found that “the spatiotemporal disarrangement of osteoblasts and 

osteoclasts” resulted in germ destruction via the direct deposition of bone upon 

the enamel organ. Whatever the cause of abnormal osteocyte activity, bone 

spicules invade or distress the germ wall such that tooth morphology becomes 

distorted and subsequently malformed (Kitahara et al 2002). In extreme cases, 

alveolar bone malformation may destroy the tooth germ by irreversibly 

obliterating its morphology (Kitahara et al. 2002). However, evidence has 

suggested that osteological incursions upon developing germs fail to affect 

histodifferentiation, and that amelogenesis and dentinogenesis proceed as 

normal (Kitahara et al. 2002). The above studies suggest that alveolar bone 

normally responds to and accommodates the spatial changes that accompany
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progressive stages of odontogenesis rather than exerting a physical influence to 

which tooth germ development yields or conforms.

1.2.8 Are third molar agenesis and space correlated?

Third molar agenesis and third molar impaction are two abnormalities 

that probably have distinct causes. Tooth agenesis must be determined very 

early in embryonic development; otherwise at least some residual or 

compromised tooth germ would be present in the jaw. Therefore, the cause of 

M3 agenesis must also be independent of mandibular proportion and space 

availability within the alveolar bone. Conversely, MS tooth impaction has been 

demonstrated to be a product of poor spatial relationships between the 

developing molar and the growing mandible influenced by molar angulation, 

mandibular dimension, and particularly, bone resorption at the back of the arch 

and the mesial migration of the teeth. However, what regulates these 

conditions and processes remains unknown, as does whether they share 

common underlying mechanisms. At least locally, there is evidence that 

molecular regulation of developing osteological tissues maintains proper spatial 

relationships between growing germs and alveolar osteocytes. That a molar 

germ does not even begin to form in cases of molar tooth agenesis suggests 

that the cause is not directly associated with the development of the alveolar 

bone, but with some regulating factor that supports or orchestrates embryonic 

tooth formation. It is important to understand the regulatory effects genes have 

upon dental development for several reasons, not least of which is to distinguish 

the morphogenic influences of genes from the mechanical effects that 

surrounding tissues such as alveolar bone may have upon the developing teeth.

There are significant examples where space in the mandible has 

exceeded the critical minimum statistically correlated with proper M3 

development and emergence but third molar impaction has occurred 

nonetheless (Forsberg et al. 1989, Hattab & Alhaijia 1999). In such cases 

perhaps critical genes fail to be expressed or, equally possible, suppressed in 

the appropriate oro-dental tissues? The possible impact of this was certainly
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highlighted by the study of mice homozygous for PTHrP-gene knockout 

(Kitahara et al. 2002).

Perhaps abnormal gene signalling, gene expression, or some other or 

additional factors other than available space contribute to the failure of the third 

molar germ to develop or to develop properly. Garn & Lewis (1970) highlighted 

that third molar agenesis was associated with other developmental 

abnormalities such as reductions in tooth size within the same dentition. 

Perhaps some correlation exists between mandibular length and third molar 

development wherein a possible symptom, but not cause, of M3 impaction is a 

reduction of mandibular elongation. If several factors are at the source MS 

impaction as they may be with MS agenesis, perhaps variable expressions of 

different pathological symptoms are associated with same developmental 

abnormality.

It would appear that while relative and absolute length of the mandible is 

strongly correlated with the probability of MS impaction, mandibular space has 

no direct effect upon MS germination, mineralization, eruption, and emergence 

into proper occlusion. Rather, it would seem that the fine relationship between 

the developing molar crypts and germs and the growing jawbone is regulated at 

a molecular level. It is here that spatial incongruity begins, and it is at the gross 

morphological level that departures from developmental normality become 

visibly manifest.

1.3 Dental development among Fossil Hominins

1.3.1 Introduction

Early in the last century, most workers held that while australopithecines 

were primitive compared to modern humans they possessed several derived 

morphological, cultural and developmental traits such as bipedality, 

technological capability, and a human pattern of somatic maturity. A large body 

of the fossil evidence upon which these arguments were based consisted of
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cranio-dental remains. Fossil jaws and teeth were the most abundant and, in 

some instances, the only materials available for study. Data collection by early 

palaeoanthropologists was surely frustrated by the paucity of non-invasive 

techniques that did not unacceptably risk specimen integrity; most information 

was taken from studies of fossil surface anatomy and morphology. Through his 

intensive studies of Australopithecus jaws and teeth, Raymond Dart (1948) 

correctly recognised australopithecine jaw and tooth reduction as trends that 

persist in modern peoples. However, his colourful arguments that smaller, less 

prognathic jaws inhibited mastication and narrowed gape, thus promoting 

manual dexterity among other modern human traits, were seriously flawed (Dart 

1948). Australopithecine dental morphologies were not modern.

Those who first studied fossil hominin tooth development argued that 

significant similarities in permanent tooth emergence sequences existed 

between fossil hominins and modern humans (Broom & Robinson 1951). 

Broom and Robinson (1951) concluded that emergence sequences were very 

similar between Homo sapiens and Paranthropus crassidens, the only 

significant difference being the emergence of the second molar before the 

fourth premolar in the fossil taxon. They defined the Paranthropus emergence 

sequence as h, Mi, I2, (C, P3), M2, P4, M3. In humans, the central incisor and 

first molar teeth erupt at very similar times. In great apes, the former tooth 

erupts significantly later than the latter. However, human permanent canines 

typically emerge after the second molars, not before.

For many years, tooth emergence studies were the most accessible 

means of studying fossil hominin dental development. While advances in 

radiography greatly enriched databases of human tooth growth, the 

homogeneous densities of some fossilised jaws and teeth inhibited the 

collection of meaningful radiographic data from hominin remains (Mann 1968). 

Indeed, radiography still fails to capture information even from the freshest 

dental specimens and is optimally useful in conjunction with other valuable data 

collection techniques such as oral dissection and histology as well as growth 

studies, which can be used to infer age.
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Like Broom and Robinson (1951), Mann (1968) studied Paranthropus 

tooth emergence sequences. However, radiography enabled Mann to study 

relative times and sequences of crown mineralization as well as root formation. 

Although Mann (1968) granted that coincident stages of permanent tooth 

development in juvenile Paranthropus SK 843 were very similar to those of 

young chimpanzees, he maintained that all the Paranthropus juveniles he was 

able to properly radiograph, SK 64, SK 63, SK 843, and SK 841(a), had 

definitively human patterns of coincident tooth development, and hence 

physiological ages equivalent to those of humans.

Not long after Broom and Robinson’s (1951) publication, Koski & Garn 

(1957) underscored the poorly appreciated range of variation among modern 

human permanent tooth emergence sequences. Their astute warning that 

permanent tooth emergence sequence was not as definitive a taxonomic 

criterion as had been assumed apparently failed to impress Mann (1968), who 

hardly addressed the scope of variation in either human or ape dental 

development chronologies and sequences (Bromage 1987). Mann (1968) 

largely assessed Paranthropus dental development using the progressive 

mineralization of the permanent molars relative to each other, the developing 

premolars, or the second deciduous molar. He consistently contrasted 

Paranthropus permanent molar development against both the human pattern of 

widely staggered molar crown initiation and the chimpanzee pattern of 

temporally overlapping adjacent molar crown development (Mann 1968). 

Although patterns of molar crown mineralization have typically distinguished 

taxa with very different molar initiation schedules, some mineralization data can 

be ambiguous.

Earlier, Le Gros Clark (1967) had proposed that rates of occlusal tooth 

wear were equivalent across human and fossil species and could be used to 

accurately age individuals of both taxa. Mann (1968) clearly disagreed with the 

parallels Le Gros Clark made between dental wear and chronological age. 

However, Mann (1968) used the same rational when ageing his human, chimp 

and, indirectly, Paranthropus specimens, which if nothing worse poorly 

supported his arguments. Perhaps Mann’s greatest error was to retrofit fossil 

hominins into biological models based on extant primates instead of working on
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the basis that australopithecines were unique. The new emphasis is no longer 

to reason whether fossil hominin life histories were more like those of great 

apes or modern humans but to thoroughly understand hominin development on 

its own terms.

1.3.2 Eruption/emergence sequences of permanent molar & incisor
teeth based iargeiy on direct observation of the dentition

Clinical studies of tooth eruption/emergence and root development in 

human children were published at least as early as the late eighteen hundreds 

(McQuillan 1876, Peirce 1888 both in Bengston 1935). In 1935, Bengston, in 

his survey of the current dental literature, commented upon the small number of 

studies that focused upon tooth emergence sequences and, in particular, 

emergence times. His expansive study of permanent tooth eruption/emergence 

and root formation in over five hundred American children was one contribution 

to a modest database that has since been enlarged by numerous 

comprehensive works (Bengston 1935, Yun 1957, Leighton 1968, and 

numerous others).

The first studies of australopithecine dental eruption/emergence were 

based upon these early publications of human dental development. These 

latter works founded several current methodological protocols that continue to 

be adapted and refined, as tooth formation is more clearly understood. Early 

students of human growth produced schedules of dental development by 

defining subjective but largely reasonable stages of tooth mineralization and 

eruption, and relating these to the known ages of the individuals from whom 

their data was collected. Palaeoanthropologists worked similarly, taking what 

information about tooth emergence sequences that they could from fossils. 

However, these workers had no way of knowing the ages of the specimens 

upon which they worked. Even when fossils could be usefully radiographed, 

coincident stages, or patterns, of tooth formation could only give ideas of 

relative, but not absolute, timing. The only way to contribute ideas about 

australopithecine dental growth and maturation was to compare fossil hominins
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with their nearest contemporary relatives, great apes and modern humans, for 

whom at least some absolute developmental data were known.

Australopithecus emergence sequences were described as closely 

resembling those of great apes, whose permanent central incisors emerged 

markedly later than the first molars and closer to the times of premolar and 

second molar emergence (Dean 1985a, Smith 1986, Dean 1987c, 1988, 1989). 

Dean (1985a, 1986, 1987b) made the strong argument that Paranthropus and 

Homo sapiens shared similar patterns of tooth emergence to the exclusion of 

Australopithecus. One of the specimens Dean (1985a) studied was 

Paranthropus SK 61. While Dean (1985a) concluded that this australopithecine 

shared the advanced incisor development relative to the first molar, Grine 

(1987) disagreed with Dean’s interpretation of the fossil evidence largely on the 

basis of misidentified permanent and deciduous teeth in SK 61.

In response to Grine’s arguments. Dean (1987b) re-examined four 

salient Paranthropus specimens, KNM ER 1477, KNM ER 812, KNM ER 1820 

and OH 30, all of which had crown complete M i’s and M’s with between two to 

five millimetres of root formed. The lateral incisor crowns were nearing 

completion (Dean 1987b). This pattern of coincident permanent first molar and 

central incisor tooth mineralization is typical of humans. It is also distinct from 

that of great apes, whose II crowns are complete a significant time after their 

Ml crowns.

Several workers maintained that Paranthropus showed a combination of 

ape and human dental development patterns. The ambiguity of dental 

eruption/emergence patterns was deemed too great to affirm alliances between 

Homo and Paranthropus (Bromage 1987, Grine 1987, Conroy 1988). Perhaps 

most confoundingly, Conroy (1988) concluded, “In terms of overall dental 

development patterns, evidence is mounting that gracile and robust 

australopithecines and early Homo share a more great apelike pattern than 

previously thought” (1988:491).

Moggi-Cecchi and Tobias’ (1993) study of South African hominin Stw 

151 demonstrated that information deduced from emergence patterns may be
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tenuous. In Stw 151, the only permanent teeth that had emerged into occlusion 

were M l and II. This was an emergence pattern like that of Paranthropus and 

modern Homo. Yet the morphology, metrics, and attrition of these teeth 

suggested an affiliation with A. africanus, or possibly, early Homo (Moggi- 

Cecchi etal. 1998)1

1.3.3 Early studies of tooth mineralization sequences in Hominins

Sadly, there are too few immature australopithecine fossils to undertake 

cross-sectional studies of molar development. The few adequately preserved 

dental specimens that have been analysed say little if anything about relative 

times molar crown initiation and completion, and total durations of molar crown 

formation. In 1968, Mann used what radiographic information he could to 

discuss the permanent molar formation of juvenile australopithecines. Mann 

(1968) documented that Paranthropus SK 63 had a fully occluded M l along 

with an incomplete M2 crown, and no evidence of MS mineralization. Based 

upon his radiographic data of SK 63’s molar and premolar development, Mann 

correctly concluded that the tooth development of this young Paranthropus was 

“absolutely consistent with the modern human pattern” (1968). However, Mann 

(1968) erroneously assumed that similarities in developmental sequences or 

patterns of molar development accurately reflected the speed or timing of the 

slowed or prolonged human growth period. Another Paranthropus specimen, 

SK 843, had M l and M2 in occlusion, the roots of M2 still incomplete, and an 

incomplete M3 crown. Mann (1968) also attributed this pattern of adjacent 

molar tooth development to that of modern humans, and again, placed the 

fossil's molar development within a modern human schedule of dental growth, 

but erroneously assumed a human, prolonged growth period.

However, several workers have since argued that fossil hominins 

matured at paces similar to or faster than great apes (Beynon & Dean 1991, 

Beynon 1992, Moggi-Cecchi & Tobias 1993). Smith’s (1986) telling study of 

hominin maturation showed that neither australopithecine nor early Homo (H. 

habilis ER 1590) tooth development patterns appropriately fit those of modern 

human groups. Moggi-Cecchi’s (2000) recent study of fossil hominin
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development carefully demonstrated that a human pattern of extended growth 

evolved much later in our history than previously thought. Conventionally, 

Homo habilis and its contemporaries were considered the first hominins to 

make and use tools, and, thus, the earliest hominins that merited inclusion into 

our genus. Thorough studies of fossil hominin dental development have since 

shown that a modern human developmental schedule was unlikely to have 

evolved earlier than about 1.9 million years ago, in Homo erectus or H. ergaster 

(Dean et al. 2001).

A deceleration in fetal development and an extension of childhood were 

probably instrumental to the successful evolution of significantly enlarged 

hominin brains (Martin 1983, McHenry 1994). Martin (1983) theorised that until 

Homo erectus, hominin fetal brain size had safely increased within the physical 

limits of maternal pelvic inlet breadths. Any further enlargement of the brain in 

utero would have prohibited successful childbirth (Martin 1983). To circumvent 

this biological problem, Martin (1983) speculated that a H. erectus brain did not 

complete as much of its growth in utero, but that fetal rates of brain 

development continued for a significant post-natal period. Essentially, Martin

(1983) proposed that schedules of fetal brain development became delayed 

such that, at term, the brain of a H. erectus child was less developed than the 

brain of a H. habilis infant of the same age, while the crania of both infants were 

similarly small in size.

The fossils Moggi-Cecchi (2000) analysed were early Homo (H. habilis,

H. rudolfensis) specimens KNM ER 1590, OH 6 and Stw 151, and Homo 

erectus (including H. ergaster) specimens KNM ER 820, WT 15000 and Zhou-1. 

Using radiographic and CT data, Moggi-Cecchi (2000) compared these fossils 

using Smith's (1994) method of computing ‘developmental distances’ of tooth 

development. This technique derived coefficients of variation using mean 

dental ages deduced from an individual’s mineralizing teeth (Smith 1994). From 

this study and his previous work on Australopithecus africanus dental 

development (Moggi-Cecchi 1997, 1998), Moggi-Cecchi (2000) found that the 

‘developmental distances’ of A. africanus overlapped markedly with those of 

African apes. However, both groups overlapped only somewhat, and to the 

same extents, with the ‘developmental distances’ of modern humans. Early
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Homo fell within the australopithecine, African ape, and modern human 

variation equally (Moggi-Cecchi 2000). Conversely, Homo erectus fell squarely 

in the centre of modern human variation and did not overlap with the other fossil 

or ape taxa (Moggi-Cecchi 2000). In other words, the H. erectus pattern of 

dental development was indistinguishable from that of modern humans.

Both post-cranial and dental evidence of Homo erectus maturation 

strongly suggested that this was the earliest fossil hominin in which a modern 

human schedule of growth was plausible (Moggi-Cecchi 2000). Much less 

ambiguous was the maturation of Homo habilis, for which a brief childhood and 

early sexual maturity seemed more likely. Compared to H. erectus, H. habilis 

certainly had a more primitive developmental schedule that was less derived 

from Australopithecus (Smith 1986, Moggi-Cecchi 2000, Dean etal. 2001).

Comprehensive developmental studies provided the most insightful 

information about fossil hominin life history, and indirectly, historical ecology 

and phylogeny: “The evidence of dental development...is evidence of...the 

growth process itself and, as such, should be given a greater weight in the 

interpretation of fossil species” (Moggi-Cecchi 2000:48).

1.3.4 Eruption/emergence sequences of molar & incisor teeth using

X-ray & CT based observations

Radiographs of fossil dental specimens allowed workers to study both 

tooth emergence and mineralization patterns. In addition to radiography, the 

later use of high-resolution computer-tomography (CT) further clarified the 

dental remains hidden within fossilised jaws; the resolution of CT images was 

less dependent upon fossil preservation, and finely reconstructed entire 

specimens in three dimensions (3D).

Conroy and Vannier’s (1991a, b) comparative CT studies of dental 

growth patterns in australopithecines, modern humans and great apes finally 

confirmed distinctions between the dental development of specimens attributed 

to Australopithecus africanus and Paranthropus robustus. This was particularly
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evident from comparisons of dental formation between the permanent first 

molar and central incisor. In great apes, M1 emerges two to three years before 

the 11 crown is complete. In humans, Ml emerges at about the same time as

II. From their CT scans, Conroy and Vannier (1991a, b) confirmed the late 

formation and crown completion of the central incisor relative to the first molar in 

Australopithecus, and the simultaneous formation and crown completion of 

these permanent teeth in Paranthropus. Significantly, both patterns of 

australopithecine tooth development shared a chronology that was compatible 

in its brevity to shorter periods of great ape development, and not to relatively 

and absolutely longer periods of human maturation (Conroy & Vannier 1991b). 

The earlier and more rapid formation of permanent tooth crowns and roots in 

Australopithecus and Paranthropus compared to modern humans and, 

sometimes, great apes has been supported by several other studies (Dean 

1987, 1989, 1995, Beynon & Dean 1988, Beynon 1992, Moggi-Cecchi 1993, 

Dean etal. 1993, Ramirez-Rozzi 1995, Dean & Reid 2001).

CT was a sophisticated non-invasive technology that helped resolve 

persistent debates about fossil hominin tooth mineralization and emergence 

patterns, but was of no help in sorting out rates of tooth formation. Data 

gathered using CT provided no further insight than did radiography about the 

actual times and durations of permanent tooth initiation, formation, eruption and 

emergence.

1.3.5 Studies of the surfaces of anterior teeth using perikymata

For many decades, workers could only contemplate patterns of tooth 

emergence and crown mineralization without having absolute time frames within 

which to place dental development. But in the nineteen-eighties, the smart 

application of new histological methods to this problem dramatically advanced 

studies of fossil tooth development and maturation (Bromage & Dean 1985, 

Dean 1986).

The surface enamel of primate teeth is subtly ridged at regular intervals; 

these ridges are an artefact of crown mineralization. In the forming crown, as
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ameloblasts secrete enamel, they migrate from the enamel-dentine junction 

(EDJ) towards the crown surface. Circadian fluctuations in ameloblast activity 

leave slight incremental constrictions along their secretory paths, each of which 

denotes approximately one twenty-four hour period. Every six to ten days, a 

larger perturbation creates what looks like a broad, dark band that is roughly 

perpendicular to the daily cross-striations. These bands are called striae of 

Retzius. When these long-period striae reach the tooth surface, they manifest 

as enamel ridges, or perikymata, which encircle the crown. Counting adjacent 

perikymata and multiplying them by the number of short-period cross-striations 

between them gives a very accurate estimate of the number of days over which 

a tooth crown formed, and hence, the age at death of an immature specimen.

Where possible, this technique allowed workers to estimate the dental 

ages of Australopithecus, Paranthropus and fossil Homo specimens (Bromage 

& Dean 1985, Dean 1987b, Beynon & Dean 1988, Dean et al. 1993, and 

others). A periodicity of seven to nine days, or cross-striations, is the norm in 

great apes and humans, and evidence suggests that this is consistent in fossil 

hominins (Dean 1987, 1998, Dean et al. 1993). Importantly, this measure can 

be multiplied with total perikymata counts to give reasonable estimates of dental 

age and developmental chronology in a non-invasive way.

As Dean (1985a:251) underscored years earlier, “it is not the sequence 

of appearance of each tooth as it erupts that is important but the change in the 

timing of events within the growth period”. At the same time that Grine (1987) 

and Dean (1986) were independently exploring the phylogenetic viability of 

permanent tooth emergence sequences. Dean (1987a) was also undertaking a 

histological study of the mineralization of Paranthropus boisei adult incisors. 

The heights of these teeth were similar to those of the incisors of many modern 

human populations. However, the rate at which the fossil's incisor crowns 

mineralized was faster than those of modern humans and proved the fastest of 

the South African fossil hominins Dean (1987a) sampled. From his thorough re

analysis of four key Paranthropus dental specimens assessed by Mann (1975), 

Bromage (1987) affirmed that while Paranthropus anterior tooth development 

superficially approximated that of humans in its sequence and relative timing, it
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was completed within an absolute time period faster than that seen in great 

apes.

Chronologies of tooth emergence differentiated fossil and ape taxa from 

modern humans; both Paranthropus and Australopithecus permanent molar 

teeth emerged at much earlier ages than do the adult teeth of Homo sapiens 

(Dean 1985a, 1986, 1987b, Smith 1986, 1987, Beynon & Dean 1991, Dean et 

al. 1993). There is also a growing body of work that strongly suggests dental 

remains attributed to Homo habilis, H. rudolfensis, H. erectus and H. ergaster 

developed within lengths of time that were several years shorter than those of 

anatomically modern H. sapiens (Bromage & Dean 1985, Smith 1986, 1987, 

1991, Dean 1987b, 1995a, Dean etal. 2001).

Using perikymata counts, two specimens attributed to early Homo, KMN 

ER 820 and KMN ER 1507, were aged at about five years of age (Bromage & 

Dean 1985). Both fossils had permanent MTs in full occlusion with unfinished 

roots (Dean 1987b). KMN ER 1507 had no incisors but the central incisors of 

KMN ER 820 were in occlusion, with root apices still open. Both specimens had 

crown complete M2's. KMN ER 820 had the remains of the third molar crypt, 

but had no mineralizing crown visible (Dean 1987b). This suggested that either 

crown initiation had not begun or that uncoalesced cusps were lost post-mortem 

(Dean 1987b). In contrast to these juvenile hominins, human children reach 

equivalent stages of permanent first molar and incisor (and second molar) tooth 

development between the ages of about eight or nine years.

Recent work done by Dean and Reid (2001a, b) on hominin anterior 

teeth has demonstrated that australopithecine incisor and canine crowns 

formed in markedly shorter times compared to the anterior tooth crowns of 

modern humans and African apes. Of the fossil hominins, Paranthropus, and P. 

robustus in particular, had the briefest periods of anterior crown formation, 

between two to three years. Of the early Homo fossils, a specimen attributed to

H. habilis, OH 7, was statistically indistinguishable from modern humans. 

Conversely, three other specimens attributed to H. rudolfensis and H. erectus, 

KNM ER 1590, and KNM WT 15000 and Sangiran 4, respectively, were 

markedly different from H. sapiens in their crown formation times. The anterior
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tooth crowns of these fossil hominins formed in times intermediate to 

Paranthropus (faster mineralization) and Australopithecus (slower mineraliza

tion) (Dean & Reid 2001a).

1.3.6 Studies of internal tooth microstructure

The teeth of modern humans and australopithecines were 

microstructurally different (Dean 1987a, b, Dean & Reid 2001a). The 

microstructure of Australopithecus and Paranthropus teeth was also 

significantly different between the two genera (Dean 1987a, b. Dean & Reid 

2001a). Comparisons of crown formation periods highlighted developmental 

differences among fossil taxa, and between fossil taxa, modern humans and 

great apes (Bromage & Dean 1985, Beynon & Dean 1988, 1991, Dean et al. 

1993, Ramirez-Rozzi 1995, Dean & Reid 2001a, among others). However, 

durations of crown formation may be influenced by two separate factors. The 

first is the rate of ameloblast secretion, and the second, the size of the 

ameloblast front (Dean 1987a, Ramirez-Rozzi 1993 for a comprehensive review 

of histological studies). Rapid rates of ameloblast secretion deposit more tooth 

enamel per day, which lengthens the distances between adjacent daily cross- 

striations, and mineralizes more of the crown for a given number of days. Large 

numbers of active ameloblasts, or large ameloblast fronts, also produce faster 

crown extension rates and complete the crown in a briefer period of time.

It had been commonly held that enamel thickness was a reliable 

indication of taxonomic and phylogenetic affiliation. In fact, the tooth crowns of 

two or more species with identically thick, or thin, enamel may mineralize at 

different rates, for different lengths of time. Enamel thickness does not 

necessarily correlate directly with the length of the crown formation period. 

However, the way in which enamel grows may be reliable evidence of 

homologies between taxa (Dean et al. 2001). For instance. Dean et al. (2001) 

established that the thin enamel of African apes and the thick enamel of 

australopithecines formed along a common developmental trajectory not shared 

by modern humans, who also had thick enamel.

87



Both daily secretion rates and the relative lengths of the ameloblast 

fronts i.e. the number of cells recruited during crown mineralization can vary. 

Each of these factors may influence crown formation time (Dean 1987a, b, 

Ramirez-Rozzi 1993, Moggi-Cecchi et al. 1998). Differences in the spacing of 

perikymata and counts of their number make it possible to estimate crown 

formation times in hominins as well as the rates of crown extension from cusp to 

cervix. In Australopithecus, crown extension rates were typically non-linear, just 

as they were in the crowns of great ape and human teeth (Dean 1989, Ramirez- 

Rozzi 1993, Moggi-Cecchi et al. 1998, Dean & Reid 2001a), since perikymata 

were not widely spaced at the cervix (Dean & Reid 2001a). Interestingly, 

perikymata spacing and distribution in Australopithecus incisor teeth was more 

similar to that of Homo sapiens (Dean & Reid 2001a).

However, the reverse was true in Paranthropus. The permanent teeth of 

these australopithecines mineralized more like great ape deciduous teeth, at 

rapid rates with a large number of ameloblasts active at any given time (Grine & 

Martin 1988, Beynon & Dean 1988). Not only did Paranthropus crowns extend 

in length quickly, but also at a more consistent rate compared to 

Australopithecus and Homo sapiens (Dean & Reid 2001a). Dean and Reid 

(2001a) deduced this from the even spacing of perikymata at regular intervals 

on the anterior teeth of several P. robustus and P. boisei specimens. 

Compared to Homo sapiens, perikymata were fewer and spaced farther apart in 

both Australopithecus and Paranthropus, most noticeably in the latter taxon 

(Bromage & Dean 1985, Dean 1987a, Dean & Reid 2001a). Of the australo

pithecines, P. robustus teeth formed in the shortest period of time and crown 

formation time slowed least of all towards the cervix (Dean & Reid 2001a).

Crown height may have as little influence upon tooth formation times as 

enamel thickness. Of the australopithecines studies, the teeth of P. robustus 

mineralized most rapidly; however, the height of its anterior teeth was also the 

shortest (Dean & Reid 2001a). Interestingly, teeth attributed to Homo erectus 

(KNM WT 15000) and H. rudolfensis (KNM ER 1590) had the tallest crowns of 

the fossil hominins but had a spacing and distribution of perikymata that closely 

matched that of the Paranthropus incisor crowns from cusp to cervix (Dean & 

Reid 2001a).
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Paranthropus molar enamel was the thickest of all known fossil hominins, 

great apes, and modern humans. Conversely, and relative to enamel thickness, 

Paranthropus teeth had the smallest volume of dentine, furthering suggestions 

that the teeth of this group formed in a singular way relative to the other 

aforementioned taxa (Grine & Martin 1988, Ramirez-Rozzi 1993, McCollum & 

Sharpe 2001). Within the genus, striae angulation, and hence, sizes of 

ameloblast fronts, differed between P. robustus, P. boisei and P. crassidens 

teeth (Grine & Martin 1988). McCollum and Sharpe (2001) explored Suwa et 

a/.’s (1994, 1995) detailed studies of australopithecine tooth morphology within 

the context of their own molecular research. They concluded that Suwa et a/.’s 

(1994, 1995) data supported the possibility that several derived dental 

characters shared by P. robustus and P. boisei evolved in parallel, and was 

evidence that the evolutionary histories of these species were less similar than 

expected (McCollum & Sharpe 2001).

Expanding upon this theory, McCollum and Sharpe (2001) suggested 

that Paranthropus aethiopicus was probably the basal taxon for at least one line 

of robust australopithecines. Its post-canine dentition, particularly the fourth 

premolar, was expanded relative to that of Australopithecus and to some extent, 

P. robustus, but not as greatly as that of P. boisei (McCollum & Sharpe 2001). 

Counter to Dean’s (1987a) earlier findings, P. aethiopicus molars were the 

fastest of all Paranthropus to mineralize (Ramirez-Rozzi 1993). Unlike P. boisei 

and P. robustus, but not unlike Australopithecus, P. aethiopicus crown formation 

rates varied markedly across the height of the crown (Ramirez-Rozzi 1993). P. 

aethiopicus teeth mineralized by large numbers of ameloblasts active at any 

given time (Ramirez-Rozzi 1993). Conversely, in P. boisei a large matrix- 

forming front was active only during the cuspal stage of enamel deposition, 

which led Ramirez-Rozzi (1993) to argue that the hyper-thick enamel of this 

hominin was the result of the subsequently longer crown formation time.

What clearly emerged from these histological studies was that 

substantially more variation existed among australopithecine taxa, even within 

members of a single genus, than had been previously considered. Observed 

differences in tooth microstructure also underscored how inappropriate modern 

humans were as models for estimating timescales of fossil hominin tooth
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mineralization; modern human teeth mineralize along a derived growth 

trajectory unlike anything seen in fossil hominins or living great apes (Dean et 

al. 2 0 0 1 ).

1.3.7 Tooth root growth

Paranthropus and Homo sapiens shared analogous patterns of tooth 

emergence, each one derived from separate and fundamentally different 

processes. It was suggested that Paranthropus antemolar tooth development 

was accelerated relative to that of the first molar, and conversely, that modern 

human molar development was decelerated relative to anterior tooth formation 

(Beynon & Dean 1988).

It is unlikely that such changes in tooth development sequences were 

derived from changes in rates of crown mineralization (Dean 1985a). The 

crown formation period of a given tooth does not correlate directly with its time 

of emergence, if the two correlate significantly at all (Macho & Wood 1995). 

Rather, changes in length of root formation period likely differentiated the 

eruption patterns of fossil hominins (Dean 1985a, 1995b, Beynon & Dean 

1995).

Histological studies of enamel document only half the developmental 

history of a tooth. Microstructural studies of dentine complete this story, left 

unfinished at the time of crown completion. As an active front of odontoblasts 

extends a root, regular perturbations in odontoblast secretions leave artefactual 

lines in the dentine called periradicular bands. Like the striae of Retzius found 

in enamel, periradicular bands hold information about rates and periods of 

dentine formation and root extension. Combined with data collected from 

enamel microstructure, information taken from root microstructure completes 

the story of a tooth’s development, most critically, how long it took to grow.

Just as the angle between striae of Retzius and the EDJ is symptomatic 

of crown formation rates, the angle at the apex of developing tooth roots, the 

root cone angle, suggests rates of root extension. For reasons to do with the
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number and speed of active odontoblasts and the width of root across which 

they act, the size of a developing root cone angle may be larger or smaller 

(Dean 1985b). A large root cone angle suggests a longer period of root growth 

while a small root cone angle suggests the reverse (Dean 1985b).

In addition to differences in periods of root extension, other sensible 

theories have been suggested to account for differences in emergence time of 

permanent anterior teeth. These included the early eruption of Paranthropus 

incisors as induced by either the accelerated wear of their diminutive deciduous 

predecessors (Dean 1987c, Bromage 1990) or the creation of greater space in 

the anterior mandible by changes associated with increased lower facial 

orthognathism (Dean 1987c, Beynon & Dean 1991). Dean (1985a) initially 

argued that “a marked reduction in anterior tooth size combined with a rapid 

rate of tooth formation provides perhaps the most reasonable hypothesis" for 

the synchronous root development of Paranthropus ITs and MTs (1985a:257). 

However, after the rigours of more than a decade's research. Dean (1995b, 

2 0 0 0 ) held, “ ...the first part of root formation is the only part of a tooth that can 

control the time between the end of enamel formation and functional occlusion” 

(1995b:312). Other workers have independently concluded that root extension 

rather than crown mineralization rates are most likely to have substantially 

affected fossil hominin dental patterns (Macho & Wood 1995).

Studies of root formation have supported the results of histological 

studies of crown mineralization. Dean’s (1995a) study of OH 16, a fossil 

attributed to Homo habilis, estimated that its roots formed within a total period of 

three and five-and-a-half years, a length of time equivalent to the root formation 

period of great apes. However, OH 16’s total root formation period was 

significantly shorter than that of modern humans, which can last eight or nine 

years (Dean 1995a). Another early Homo specimen, KNM ER 820, had a faster 

rate of root elongation than was observed in specimens belonging to Homo 

sapiens and H. neanderthalensis (Dean 1985b). In fact, KNM ER 820’s smaller 

developing root cone angle also suggested a period of root formation similar to 

that of great apes (Dean 1985b).
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1.3.8 Dental development (mineralization) and space in the jaws

There is extremely little data on tooth mineralization In 

australopithecines, of which Mann’s (1968) radiographic study of Paranthropus 

molar development remains perhaps the best. Only two of Mann’s specimens 

could be properly studied, SK 63 and SK 843. SK 63 had M l In occlusion, M2 

still In Its crypt, crown Incomplete, and no visible M3 (Mann 1968). SK 843 had 

both M l and M2 In occlusion, the roots of the M2 still open, and M3 nearly 

crown complete but unemerged (Mann 1968). These relative times of adjacent 

molar formation were not significantly different from the widely spaced Initiation 

times of adjacent molars In modern humans. Dean et a/.’s (1986) study of the 

Gibraltar 2 Neanderthal Infant found that this child had M l crown complete with 

very early root growth, and M2 about % crown complete. One juvenile 

Neanderthal specimen (No. 53 from Kraplna) studied by Wolpoff (1979) had M2 

newly emerged Into occlusion, and M3 crown complete. Another specimen (No. 

46, also from Kraplna) had a slightly worn M  ̂ and a crown complete M^ with 

virtually no root formation (Wolpoff 1979). It Is possible that M3 development 

was advanced In Neanderthals relative to modern European populations, as 

Wolpoff (1979) suggested that Neanderthal M3’s emerged around fifteen years 

of age. This conclusion Implied that the extra, retromolar space In the 

Neanderthal mandible expedited third molar eruption. Thus, relative times of 

molar Initiation were apparently similar among Paranthropus, Homo 

neanderthalensis and H. sapiens. However, these data were based upon a 

handful of Individuals, and were perhaps not representative samples.

Australopithecine permanent third molars were positioned distally In the 

mandible, typically behind the anterior margin of the ascending ramus. The 

opposite was true In Neanderthals, where the dental row terminated well before 

the ascending ramus, creating a marked retromolar space between the distal 

margin of the M3 and the anterior margin of the ramus. Differences In relative 

molar tooth row positions In fossil hominins and modern humans, and the 

possibility that Neanderthal M3 eruption was markedly advanced compared to 

modern Europeans, led some workers to enquire whether mandibular form and 

time of permanent molar Initiation were significantly correlated (Dean & Beynon 

1991, Tompkins 1996).
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Schedules of permanent molar tooth formation vary markedly among 

modern human populations. Relative to M2 development, the M3’s of 

Australian Aborigine children seemed to initiate significantly earlier than did the 

M3’s of White populations by a mean of little over four years as calculated using 

norms already collected by Moorrees et al. (1963) (Fanning & Moorrees 1969). 

However, relative times of M l and M2 formation between the two groups were 

not statistically different (Fanning & Moorrees 1969). Ultimately, Fanning and 

Moorrees (1969) concluded that M3 development was delayed in the White 

sample, rather than advanced in the Aborigines. They (Fanning & Moorrees 

1969) concurred with Garn et a/.’s (1961) proposal that the developmental delay 

of M3 was perhaps related to a high incidence of M3 agenesis in White 

populations. Tompkins (1996) also found that M3 development was statistically 

and consistently advanced in African and Native American populations relative 

to a French Canadian group. It was suggested that the broader and longer 

dental arches of Africans allowed earlier permanent molar formation (Aitchison 

1963, Stringer et al. 1990, Merz et al. 1991, Tompkins 1996). Tompkins 

concluded, “relative molar development patterns may be due to a combination 

of two independent factors, tooth size and jaw size” (1996:96). There is very 

little in the literature that discusses the spatial relationships between developing 

teeth and jaws. It has been concluded that bone resorption was requisite for a 

tooth crypt to properly enlarge and to allow normal tooth germ development 

(Gruneberg 1937, Diamond 1944, Butler 1956, Manson 1967), and that space 

for the developing tooth germ was created in part by the active resorption or 

deepening of the mandibular corpus (Radlanski 1995). Teeth also create room 

for themselves by developing at oblique angles to the occlusal plane (Dean 

1987b, Dean & Beynon 1991), and by initiating mineralization while in the 

ramus.

1.3.81 Is there a parallel between chimpanzees and baboons?

Do differences in relative positions of molar rows reflect developmental 

variations in tooth formation produced by different jaw size/tooth size 

relationships? One way to test this is to compare species that have contrasting 

mandibular forms and for which schedules of molar development are known. 

Relative times of permanent molar tooth initiation are reported to be markedly
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different between chimpanzees {Pan troglodytes and P. paniscus) and baboons 

(Papio anubis). Periods of adjacent molar crown mineralization overlap by 

about one year in chimpanzees, but hardly overlap in baboons, if they overlap 

at all. The mandibles of adult chimpanzees and baboons are significantly 

different in shape. Chimpanzee mandibles are relatively shorter and 'U-shaped' 

whereas baboon mandibles are comparatively longer and ‘V-shaped’. Neither 

primate has a retromolar space. Butler (1956) suggested that mammals with 

long jaws and widely spaced developing teeth tended to grow proportionately 

longer teeth than mammals with “crowded dentitions”. This idea appears to fit 

with the general molar morphology in chimpanzees and baboons. Their 

contrasting molar initiation schedules and mandible shapes make chimpanzees 

and baboons appropriate models with which to test this and other ideas about 

possible relationships between jaw space and tooth development schedules in 

hominins.

1.3.9 Dental development (eruption) and space in the jaws

Among australopithecines, Australopithecus afarensis had perhaps the 

largest anterior teeth. Curiously, these were housed within very narrow anterior 

dental arches (Skinner 1978). The incisor teeth of A. afarensis emerged closer 

to times of M2 rather than Ml emergence, as is the case in great apes. 

Conversely, Paranthropus had the absolutely smallest incisors and canines of 

all fossil hominins (Dean & Beynon 1991), and much wider rounded anterior 

dental arches (Skinner 1978). M l and II emergence coincided in this fossil 

hominin, as is typical in modern humans. Neanderthal anterior dental arches 

were unique in that they were even broader than those of modern humans, and 

almost square, compared to the rounded anterior mandibles of Paranthropus 

and Homo sapiens (Skinner 1978, Wolpoff 1979). The anterior dental arches of 

great apes and modern humans are shaped similarly those of Australopithecus 

and Paranthropus, respectively. There is no extant comparison for the dental 

arch shapes of Neanderthals. This begs the question does dental arch shape 

affect schedules of anterior tooth emergence? Dean & Beynon (1991) 

proposed that permanent teeth developed as quickly as space was afforded
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them within the developing jaws. This thesis endeavours to test this hypothesis 

and resolve this issue.

1.3.10 Jaw growth and rates of dental development

If the teeth exceeded the jaw at any time during their development, both 

developmental and functional failure of the dentition would invariably result. As 

discussed above, adult mandible shapes vary markedly among fossil hominin 

and ape taxa and modern humans. Because of these marked differences in jaw 

morphology, it is not unreasonable to suggest that trajectories of mandibular 

growth also differed significantly among these taxa. Presuming this is true, it 

follows that intertaxonomic variation in mandibular proportions at given times 

throughout dental development would have been significant. Therefore, the 

amount of space available within the mandible of a given taxon for newly 

developing tooth germs would also differ markedly among taxa.

In their insightful and well thought-out review of tooth crown morphology, 

development and function. Dean and Beynon (1991) hypothesised that the 

room available in the jaw for the permanent teeth in combination with the 

absolute sizes of these teeth might regulate or constrain times of tooth 

development. They proposed that space availability within the mandible might 

directly affect the timing of tooth development to such an extent that different 

patterns of mandibular development induced different rates of dental 

development (Dean & Beynon 1991). Dean & Beynon (1991) suggested that 

relatively slow or fast rates of crown and root development derived from smaller 

or larger adult tooth size and lesser or greater space available in the lower jaw, 

respectively. This was a plausible and testable idea that offered an explanation 

of how prognathic fossil hominins and apes could have developed their 

permanent third molars markedly earlier than orthognathic modern humans 

(Dean & Beynon 1991).

While the molars of australopithecines and early Homo are shifted 

backward in the mandibular corpus so that the distal molar row sits behind the 

ramus, in Neanderthals the permanent third molar is markedly mesial to the
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anterior border of the ascending ramus. This retromolar space has been 

suggested as evidence that greater space available in the Neanderthal jaw 

earlier in life led to the advanced development of the permanent teeth 

compared to those of modern humans (Beynon & Dean 1988, Dean & Beynon 

1991, Dean 2000). However, this does not furnish evidence regarding crown 

initiation times. It is plausible that while space in the jaw may notably affect 

eruption and emergence schedules, it may have no significant influence upon 

tooth initiation times. Rather, some other factor such as somatic growth rate 

may be the cause of different tooth initiation schedules. Certainly, Dean and 

colleagues (1986) remarked that differences in somatic growth rates rather than 

mandibular size might be the cause of relatively rapid tooth emergence in some 

modern human populations.

Franciscus and Trinkaus (1995) argued that retromolar space in 

Neanderthals was the product not only of a reduction of ascending ramus 

breadth but also a diminution of the dental arcade in “...the context of 

maintained (or only slightly reduced) mandibular lengths". If corpus length was 

little changed, this suggests that space in the mandible for the developing teeth 

was fairly static and would have had little if any effect upon schedules of 

Neanderthal tooth development. Also, while late archaic humans and early 

modern humans had significantly high frequencies of retromolar spaces they 

had relatively slower rates of dental development compared to Neanderthals. 

This further vexes the theory that extra space at the back of the corpus 

facilitated earlier tooth growth and emergence (Franciscus & Trinkaus 1995). 

However, Fanning and Moorrees (1969) found that permanent second and third 

molar initiation times were statistically advanced in Australian Aborigines 

compared to Whites. For example, at the time at which M2 was crown 

complete, M3 crown mineralization had begun in the Aborigines (Fanning & 

Moorrees 1969). Conversely, almost seventy percent of Whites sampled had 

MS’s that did not begin to mineralize until M2 roots had grown to % their full 

length (Fanning & Moorrees 1969). Interestingly, all stages of MS development 

were more variable in this group (Fanning & Moorrees 1969). As Australian 

Aborigines have markedly larger dental arches (Profitt et al. 1975) than 

Europeans or north Americans of northern European descent, it is possible that 

‘extra’ space facilitated earlier tooth formation in the Aborigines. However,
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compared to European populations or peoples of European descent, Aborigines 

also have notably larger teeth; this may offset any spatial advantage larger 

dental arches might provide.

Other workers (Macho & Wood 1995) have also disagreed with the idea 

that space availability in the jaw dictates rates of tooth growth. Macho and 

Wood (1995) argued that the relationship between tooth development and the 

jaw “...may not be a causal one. Rather, development of both the face and the 

teeth is determined by a common growth trajectory, whereby space only exerts 

a secondary influence on the later stages of development” (1995:28). Bradley's 

(1961) study of tooth germ crowding in eighty-nine American schoolboys found 

that while fourth premolar mineralization was significantly delayed because of 

space constraints, an accelerated rate of eruption ‘caught up’ its development; 

canine emergence was only retarded in its earliest stages. The developmental 

schedules of the other permanent teeth remained unaffected (Bradley 1961).

Additionally, room for the developing teeth is not only made by the distal 

corpus. As the mandible grows, it creates space for the teeth in many different 

ways. For instance, increases in the angle of the ascending ramus and of both 

corpus and total mandible lengths create room into which the teeth can emerge 

(Brash 1924, Bjork et al. 1956, Richardson 1977, 1985, 1987). However, no 

decisive evidence has shown that these changes in mandibular proportion 

occurred explicitly to allow or trigger the mineralization of specific teeth at 

specific times. Rather, they seem to accommodate the permanent teeth during 

emergence. Teeth also make their own space in the jaw. It is typical of at least 

the molar crowns to mineralize at angles rotated from the occlusal plane in 

order to fit into a tightly packed mandible. Second and third permanent molar 

crowns often initiate growth in the bone of the ascending ramus at its junction 

with the mandibular corpus (Dean & Beynon 1991). Permanent teeth may also 

find space deep in the corpus or high in the maxilla in which to start their 

development. As a result, mandibular form need not necessarily constrain 

times of tooth initiation.
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While skeletal changes (i.e. of the mandible) may occur independently of 

dental change, McCollum and Sharpe (2001) established that without 

exception, changes in tooth development pattern have either induced or at least 

been accompanied by changes in mandible development. This suggests that 

dental evolution is less servile to the orofacial skeleton than has been argued. 

Perhaps the genetic programme that controls dental development also exerts 

an influence upon the growth of the mandibular bone. Indeed, the growth and 

ageing of this bone is exceptional to that of the rest of the skeleton (Boyde & 

Kingsmill 1998, Kingsmill & Boyde 1999). For example, neither apparent 

density nor mineralization density of the mandible correlated with those 

densities of postcranial bones sampled (Kingsmill & Boyde 1999). The 

mandible also suffered markedly less the effects of osteoporosis than did 

postcranial sites (Boyde & Kingsmill 1998). Evidence suggests that the 

development of the maxilla and the upper dentition is controlled independently 

of mandibular and lower dental development. Thus, perhaps it is possible that 

the development of the maxilla is also influenced to some extent by a discrete 

genetic programme underlying upper tooth formation. Perhaps mandibular 

development is paced with dental rather than facial or postcranial skeletal 

growth (Tanner et al. 1959, Filipson et al. 1965, Park et al. 1983). The study 

Alvesalo and colleagues (1996) made of torus mandibularis in females with 

Turner syndrome found that both tooth development and growth of the 

mandibular torus in 45,X females happened earlier than in normal (46,XX) 

individuals. Other studies of dental genetics suggest that tooth development is 

independent of mandibular growth and therefore unfettered by jaw form (Garn 

etal. 1963, Garn & Lewis 1970).

1.3.11 Body weight and tooth size

There is a strong correlation between body weight, dental development, 

and other life history events across primate species (Smith 1988, 1989, Macho 

& Wood 1995, Smith & Tompkins 1995, Dean et al. 2001). Between taxa, body 

size is strongly and positively correlated with life history: neonatal weight, adult 

body weight, and brain weight are closely linked to gestation length, weaning 

age, sexual maturity, level of parental investment, degree of learning and
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sociality, and life span (Smith & Tompkins 1995). Many stages of tooth 

development are strongly correlated with major life history events. For 

example, age of permanent first molar eruption is highly correlated with age of 

weaning (Smith 1989). This high correlation between life history variables and 

body weight weakens the theory that jaw development and space available in 

the jaws predominantly influence schedules of permanent tooth development. 

Additionally, Dean (1995) found a relationship between the periodicity of long 

period incremental lines in enamel and dentine and body size among primate 

taxa.

While tooth development is closely knitted with body weight/growth, tooth 

size correlates substantially less tightly with body size and maturation. Wood 

and Aiello (1998:537) compared mandible size to body mass, which separated 

later Homo from earlier fossil hominins: “...among the early hominins it is only 

Homo ergaster and late Homo erectus that have modern human-like molar 

crown size/body size relationships”. However, as discussed elsewhere, it is 

unlikely H. erectus had a modern human schedule or pattern of maturation. 

Additionally, in an earlier study, McHenry (1988) concluded that earlier Homo 

taxa (/-/. habilis, H. rudolfensis) retained somewhat larger posterior teeth for 

their body sizes, and that tooth size was dramatically reduced in H. erectus.

Evolutionary changes in body size may not be immediately associated 

with changes in tooth size (Plavcan & Gomez 1993). Plavcan and Gomez 

(1993, referring to Gould 1975) argued that truncating an animal's growth earlier 

in its developmental trajectory was the simplest way to reduce adult body size, 

but that adult tooth size could not be changed in this way because it was 

determined prenatally, even that of the permanent molar teeth. They also 

reasoned that having slightly larger teeth for body weight would not be a 

significant risk to either an individual’s survival or reproductive success (Plavcan 

& Gomez 1993). Clearly, megadont teeth were not deleterious for 

Paranthropus. P. boisei teeth are two and a half times larger than would be 

expected for a modern human of that body weight (McHenry 1988). Relative 

size of the cheek teeth increased steadily from early australopithecines to 

Paranthropus.
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1.3.12 The evolution of tooth size reiative to jaw size

Lockwood and colleagues (2000) have suggested, at least for the 

australopithecines, that the most significant influence upon the development of 

their postcanine dentitions was extrinsic. Evolutionary changes in 

australopithecine tooth and mandible size were not only different between these 

two systems but also apparently unrelated (Lockwood et al. 2000). Lockwood 

et al. (2000) concluded that the mandibular corpora of Australopithecus 

afarensis and Paranthropus boisei grew through very different vectors of size 

and shape change. Over time, the mandibles of A. afarensis increased in size, 

but did not change in shape (Lockwood et al. 2000). Neither did its postcanine 

dentition show any trend in size increase (Lockwood et al. 2000). Conversely, 

while a trend in size increase was absent in P. boisei mandibles, it was manifest 

in the lower postcanine teeth of this hominin (Lockwood et al. 2000). This 

supports the idea that mandibular and dental development are under 

independent controls, and that while both systems are developmentally and 

evolutionarily congruous, they are ontogenetically autonomous.

Facial development also evolved differently in Paranthropus and 

Australopithecus, and two different remodelling patterns of growth sculpted the 

facial skeletons of these taxa (Bromage 1990). The more prognathic 

australopithecines had a facial growth pattern similar to that of great apes and 

early Homo (SK 859, SK 27, KNM ER 820, KNM ER 1507, OH 7 [type 

specimen of H. habilis], OH 13, OH 14, KNM ER 1590, as in included in 

Bromage 1986) (Bromage 1990), where bone was deposited on the forward 

face and, as it grew, the pterygoid complex drifted forward (Bromage 1990). In 

contrast, the facial growth of the relatively orthognathic Paranthropus was much 

like that of modern humans; in combination with downward drifting of the 

pterygoid complex, bone was resorbed from the Paranthropus forward face and 

mandible (Bromage 1990).

Did early modern humans endure lifestyles so rough as to not only cause 

extreme dental pathology and wear but also effect changes in dental 

morphologies and metrics? The case for tooth size reduction as a response to 

reduced wear and attrition is not straightforward. Later Homo specimens
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sampled from Europe during Würm I and II had significantly heavier tooth wear, 

higher frequencies of dental abscesses, and greater antemortem tooth loss than 

did a Near East sample group of the same age (Smith 1976). Yet both 

populations experienced equal degrees of tooth size reduction (Smith 1976). 

Differences in dental health were attributed to environmental and dietary 

differences between the geographically distinct samples (Smith 1976). 

However, Smith (1976:465) asserted that these stresses, or “Selective 

pressures favouring large teeth do not...appear to be directly correlated with 

variation in tooth size for the periods and populations investigated”.

A study of temporally discrete populations (Riss and Würm l-ll, and lll-IV 

peoples) from the same regions as above also failed to show that tooth size 

reduction was a product of reduced functional demand (Smith 1977). Rather, 

the later Pleistocene populations sampled by Smith (1977) had used their 

smaller teeth “for the same purposes” as the larger toothed Middle Pleistocene 

groups. The reduced regional variation in tooth size found in Middle and Upper 

Pleistocene populations relative to that found in modern peoples could 

reasonably have been the product of increased hybridisation of previously 

isolated human groups (Smith 1976). Perhaps some conspicuous changes in 

tooth size were simply products of a genetic lottery played out within small or 

isolated prehistoric populations. However, Bermudez de Castro (1993) 

proposed that some modern humans and fossil hominins did experience 

environmental pressures so intense that they arrested formation of the last 

formed cusp on the third molar, the hypoconulid, an extreme developmental 

response to ecological change that reduced tooth size.

Several workers argue that heterochronic shifts in rate, pace, duration, 

and trajectory of growth directly or indirectly shaped the developmental patterns 

of fossil hominins and modern humans (Bromage 1987, Macho & Wood 1995, 

Berge 1998). Rates of general somatic growth may accelerate or delay 

skeletodental maturation as is likely to have occurred in Neanderthals and 

modern South African populations, which have advanced dental development 

relative to other modern peoples (Tompkins 1996). Changes in growth rates 

may alter the activation times of key cells such as ameloblasts, hence affecting 

tooth initiation times (Macho & Wood 1995). Also, changes in dentine
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promotion may influence cell proliferation and, hence, crown size (Alvesalo et 

al. 1996).

1.3.13 Fossil hominin life history reflected in dental growth

Histological studies of tooth crown and root formation have found much 

to support relatively brief periods of maturation, initially for the 

australopithecines, and now for early fossil Homo (Dean 1987, Beynon & Dean 

1988, Dean 1989, Beynon & Dean 1991, Dean 1995, Dean 2000, Dean et al. 

2001). The periodicity between adjacent striae of Retzius, the conspicuous 

enamel growth lines regularly formed by active fronts of ameloblasts, was 

probably the same seven to nine day interval in fossil hominin teeth that it is in 

the teeth of modern humans and great apes (Dean & Beynon 1991, Dean & 

Reid 2001). Armed with this key of striae periodicity, counting the Retzius lines 

or their surface manifestations, the perikymata, of a tooth is equivalent to 

counting the days its owner lived or took to grow its teeth. From this it could be 

determined that permanent first molar emergence probably happened between 

the ages of three and four years in australopithecines (Dean & Beynon 1991, 

Smith 1991). Mineralization times suggest that the permanent third molars 

probably did not begin to erupt until australopithecines were older than seven- 

and-a-half or eight years of age (Bromage 1987). Paranthropus were probably 

precocious young that became nutritionally independent of their mothers early 

in life (Bromage 1990): australopithecines likely shared a similar infancy. These 

works and others have teased absolute schedules and lengths of permanent 

tooth development apart from the collection of ‘human-like’ and ‘ape-like’ 

sequences and patterns of tooth mineralization and emergence. They have 

lucidly interpreted the maturational significance of different rates and durations 

of dental development and demonstrated that schedules of fossil hominin 

growth were not only distinct from our own but also from those of living great 

apes and each other.

Homo erectus, H. habilis and H. rudolfensis enamel growth trajectories 

were very similar to those of living great apes but exclusive to the enamel 

growth trajectory of modern humans (Dean et al. 2001). This suggests that
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early Homo retained a primitive chronology of enamel growth. However, 

beyond this it is not possible to infer the presence or duration of specific 

developmental phases such as adolescence in early Homo maturation (Dean et 

al. 2001). Although tooth development sequences are nearly identical between 

modern humans and Homo erectus, it is improbable that both taxa shared 

comparable schedules of dental development (Dean et al. 2001). The much- 

acclaimed Turkana boy' KNM ER WT 15000, a juvenile H. erectus, appeared to 

have grown its comparatively modern skeletal morphology and body proportions 

within a primitive (read brief) maturational period! Smith (1993) proposed that 

the modern human pattern of growth suppression (extended childhood) had not 

yet evolved in Homo erectus so that its ‘growth spurt’ was unchecked and 

began markedly earlier in this hominan compared with modern humans. 

Tardieu (1998) disagreed with the length of Smith’s (1993) estimate, but agreed 

that the growth spurt in Homo erectus was of markedly longer duration than it is 

in modern humans, and that this spurt would have started during what remains 

a modern human period of childhood. Similarly, Moggi-Cecchi (2001) proposed 

the intriguing scenario that the bipedal frame shared of Homo sapiens evolved 

independently of the prolonged childhood that is perhaps the hallmark of 

modern human growth. What is very clear is that the modern human pattern of 

maturation that is predominantly a product of our protracted childhood evolved 

quite late in our evolutionary history (Dean 2000, Thompson & Nelson 2000, 

Dean etal. 2001, Moggi-Cecchi 2001).

Dean and colleagues’ (2001) compelling study of fossil hominin 

maturation estimated that a modern human maturation evolved by at least 

hundred thousand years or so. In his review of the conclusions drawn by Dean 

et al. (2001), Moggi-Cecchi (2001) summarised, “the slow rate of enamel growth 

that is typical of modern humans, and is associated with an extended growth 

period, is first seen with the large-brained Neanderthals’’ (2001:597). 

Neanderthals matured over a significantly longer period of years than either 

australopithecine or early fossil Homo taxa. The dento-skeletal growth period of 

the large-brained Neanderthals was similar in length to that of modern humans, 

but not identical (Dean et al. 1986). Several workers have reported evidence of 

advanced mineralization of at least some permanent tooth crowns such as the 

lateral and central incisors Neanderthals relative to modern human populations
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(Dean et al. 1986, Stringer et al. 1990, Thompson & Nelson 2000). Other 

findings have suggested accelerated eruption schedules in Neanderthals 

(Legoux 1970, Wolpoff 1979, Dean et al. 1986). However, Thompson and 

Nelson (2000) highlighted that if crown mineralization was indeed accelerated in 

Neanderthals relative to modern humans this acceleration was not linear. Still, 

many aspects of Neanderthal tooth development pattern and morphology were 

distinct from those of Australopithecus, Paranthropus, Homo erectus and Homo 

sapiens (Zilberman & Smith 1992, Thompson & Nelson 2000). Zilberman & 

Smith (1992) concluded that Neanderthals had thinner enamel than modern 

humans that was probably secreted at either slower rates or shorter periods of 

ameloblast activity. Their teeth also had significantly larger pulp chambers 

relative to the thickness of the crown compared to any other hominin (Zilberman 

& Smith 1992). However, very recent histological work by Dean et al. (2001) on 

the crowns of several fossil hominins demonstrated that Neanderthal tooth 

enamel formed in a way that falls within modern human variation for an 

equivalent mineralization process.

Perhaps it should have been intuitive that fossil hominin patterns and 

schedules of maturation would be as unique to these creatures as are patterns 

and schedules of modern human maturation. The species-centric slant that 

defines palaeoanthropology also confounds it. Bromage (1987:268) aptly 

checked the debate about fossil hominin maturation with the splendid question, 

“ ...if early hominids were growing like humans, then why were they not human 

in such characters as brain and body size?”. Others have commented that if 

early fossil hominins matured as modern humans do then either we evolved in 

unprecedented ontogenetic leaps and bounds or that patterns of physiological 

growth in fossil hominins defied those of all other primates for which 

maturational data is known (Smith & Tompkins 1995, Smith et al. 1995). Today, 

the spirit of Bromage's query is as relevant as ever, and its inference equally 

topical.
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1.3.14 Implications from extant primates of the evoiution of fossil 
hominin ontogeny

“The dentition is arguably the most stable marker of maturation: dental 
development is highly heritable, is relatively resistant to nutritional extremes and 
fairly severe developmental insults, and has a lower coefficient of variation than 
skeletal maturation".

Holly Smith (1989:683) asserted in her study of primate life histories. 

Rather than cross-compare tooth emergence times within and among different 

primates. Smith (1989) compared age of first permanent molar emergence 

against such developmental milestones as ages of achieved adult brain weight 

and sexual maturity. Ultimately, M l emergence and brain weight correlated 

most tightly. Smith allowed herself the conservative suggestion that both tooth 

emergence and brain development “have the closest and most direct causal 

link" (Smith 1989), but could not reasonably explain this relationship any further. 

Smith’s (1984, 1986, 1991) landmark approach to studies of primate ontology 

gave new and deeper understanding of how primates grow up. Her work also 

sparked a desire in many others to appreciate why primates evolved their 

respective maturational schedules.

Several workers have suggested that length of childhood and weaning 

age may be closely associated with maternal resource and energy 

management. Certainly, weaning age is dependent upon maternal resources 

and related to reproductive fitness to a large degree (Martin & MacLarnon 1990, 

Smith 1991, Lee 1996, Bogin 1997, Ross and MacLarnon 1995, 1996, Ross 

1998). In line with this, Bromage (1990) speculated that Paranthropus mothers 

probably gave birth to precocious young at shortened interbirth intervals 

compared to other early fossil hominins and extant apes. The significant 

attrition of Paranthropus deciduous incisors and the relatively early emergence 

of their permanent counterparts could be accounted for by such a scenario 

(Bromage 1990). Also, the early acquisition of nutritional independence by 

Paranthropus infants probably minimised total maternal energy costs (Bromage 

1990).
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Additionally, non-human primate species that practice high levels of 

allocare, that is, non-maternal care of infants, have “significantly faster-growing 

infants for their body weight” than do those species that experience low 

allocare, or high or exclusive levels of maternal responsibility for her young 

(Ross 1998). With the help of an older child, a mother could have another baby 

before older offspring had achieved (full) independence, thereby reducing the 

mother's interbirth interval and subsequently increasing her reproductive fitness.

Conversely, a deceleration in maturational rate and the subsequent 

protraction of this early period of growth would allow a lower metabolism, which 

Jansen and van Schaick (1993) and Bogin (1997) suggested could improve the 

child’s chance of survival in times of famine or stress. The quality of infant 

nutrition and the attainment age of infant “threshold weight” (roughly four times 

that of neonatal weight) are also strongly correlated with weaning (Lee 1996). 

Lee (1996:91) read these results as strong signals that ‘metabolism, not 

taxonomy’, determines weaning age: “Metabolism...appears to determine the 

relationship between neonatal weight, weaning weight, and maternal weight, 

whether the infant is a seal pup, a monkey, or a gazelle”.

However, this does not explain why other metabolically similar mammals 

do not share an extended period of child growth with higher primates. Several 

other hypotheses have been suggested, among them prolonged amnesty from 

adult (especially male) aggression, favourability of ecological conditions and 

resources availability (Lee 1996, Godfrey et al. 2001), prolonged periods of 

brain development (Godfrey etal. 2001) and social learning (Joffe 1997).

In his recent and thoughtful review of primate life history models and 

hypotheses of the evolution of modern human ontogeny, Leigh (2001) favoured 

the investment model advocated by Kaplan et al. (2000), among others (see 

Leigh 2001). This model proposed that brain development and learning was the 

thrust behind the prolongation of early growth phases in humans: “Learning, 

behavioural-flexibility, and brain growth models of life histories imply that the 

benefits of what is learned during the preadult period offset the reproductive 

opportunities lost by prolonged growth” (Leigh 2001: 226). This supported the 

conclusions of Allman and Hasenstaub (1999) that advanced brain
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development and learning conveyed such great advantages to survival and 

reproductive fitness that they were the impetus for extended periods of 

maturation. Interestingly, these workers noted that humans mature at faster 

rates “relative to what would be expected for a primate of our brain size” 

(Allman & Hasenstaub 1999). Thus, Allman and Hasenstaub (1999) suggested 

that extensive social networks facilitated a secondary abbreviation of somatic 

maturation because the support of older, more experienced kin supplemented 

immature survival skills of very young mothers who probably could not have 

successfully reared children on their own.

A key point that emerged from Leigh’s (2001) critique of life history 

models was that different periods of growth may respond differently and 

independently of each other and of body mass and growth rates. From this and 

other compelling evidence Leigh (2001) suggested that the evolution of 

ontogeny, or the recombination of different growth periods of various lengths, is 

markedly more flexible than was previously thought:

“ ...there are also different ways of “assembling” ontogenies. Thus, we 
should expect multifactorial causes of variation at different stages of ontogeny 
and within different anatomical units or systems. This variation may ultimately 
be explained by reference to social and ecological selective factors, with 
potential links to life-history processes” (Leigh 2001:232).

1.4 Dental embryology: Resolving developmental questions 

about tooth morphoiogy, position, and the timing of tooth 

formation

1.4.1 Introduction

In the late eighteenth and early nineteenth centuries, important work was 

first published on segmental development in vertebrates. Huxley and deBeer’s 

(1934) insightful research on limb development, and Goodrich (1913) and 

others’ comparative studies on regional differentiation in vertebrate bodies 

markedly influenced Butler’s work on the evolution of heterodonty in mammals
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(1937, 1939). From the works above, Butler understood that kinds and 

locations of vertebrae varied between different groups, for example, mammals 

and birds. He suggested that the vertebral column formed from pluri-potential 

cells capable of forming any type of vertebrae (Butler 1939). These vertebral 

cells were directed down different developmental paths to become particular 

vertebrae, e.g. cervical or thoracic. Butler applied this model to the 

development of the dental lamina, and proposed that all tooth primordia were 

capable of becoming any type of tooth. Butler correctly believed that all the 

teeth of an individual’s dentition formed from the same source tissues, under 

the same developmental mechanisms, and were similarly nourished and 

supported by the same physiological systems. Therefore, Butler (1937) 

surmised that tooth differentiation must be directed by local factors. Based 

upon Schour’s (1934) neurovascular experiments on developing teeth, Butler 

(1937) concluded that the key to tooth development and differentiation must 

derive from something carried in the bloodstream.

The earlier embryological work of Huxley and deBeer (1934) on limb 

development introduced a relatively new developmental theory that invoked a 

morphogenetic field as the source of segmental differentiation. Huxley and 

deBeer (1934:276) defined this field as

“a region throughout which some agency is at work in a co ordinated (sic) 
way...a unitary system, which can be altered or deformed as a whole...not a 
mosaic in which single portions can be removed or substituted by others without 
exerting any effect on the rest of the system”.

Inspired by Huxley and deBeer’s work, Butler thoughtfully applied this concept 

to tooth development, and constructed his Field Theory around the idea that 

identical tooth primordia developed within the influence of a morphogenetic 

field, whose non-uniform expression differentiated developing tooth germs into 

different tooth classes.

1.4.2 The Field Theory

Butler designed the Field Theory to explain the development and 

evolution of mammalian heterodonty. He asked fundamental questions about
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dental development: How were tooth primordia differentiated, i.e. into incisor, 

canine, molar, etc. classes? How were the positions of tooth classes 

determined within the jaws? What created the metric and morphological 

variation observed among teeth of a given class? What developmental 

mechanisms were responsible for different dental formulae between mammals? 

The Field Theory derived from the key ideas of several contemporaries, who 

theorised that embryological processes such as limb formation were directed 

and influenced by chemical substances, or morphogens, expressed in different 

concentrations. Each concentration gradient, or morphogenetic field, activated 

specific potentials within undifferentiated embryonic cells according to their 

positions within the field. For example, in this way, a cluster of cells acquired 

the potential to become a limb bud that, within the influence of the 

morphogenetic field, differentiated into upper and lower segments, phalanges, 

etc. Clearly, not only the expression but also the position of a morphogenetic 

field was critical to the normal development of an embryo, i.e. limbs developing 

where they ‘should’ along the trunk.

1.4.21 The major tenets of the Field Theory

Butler was and still is a keen observer, a lateral thinker, and a creative 

theorist. His Field Theory was a logical and well-organised interpretation of the 

dental and embryological information available at the time. Butler appreciated 

the complexity of the problem he and others were striving to solve, and crafted 

a sophisticated theory that carefully addressed several fundamental questions 

about somatic development: the determination of cell identity, the transmission 

of positional information to cells, and the timing of cell migration and 

proliferation, and organogenesis.

Butler (1937, 1939) was one of the first students of dental evolution who 

concluded with little doubt that the entire dentition developed under similar 

somatic influences, and was subject to change as a whole. He also reasoned 

that teeth were homologous among most mammals, and formed in 

fundamentally similar ways. Morphogenetic fields were common to and of 

“essentially the same structure” across “a wide range of mammals” (Butler
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1939). The substantial variation in cuspal morphology and crown pattern that 

existed among these animals Butler (1939) interpreted as evidence of the field’s 

capacity for a wide range of dental variation.

Correctly working on the basis that tooth development was homologous 

allowed Butler to conceptualise a single underlying mechanism, or unified suite 

of mechanisms, of dental development. In this model, all tooth primordia were 

spaced within a single morphogenetic field, and all primordia were pluri- 

potential (Butler 1937, 1939). That is to say, tooth primordia were identical, and 

capable of becoming any tooth in any tooth class, subject to the influence of the 

field. This morphogenetic field was subdivided into regional morphogenetic 

concentrations that induced an equal number of morphologically distinct tooth 

classes (Butler 1939). Essentially, all information, be it positional, 

morphological or temporal, derived outside of the primordial tooth cells from an 

independent chemical factor (see Figure 1.1)

Incisive Fieid

C anine Field

Moior Fieid

Figure 1.1 A model of Butler's Field Theory for a mammalian permanent 
dentition. (As modified from Osborn JW by Ten Cate AR 1983, in Ten Cate 
1994.)
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1.4.3 The development of heterodont dentitions

The Field Theory described newly forming teeth as germs spaced within 

a single morphogenetic field (Butler 1939). The locations of these identical 

“tooth rudiments” in the field determined what classes of teeth the germs would 

become (Butler 1939). As above, the subdivision of a morphogenetic field into 

differently concentrated regions induced among tooth primordia as many 

morphological classes, and clearly demarcated adjacent classes from one 

another (Butler 1939). Modifications in the nature of the morphogenetic field 

could affect tooth morphology “in such a way as to result in the simultaneous 

modification of several teeth” (Butler 1939:2). However, the regional divisions 

within the field allowed the evolution of the teeth within one class independent 

of all classes (Butler 1939). Variations in tooth morphology and dental formula 

were the product of alterations in the position and degree of the morphogenetic 

gradient (Butler 1939). In other words, shifts in field position and concentration 

gradient could change the position of a tooth class, the number of teeth in a 

class, and the morphologies of teeth within a given class.

About a decade after Butler (1937, 1939) first published his Field Theory, 

Dahlberg (1945) expanded upon the theory that regional concentrations created 

morphological variation in teeth. Dahlberg’s studies of human dental 

development highlighted to him the subtle but notable morphological variation 

within a single tooth class. To account for these intra-class differences, 

Dahlberg (1945) advocated the idea that morphogen concentrations varied not 

only within a field, but also within a region. Each region was a morphogenetic 

dine that decreased mesiodistally in concentration (Dahlberg 1945). Hence, 

tooth germs nearest the morphogenetic source (mesial-most) were strongly 

affected by the morphogen, while germs farthest from the source (distal-most) 

experienced the morphogen more weakly. Subsequently, these distal-most 

tooth germs varied more in size and morphology, and often resembled the teeth 

of the adjacent distal class. This, Dahlberg (1945) concluded, explained the 

morphological variation within a given class, i.e. the molariform shape of the 

fourth premolar, or the reduced molariform look of the distal molar(s) compared 

to the first molar tooth.
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Both degree and location of the morphogenetic field affected which 

germs became what types of teeth (Butler 1939). Butler (1939) described these 

two types of evolutionary change as the “retardation of the gradient in the molar 

region” so that a greater number of molar teeth formed relative to the rest of the 

dentition, and the mesiodistal shifting of the molar region along the tooth rows. 

Although the Field Theory explained differences in number of teeth within each 

tooth class among groups, it poorly accounted for differences in absolute tooth 

number between taxa.

The Field Theory was the foundation upon which subsequent tooth 

development studies could be built. Butler first published his work at a time 

when studies of dental development were stalled, and perhaps not a little 

confused, for the lack of a strong theoretical framework upon which to build and 

test new ideas. As the Field Theory debuted, morphogenetic fields were the 

most reasonable resolution to many developmental questions. Regardless, 

Butler appreciated that the Field Theory did not satisfactorily answer all the 

developmental questions asked of it, and he remained open to progressive 

developmental studies that helped advance his and others’ innovative research.

1.4.4 The failings of the Field Theory

Although the Field Theory accounted for much of tooth formation, it left 

several fundamental questions poorly answered, or did not answer them at all. 

The source of the morphogenetic substance remained a mystery, and the 

trigger for its initiation not understood. The signal(s) that sustained the 

morphogenetic field for the total period of permanent tooth development (a very 

long time, in excess of eighteen years, in humans) was also not explained. 

Although Butler (1937) briefly discussed the developmental relationship 

between the deciduous and permanent teeth, concluding that permanent 

molars, and not premolars, were of the same class as deciduous molars, he did 

not clarify how the morphogenetic field controlled the spatial and temporal 

relationships between the two dentitions. The Field Theory unsuccessfully 

addressed what restricted the locations and lengths of morphogenetic fields and 

their regional concentration gradients. Additionally, it did not explain the
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evolutionary relationship between the morphogenetic field and the dental 

lamina.

Many decades later, Lumsden (1979) demonstrated that molar teeth 

form properly and completely when presumptive molar tissue or dental lamina 

was cultured in a non-oral environment. Within four weeks of growth in the 

anterior eye chambers of adult mice, embryonic molar tissues younger than 

twelve days formed first and second permanent molars; dental lamina aged 

between twelve and sixteen days formed two or, often, three adult molar teeth 

(Lumsden 1979). The molars developed in normal sequence, and into normal 

crown shapes and proportions (Lumsden 1979). These results were a 

significant blow to the Field Theory. At the time, Lumsden’s work strongly 

suggested that the influence of a morphogenetic field was unnecessary to both 

the normal appearance and differentiation of (molar) teeth. Today, this classic 

study remains a powerful refutation of the regulation of dental development by 

morphogenetic fields (Lumsden 1979).

1.4.5 The Clone Model

In the early and mid-twentieth century, very little was understood about 

the ontogeny of reptilian tooth replacement. Several workers dedicated 

themselves to explaining these repeated waves of tooth formation. Among 

these students was Osborn, whose applied studies of tooth embryology guided 

his research towards key interactions among developing oral tissues. Osborn 

(1971) disagreed with the prevalent theory that a chemical impulse initiated 

each wave of replacement teeth. This chemical impulse was envisioned to 

originate from the front of the jaw, and to uniformly travel back through the 

entire length of the oral tissues. Osborn (1971) rightly argued that the source, 

origin, nature, and maintenance of this pulse remained unknown. He also 

argued that this theory failed to account for the ontogeny of tooth positions 

(Osborn 1971). After all, if a chemical pulse travelled uninterrupted through all 

tooth-forming tissues, why did teeth form in specific and constant positions in 

the dental lamina, or why did more than a single giant tooth form at all (pers. 

comm, with D.F.G. Poole, cited by Osborn 1971)?
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An understanding of what determined tooth position was the thrust of 

Osborn’s theorising: “any solution to tooth succession in non-mammalian 

vertebrates must at sometime explain the existence of specific and precisely 

separated tooth positions” (1971:26). Osborn integrated what was known about 

embryological tissues and cell competence into his new model of tooth 

positioning. Osborn (1971) proposed that the competence of the dental lamina 

increased until a tooth germ could be initiated. Once a germ began to develop, 

it emitted an inhibitory chemical that formed a “sphere of inhibition” around the 

young tooth. As the tooth developed, the sphere decreased. Successive 

germs formed from competent dental tissues positioned at the posterior limit of 

the sphere. These concepts of tooth formation and position formed what 

Osborn would shortly develop into his Clone Model.

1.4.51 The major tenets of the Clone Model

Rather than an extrinsic morphogenetic field differentiating regions of 

dental lamina, Osborn (1978) proposed that the fate of tooth germs was already 

predetermined in the dental lamina. Osborn’s Clone Model rested upon this 

theory of the intrinsic control of tooth formation and differentiation.

A clone was a cluster of cells that divided a critical number of times to 

become a viable tooth primordium, and then proliferated further to eventually 

become a specific tooth within a particular class. Each tooth class developed 

from a single clone. Therefore, there were as many developing clones as would 

be classes within a single dentition. Osborn theorised that after a critical 

number of cell divisions, the clone’s cellular “shape potential”, or rate of cell 

division, dropped irretrievably. This drop rendered the clone incapable of 

generating further teeth in its class (Osborn 1978).

According to the Clone Model, both the deciduous and permanent 

dentitions derived from a single clone. Within each clone was a “stem 

progenitor”, from which the clone grew in two different directions, anterior and 

posterior, and generated two distinct morphological sets of teeth (Osborn 1978).
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The deciduous teeth formed from the anterior growth of the clone, while the 

permanent teeth formed from the posterior clone growth (Osborn 1978).

Variation in tooth size and morphology was a product of different 

(decelerating) rates of cell division. The rate at which a clone proliferated 

determined the initial rate at which that tooth primordium, and subsequent 

primordia, would develop (Osborn 1978). Osborn continued that the initial rates 

of development subsequently affected tooth shape and size. A decelerated 

expansion of the clone would induce different initial rates of formation in 

subsequent tooth primordia. The deceleration in posterior expansion was the 

result of increasingly slowed rates of cell division, which Osborn (1978) called 

“shape potential”. Osborn (1978) specified that rate of proliferation could only 

change in a one direction; once cellular division decelerated, it could not 

accelerate. Time of tooth initiation was also a product of cell division rates and 

history, that is, the age of the clone and, subsequently, the number of cell 

divisions it had made.

Earlier work by Gruneberg (1951) proposed that tooth primordia below a 

critical size would fail to develop, and would result in the loss of teeth and a 

decrease in total tooth number. Some years later, Wolpert (1969) suggested 

that, similar to Butler’s Field Theory, a gradient of substance activated different 

cells at different, fixed morphogenetic concentrations, which would initiate the 

development of a fixed number of tooth primordia. Wolpert (1969) called this 

his “positional information” model. Osborn (1978) proposed that an altogether 

different mechanism determined the number of teeth in the jaws, a “zone of 

inhibition” (see Figure 1.2). This “zone” was an area maintained by each 

developing tooth primordium around itself. The zone of inhibition prohibited the 

activation of subsequent primordia within that area. The clone emitted this 

inhibitory zone as successive tooth primordia formed. The area of the zone of 

inhibition could dictate the number of primordia that developed in a tooth class, 

and hence, the number of teeth in the jaw (Osborn 1978). Overall jaw size also 

determined tooth number, as its absolute length restricted the distance through 

which the clone could travel, and the number of primordia it could form (Osborn 

1978).
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Outline of zone of inhibition

Dental Lamina

Molar Clone

Progress Zone

Dental Organ

Dental Papilla

Figure 1.2 A model of Osborn's Clone Theory. A The molar clone has 
induced tooth germ formation in the dental lamina. At their posterior borders 
both the germ and the dental lamina grow backward by means of the progress 
zone. B A zone of inhibition surrounds the developing tooth bud and inhibits 
further germ initiation. C As the progress zone of the clone escapes the 
influence of the zone of inhibition the next tooth germ is subsequently initiated. 
(From an adaptation of Osborn JW by Ten Cate AR 1983, included in Ten Cate 
1994.)

1.4.6 Early suggestions of spatial relationships between developing 

teeth and jaws

Whether Osborn intended it to or not, his work was perhaps the first to 

earnestly address spatial relationships between developing jaws and teeth. A 

major implication of the Clone Model was that there was an acute 

developmental relationship between time of tooth initiation and the length of 

jawbone that could house young teeth. The total length of jaw through which 

the clone might travel restricted the backward extension of the proliferating 

clone. This dictated the rate at which the clone escaped the influence of the 

zone of inhibition, and, hence, the times at which the development of 

successive tooth germs was initiated.

This was an important idea that helped explain the synchronous growth 

of two different systems, the jaws and the teeth. However, there was no 

experimental support for this idea at the time, and there remains little today. As 

embryological and, particularly, molecular research grew in sophistication and 

precision, it became clear that neither the Clone Model nor the Field Theory
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entirely accounted for the ontogeny of tooth development. Indeed, recent 

studies have suggested for the first time the microscopic and detailed scale at 

which oral tissue and genetic interactions could be orchestrated.

1.4.7 Deficiencies of the Cione Modei

The Clone Model specified that the adult tooth clone proliferated only in a 

posterior direction; hence, successive permanent teeth initiated in a strictly 

mesiodistal sequence. However, the formation of distal teeth prior to mesial- 

most teeth in a given class, such as P4 initiating before P3, does not support 

this part of Osborn's theory.

Osborn also stated that rate of clone proliferation decelerated linearly. 

One wonders, for example, in humans, whether time of M3 initiation could be 

accurately predicted from the rate of deceleration measured between times of 

M1 and M2 initiation. If successive molar tooth germs do not initiate at a linear 

rate of deceleration, then this also fails to support the Clone Model.

Additionally, Osborn failed to explain what triggers initial clone 

proliferation away from the “stem precursor” . This was particularly important if 

one was to properly understand the development of the deciduous and 

permanent dentitions. What controlled the earlier anterior (deciduous) growth of 

the clone, and delayed the posterior (permanent) proliferation of the clone?

1.4.8 Embryological studies of tooth-forming tissues

In the years after Osborn published his Clone Model, embryological 

studies of tooth formation continued to build on what was known about the 

formation of presumptive dental tissues. Kollar and Lumsden (1979) defined 

three main phases of tooth development: initiation, morphogenesis, and 

cytodifferentiation. During initiation, tooth germs formed via ectomesenchymal- 

oral epithelial interactions. It became clear that early interactions between 

neural crest-derived ectomesenchyme and oral epithelium were critical to
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impregnating the dental lamina with dental competence. Localised cell 

proliferation along the dental lamina formed a series of epithelial swellings that, 

with continued cell division, invaginated the ectomesenchyme below (Ten Cate 

1994). The locations of epithelial downgrowths corresponded to the positions of 

the future deciduous teeth (Ten Cate 1994). The second phase, 

morphogenesis, included the development of the tooth germ as far as the bell 

stage, when the infolding of germ tissues formed cusp patterns, and the tooth 

took shape. In the final phase, cytodifferentiation, interactions between the 

ectomesenchyme and epithelium differentiated odontoblast and ameloblast 

cells that subsequently laid down the hard dental tissues. Yet for all that was 

known about tissue-tissue interactions, no one could properly determine what 

within these tissues directed tooth formation, or what regulated the time and 

position of tooth germ development.

Some new ideas were published in the decade that followed the Clone 

Model, but most of these have since been appropriately refuted. Schwartz 

(1982) made a strong and comprehensive argument against the idea that 

alveolar bone determined the types of teeth that formed within it. Schwartz and 

Langdon (1991) rejected Schwartz’s and others’ (Ooë 1957; Galvez 1959; 

Pearson 1977) earlier suggestions that numbers of nerve branches and stem 

progenitors of tooth classes corresponded on the basis of the substantial 

variation they (Schwartz & Langdon 1991) observed in nerve branch patterning. 

Earlier, Lumsden (1982) had proposed that the innervation of the oral 

epithelium crucially established pathways along which neural crest cells could 

migrate into the epithelium, and initiate the first tooth formation. Schwartz and 

Langdon (1991) concluded, along the lines of Lumsden’s (1982) work, that if 

innervation did play a significant role in tooth development, this could only be at 

the very start of the ontogenetic process. Kjær’s (1988, 1995b, 1997, in Kjær 

1998) repeated observations that tooth germs closest to the nerve stems 

formed earliest supported this idea. Interestingly, Kjær (1995b, in Kjær 1998) 

furthered that the most common areas of congenital malformation, particularly 

tooth agenesis, were those last innervated.

After Butler’s early work but long before Osborn’s Clone Model, 

Waddington (1940, 1957) and Schmalhausen (1949) developed the idea of
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canalisation or autoregulation. This theory proposed that at a particular time, 

proteins, or the products of protein-enzyme interactions, irreversibly committed 

pluri-potential or toti-potential cells to specific developmental pathways. 

Embryological cell development was not under the control of a morphogenetic 

field. Rather, a critical number or type of cell-protein interactions regulated the 

fates of these cells. Because, in the canalisation model, cells remained 

undifferentiated until directed down a specific developmental path, pre

determined mesenchyme could not be the source of observed differences in the 

dentition, which the Clone Model suggested. The levels of variation observed in 

fully formed teeth were negatively correlated with the levels of control exercised 

by the regulatory cascade, particularly in response to extreme environmental 

disturbances (Kieser 1990). Canalisation is similar in many ways to what is 

known about the molecular regulation of tooth formation. The latter involves 

cascades of molecular signals that regulate cellular activities and gene 

expression. Normal tooth development depends upon exact positional and 

temporal interactions among genes and cells, and between genes.

1.4.9 Molecular studies of tooth formation

Molecular studies of tissue competence and gene regulation built upon 

what was learned from classic studies of embryological cell differentiation and 

tissue formation. After Lumsden’s (1979) grafting experiments involving the 

presumptive molar tissues of mouse embryos, continued experimentation 

further clarified the sources and identities of the tissues involved in the 

formation of the dental lamina and tooth germs. However, none of these 

studies satisfactorily identified the mechanisms that regulated the development 

of ectomesenchyme and oral epithelium. Many questions remained, among 

them: Was the migrating ectomesenchyme already differentiated prior to 

arriving in the jaw, or was it inducted by regionally differentiated primitive oral 

ectoderm (Butler 1982)? Were there as many types of mesenchyme as there 

were teeth, as the Clone Model suggested (Butler 1982)7 How was tooth 

morphology determined and generated? What controlled times and rates of 

tooth formation?
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Little more than two decades ago, the discovery of homeotic (Hox) genes 

gave unprecedented insight into embryological segmentation and the 

developmental patterning of animal tissues. A relatively small number of highly 

conserved molecules, Hox genes, regulated the number, identity, pattern and 

formation of body fields such as segments, appendages and organs, as well as 

the formation of cell types and the specification of primary body axes (Carroll et 

al. 2001). This new direction of research greatly deepened our understanding 

of the gene and tissue interactions fundamental to processes ranging from limb 

and trunk differentiation to organogenesis and tissue function. Hox gene 

experiments have produced a wealth of information about the regulatory signals 

and pathways that direct the identities, movements, and actions of 

embryological cells.

Hox genes are so conserved that they recur in an incredible range of 

vertebrates and invertebrates. Indeed, I do not think that the development of 

any animal studied thus far has not fundamentally involved these molecules. 

Amazingly, this suggests that variations and recombinations of interactions 

involving the same few Hox genes has generated the dramatic variety of dental 

morphologies and formulae observed in living and extinct vertebrate taxa 

(Thesleff & Sharpe 1997, Carroll et al. 2001).

Tooth formation is a tripartite combination of intermolecular and 

intercellular interactions that directly or indirectly prime the presumptive dental 

lamina to form tooth germs, and maintain odontogenesis. While some genes 

directly affect cell activity and tissue formation, others indirectly control tissue 

development by regulating the activity, or quiescence, of other genes. In some 

developmental processes, a small number of genes appear to be functionally 

redundant in the presence of other members of the same gene family (Thesleff 

& Sharpe 1997). During tooth formation, genes may be restricted to a specific 

tissue (i.e. mesenchyme), and to specific stages of development (Thesleff & 

Sharpe 1997). Hence, regulatory genetic cascades are often intricate and 

complex.
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1.4.10 Cell and tissue differentiation of the developing teeth

Contact between ectodermal and neural crest-derived cells is essential 

for tooth bud formation. The dental lamina is of ectodermal origin. Epidermal 

cell proliferation at regular intervals along the dental lamina forms presumptive 

tooth germs. These concentrations of epidermal cells grow down into neural 

crest-derived ectomesenchyme, which also grows upward into the epithelium 

(Ten Cate 1994). As these two tissues come into contact and communicate 

with one another, tooth germs form.

Both neural crest-derived ectomesenchyme and ectodermal epithelium 

are critical to proper tooth morphogenesis. Tooth shape, or type, is inherent to 

the mesenchymal cells. However, tooth shape becomes established in the 

germ cells by the oral ectoderm, which induces tooth morphogenesis (Ten Cate 

1994, Sharpe 2001, citing Mina & Kollar 1987, & Lumsden 1988). In other 

words, the mesenchyme is the blueprint of tooth type from which the ectoderm 

initiates overt morphogenesis. While the ectoderm directs tooth germ 

development up until the bud stage, subsequent stages of tooth formation are 

regulated by the mesenchyme (Thesleff & Sharpe 2001, citing Kollar & Baird 

1969, 1970). Tooth morphogenesis is a reiterative cascade of two-way cell and 

gene communication (Jernvall et al. 2000).

Recent studies undertaken by two research groups on pre- and post- 

migratory neural crest cells (NCCs) have highlighted two different agencies that 

critically regulate cell specification and patterning during facial development. 

Work by Trainor and colleagues (2002) on neural crest patterning showed that 

positions of specific groups of NCCs were instructed by signals derived from the 

neural tube, in this case from the isthmus. This demonstrated that NCC 

migration was regulated extrinsically by local environmental instructions. 

Complementary research by Couly and colleagues (2002) on embryonic facial 

skeletal development demonstrated that underlying endoderm instructs size, 

shape, and orientation of NCCs once they have migrated to their appropriate 

destination. This was evidence that NCC fate is not unalterably preordained 

prior to cell migration (Couly et al. 2002). Rather, the endoderm commits the 

NCCs to their metric, morphological and positional fates (Couly et al. 2002).
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These exciting and insightful results suggest a practical model the application of 

which is germane to a deeper understanding of how fates of presumptive germ 

cells are determined and how the development of dental tissues is regulated.

1.4.11 Hox families and signalling molecules Integral to normal 
tooth development

One Hox gene family, bone morphogenetic proteins (BMP’s) is 

expressed in both epithelium and mesenchyme and acts as a two-way signal 

between these tissues (Vainio et al. 1993, cited by Thesleff & Sharpe 1997). 

BMP does not stimulate cell proliferation, but necessarily induces the 

expression of Msx-1 and Msx-2, genes that are critical to the continuation of 

tooth development beyond the late bud stage (Bel & Maas 1998, cited by 

Thesleff & Sharpe 1997). BMP’s are widespread in tooth development; Bmp-2, 

Bmp-4, and Bmp-7 are expressed in mesenchyme and epithelium, in the 

enamel knot, and in association with the differentiation of odontoblasts and 

ameloblasts (Vainio et a! 1993, Aberg et al. 1997, Thesleff & Sharpe 1997). 

Bmp-5 is expressed in ameloblasts (Aberg et al. 1997). These genes may be 

functionally redundant as their respective expressions typically overlap (Thesleff 

& Sharpe 1997).

Sonic hedgehog (Shh) is another ubiquitous gene family expressed in 

the developing tooth germs (Thesleff & Sharpe 1997). Shh may help regulate 

tooth bud initiation (Thesleff & Sharpe 1997). Shh does not appear to be 

necessary to the formation of the dental papilla or to the differentiation of 

odontoblasts, but strong evidence has suggested that this signalling molecule is 

critical to normal tooth morphogenesis and cusp development (Hardcastle et al. 

1998, and Dassule et al. 2000 in Thesleff et al. 2001). Recent work by Sarkar 

and colleagues (2000) has confirmed that local Shh expression stimulates 

epithelial cell proliferation to produce tooth buds and in conjunction with Wnt-7b 

is critical in the positional determination and maintenance of tooth forming 

(dental) and non-tooth forming (oral) ectodermal cells.
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Another Hox family critical to dental development is fibroblast growth 

factor (FGF). FGF’s regulate tooth morphogenesis (Jernvall et al. 1994, 

Thesleff & Sharpe 1997). They do this at several different stages of tooth 

formation by stimulating cell proliferation in both dental mesenchyme and oral 

epithelium (Jernvall etal. 1994, and Kettunen & Thesleff 1997, cited by Thesleff 

& Sharpe 1997). Critically, FGF’s also inhibit cell apoptosis (Vaahtokari et al. 

1996b, cited by Thesleff & Sharpe 1997). FGF signalling pathways are 

regulated by the expression of other genes such as Msx-1 and syndecan-1 

(Chen et al. 1996, and Kettunen & Thesleff 1997 in Thesleff & Sharpe 1997). 

Like BMP, FGF expression may also be functionally redundant (Thesleff & 

Sharpe 1997). Various other signalling molecules participate in tooth germ 

development. These include WntlLef-1, Max, and Notch, which may be 

involved in cell fate specification (Thesleff & Sharpe 1997). As mentioned 

above, Wnt-7b locally suppresses Shh expression in oral ectoderm, which 

consequently inhibits ectodermal cell invagination (Sarkar et al. 2000). Tooth 

bud formation is impeded, “thus maintaining the boundaries between oral and 

dental ectodermal cells” (Sarkar et al. 2000).

The presence or absence of specific Hox genes directly affects tooth 

type (Sharpe 2001). For example, experiments showed that a molar tooth only 

formed if genes Dix and Band were expressed by the germ cells; an incisor 

tooth only formed if the germ cells expressed genes M sxl and Alx3 (Sharpe 

2001). Neither tooth formed in the presence of the other’s respective Hox 

genes (Sharpe 2001). Importantly, this study demonstrated that the encoding of 

a particular tooth type was not exclusive to one specific gene, and was equally 

sensitive to the presence and absence of molecular expression (Sharpe 2001).

1.4.12 Tooth morphology: The critical signalling role of the enamel 
knot

For over a century, the enamel knot, a key regulator of tooth 

morphogenesis, had sat neglected in the dental literature. The location and 

histology of the enamel knot had been described around the early twentieth 

century. However, the role of this transient cluster of epithelial cells remained

123



enigmatic. Because no one knew how to account for it, the enamel knot was 

perhaps uncomfortably accepted as a fleeting and inert artefact of crown 

formation. Not until very recently was the enamel knot’s critical function in cusp 

formation and crown morphology at all understood.

There are, in fact, two types of enamel knot: primary and secondary 

(Jernvall et al. 1994). The primary enamel knot (PEK) is a cluster of cells that 

forms at the tip of the epithelial tooth bud. Although the PEK is derived from 

epithelium, its formation is regulated by signals from the mesenchyme, 

particularly Bmp-4 (Jernvall et al. 1998, Thesleff et al. 2001). However, it is 

possible that the enamel knot is induced and maintained by several co

ordinated signalling pathways (Thesleff & Sharpe 1997). The PEK only appears 

for a very brief period of time during the cap stage of crown formation. There is 

only ever one PEK in a developing tooth. However, in multicuspid teeth there 

are as many secondary enamel knots (SEK) as there are cusps, less the first 

cusp which derives from the PEK (Jernvall et al. 2000, Thesleff et al. 2001. 

SEK’s appear along the junction of the dental papilla and the growing tooth 

germ at the locations of future cusps (see Figure 1.3).
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Figure 1.3 Induction of the dental tissues of a multicuspid tooth bud by 
primary and secondary enamel knots. A The PEK is induced in the late bud 
stage. B The PEK signals the dental papilla; these dental tissues will later 
contribute to the first cusp. C SEK's induce odontoblast differentiation. These 
dental tissues will later from subsequent tooth cusps. (From Thesleff et al. 
2001)

124



The PEK expresses at least ten different signalling molecules, including 

FGF, BMP, Shh, and Wnt signalling families, several members of which are 

also expressed by SEK’s (Thesleff et al. 2001). The exact functions of these 

gene families as expressed by the enamel knots are not fully known. The role 

of FGF in epithelial folding and growth is perhaps most clearly understood. The 

expression of FGF by the PEK stimulates the proliferation of neighbouring 

epithelial and mesenchymal cells (Thesleff et el. 2001). These cells eventually 

develop into the cervical loops and dental papilla, respectively (Thesleff et al. 

2001). However, the PEK itself does not respond to FGF, and fails to 

proliferate. As mentioned above, FGF expression inhibits apoptosis, so it 

follows that PEK is not receptive to this signalling molecule. This site of PEK 

cell inactivity surrounded by proliferating epithelial and mesenchymal cells 

appears to induce epithelial folding, and generate and maintain the crown 

topography latent in the neural crest-derived ectomesenchyme (Thesleff et al. 

2001). Thesleff and colleagues (2001) proposed that the PEK is also 

responsible for inducing the formation of the dental papilla during its earliest 

appearance at the late bud stage.

The enamel knot is one example of the importance of programmed cell 

death. Towards the end of the cap stage, the PEK apoptoses except for a 

minority of cells that are destined to form the first, and in the case of incisors 

and canines, only, tooth cusp (Thesleff & Sharpe 1997, Jernvall et al. 2000). 

Not only does the PEK regulate tooth morphology, but evidence also suggests 

that the genes expressed by the PEK are critical to odontoblast differentiation in 

the dental papilla; FGF stimulates the proliferation of mesenchymal as well as 

epithelial cells (Thesleff et al. 2001 ).

The SEK’s also appear to express genes that are integral to the 

signalling cascade that regulates odontoblast differentiation, and in future, the 

mineralization of the crown (Thesleff et al. 2001). There were three significant 

observations that Thesleff et al. (2001) suggested supported this idea. Firstly, 

odontoblast differentiation began at the tips of cusps, from whence it migrated 

cervically and intercuspally. Secondly, the first odontoblasts that differentiated 

from the dental papilla were located directly beneath the SEK’s. Thirdly, the 

timing of initial odontoblast differentiation coincided with SEK signalling.
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However, this theory remains unconfirmed. Odontoblast and ameloblast 

formation is an intricate process alternately regulated by the cross-signalling of 

epithelial and mesenchymal cells at the meeting of these two tissues (Thesleff & 

Sharpe 1997, citing Ruch et al. 1995 and Thesleff & Aberg 1997).

The positions and gene expressions of SEK’s directly regulate the 

formation of subsequent cusps (Pispa et al. 1999, in Thesleff et al. 2001). 

Pispa and colleagues’ (1999) fascinating experimentation on tooth formation in 

mice demonstrated that the positions of SEK’s relative to both the epithelium 

and one another were directly manifested in the cusp positions and crown 

morphologies of the completed teeth. Mutant mice whose SEK’s were fused 

developed molars whose cusps were correspondingly fewer and fused, unlike 

the molars of the wild-type mice (Pispa et al. 1999).

Earlier, Jernvall and colleagues (1997) proposed that the timing of 

enamel knot apoptosis might be a key regulator of tooth shape, and that slight 

variations in enamel knot activity might underlie differences in mammalian molar 

tooth morphologies. In addition to controlling the time and location of cusp 

formation, the enamel knot also dictates cusp morphology and height (Jernvall 

et al. 2000, Thesleff et al. 2001). Jernvall et al. (2000) suggested that species- 

specific cusp patterning derived from changes in the growth of the SEK’s. This 

has exciting implications for both developmental and evolutionary research.

1.4.13 What regulates the time and duration of dental development?

Little if anything is known about the regulation of the timing and duration 

of tooth formation. The length of time required for the completion of 

developmental cascades, for cell migration, and for intercellular communication 

establishes a minimum period of tooth formation. However, it is highly unlikely 

that the rates at which these processes occur are fixed. Rather, it is probable 

that these rates may be accelerated or decelerated via subtle genetic changes. 

The mechanisms that regulate time and, perhaps to a lesser extent, position of 

tooth formation remain developmental enigmas.
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1.4.14 The regulation of tooth position

Teeth can only form where epithelium has invaginated the 

ectomesenchyme. However, it is not completely known what regulates the 

spacing of these epithelial swellings and how it does this. Sarkar and 

colleagues' (2000) study highlighted how individual germs may be positioned 

and spaced relative to each other and to surrounding non-dental tissues. 

However, their (Sarkar et al. 2000) results do not explain the mechanisms that 

regulate which specific groups of germ cells at particular locations become fated 

with distinct cuspal morphologies and numbers. The results of Couly et al. 

(2002) and Trainor et al. (2002) certainly support the idea that the mechanisms 

under which germ position and identity are determined or regulated are 

decoupled. It would seem sensible that signalling molecules also regulate the 

positioning of presumptive germ tissues along the dental lamina just as they 

regulate the location of tooth morphogenesis on the branchial arch. Perhaps 

reiterative signalling induces epithelial cell proliferation at certain places on the 

dental lamina, as is the case with Shh/Wnt-7b, or attracts or repels these cells 

so that they cluster in specific locations. It is known that reciprocal signalling 

between the ectoderm and mesenchyme enables cells to constantly monitor 

their positions relative to one another (Sharpe 2001). Although there is strong 

evidence from interspecies tissue recombination experiments that 

mesenchymal, rather than ectodermal, cells regulated tooth position, this 

remains unknown (Thesleff & Sharpe 1997). It would appear that mesenchymal 

signalling determines tooth position, and that epithelial cells respond by forming 

tooth germs. Homeobox gene Otlx2 (RIEG) may be the signalling molecule 

responsible for regulating the epithelial response to the mesenchyme (Thesleff 

& Sharpe 1997).

From a very early embryological age, only select rostral segments of 

ectoderm were receptive to the ectomesenchyme (Sharpe 2001). Via a 

cascade of gene-gene interactions, the ectoderm appeared to induce both oral 

and aboral mesenchymal gene expression with the branchial arch (Sarkar et al. 

2000, Sharpe 2001). What programmed the ectoderm to alternately induce or 

suppress the development of presumptive dental tissues within the branchial 

arch was not known. However, experiments that ablated the cranial neural
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crest failed to affect the spatially restricted pattern of gene expression in the 

ectoderm. These experiments and others have demonstrated that the regional 

determination of dental competence in the branchial arch is independent of the 

ectomesenchyme, and is induced exclusively by the epithelium (Sharpe 2001). 

The specific spatial expression of morphogenetic factors probably also 

influences the activity of the enamel knot, which is ectoderm-derived (Sharpe 

2001).

Exactly how individual tooth position is determined and regulated 

remains elusive. Does the ectoderm's specific receptivity to migrating neural 

crest also dictate the locations of the epithelial swellings along the dental lamina 

and, hence, the positions of presumptive tooth buds? Sharpe (2001:4) 

concluded in a very recent study of tooth morphogenesis, “the early ectoderm- 

ectomesenchyme cell interactions must in some way either create or respond to 

positional differences in the jaw primordia”. Somehow, positional information is 

expressed within the very young embryonic tissues to which the migrating 

neural crest cells of presumptive dental tissues respond. These results refuted 

both the idea that morphogens determined tooth germ position, and the 

suggestion that chemical zones of inhibition maintained distances between 

successive germs.

1.4.15 Ontogenetic and evolutionary relationships between the 
jaws and teeth

Ten Cate (1994) recounted that the posterior growth of the dental lamina 

tracked the lengthening of the developing jaw. The rate of extension of the 

dental lamina dictated the formation of successive permanent molar germs (Ten 

Cate 1994). Interestingly, this backward extension of the dental lamina into the 

developing ramus accounted for occasions when tooth mineralization occured 

in the adult ramus (Ten Cate 1994). Similar to the Clone Theory, this 

explanation implied that rates of jaw development regulated times of molar tooth 

initiation. Yet it failed to account for the markedly staggered times of human 

adult molar initiation. However, Thesleff and Sharpe (1997) proposed that 

different genes independently regulate the development of teeth in various
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regions of the jaw, which may account for these staggered times. It is also 

entirely possible that discrete gene complexes independently regulate 

mandibular and dental development.

An increasingly prominent dialogue among students of gnathic and 

dental evolution is exploring and evaluating evidence for scenarios in which 

jaws and teeth evolved independently and perhaps for different functions than 

either system has today (Lauder 1985, Mallatt 1996, Forey & Janvier 1993, 

Janvier 1993 and Van der Brugghen & Janvier 1993, cited by Smith & Coates 

2000). Work by Van der Brugghen and Janvier (1993) concluded that the 

thelodont agnathan Loganellia possessed oropharyngeal denticles similar to 

those observed in jawed vertebrates. They suggested that certain denticles 

may have aided respiration by facilitating or directing waterflow toward the nasal 

cavities (Van der Brigghen & Janvier 1993). Smith and Coates (2000) proposed 

that jaws evolved to facilitate suspension or suction feeding, to which teeth may 

contribute but are not essential: dental evolution for feeding purposes occurred 

sometime later. Smith and Coates (2000) suggested that this current theory of 

an earlier and independent evolution of the jaws and a later and discrete 

evolution of the teeth begs not “the question of when jaws evolved", but “when 

did teeth or tooth-bearing dermal bones become associated with the mandibular 

cartilages and transform it into a biting apparatus?” (2000:145).

Inspired by recent studies of molecular coding of presumptive oral and 

dental tissues. Smith and Coates (2000) proposed that molecular patterning 

and differential regulation of various Hox genes played a critical part in jaw and 

tooth evolution and development. Certainly, in his recent study of Hox gene 

expression in the lamprey, Cohn (2002) proposed a fascinating evolutionary 

scenario in which a “loss of Hox expression from the mandibular arch of 

gnathostomes may have facilitated the evolution of jaws” (2002:386). A few 

years earlier, Forey and Janvier (1993) supported the idea that jaws may have 

evolved from the velum of a larval lamprey as this "special pumping device 

located at the entrance to the pharynx...develops from the same embryonic 

segments as the mandibular arch” (1993:133). That a simple genetic change, 

or downregulation, could capacitate if not directly produce the development of 

the masticatory complex is astonishing. However, the often dramatic results of
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Hox experiments on limb, wing, and body segmentation strongly support the 

plausibility of Cohn's (2002) theory.

It is increasingly clear that both tooth and jaw formation are under many 

different developmental controls, have experienced and evolved under different 

selection pressures, and may have distinct evolutionary histories. In addition to 

inter- and intra-group genotypic variation, the dentition is also subject to myriad 

environmental effects that manifest as various phenotypes within and among 

groups. Understanding the many factors that regulate or affect tooth 

morphology, size, and ontogenetic schedule enables workers to distinguish 

those variables that significantly affect or drive evolutionary changes in the 

dentition. An understanding of these variables facilitates an advanced 

understanding of the evolutionary and developmental relationship between the 

dentition and the jaws.

1.5 Space in the jaw, and the synchronous development of 
the mandibular and the permanent dentition

Although it is possible to determine times of initial crown mineralization, 

crown completion and tooth emergence, this information does not explain why 

the development of the permanent teeth begins at specific times and in specific 

locations in the jaws. What regulates the formation of the ‘right’ tooth type (i.e. 

a molar tooth) and tooth number (i.e. a first molar tooth) in the appropriate place 

at the appropriate time? Additionally, what determines and regulates rates of 

tooth formation? Ultimately, how is ontogenetic synchronicity between the teeth 

and jaw initially achieved and then maintained throughout oral development?

The reasons for different patterns of temporal overlap of adjacent 

developing molars among different primate groups remain enigmatic. 

Intertaxonomic variation in permanent crown initiation times may reflect 

differences in the local environments in which the dentition forms. Conversely, 

fundamental regulatory properties or principles active at the molecular level may 

underlie developmental and evolutionary changes in crown mineralization 

schedules. The complexity of tooth development is underscored when these
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processes and their rates are considered in situ within the context of the 

developing jaw.

Three different primate taxa, Papio anubis, Pan troglodytes and Pan 

paniscus, are studied in this doctoral research. The permanent molar teeth of 

all taxa develop in an identical sequence (M1 M2 M3). However, permanent 

molar tooth development begins at different chronological times among these 

primates. While crown length determines the overall period of crown formation 

(Swindler & Beynon 1993), such a measure indicates nothing useful about the 

timing of molar tooth initiation or rate of crown mineralization. It is clear that the 

local environment of a developing molar germ directs the morphological 

development of the tooth at the molecular level. Whether or in what manner the 

development of local alveolar bone influences or regulates the time at which the 

mineralization of each tooth germ begins is unknown. Do the dimensions of the 

growing mandible retard or expedite permanent molar development according 

to whether there is an absence or an excess of available space in the corpus?

The mandible of an olive baboon {Papio anubis) is considerably longer 

relative to its width than that of a common chimpanzee {Pan troglodytes). For 

this reason, this marked difference in mandibular proportion might afford 

baboon molars greater space in which to develop. However, baboon molars 

are considerably longer mesiodistally than the rather square chimpanzee 

molars. Therefore, the longer baboon molars require more space in which to 

develop, erupt and emerge within the jaw. Indeed, relative to rates of 

mandibular growth, baboon molars may have comparatively less room in which 

to develop. Hence, these teeth may have more staggered initiation times as a 

result of the rate at which the mandibular corpus enlarges and greater space is 

created within it. Certainly, the olive baboon exhibits a pattern of reduced 

temporal overlap between adjacent mineralizing molars compared to the 

chimpanzee. However, while staggered times of molar tooth initiation may be a 

strategy to accommodate large teeth in a growing jaw it may not be the only 

impetus for or cause of such a pattern of molar development.

Perhaps temporal overlap of adjacent molar teeth evolved as a strategy 

that is best exploited in primates with comparatively smaller molar teeth that.
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first, develop in short periods of time, and second, by their smaller size require 

less space in the jaw. These combined factors would allow the occupation of 

the posterior corpus by at least two mineralizing molars for a given time period. 

Conversely, primates with large molar teeth require greater space in the corpus 

at any given time during crown mineralization. This should result in the 

deceleration of the development of subsequent adjacent molar teeth. This 

argument presumes that the growth rate of the mandible in large-toothed 

primates is insufficient to generate the same ratio of molar tooth to corpus 

space assumed in smaller-toothed primates. This begs two questions: What is 

an ideal space to tooth size relationship? And what would be the subsequent 

‘perfect’ pattern of tooth initiation? It is highly unlikely that a single such 

relationship or pattern exists.

While mandible shape and, to an extent, mandible size, accords with 

molar morphology and dimension, rate of mandibular growth may not be in 

complete sync with rates of dental development. It is possible that a slower, 

asynchronous rate of mandibular growth relative to rate of tooth formation 

actively constrains times of subsequent tooth initiation. If this is true then the 

mechanism underlying tooth formation must be vulnerable or receptive to 

changes in mandibular development, yet also resilient enough to these changes 

that tooth initiation is not inhibited. It is equally viable that mandibular 

dimension and rate of mandibular growth have no effect on tooth initiation times 

and that some other developmental aspect of tooth formation regulates these 

times. While a functional dentition cannot develop properly if it exceeds 

mandibular dimensions, the developmental compatibility between jaw and teeth 

may have evolved autonomously. Consequently, this compatibility may be 

directed independently of mandibular growth, perhaps by a regulatory pathway 

established prenatally. If space available in the growing jaw for the developing 

molar teeth fails to differ significantly at any stage of a primate’s dental 

development, this effectively fails to support the theory that molar initiation is 

constrained by mandibular growth. In such a case, spatial relationships 

between the teeth and jaw would be constant throughout development, and, 

theoretically, times of successive molar tooth initiation should be linear.
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1.6 The principal hypotheses tested in this thesis

Testing whether pattern of mandibular development affects the 

developmental schedule of the permanent molars will help clarify whether 

evolutionary change in the former could have significantly influenced the 

evolution of the latter in fossil hominins, apes and humans. It has been 

demonstrated that durations and schedules of dental development are tightly 

correlated with life histories and deeply entrenched in molecular signalling 

pathways, with few if any exceptions across primate taxa. This thesis tests 

whether mandibular ontogeny and morphology, specifically, the space available 

in the mandible, also exert control over schedules of dental ontogeny, in this 

case the initiation times of the permanent molars.

The principal hypothesis of this thesis is that insufficient or excess space in 

the posterior mandibular corpus for developing permanent molar germs 

underlies observed interspecies differences in times of permanent molar crown 

initiation.

To test the principal hypothesis, five main hypotheses were tested in the three 

major studies of mandibular and molar development and form undertaken in this 

thesis. These hypotheses are described below. The first four of these main 

hypotheses was subdivided (i.e. Hypothesis 1A, 1B) to distinguish between 

tests of inter- and intragenus differences or similarities between Papio and Pan, 

and between Pan troglodytes and Pan paniscus, respectively. The fifth main 

hypothesis tests all three taxa together.
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Hypothesis 1A: Mandible shape is not statistically different between Papio 

and Pan at any given age.

Hypothesis 1B: Mandibular shape is not statistically different between Pan 

troglodytes and Pan paniscus at any given age.

IF

Infant mandible shapes are
— 5-----------------5--------

Same Different

/ AND \
Adult mandible shapes are Adult mandible shapes are

/  \ /  \
SameSame Different Different

Trajectories of 
mandibular ontogene
tic shape change are 

likely the same  
between taxa.

Trajectories of 
mandibular ontogene
tic shape change must 

be different between 
taxa.

Trajectories of 
mandibular ontogenetic 
shape change may be 
the same or different 

between taxa.

It is expected that Hypothesis 1A and Hypothesis 1B will both be 

falsified. In the case that either hypothesis is rejected, further testing is required 

to determine whether patterns of mandibular ontogeny are statistically different 

between Papio and Pan (Hypothesis A), and/or between Pan troglodytes and 

Pan paniscus (Hypothesis 1B).
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Hypothesis 2A: Patterns of mandibular ontogeny, observed as trajectories of 

morphological shape change of the mandible over time, are not statistically 

different between Papio and Pan.

Hypothesis 2B: Patterns of mandibular ontogeny, observed as trajectories of 

morphological shape change of the mandible over time, are not statistically 

different between Pan paniscus and Pan troglodytes.

If Hypothesis 2A is rejected because patterns of mandibular ontogeny 

are different between Papio and Pan the principal hypothesis is supported. If 

Hypothesis 2B is rejected and mandibular growth is significantly different 

between Pan trogiodytes and Pan paniscus the principal hypothesis is not 

supported. It is anticipated that Hypothesis 2A will be falsified but that 

Hypothesis 2B will not.

Hypothesis 3A: The proportion of the permanent molar row length to the 

posterior corpus length (POSTL, defined in Chapter 2) is statistically different at 

any given time in the period subsequent to M1 eruption between Papio and 

Pan.

Hypothesis 3B: The proportion of the permanent molar row length to the 

posterior corpus length (POSTL, defined in Chapter 2) is not statistically 

different at any given time in the period subsequent to M1 eruption between 

Pan paniscus and Pan troglodytes.

If Hypothesis 3A is rejected and relative space available for and occupied 

by the permanent molar row does not differ between Papio and Pan during 

periods encompassing M2 and MS crown initiation, the principal hypothesis is 

not supported. If Hypothesis SB is rejected and relative space available in the 

back of the mandible for the developing molars differs significantly between 

sister taxa the principal hypothesis is not supported. It is anticipated that 

Hypothesis SB will not be falsified and that Hypothesis SA may be falsified.
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Hypothesis 4A: Patterns of permanent molar ontogeny, observed as 

trajectories of morphological shape change of the molar row (M1, M2 and M3) 

over time, are significantly different between Papio and Pan.

Hypothesis 4B: Patterns of permanent molar ontogeny, observed as 

trajectories of morphological shape change of the molar row (M1, M2 and M3) 

over time, are not significantly different between Pan paniscus and Pan 

troglodytes.

If Hypothesis 4A is rejected because patterns of ontogenetic molar shape 

change are indistinguishable between Papio and Pan the principal hypothesis is 

not supported. If Hypothesis 4B is rejected this would not support the principal 

hypothesis.

It is expected that Hypothesis 4A will not be refuted because of the 

published observed differences in patterns of molar crown initiation between 

baboons and chimpanzees. It is expected that patterns of ontogenetic molar 

shape change will be indistinguishable between Pan troglodytes and Pan 

paniscus and, thus, that Hypothesis 4B will not be falsified.

Hypothesis 5
Observed proportions of intermolar distances (i.e. the distance between M1 and 

M2 crypts/crowns and the distance between M2 and M3 crypts/crowns) during 

periods of permanent molar crown formation are not markedly different among 

Papio anubis, Pan paniscus and Pan troglodytes.

If Hypothesis 5 is rejected and spatial relationships between adjacent 

developing permanent molars either do not differ or covary equally between 

Papio anubis, Pan troglodytes and Pan paniscus the principal hypothesis is not 

supported.
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CHAPTER 2 Materials and Methods

2.1 Materials

2.1.1 Taxa Included in this Study

Papio anubis 52

Pan troglodytes (troglodytes) 60

Pan paniscus 44

The olive baboon (Papio anubis) specimens were housed in the 

collections of the Natural History Museum and the Royal College of Surgeons 

both in London, UK. All were wildshot during the last century, many during the 

early nineteen hundreds. Specimens were collected across a large range of 

Africa that included Ethiopia, Ghana, Kenya, Niger, Sudan, Tanzania, Uganda 

and Zaïre.

The chimpanzee (Pan troglodytes) specimens were housed at the 

Natural History Museum, London and the Powell-Cotton Museum, Kent, UK. 

These wildshot specimens were recovered during the late nineteenth and early 

twentieth centuries from West Africa, including Cameroon.

The bonobo (Pan paniscus) specimens were housed at the Musée Royal 

d’Afrique Centrale, Tervuren, Belgium. All were wildshot, largely in the first half 

of the last century. All but a small number of individuals were recovered from 

the African Congo in what is now Zaïre.

All three taxa were sampled across a broad range of developmental 

ages. This formed a continuum of developmental stages within each taxonomic 

group. The proportion of males to females was balanced as much as was 

possible to include as many different stages of dental development that were 

available among the four collections.
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These three taxa were chosen to represent contrasting orthognathic 

(Pan) and prognathic (Papio) primates with different molar development 

sequences. In Papio, where the mandible is more prognathic, there is 

apparently little or no temporal overlap of developing molar crowns (Swindler & 

Meekins 1991). Conversely, in Pan, where the mandible is comparatively 

orthognathic, substantial temporal overlap of adjacent developing molar crowns 

has been observed (Kuykendall 1996, Anemone et al. 1991, 1996, Reid et al. 

1998).

Virtually all specimens were undamaged and complete. If a specimen 

was damaged, it was only included if the damage did not impede accurate data 

collection. None of the specimens included had any pathologies. Sex was 

determined from the dentition, external genitalia and nipples of most specimens 

(Napier 1981, Jenkins 1990). The remaining specimens were sexed from other 

external evidence (Napier 1981, Jenkins 1990). Numbers of males and females 

were balanced as much as could be done while including individuals across as 

many stages of permanent molar crown development as possible. The sexes of 

the specimens included in this study are listed in Table 2.1.
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TAXON Papio anubis Pan paniscus Pan trogiodytes

AGE GROUP Inf Juvi Juv2 Ad Inf Juvi Juv2 Ad Inf Juvi Juv2 Ad

MALE 3 6 10 6 7 8 6 2 6 12 3 4

FEMALE 3 7 4 9 5 4 4 4 9 6 3 4
(0

UNKNOWN 1 1 1 0 3 1 1 0 7 5 0 0

TOTAL 7 14 15 15 15 13 11 6 22 23 6 8

Table 2.1 Age groups and sexes of the specimens belonging to the three primate taxa included in this study.
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2.2 Methods

2.2.1 A new approach to assessing relative dental age from 
radiographs of Papio and Pan

Many workers have thoughtfully critiqued the strengths and weaknesses 

of the various methods used to study dental development in modern humans 

and anthropoids (Smith 1991, Reid et al. 1998, Beynon et at. 1998, Kuykendall 

2001b, Liversidge in press, and others). Perhaps the strongest emphasis of 

these studies was that comparisons among data gathered using different 

methodologies are inappropriate because of the different underlying 

assumptions inherent to each technique. Another strong emphasis was how 

appropriate a chosen methodology was in the context of variables such as 

sample size, age distribution (i.e. longitudinal or cross-sectional), the phases of 

tooth formation under study (i.e. mineralization, emergence), and the dentition 

under study (i.e. deciduous or permanent), among others. Many of the 

conventional methods of studying anthropoid dental development were ill- 

suited to this thesis research. It is hoped that future studies of primate dental 

ontogeny will also reconsider these conventions in light of new or more refined 

information about tooth germ development and crown mineralization. The 

concerns with these conventional methods are as follows:

1. Radiographic studies markedly overestimate initial crown formation times 

in comparison with histological studies (Beynon et al. 1998). It is difficult 

to see from radiographs those very early stages of tooth mineralization 

that histological sections and dissection studies of equivalent ages have 

shown to have already begun.

2. Previous radiographic studies of tooth mineralization have only been in a 

single plane, yet this thesis demonstrates that at least two planes must 

be used to properly view tooth formation due to the tilting and rotation of 

mineralizing crowns. Additionally, the overlap of developing teeth distorts 

the appearance of how advanced crown mineralization actually is.
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3. Previous tooth mineralization studies have focused upon initial crown 

mineralization but have failed to note the initiation of the soft dental 

tissue in the newly formed crypt. This practice has consequently ignored 

important information about the earliest inception of a tooth, that is, the 

maturation of the germ. As the young soft dental tissues typically 

contract after death and fall away, they are difficult if not impossible to 

see in radiographs. However, crypt initiation and growth are sound 

proxies for primary tooth formation.

4. Failure to note times of crypt initiation is strange not only because the 

developing crypt signals the imminent initiation of the crown but also 

because the crypt occupies a greater volume in the jaw than does the 

young mineralizing tooth for some time after crown initiation. Whether 

there is temporal overlap among developing permanent molar crowns is 

clearly dependent upon several different criteria that include times of 

initial crypt appearance and germ maturation as well as crown 

mineralization.

5. At least in the baboon, initial crypt appearance and subsequent crypt 

enlargement happen very rapidly; within three months the radiographic 

evidence showed changes from almost invisibly young molar crypts to 

ones that were almost complete (Kelley & Smith, in press). For this 

reason, capturing useful data on crypt initiation and growth is very 

difficult, particularly if data is collected at longer time intervals. However, 

crypt formation is the pertinent ‘stage’ that relates crown initiation back to 

Osborn’s Clone Theory about the times at which teeth can begin growth.

6. Stages of crown mineralization have conventionally been based upon 

and adapted from existing clinical studies of human dental development. 

However, these stages to which radiographs are compared are depicted 

in a simplified cartoon style and bear little resemblance to the 

morphology and size of the developing teeth of non-human primates. 

Additionally, stage definition is ultimately both subjective and arbitrary. 

Conversely, crown outlines derived from histological sections illustrate 

the teeth as they really are throughout development and are for this
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reason much more accurate references. Additionally, stages assigned to 

histological outlines were redefined as one-year increments rather than 

as equal intervals of crown mineralization that imply that mineralization 

rates are linear, which they are not.

7. Bar charts of crown formation also suggest that rates of crown 

mineralization are linear, which they are not. Bar charts also over

simplify variation in crown initiation and crown completion times and for 

this reason are inappropriate tools with which to grasp the complexity of 

tooth mineralization schedules. Alternatively, series of radiographs that 

illustrate equivalent and broad continuums of dental development in 

baboons and chimpanzees have been included in this thesis and are 

discussed in a later chapter.

8. In contrast to bar charts of dental development, histological studies do 

not imply artificially linear rates of crown mineralization. Additionally, 

histological studies provide highly accurate dental and chronological 

ages, notably more so than ages derived from radiographs.

9. Statistical shape analyses of molar crown mineralization across a broad 

developmental continuum bipasses both stage definition and 

mineralization rates, thus eliminating these sources of error. Rather, 

these analyses consider and compare the sum ontogenetic shape 

changes experienced by the entire permanent molar row over time in 

baboons and chimpanzees. These shape change trajectories, which 

include data on both developing molar crypts and crowns, are good 

proxies for schedules of tooth initiation.

Schedules of molar development were critical to this study. However, as 

almost all specimens were wildshot their actual ages were unknown. The only 

alternative to overcome this absence of data was to carefully age individuals 

from corresponding dental radiographs. Thus, an approximate relative dental 

age (ARDA) was assigned to each individual via the atlas method using 

radiographs taken in two planes, lateral (in both buccal and lingual views) and 

occlusal. These three radiographs provided clear images of both the anterior
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and posterior teeth including single-sided views of the developing permanent 

molars. Appendix 1 includes lateral and occlusal radiographs of all three taxa at 

given ARDAs, illustrating dental development from infancy to adulthood in Papio 

anubis, Pan paniscus, and Pan troglodytes. Three different criteria were used 

to assign each individual an ARDA. Radiographs were first directly compared 

with histological sections of mineralizing permanent molar crowns. The 

histological molar crown sections were taken from chimpanzee and baboon 

specimens previously included in studies of permanent tooth development (Reid 

at al. 1998) and life history (Dirks at al. 2002). The permanent first, second and 

third molar crown outlines of these histological sections included one 

chimpanzee (Pan troglodytes specimen 88/89, sex unknown) and two baboons 

(Papio hamadryas specimen 261 and Papio anubis specimen 436, both 

females) were traced. Ages at crown initiation and completion as well as ages 

at progressive one-year intervals of crown mineralization were drawn and 

labelled on the molar crown outlines (Figure 2.1). Secondly, permanent 

antemolar tooth development was considered in assigning ARDAs. Thirdly, 

ages of permanent tooth emergence documented by Smith at al. (1994) were 

also used to check that the age of older individuals that had completely 

mineralized permanent second and third molar crowns was consistent with 

known data for dental development. This approach is one reasonable way to 

place cross-sectional molar and mandibular development within a relative time 

scale. This ageing of the specimens facilitated intertaxonomic comparisons of 

relative and absolute rates of change in mandibular proportions.

Two individuals (the author and M.C.D.) independently assigned ages to 

all the individuals, then together went through the entire data set again looking 

at all three criteria, histological, antemolar and emergence, until a single ARDA 

per individual was agreed upon. Individual ARDAs for all three taxa are listed in 

Appendix 2. All specimens were then divided into four age groups based upon 

their stages of dental development and relative rates of maturation. Four 

distinct age groups were defined for each genus by this author. These groups 

were infants, younger juveniles, older juveniles, and adults. The age ranges of 

these groups are defined in Table 2.2 below. Although these age ranges are 

absolutely different they correspond to equivalent stages of ontogenetic growth 

and sexual maturation in both genera.
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M1 M2 M3

1 year

2 years
3 years

3 years

2 years

4 years

4 years

5 years

6 .9  years
6.5  years

B

2 years

3 years 5 years

4 years

2 years

3 years

4 years

5 years

6 years

Figure 2.1 Tracings of permanent molar crown sections. The fine lines that 
intersect the crowns represent histological dental ages. From left, M1, M2 and 
M3 crowns for A Pan troglodytes specimen 88/89, B Papio anubis specimen 
436, and C Papio hamadryas specimen 261. Adapted from Reid et ai. 1998 
and Dirks et ai. 2002.
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AGE GROUPS (in years)
TAXON Infant Juvenile 1 Juvenile 2 Adult
Papio 0 -2.0 2.01 -4.5 4.51 -7 .0 +7.0

Pan 0-3 .5 3.51 -7.0 7.01 -10 .5 +10.5

Table 2.2 Age groups based on dental development for Papio & Pan.

Defining these ARDAs placed all mandibular growth and permanent 

molar mineralization data into an identical time scale. Thus, rates of mandibular 

growth could be determined for dimensions in regions close to the site of 

permanent molar development. Scatterplots of rates of mandibular growth 

demonstrate how different rates (and ultimately different sizes) among the three 

taxa contribute to differences in adult morphology. These data were compared 

with mesiodistal molar crown lengths. Then both absolute and relative 

mandible length:molar row proportions were compared among all three taxa in 

individuals that showed either M1, M2 or M3 initiation. This is presented in 

Chapter 4 and was the first of two analyses conducted using the ARDAs. This 

first analysis included a bivariate study of absolute rates of mandibular growth 

and times of permanent molar crown initiation in Papio and Pan. Individual 

ages were plotted against mandibular measurements using Microsoft Excel 97. 

The selection of individuals and measurements included in this study is 

elaborated upon later in this chapter. The measurement of the mandibles and 

molar teeth of all the specimens included in this study are described in detail in 

the following section.

The second analysis was a three dimensional (3D) multivariate study of 

mean mandibular shape change over time in Papio and Pan. This study 

compared shape change across four mean mandible shapes, each derived from 

and representative of the above four age groups. This emphasised ontogenetic 

shape changes in the jaws of Papio and Pan, thus clarifying visual as well as 

statistical analyses of mandible shape. The multivariate 3D statistical shape 

analyses included in this thesis research are discussed in detail after the 

description of the linear measurement of the mandibles and molar teeth.
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2.2.2 Linear measurement of the mandibles and molar teeth

A total of twenty-five linear measurements were taken from the 

mandibles (sixteen measurements) and permanent molar teeth (nine 

measurements) of the majority of specimens that had been digitized and 

radiographed. These measurements are described in detail in Table 2.3 and 

illustrated in Figures 2.2 and 2.3. All measurements were taken on the right 

side of each specimen unless the right mandible was damaged, in which case 

measurements were made on the left side of the jaw. The linear 

measurements, taken with manual calipers and an osteometric board, gave 

individuals absolute scales. These measurements were supplementary to the 

3D shape data. Perhaps most importantly, these measurements enabled the 

independent study of both relative and absolute changes in mandibular and 

molar row proportions over time, and were used to test some of the conclusions 

drawn from the statistical shape analyses.

Measurement data were analysed using Microsoft Excel 97. This 

software was used to calculate descriptive statistics from the measurement data 

and to plot measurements against one another and against ARDAs. Time of 

crown initiation was most important to this study. Either sufficient space for a 

permanent crown must be available in the mandible before molar initiation 

begins or rates of mandibular and molar crown development must be such that 

space is created in the jaw slightly in advance of, or simultaneously with, crown 

formation. At some time during or very near the interval between M2 crown 

initiation and M2 crown completion, M3 crown development begins. Thus, 

changes in mandibular proportion during this period of dental development were 

most salient to this study. Means were calculated for measurements of 

posterior corpus length (POSTL) and mesiodistal length of the emerged molar 

row (MDM). Mean ratios of MDM to POSTL were calculated at stages of ‘M1 in 

occlusion', ‘M2 in occlusion’ and ‘M3 in occlusion’. Each of these stages 

corresponded directly to MDM, the mesiodistal length of any and all emerged 

permanent molar teeth.

To test measurement error, eight individuals were each remeasured 

three times on different days, in different orders. All specimens were Papio
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anubis, and included a broad range of ages. All sixteen mandibular 

measurements were included for each individual. However, because of 

variation in dental maturity, and because not all molar teeth were emerged in all 

individuals, some molar dimensions could not be measured for some 

individuals. Standard deviations (SDs) for each measurement were calculated 

for each individual. Mean standard deviations were then calculated for each 

measurement (White & Folkens 2000). The greatest mean standard deviation 

was 0.06 cm for total mandible length (MANDL). This was not unexpected as 

MANDL was the greatest dimension measured, and for this reason should be 

prone to the greatest measurement variance. This relatively large mean SD 

was probably also due to measurement technique; MANDL was the only 

measurement taken with an osteometric board, an instrument that is less 

precise and much more unwieldy than are calipers. All other measurements 

varied around 0.04 cm or less, many of these around 0.01 cm and 0.02 cm. 

Thus, measurement error should not significantly affect results. Appendix 3 

includes the raw measurement data, and its means and standard deviations. 

‘Variance’ describes the variance about the mean of all eight sets (one set per 

individual) of the three repeated measures for each mandibular measurement 

(i.e. NOTD). ‘Mean SD’ describes the mean of all (eight) standard deviations 

(SD) for each mandibular measurement. ‘VARA for SD’ describes the variance 

among the eight standard deviations derived from the eight sets of repeated 

measures for each mandibular measurement. This statistic is negligibly small 

for most if not all mandibular measurements.
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Table 2.3 List of mandibular and permanent molar crown measurements.

MEASUREMENT
NUMBER

MEASUREMENT NAME 
(ABBREVIATION)

MEASUREMENT DESCRIPTION

1

3

4

Notch depth (NOTD)

Body width (BOOTH)

Condyle width (CONW) 

Condyle-coronoid length 

(CNCR)

Body height (BOOH)

Bimandibular breadth (BIM1)

The maximum depth of the mandibular notch from a line joining the superor- 

most points on the mandibular condyle and the coronoid process to the 

inferior-most point of the mandibular notch.

The minimum thickness of the mandibular corpus measured across M1 or the 

gubernaculum of the same tooth with the jaws of the calipers orthogonal to 

the occlusal plane.

The maximum mediolateral width of the condyle.

The distance from the superior-most point on the condyle to the superior- 

most point on the coronoid process.

The height of the corpus from the inferior-most point of the crest of the buccal 

alveolar bone opposite the mesiobuccal root of M1, or the inferior border of 

the gubernaculum of M1 to the lower border of the mandible.

The bimandibular breadth between the left and right bodies of the mandible 

from the inferior-most point on the crests of the alveolar bone opposite the 

mesiolingual root, or the equivalent end of the gubernaculum, of M1.

Continued on the following page
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Symphysis height (SYMHT)

10

11

12

13

Rama! width (RAMAP) 

Notch height (NTHT)

Bilingual breadth (BILING) 

Condyle height (CONHT)

Bicoronoid breadth (BICOR) 

Mandible length (MANDL)

The perpendicular height of the mandibular symphysis from the alveolar crest 

between the (deciduous or permanent) central incisors and the inferior-most 

point of the lower border of the symphysis in the midline, measured with the 

mandible resting on a level surface.

The minimum anteroposteror width of the ascending ramus.

The height of the ramus from the inferior-most point of the mandibular notch 

to the tubercle or most protruding part of the inferior border of the ramus 

(tubercle defined after Hrdlibka 1940).

The minimum distance between the base of the right and left lingulae at the 

opening of the mandibular foramina.

The height of the ramus from the superior-most point of the condyle to the 

tubercle or most protruding part of the inferior border of the ramus (after 

Hrdlidka 1940).

The maximum breadth of the mandible measured between the superior-most 

points of the right and left coronoid processes.

The minimum antero-posterior length of the mandible measured between a 

line perpendicular to the posterior-most points of the condyles to a line 

perpendicular to the anterior-most point of the mandibular symphysis 

(measured with a mandible board).

Continued on the following page
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14

15

16

17-19

20a/b-22a/b

Coronoid height (CORHT)

Posterior length (POSTL)

Junction width (JNCW)

Mesiodistal maximum (MD)

Buccolingual maximum (BL)

The height of the ramus from the superior-most point of the coronoid process 

to the tubercle or most protruding part of the inferior border of the ramus 

(after Hrdlidka 1940).

The length of the mandible from the anterior inferior margin of the mandibular 

foramen to the distal margin of dm2 (infant or juvenile) or from the same 

margin to the anterior margin of Ml (once dm2 is shed) measured on the 

lingual aspect of the mandible.

The maximum width of the corpus at the junction of the ramus and the corpus 

with the caliper jaw orthogonal to the occlusal plane.

Mesiodistal maximums for M l, M2, and M3, measured across the occlusal 

surface between mesial and distal contact points.

Buccolingual maximums for M l, M2, and M3, measured across the occlusal 

surface at a right angle to the mesiodistal dimension. The breadths of both 

the trigonid (a) and the talonid (b) were measured in this manner (after 

Swindler 1976).
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Figure 2.2 Mandibular measurements, lateral view.
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Figure 2.3 Mandibular and molar crown measurements, 
occlusal view.
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2.2.3 Three dimensional (3D) landmark data coiiection

The aim of here was to collect 3D data across a broad developmental 

range from the growing mandibles and permanent molar teeth of the primate 

taxa above. The general methodology was as follows. 3D landmark data was 

collectible directly from the surface of the mandible. However, the mandibular 

corpus concealed the developing molar teeth. This made direct data collection 

from the developing dentition impossible without damage to the jawbone. Thus, 

to indirectly collect 3D molar landmark data, each mandible was radiographed 

in two different 2D planes ([x-, y-] and [x-, z-]). Imaging software enabled the 

collection of 2D co-ordinate data taken from each radiographic plane once the 

radiographic images had been scanned into a computer. Another software 

package combined these sets of 2D co-ordinates to create single sets of 3D co

ordinates (X-, y-, Z -). The same software facilitated the registration of these 

molar data with the 3D mandibular data using nine landmarks common to both 

data sets. This methodology is described in complete detail below.

3D landmarks were designed upon the strengths of their homologies 

among taxa. Landmarks were equally chosen by how appropriately they 

visually represented key areas of mandibular and dental developmental change 

and overall morphology. It was critical that all landmarks were easily 

recognisable and could thus be correctly and consistently located among 

specimens. Landmark homology is largely dependent upon the biological 

reality of the defined point. Three different types of landmarks defined by the 

strength of their homology are Type I, Type II and Type III landmarks (Bookstein 

1991, Marcus et al. 1996, and Slice et al. 2000). Type I landmarks define real 

biological features such as the coronal suture and have the most robust 

homology. Type II landmarks define changeable or inconsistent biological 

features, such as the superior-most point of the skull along this suture. Their 

homology is arguably less sound. Type III landmarks define features that have 

no biological significance or mathematical basis, and are defined in relation to 

Type I and II landmarks. For example, a point directly lateral to the superior- 

most point along the coronal suture. The homology of Type III landmarks is
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very weak. The landmarks included in this study were largely Type I and II 

landmarks.

Eighty-six 3D landmarks were collected, or digitized, bilaterally from each 

mandible (Figures 2.4-2.6, Tables 2.4 and 2.5a-f). The first thirty-seven of 

these landmarks were strictly mandibular. The next forty landmarks were taken 

from the developing gubernaculae of the permanent canines, premolars and 

molars. Each gubernaculum was defined by four landmarks taken at four 

‘corners’ at the surface of the mandibular corpus. Where no gubernaculum was 

yet visible, four landmarks were taken in an identical location either directly 

behind the gubernaculum of a developing permanent tooth or just medial to the 

position of the deciduous tooth into which the respective permanent tooth would 

emerge. A subsequent nine landmarks (landmarks 78-84) were taken around 

the mandible (Figure 2.7, Table 2.6). However, these nine landmarks had no 

biological significance and were included in both digitized and radiographic data 

as the common markers by which the 2D radiographic data were combined and 

registered with the 3D mandibular landmark data. These nine landmarks were 

made radio-dense (with metal markers) so that they were easily seen in the 

radiographs. Forty-nine landmarks were derived from the radiographs of the 

three developing molar crypts and/or crowns (Figures 2.8-2.10, Table 2.7). The 

permanent first and second molar teeth were each described by sixteen 

landmarks. Seventeen landmarks described the permanent third molar; an 

additional landmark was ascribed to the hypoconulid. Finally, six landmarks 

describing the mandibular canal were derived from the radiographs and taken at 

the mandibular (landmark 90) and mental foramina (landmark 95) (Figure 2.7, 

Table 2.7) and at four equidistant intervals between these two foramina 

(landmarks 91-94).
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Table 2.4 List of mandibular landmarks.

LANDMARK LANDMARK LANDMARK DESCRIPTION

NUMBER TYPE

right, left

1,21 Type II Superolateral-most tip of the coronoid 

process.

2, 22 Type II Inferior-most point of the mandibular notch.

3, 23 Type II Anterior-most tip of the condyle.

4, 24 Type II Lateral-most tip of the condyle.

5, 25 Type II Posterior-most tip of the condyle.

6, 26 Type II Mesial-most tip of the condyle.

7, 27 Type III Superior-most tip on the articular surface of 

the condyle.

8, 28 Type II Deepest concavity of the posterior border of 

the ascending ramus.

9, 29 Type III Point opposite landmark 8/28, on the 

anterior border of the ascending ramus.

10, 30 Type 1 Apex of lingula, or, if lingula is undefinable 

or absent, the anterosuperior-most margin 

of the mandibular foramen.

11,31 Type III Point on the posterior border of the ramus 

just superior to the blending of the ramus 

into the gonial angle or the point at which a 

tangent leaves the posterior border of the 

ramus.

12, 32 Type III Posteriorly, the point on the gonial angle 

that is the apex of the (90 degree) angle 

formed by landmarks 11/31 and 13/33.

13, 33 Type III Inferiorly, the point along the gonial angle 

where a tangent leaves the inferior margin 

of the mandible.

Continued next page
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14, 34 Type II Superiorly directed indentation of the 

inferior border of the mandibular corpus, 

just anterior to landmark 13/33.

15, 35 Type II Point at which the ascending ramus meets 

and obscures the corpus, in lateral view 

along the alveolar bone.

16, 36 Type 1 Mental foramen, midpoint at the level of the 

surface of the mandibular corpus.

17, 37 Type III Point on the alveolar border of the 

mandibular corpus directly superior to 

landmark 16/36.

18 Type II Midpoint between the central incisors at the 

superior-most tip of the alveolar bone.

19 Type II Anterior-most projection of the subalveolar 

bone in the mental region along the midline.

20 Type II Symphyseal midpoint of the inferior margin 

of the mandibular corpus, directly inferior to 

the areas of attachment of the geniohyoid 

and genioglossus muscles, i.e. between the 

attachment areas for the anterior belly of 

the digastric muscle.

Table 2.4 continued List of mandibular landmarks.
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Right Position Left Type

38 Distal 42 II

39 Buccal 43 II

40 Mesial 44 II

41 Lingual 45 II

Table 2.5a Landmarks describing the permanent canine gubernaculum.

Right Position Left Type

46 Distal 50 II

47 Buccal 51 II

48 Mesial 52 II

49 Lingual 53 II

Table 2.5b Landmarks describing the third premolar gubernaculum.

Right Position Left Type

54 Distal 58 II

55 Buccal 59 II

56 Mesial 60 II

57 Lingual 61 II

Table 2.5c Landmarks describing the first permanent molar gubernaculum.
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Right Position Left Type

62 Distal 66 II

63 Buccal 67 II

64 Mesial 68 II

65 Lingual 69 II

Table 2.5d Landmarks describing the second permanent molar gubernaculum.

Right Position Left Type

70 Distal 74 II

71 Buccal 75 II

72 Mesial 76 II

73 Lingual 77 II

Table 2.5e Landmarks describing the third permanent molar gubernaculum.

Right Position Left Type

145 Distal 91 II

146 Buccal 92 II

147 Mesial 93 II

148 Lingual 94 II

Table 2.5f Landmarks describing the fourth premolar gubernaculum.
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LANDMARK # LANDMARK TYPE LANDMARK DESCRIPTION

78 Type II Lingual tip of the mandibular condyle.

79 Type II Posterior-most point on the posterior 

border of the ascending ramus.

80 Type 1 Gonial tubercle

81 Type III Approximately halfway along the 

inferior border of the mandibular 

corpus.

82 Type II Anteroinferior-most point of the mental 

symphysis.

83 Type III Anteriorly, on the alveolus below the 

canine, labially.

84-86 Type III From distal to mesial, three markers 

below the molar teeth or molar region 

on the lateral face of the mandibular 

corpus.

87-89 Type III As above, but in the dental radiograph 

of the molar region.

Table 2.6 Radio-dense landmarks (pinheads and leadshot pellets).
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LANDMARKS NUMBER LANDMARK TYPE
LANDMARK

DESCRIPTION

90 Type 1 Mandibular foramen.

91-94 Type III Mandibular canal, four 

landmarks evenly spaced 

disto-mesially between the 

mandibular and mental 

foramina.

95 Type 1 Mental foramen.

96-112 Type II M3 crypt.

96-103, 112 Type II M3 crown.

104-111 Type II M3 roots.

113-128 Type II M2 crypt.

113-120 Type II M2 crown.

121-128 Type II M2 roots.

129-144 Type II M l crypt.

129-136 Type II M l crown.

137-144 Type II M l roots.

Table 2.7 Molar tooth and mandibular canal radiographic landmarks.
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Figure 2.4 3D mandibular landmarks, buccal view.
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Figure 2.5 3D mandibular landmarks, lingual view.
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Figure 2.6 3D landmarks for the mandible and the 
gubernaculae, occlusal view.
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Figure 2.7 Radio-dense mandibular landmarks, buccal view.
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Figure 2.8 3D landmarks defining the permanent third molar crypt. 
Permanent first and second molar crypts were defined by landmarks 1 
16 only.

Figure 2.9 3D landmarks defining each mineralizing permanent 
molar crown and its roots. Landmark 17 is included for the permanent 
third molar; this landmark described the hypoconulid on this tooth.
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Figure 2.10 3D landmarks defining the molar crown and roots of each 
permanent molar tooth. The hypoconulid of the permanent third molar 
is defined by landmark 17 in all taxa.
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Mandibular landmarks were identified on each specimen prior to 

digitizing. In cases where particular landmarks were difficult to identify by sight 

such as landmarks 7/27, 9/29, 12/32, 13/33, among others, landmark positions 

were marked on each specimen with removable lead pencil. Once the positions 

of the radio-opaque markers were located on each specimen they were 

carefully affixed with non-damaging putty created at the Palaeontology 

Conservation Unit, NHM. It was imperative that these markers remain static 

from the time each specimen was digitized to the time the same specimen was 

radiographed. Any change in the positions of these markers would distort 

registrations among the radiographic data and of this landmark data with the 

mandibular landmark data. This landmark registration process is discussed in 

detail below.

Prior to digitizing, a length of dental wire was gently inserted though the 

length of the mandibular canal in each specimen so that the wire emerged from 

both the mandibular and mental foramina. This radio-dense wire made the 

mandibular canal clearly visible in the radiographs, and facilitated the accurate 

landmarking of this canal. Leadshot markers puttied at the mandibular and 

mental foramina demarcated the endpoints and, hence, the total length of the 

mandibular canal. The actual digitized landmarks were taken at the midpoints 

of the leadshot balls. The mandibular canal was a constant, relatively static 

biological feature against which the variable positions of the developing molars 

could be reliably referenced.

Once a specimen was prepared for digitizing, it was carefully secured in 

a small clamp that had already been tightly screwed to the upper quarter of a 

robust metal retort stand about two feet in height. The jaws of the clamp were 

padded with protective foam to guard the specimen against damage and to 

further secure the clamp’s grip. Where each specimen was clamped depended 

upon its size and shape. Each specimen was secured in a way that neither 

compromised its integrity nor obstructed any landmarks. Although already 

heavy and difficult to upend, the retort stand was secured in place with large 

amounts of plasticene. Any displacement of the specimen during digitization 

would change the positional reference of the MicroScribe and consequently 

nullify all subsequently digitized landmark co-ordinates.
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Each specimen was digitized in a consistent, uninterrupted fashion with a 

MicroScribe 3DX, Immersion Corp. The MicroScribe consisted largely of a 

mechanical arm hinged in three places and capable of a full 360 degrees of 

movement. This arm was attached to a heavy, robust base with electrical ports 

for a foot pedal and a computer. At the tip of the arm was a stylus point, from 

which the x-, y- and z-co-ordinates of each 3D landmark were taken. Once 

turned on, the unit registers all digitized co-ordinate landmark data in a 3D (x-, 

y-, Z -) space relative to the MicroScribe’s initial position (0,0,0). A click of the 

foot pedal registered each landmark once the stylus was held at the appropriate 

landmark position on the specimen. The software. Inscribe, linked the data 

taken by the MicroScribe to a laptop computer, and logged the raw landmark 

data in an open Excel spreadsheet. The raw landmark data, or ‘rawpoints’, 

from each specimen were labelled immediately after collection. All landmarks 

were digitized in the same order, beginning on the right side of the mandible. It 

was imperative that the sequence in which landmarks were digitized remained 

consistent among specimens so that the 3D landmark data remained 

homologous among all specimens.

2.2.3a Accuracy of 3D landmark co-ordinate data collection using the 

MicroScribe

A cuboid was digitized repeatedly to test the accuracy of landmark 

registration. A plastic diskette box was used as the cuboid. This box was 

digitized at the start of 3D landmark data collection at each institute to verify that 

the MicroScribe was functioning properly: any distortion in the shape of the 

cuboid would be apparent quickly. The box was also digitized several times 

throughout the course of each session of data collection. The shape of the 

cuboid was defined by one landmark at each of the box's eight corners (Figure 

2 .11).
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Figure 2.11 A wireframe of the diskette box, defined by eight landmarks, one 
at each corner of the cuboid.

At each session of data collection the box was digitized three times in 

three different positions. First, the box was secured to a flat working surface 

with plasticene. Then the box was digitized three times in succession. Next, 

the box was rotated, repositioned and re-secured to the working surface, and 

digitized another three times in succession. This process was repeated a final 

time. The raw 3D co-ordinate data collected at each session was immediately 

saved as a Microsoft Excel 97 file and titled with the date. All such raw data 

files were subsequently combined in Microsoft Word 97, formatted for use in 

morphologika, and saved as a single text file. This data file was then run in 

morphologika. A G PA demonstrated that all corresponding landmarks (i.e. all 

landmark #Ts) clustered tightly together (Figure 2.12). It was evident from this 

and from the cube shape maintained by the many sets of eight landmarks that 

the registration of co-ordinate data was highly accurate.
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Figure 2.12 Procrusted landmarks for all 32 tests (individuals) of the cuboid 
diskett box, 8 landmarks.

2.2.3b Intra- and inter-observer error in 3D landmark co-ordinate data 

and biological shape variance represented by the sample population

To test the intra- and inter-observer error in landmark data collection, five 

Pan troglodytes mandibles (UCL, Dept, of Anatomy) were each digitized three 

times by two workers (JCB and colleague, WH-S) on separate occasions. 

These five individuals ranged from infants to adults. Landmarks 1-37 were 

included. A RCA of these two landmark data series (A & B) demonstrated two 

things. First, that each set of repeats for each individual clustered tightly 

(Figure 2.13). The implication is that intra-observer error is very small within 

each data set for each specimen. Second, that both sets of repeats for a given 

individual clustered much more closely to each other than to those of the other 

four individuals (Figure 2.13). The implication here is that inter-observer error is 

negligible in this data.
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PC2

PC1 ♦ series A

series B '

Figure 2.13 PCA scatterplot of five test Pan troglodytes individuals each 
digitized three times. Dark (blue) diamonds represent UCL P. troglodytes series 
A; light (red) diamonds represent UCL P. troglodytes series B. Note that each 
set of repeats clusters very tightly, and that both sets of repeats for each 
individual cluster much more tightly among themselves than to those of any 
other individual. Thus, intra- and inter-observer error can be considered to be 
negligible.

To test that the shape variance perceived to represent biological shape 

change was not an artefact of digitizing error a PCA of the UCL test landmark 

data and thirty Pan troglodytes sampled from the Powell-Cotton Museum (PCM) 

was run. This PCA demonstrated that the shape variance among repeated- 

digitized specimens was significantly smaller than that observed throughout the 

developmental continuum of chimpanzees sampled from PCM (Figure 2.14). 

The test individuals fell within their appropriate developmental ranges 

throughout the total sample group. The data sets at the far left of PCI 

represent a very old adult, the oldest individual of this group. This is not an 

outlier but represents the extreme of adult chimpanzee mandibular morphology 

sampled here. Thus, shape variance due to digitizing error is negligible 

compared to the biological shape variance in the sample.
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Figure 2.14 PCA scatterplot of 30 PCM Pan troglodytes (circles) and 5 UCL P. 
trogldytes (diamonds) repeatedly digitized 3 times per individual. This 
ontogenetic series ranged across PC1 from right (infants) to left (adults). Shape 
variance due to sampling error is very small relative to biological shape variance 
among individuals across a broad range of ages. The chimpanzee at the far left 
was a very large adult, the only one of such an old age included in this sample.

2.2.4 Radiographic data collection

2.2.4a Radiography of the primate specimens

Two different radiography units were used to radiograph specimens from 

the Natural History Museum (NHM) and Royal College of Surgeons (RCS), and 

from the Powell-Cotton Museum (PCM) and the Musée Royal de l’Afrique 

Centrale (MRAC). The NHM housed its own radiography machine, a Phillips 

Industrial Unit. This machine was used to radiograph both the NHM and RCS 

specimens. A portable Faxitron Radiographic System, model 8040-310, 

manufactured by Field Emission Limited, was used to radiograph specimens 

from the other two collections.

Two types of radiography film were used to take the three different views 

of each specimen. Lateral and occlusal views of each mandible in its entirety
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were taken with Kodak Industrex X-Ray film AA400-5. Lateral views of the 

molar region were taken with Kodak Ultra-speed Dental film DF-50 Size 4. All 

film was stored in protective light tight boxes prior to loading and use. Prior to 

radiographic exposure, individual sheets of Industrex film were loaded into 

special light tight envelopes or bags under dark room conditions. Each sheet of 

dental film arrived individually packaged in its own light tight envelope.

After each specimen was successfully digitized, it was attached to a 

custom made Perspex ‘hinge’ of two 12cm x 15cm Perspex pieces hinged 

together. This hinge moved through 90 degrees, and was secured at 90 

degrees by magnets attached to each piece of Perspex at either side of the 

hinge. Elastic bands were stretched around the mandible and the Perspex 

both lengthwise and across the jawbone to hold each specimen in place. This 

is illustrated in the figure below (Figure 2.15). This was a safe way of holding 

the mandible in place that did not interfere with the positions of the puttied-on 

radio-opaque landmarks.

A) B)

Figure 2.15 Mandible attached to Perspex hinge at A) 180 degrees and B) 90 
degrees.
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Each specimen was placed directly upon a single sheet of enveloped 

Industrex film. A single sheet of Industrex film was large enough to 

accommodate both the lateral and occlusal views of one specimen; in most 

cases, half a sheet of film was sufficient for both views. Lead sheets were 

placed first over the unexposed half of the film reserved for the occlusal view, 

and then over the exposed half of the film to protect it from further exposure 

during the radiography of the lateral view. Once both occlusal and lateral views 

had been successfully radiographed, the film was immediately removed and 

safely stored for development. Next, a single sheet of dental film was held 

against and parallel to the lingual mandibular corpus with elastic bands 

stretched around the back of the film and the symphysis of the mandible. Once 

this film was exposed, it, too, was immediately removed and safely stored for 

development.

Either radio-opaque lead letters or leadshot pellets held in plasticene 

were placed upon the surface of the enveloped Industrex film to identify 

specimens both with their institution numbers and assigned radiographic 

numbers. The latter identification numbers were necessary because of the 

diminutive size of the dental film, which could fit only a numerically brief ID. 

Either leadshot pellets or short wire pieces that served as roman numerals were 

embedded in plasticene and affixed to the outer envelope of the dental film.

Lastly, all radiographs were developed using a 1:4 concentration of 

Kodak developer to water for 5 minutes, a 10 second stop bath of 80 percent 

diluted acetic acid, a 1:4 concentration of Kodak fixer to water for 5 minutes, 

and a twenty minute bath in circulating water. Each chemical was used 

exclusively in its own labelled tray. All three solutions were regularly changed 

to prevent cross-contamination and dilution, and to thus ensure clear image 

quality. The film was then individually suspended and air-dried. Dry sheets of 

film were stored in the paper leaves in which they were originally packaged; 

these were also labelled with both the institution catalogue numbers and the 

corresponding radiographic identification numbers.
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2.2.4b Radiographic image accuracy and magnification

Although precautions were taken to minimise image magnification and 

distortion, it was important to measure the extent to which the scale and 

proportion of the radiographic images differed from those of the actual 

specimens. There is an inverse relationship between the distance of the x-ray 

source to the radiographic specimen and the surface of the film and the 

magnification of the radiographic image (the focus-film distance). The closer 

the x-ray source is to the specimen, the broader is the scatter of the x-rays as 

they travel from their source, through the specimen, to the film surface. 

Additionally, there is a direct relationship between the distance between the 

specimen and the film and the magnification of the radiographic image (the 

object-film distance). The further the specimen is from the film, the greater the 

distortion of the image. Therefore, maximising the focus-film distance and 

minimising the object-film distance minimises image magnification (Figure 2.16) 

(Abbott 1984, referencing McCormack 1937).

Image distortion can be minimised in three ways. Firstly, if the object is 

positioned in a plane that is parallel to the film (Figures 2.17A & B). Secondly, if 

both the object and the film are aligned directly perpendicular to and are centred 

within the path of the ray (Figures 2.17A & B). While small objects or areas fit 

well within this central zone and thus experience minimal image distortion, 

larger objects project somewhat beyond this zone and can experience a degree 

of distortion about their peripheries. Thirdly, minimising the size of the focal 

spot decreases image magnification. Reducing the size of the focal spot 

reduces the number of multiple point sources of x-rays. These generate 

penumbra, distorting the definition of the image (umbra) edge (McCormack 

1937 in Abbott 1984, Barber 2002). It was not possible to manually adjust the 

focal spot size in either the Phillips or Faxitron machine. However, both units 

had been recently maintained at the times of their use, and the focal spot sizes 

of both systems’ were demonstrably acceptable. In addition, a maximised 

focus-film distance minimises the magnification created by a larger focal spot.

The focus-film distance of the Phillips and Faxitron units were 76 cm and 

82 cm, respectively. These were within or close to a recommended practical
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maximal range of 44.5 (Fitzgerald 1947 in Abbott 1984) and 80 (McCormack 

1937) centimetres. The maximum object-film distance varied between 10 and 

12 cm for the dental and lateral radiographs. Specimens, still secured to the 

Perspex hinge, were placed directly on the film for the occlusal radiographs and 

were held only 3 mm from the film surface, the depth of the Perspex sheet.

To measure possible image magnification or distortion, and variation in 

scale among the different radiographs, the distances between the most distant 

ends of selected radio-opaque markers was measured on the radiographs of 

several specimens and the variance between these measurements compared. 

Six sets of measurements taken from images radiographed using both the 

Phillips and the Faxitron units were included. Animals ranging in age from 

infants to adults were sampled from all three taxa. All measurements were 

taken twice at a time on two different days to compare measurement error 

(Table 2.8).

Measures of radiographic image distortion or magnification were 

particularly important because the radiographs were the source of the molar 

landmark co-ordinates. As the object-film distance was minimal in the dental 

radiographic images, these experienced negligible image magnification. The 

object-film distance was slight and the focus-film distance maximal in the 

occlusal radiographic images, which also experience minimal image 

magnification. Relative to dental radiographic images, occlusal radiographic 

images were magnified by an average 3%. However, both focus-film and 

object-film distances were greater for the lateral radiographic images. These 

experienced a small but notable image magnification of a mean 9% and 14% 

compared to the occlusal and dental radiographic images, respectively. Table 

2.8 documents both means and ranges of radiographic image magnification for 

the three different radiographic images.

174



Unit
Phillips

Taxon
Pan trog

Specimen ID
1939.1003/16

Image
LAT
OCC
DENT

X  plnheads1-5 (cm)
7.59

6.975
NA

X  leadshot1-3 (cm)
2.05
1.955
1.94

X  plnheads1-4 (cm) 
5.115 
4.82 
4.77

Phillips Pan trog 1846.10.23.11/7 LAT 9.61 2.41 6.11
OCC 8.99 2.18 5.82
DENT NA 1.915 5.28

Phillips Pan trog 1924.8.6.1/21 LAT 12.93 2.515 9.26
OCC 11.87 2.27 8.59
DENT NA 2.22 6.195

Phillips Papio A92.181/82 LAT 4.39 1.415 3.11
OCC 3.94 1.105 2.895
DENT NA 1.09 2.535

Phillips Papio 1924.8.6.14/43 LAT 10.83 2.34 7.515
OCC 10.02 2.105 7.015
DENT NA 2.01 6.25

Phillips Papio 1939.3452/53 LAT 19.075 3.61 11.595
OCC 17.48 2.775 11.71
DENT NA 2.97 NA

Faxitron Pan trog M888/4 LAT 6.46 2.125 4.265
OCC 5.815 1.88 3.795
DENT NA 2 3.88

Faxitron Pan trog M675/9 LAT 10.63 2.86 6.875
OCC 9.84 2.545 6.2515
DENT NA 2.57 6.17

Faxitron Pan trog ZVII24/24 LAT 15.05 2.905 9.425
OCC 13.425 2.585 8.585
DENT NA 2.605 NA

Faxitron Pan pan 26990/0 LAT 5.955 1.74 3.935
OCC 5.28 1.53 3.595
DENT NA 1.51 3.425

Faxitron Pan pan 26988/28 LAT 8.835 2.625 6.13
OCC 7.985 2.325 5.57
DENT NA 2.355 5.335

Faxitron Pan pan 15293/7 LAT 12.385 2.55 7.56
OCC 11.105 2.225 7.25
DENT NA 2.35 NA

Total Mean % of all 3 measurements Total % Range of all 3 measurements
OCC/LAT 90.8 OCC/LAT 77-96

DENT/OCC 96.8 DENT/OCC 72-99
DENT/LAT 86.4 DENT/LAT 67-94

Table 2.8 Measurement data to determine the extent to which the three 
different radiographic images have experienced magnification.

Additionally, image magnification was directly related to the absolute 

sizes of individual specimens. Image magnification was minimal in younger 

individuals, slight in juveniles and most exaggerated in adults. However, 

because both permanent molar tooth initiation and at least chronologically 

associated mandibular shape changes occurred in the younger, and typically 

smaller, age groups, even the somewhat notable image magnification 

experienced by the larger or older specimens should not have significantly 

distorted shape analyses and their results.
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Figure 2.16 Reduced magnification of the radiographic image results from 
maximum focus-film distance and minimum object-film distance (from Abbott 
1984 after McCormack 1937).

A)

B)

Figure 2.17 The radiographic image produced by A) the ‘bisecting-the-angle’ 
technique is unclear and proportionately incorrect, while that produced by B) the 
parallel-film technique is anatomically accurate (Abbott 1984 after McCormack 
1937).
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2.2.4c Scanning the radiographs

For the purposes of co-ordinate data collection and radiographic image 

preservation, all radiographs were digitally scanned into a Macintosh G3 

computer using an Agfa Arcus II scanner and FotoLook software (Agfa SA 

version 3.03). Each radiograph was scanned individually, and each image file 

was saved as the specimen institution and radiographic ID numbers. Image 

contrast and clarity were enhanced using Adobe Photoshop software Version 

4.0.1.

2.2.5 Collection and synthesis of the radiographic molar co-ordinate 

data, and synthesis of the 3D mandibular and 3D radiographic 

molar landmark data

The general protocol of the collection of landmark data from radiographs 

was the documentation of x-, y-, and z- co-ordinates from both pre-selected 

radio-opaque markers and biological landmarks. The x- and y-co-ordinates 

taken from the dental radiographs were combined via the x- and y-co-ordinates 

of the lateral radiographs with z-co-ordinates taken from the occlusal 

radiographs to generate a single set of x-, y-, and z-co-ordinates for each 

landmark, for each individual (Figure 2.18). The x-, y- and z-co-ordinates were 

collected from the scanned radiographic images using NIH Image software 

Version 1.62 on a Macintosh computer. The x- and y-co-ordinates of the 

developing permanent molar teeth included in the final, combined 3D landmark 

data set were taken from the dental radiographs rather than the lateral 

radiographs. This was because the former unilateral radiographs of the right 

posterior mandibular corpus provided clear images of the right developing molar 

row that would have otherwise been obstructed by overlap with the left corpus. 

Additionally, images of the developing permanent molar teeth were also 

somewhat larger on the dental radiographs as the film was placed almost 

directly against the corpus. This also minimised image magnification and 

ensured greater accuracy and precision in the collection of 2D co-ordinate data.
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Mandible, lateral view Mandible, occlusal view

Figure 2.18 The mandible pivots around the x-axis. Therefore, the x-co- 
ordinate remains the same, but is translated between both views. Thus, the z- 
co-ordinate is also and equally translated. Hence, both views can be used to 
generate corresponding x-, y-, and z-co-ordinates.

Co-ordinate data from each individual were then copied and pasted into 

a separate text file under headings that described the provience of each series 

of 2-D co-ordinates sets (ex. DENT: LEADSHOT, M3, M2, M l). Each text file 

was saved as the specimen’s institution and radiographic identification numbers 

(ex. ZD1937.7.24.1/59). All co-ordinates were collected in the same sequence 

for each individual. Once all the co-ordinate data was collected for all 

individuals, each individual’s text file was divided into three separate files 

corresponding with co-ordinate data taken from lateral, dental and occlusal 

radiographs. These separate text were saved as text files and named as 

above, including the provience of the co-ordinate data (ex. ZD1937.7.24.1/59 

LAT). Next, individual text files were created of the mandibular landmark data, 

including all nine radio-opaque markers, for each individual. Finally, a software 

program, written in-house expressly for this study, registered the 2D sets of 

molar co-ordinate data into a single 3D data set, and then registered the 3D 

molar landmark data with the mandibular 3D landmark data. This registration 

process is discussed in greater detail below. Combined files of molar and 

mandibular 3D landmark data were saved as text files and named as above.
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including a new title and a landmark tally (ex. ZD1937.7.24.1/59 TOTALM’KA 

144outputfile).

Because of the differences in the positions of the film relative to the 

specimen, the scales of the dental, lateral and occlusal radiographs differed 

visibly. As the occlusal and lateral radiographs were of almost identical scales, 

the latter were used to register the dental images to the same scale as the 

occlusal images. Additionally, the lateral and occlusal radiographs included 

both the three sub-molar region leadshot pellets and the six pinheads 

positioned around the mandible, while the dental radiographs were only large 

enough to include the three leadshot markers. Matching the landmarks from 

the dental radiographs with those of the occlusal radiographs using only three 

radio-opaque markers positioned a small distance from each other within a 

single plane increased the probability of variance in landmark positions. It also 

increased the probability that the registration of the two sets of co-ordinates 

would be both less accurate and less precise. However, using the additional six 

radio-opaque markers positioned in different planes across larger distances 

around the entire mandible reduced the positional variance and increased the 

accuracy and precision of co-ordinate registration.

Pairs of co-ordinates ([x-, y-] and [x-, z-]) were taken for each landmark 

using the image software NIH Image. From the dental radiographs, x- and y- 

co-ordinates were taken for leadshot, MS, M2, and M l landmarks. (X-, y-) and 

(X-, Z -)  co-ordinate pairs were taken for leadshot, pinhead, mandibular canal 

and MS, M2, and Ml landmarks from the lateral and occlusal radiographs, 

respectively. Although x-co-ordinates often differed between dental and lateral 

images, this was unimportant as the lateral x-co-ordinates were later discarded 

and, hence, not included in the final combined landmark data set. The first step 

in building the (x-, y-, z-) radiographic landmark data set was to Procrustes 

register the lateral co-ordinate data with the dental co-ordinate data using the 

three leadshot pellet markers (landmarks 1-S) only in the software program. 

This scaled the dental co-ordinates to the lateral image, and hence, the occlusal 

image. This file was saved as DENT+LAT+OCC.txt and included both 

specimen ID numbers. The second step was to add the third dimension (z-co- 

ordinate) to the above text file via a data combining programme. Data Reader,
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(written in-house by Nick Jones) by selecting the option ‘add Column 2’ from the 

OCC text file. The third step was to Procrustes the mandible text file (JAW 

IDnumbers.txt) with above 3-D radiographic text file (LAT+DENT+OCC 

ldnumbers.txt) via the Data Reader using the pinheads markers (landmarks 78- 

83 and 4-9 in the JAW and LAT+DENT+OCC text files, respectively). This 

combined co-ordinate data text file was then saved as ‘[institution and 

radiographic ID Numbers] TOTAL M’KA [number of landmarks] output file’ (ex. 

ZD1937.7.24.1/59TOTALM’KA144 outputfile). This procedure was repeated for 

each individual.

Variance among molar landmark positions within a single individual had 

minimal effect upon the accuracy of the final data set. Rather, consistency 

among molar landmark positions between individuals was critical to maximise 

the probability that sources of any observed shape variation were biological 

rather than errors in co-ordinate data collection and variations in landmark 

positions. Conversely, consistency among the non-biological, radio-opaque 

markers within the three radiographic views of the same individual was critical 

to ensure the proper registration of the two sets of co-ordinate data. Moderate 

variance in the positions of these markers between individuals did not 

significantly affect the analysis.

2.2.6 Geometric morphometric shape analysis

2.2.6a What is a shape ?

A shape is all the geometrical information that remains when location, 

scale and rotation effects are filtered from an object (Kendall 1984). For 

example, the rectangles below are the same shape. Although they differ in their 

translation, rotation and size, they are proportionately identical (Figure 2.19).
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Figure 2.19 Two identical shapes before translational, rotational and scale 
differences have been removed.

A shape of k landmarks of m dimensions can be represented by a vector V of 

km elements, where V = [xi, X2, X3, X4 ..., yi, y2, ys, y4 .., zi, Z2, Z3, Z4 ...] and km 

is the size of the vector.

2.2.6b What is a landmark?

A landmark is a “point of correspondence on each object that matches 

between and within populations" (Dryden & Mardia 1993:’2’). The reliability of a 

shape analysis depends largely upon the extent to which selected landmarks 

are equivalent. This equivalence can be developmental or evolutionary, i.e. 

homology, or functional, i.e. end of a lever arm, depending upon the question at 

hand. Landmark equivalence is reflected in how recognisable and repeatable 

landmarks are among objects within the sample population. Landmarks fall into 

one of three categories, biological, mathematical, or ‘pseudo-landmarks’ 

(Dryden & Mardia 1993). These are referred to as Type I, Type II, and Type III 

landmarks, respectively. Biological or Type I landmarks have biological 

meaning and are assigned by a worker who recognises their biological actuality, 

significance and continuity among objects sampled such as the coronal suture. 

Type I landmarks have the most robust homology. Mathematical or Type II 

landmarks are co-ordinate points assigned according to mathematical or 

geometric criteria and are defined by their mathematical rather than biological 

reality such as the superior-most point of the skull along this suture. The 

equivalence of type II landmarks is arguably less sound depending upon the 

question at hand. Pseudo- or Type III landmarks are co-ordinate points that are 

subjectively defined, often by changes in surface topography, or by the

181



locations of biological or mathematical landmarks, between which Type III 

landmarks are allocated. An example of a Type III landmark is a point directly 

lateral to the superior-most point along the coronal suture. The equivalence of 

Type III landmarks is often very weak in developmental or evolutionary 

contexts.

Landmarks are selected on their ability to capture clearly and accurately 

the shapes of objects under study in relation to the question at hand. As 

suggested above, the information carried by all landmarks is not necessarily of 

equal relevance or weight, and rests upon robusticity of landmark equivalence.

2.2.6c Generalised Procrustes analysis

To analyse variation in shape in a population it is necessary to disregard 

non-shape information such as location, rotation and scale so that only shape 

differences remain. A mathematical shape alignment procedure that achieves 

this is Generalised Procrustes Analysis (GRA).

G PA removes non-biological translational and rotational landmark 

differences that have accumulated as a result of differences in object position 

and orientation during object digitization. Importantly, G PA also enables an 

analysis of shape independent of size. G PA is an iterative procedure to achieve 

shape alignment.

2^2 j5ci_The_stef3S involved in executing _a G PA

Having defined what G PA achieves, the steps of the GPA procedure are 

outlined below. Italicised terms are defined in the following section.

1. Calculate the centroid for each shape.

2. Scale the shapes so that the centroid size of each shape is equal to one 

(scale to unit size).
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3. Translate each shape so that its centroid is at the co-ordinate origin, i.e. 

(0,0.0).

4. Initially choose the first shape as an estimate of the mean. Then rotate each 

subsequent shape so it is aligned with the estimate.

5. Lastly, calculate the mean shape after alignment. Repeat the entire 

procedure using the new estimate of the mean (i.e. return to step 1). When 

no change in the mean estimate occurs the GPA can cease. This is usually 

after only a small number of iterations.

22jGcil_Definjtjons_used jn jh e  GPA prgcedure_descriptipn

Centroid; The centroid of a shape is defined as the mean landmark for the 

landmarks of a given shape. The centroid can be thought of as the centre of 

mass of equally weighted landmarks.

Centroid = z) = I t Z
j = l  ^  1=1 ^  i= \

Centroid size: This is calculated by the square root of the sum of the squared 

differences of each landmark from its own centroid. In this case, unit size 
equals a centroid size of one.

Centroid Size = - x f  + (_y,. -  y f  + (z. - z f
/=]

Rotational alignment: This is achieved using the singular value decomposition 

technique suggested by Goodall 1991. Briefly, to estimate the rotation matrix 

required to align each shape, a rotation matrix is calculated and applied to each 

shape so that the square root of the sum of the squared deviations of each 

shape from the estimate of the mean shape is minimised.
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Mean shape; The sum of all landmarks of each shape after GPA divided by the 

number of shapes to give a set of mean landmarks. This represents the mean 

shape.

1 "
Mean Shapes = ~ ^ S i

Bookstein (1978) and Siegel and Benson (1982) have proposed other 

registration methods different to GPA (Goodall 1991). Methods include the 

registration of shapes to a common but subjective baseline (Bookstein 1978), 

the ‘robust’ or ‘resistant fit’ registration of landmarks to an overall good fit 

(Siegel and Benson 1982), and the minimisation of the sum of squared 

distances between equivalent landmarks, or GPA (Goodall 1991). GPA is 

arguably one of the most powerful and robust methods of shape analysis (Rohlf 

2000a & b, O’Higgins & Jones 1998) in that, when variations are equivalent to 

digitizing error (i.e. independent and isotropic distributions around each 

landmark), the resultant scatter of shapes in the shape space (see below) is 

also isotropic. Additionally, the power of statistical description is not dependent 

on mean shapes and the estimate of the mean is reasonable even with very 

small sample sizes (i.e. 15 or 20). GPA facilitates potentially powerful statistical 

and visual analyses of shape change that greatly aid the interpretation of shape 

differences within a population. For these reasons, GPA was particularly 

advantageous to these analyses of the allometric shape changes observed 

during mandibular and molar tooth development. The greater the number of 

landmarks included in the GPA, the greater the robusticity of the registration 

(Kent 1994).

To aid perception and analysis of a set of shapes consisting of 

homologous landmarks it is convenient to consider the set of all possible 

variation of the shape as a shape space. Importantly, the set of all Procrustes 

aligned shapes in shape space has the dimension D where

D  =  km  -  m  -  1 -  %m(m -  1)
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The initial (i.e. before GPA) space dimensions are reduced by m due to the 

elimination of translational differences, reduced by 1 due to the elimination of 

scaling differences, and reduced by %m(m -  1) due to the elimination of 

rotational differences. This space is known as Kendall’s shape space (Kendall 

1984).

After performing GPA the difference between two shapes is represented 

by the Procrustes distance. This distance is computed as the square root of the 

sum of the squared differences between each homologous landmark between 

two stages. For 3D data:

where P = Procrustes chord distance.

The distance between two points representing two shapes in Kendall’s shape 

space is the Procrustes chord distance between them (Figure 2.20). The 

Procrustes chord distance is the metric of Kendall’s shape space. It is important 

to note that Kendall’s shape space is a non-linear space.

Shape 1

Shape 2

B

Figure 2.20 The sum of the squared lengths of the dark lines (B) square 
rooted yields the Procrustes distances of two generalised Procrustes registered 
shapes.
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Given that Kendall’s shape space describes all possible shapes for a 

given set of landmarks, the variation often encountered between biological 

shapes is comparatively small and therefore distributed in a small area of 

Kendall’s curvilinear shape space. This small area can be approximated to a 

linear distribution in the same way that a map of London does not consider the 

Earth’s curvature. Rather, the small area of biological shape distribution 

markedly resembles, or is virtually indistinguishable from, a distribution in linear 

space. The statistical analysis of landmark data in a non-linear space is, in 

theory, prohibitively complex; the visual analysis of the same data is 

inconceivable. In practice, because sample variability is often relatively small 

and because the sample distribution behaves as it would if in a linear space, 

these results do not differ significantly from those achieved after a tangent 

space projection. However, to avoid any non-linear distortions due to any 

curvature of the space the Procrustes shape co-ordinates are projected to a 

Euclidean tangent volume with respect to the mean. As assumption of 

hierarchy and, hence, linearity is conventional and integral to statistical 

analyses it is methodologically proper to project the shape data from a non- 

Euclidean space to one that is Euclidean.

2.2.6d Principal Components analysis

After the successful General Procrustes registration of all shapes

included in the sample population, the next step is to model shape variation 

among this sample by exploring how shapes covary. A classic technique to 

analyse variation in multivariate data is a Principal Components Analysis (PGA). 

PGA enables the characterisation of a high dimensional dataset in terms of

parameters called principal components (PCs). These PCs are chosen

algorithmically so that they represent axes through the dataset that align with 

the maximum spread of variance within the data. The first PG explains the 

major variance. Subsequent PG axes are orthogonal to PG1 and are ordered 

according to the decreasing variance in the data (Figure 2.21). Each axis of 

shape variance is independent of the other axes. Hence, PGA is most useful as 

a dimensional reduction method as it produces a subspace of the multivariate 

data that is constrained to represent a given degree of variation in the original
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data. This is highly useful for investigating multivariate allometry and 

discriminating the causes of variation within the data.

The aforementioned algorithm affords the major advantage of PCA, 

which is the visualisation of the multidimensional shape data. PCA performs 

the variance-maximising rotation of the original multivariate space by analysing 

the original variance-covariance matrix calculated from the original data. 

Detailed discussions of this algorithmic process are found in Mardia et al. 

(1979). The new orthogonal axes produced by PCA have their origins at the 

mean shape; the necessary rotation is found by calculating the eigenvectors of 

the variance- covariance matrix via standard linear algebra methods.

y-axis

Cl

PC2

x-axis
- 0.5 0.5

Figure 2.21 In a 2D data plot, PCs intersect the scatter of the data across the 
first two axes of major variance. Note that the orientations of PCI and PC2 to 
the scatterplot are very different compared to the x- and y-axes and are 
orthogonal to each other.

For example, PCI represents a set of eigenvectors that can be thought of as 

representing displacement vectors along which the mean shape is deformed, or 

morphed. Thus, the linear addition of the displacement vectors to the mean 

shape multiplied by a scalar factor generates all the hypothetical shapes 

represented by the single PCI axis. This is the principal mode of variation in 

the original data.

187



X  =  X  +  ^  p c b  s

Let X be the matrix of new landmarks representing the hypothetical shape, x is 

the matrix of landmarks for the mean shape. O is the matrix of eigenvectors for 

a particular PC. is the scalar quantity by which the ‘effect’ of eigenvector 

displacement is multiplied. These variables enable the exploration of shape 

space. By choosing suitable values for for each PC, it is possible to 

reconstruct any particular shape in the original data through the linear addition 

of eigenvectors. It is also possible to construct any hypothetical shape such as 

an intermediate between two shapes (Figure 2.22).

Hexagon 1

Hexagon 2

Figure 2.22 Consider a set of Hexagons after GPA with a Regular hexagon as 
the mean. Mean Hexagon 1 (solid lines) is deformed by a factor of b̂  to 
relatively compressed Hexagon 2 (broken lines). The arrows represent the 
eigenvectors through which the initial shape (Hexagon 1) is morphed into the 
target shape (Hexagon 2).

The proportion of the total variance in the data explained by each PC 

must now be determined. Presumably small scale variation can reasonably be 

attributed to non-biological ‘noise’ and can be excluded. The corresponding 

eigenvalues for each eigenvector calculated during PCA suggest how many 

PCs to retain. The sum of all eigenvalues corresponds to the total variance in 

the original data. The percentage of the total variance representing each 

subsequent PC may fall off sharply. In a typical allometric study, up to 95% of 

the total variance can be explained by the first five PCs. This is significant: i.e. 

for fifty 3D landmarks a space of approximately 150 dimensions can be
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modelled in five dimensions with 95% accuracy. This greatly facilitates the 

interpretation and analysis of the data as well as shape visualisation.

2.2.6e Euclidean Distance Matrix analysis and other shape

analysis techniques

Euclidean Distance Matrix analysis (EDMA) is an alternate method of 

shape analysis pioneered by Lele and Richtsmeier (1990, 1991). EDMA is 

based upon the analysis of interlandmark distances (ilds), and for this reason is 

independent of landmark registration. Primarily for this reason, proponents of 

EDMA have argued that it is a shape analysis technique superior to GPA 

(Richtsmeier & Lele 1993). However, recently, Rohlf (2000b, 2002) has 

demonstrated both that the statistical power of EDMA is very weak, and that its 

estimation of the mean is much less accurate than the Procrustes registration, 

save for samples of extraordinary size (approaching infinity). Additionally, 

EDMA does not allow patterns of variation within a sample to be analysed with 

standard multivariate methods such as principal components analysis (PCA). 

Rather, its focus is the comparison of differences between pairs of shapes 

(O’Higgins 1999). For the above reasons, in addition to reservations related to 

the applicability of the technique to analyses of allometric shape change 

involving large numbers of landmarks, EDMA is an unsuitable shape analysis 

technique for this study.

Other shape analyses techniques such as Finite Element Scaling 

Analysis (FESA) and Fourier analysis are also not appropriate to mandibular 

and dental shape analyses. FESA is optimal for measuring the mechanical and 

structural integrity of form, not for studying developmental continuums of shape 

change (Daegling & Hylander 2000). Fourier analysis studies surface 

topography, and is particularly suitable for smoothly varying forms such as the 

cranium, not irregular forms such as the jaws and teeth (O’Higgins & Johnson 

1988).
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2.2.6f morphologika

All morphometric analyses were carried out using the statistical shape 

analysis software package morphologika Version 1, written by Paul O’Higgins 

and Nick Jones in the Dept, of Anatomy and Developmental Biology, UCL. In 

addition to statistical analyses, morphologika enables the visual analysis of 

shape variance within and among sample groups. Thus, visual studies of 

mandibular and molar shape change were also carried out using this software 

package. For further information please consult http://evolution.anat.ucl.ac.uk/ 

morph/morph.htm.

2.2.6g Permutation test for PCA

This tests the statistical significance of the angle between vectors of 

shape change across two different PCs. The software programme PermPCA, 

written in the Dept, of Anatomy and Developmental Biology, UCL, was used. 

The three steps to the analysis are as follows:

1. A PCA of the GPA data is run for all selected landmarks for two groups.

2. The angle of Group 1 to the selected PC is extracted.

3. The angle of Group 2 to the selected PC is extracted.

4. The angle between these two angles is computed. Individuals are

randomly reassigned to either Group 1 or Group 2, keeping the number 

of individuals in each new group the same as the original groups.

5. The angle between these groups is recomputed.

6. Steps 4 and 5 are repeated one thousand times.

7. Determine the number of times the permuted angles were smaller than 

the true angle initially computed in Step 4. This yields the p value.
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The level of significance of this permutation test is 0.5. A p value 

suggests that differences between the populations are not a product of chance 

sampling and are instead real differences. A p value of less than 0.001 carries 

great significance, a p value of less than 0.01 is moderately significant, and a p 

value of less than 0.05 is only slightly significant.

This test is only appropriate for linear distributions where the first PC 

explains allometric change in each group; these explain only one type of shape 

variance per PC. A non-linear distribution describes shape variance that cannot 

be explained across a single PC but requires two or more PCs. Thus angles 

between the vectors of different groups are meaningless.

2.2.6h Permutation test for differences of means

This tests whether mean shapes of different individuals or groups are 

statistically different. The software programme Permutation Test for Differences 

of Means, written in the Dept, of Anatomy and Developmental Biology, UCL, 

was used. The steps to the analysis are as follows:

1. The mean shape of the GPA data is calculated for all selected landmarks

for each of two groups and the distance between the means is 

calculated.

2. Group membership is randomly permuted one thousand times and each

time the Procrustes distance is computed.

3. The true distance is compared with the distribution of permuted

distributions.

This is tested at a level of significance of 0.5. A significant correlation 

coefficient (p value) suggests that differences between the populations are not a 

product of chance sampling and are instead real differences. A p value of less 

than 0.001 carries great significance, a p value of less than 0.01 is moderately 

significant, and a p value of less than 0.05 is only slightly significant.
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2.2.6/ Covariance

Covariance describes how change in one variable relates to change in 

another. It is the product of the joint deviation of the two variables around their 

respective means.

COY xy =
/= !

Covariance has a dimension. The value of this may be negative (an inverse 

relationship between variables) or positive (a direct relationship between 

variables). The range of covariance is between ± 0 0 . For this reason 

covariance can be difficult to interpret: a small value could actually indicate a 

strong covariance. Rather, Pearson’s product moment correlation coefficient 

may give a clearer indication of the strength of relationship between two 

variables.

2 .2 .67 Pearson’s Product Moment Correlations Coefficient (r)

Pearson’s r describes the absolute and total variance that actually exists 

between two variables.

r =

\

COY Ay

SxSy

(r) is a measure of how variable x is related to variable y divided by how much 

variables x and y deviate absolutely from their respective means, (r) ranges 

from -1 to +1, where a positive value indicates a direct relationship and a 

negative value an inverse relationship between variables. An r value of zero 

indicates no relationship between variables. However, even if the value of r is 

high (±1), the relationship between x and y may not be causal or may be 

spurious.
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2.2.6k Regression (R^)

Regression is the use of one variable to infer something about another 

variable. The value of is a measure of the proportion of the variance in one 

variable that is accounted for or explained by the other variable(s). R  ̂ is the 

difference between the mean in prediction (the explained sum of squares) and 

the mean of the original values (the total sum of squares).

R = — —  = explained sum of squares/total sum of squares

R  ̂ ranges from +1 to 0 where 1 is an ideal fit as all the variance is explained 

and 0 a very poor fit as all of the variance is unexplained. In cases of bivariate 

analysis, the square of Pearson's r is equivalent to R .̂

2.2.7 Multivariate 3D analyses of variation in mandibular
morphology among baboons, chimpanzees and bonobos

Mandible shapes were compared between Papio and Pan. The purpose 

of this study was fourfold. Firstly, to determine trajectories of ontogenetic shape 

change in the mandibles of Papio and Pan, principally whether these were 

linear or non-linear. Secondly, to determine whether these trajectories were 

statistically different throughout maturation between the two genera. Thirdly, to 

identify and describe the major differences in mandibular shape between Papio 

and Pan and to contrast major differences in mandibular shape change over 

time. Finally, to explore whether any of the observed mandibular shapes and 

patterns of shape change might reflect or underlie schedules of permanent 

molar crown initiation.

Additionally, studies of mandibular development between sister taxa Pan 

troglodytes and Pan paniscus were undertaken for several reasons. Firstly, as 

dento-facial development in the bonobo has been understudied, compared to 

that of other great apes, it is little understood. Also, species-level differences in 

mandibular and dental development and mandibular morphology between
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bonobos and chimpanzees have been largely undefined and are unclear. 

Lastly, this outgroup comparison between sister taxa has been conducted to 

help test the strength and validity of comparative mandibular shape analyses 

between genera Papio and Pan.

Adult mandible shape is notably different between chimpanzees, 

including bonobos, and baboons. However, infant mandible shapes appear to 

be very similar in both genera. To determine whether contrasting mandibular 

shapes generate contrasting initiation schedules, the significance of shape 

differences between the mandibles of these two groups was tested. Mandible 

shapes were compared across infant, juvenile and adult between genera. 

Juvenile mandible shapes were included to confirm the reasonable expectation 

that if infant and/or adult mandible shape was statistically different between 

taxa, juvenile mandible shape should be as well. Juvenile groups 1 and 2 were 

pooled to simplify this analysis; if one age group was very different from the 

other this would be evident in the PCA from which the co-ordinate data for the 

difference in means test was taken.

Landmark data for both infant and adult mandibles of both genera were 

analysed using a permutation test for differences in means. All infants, 

juveniles and adults from all three taxa, Papio anubis, Pan troglodytes and Pan 

paniscus were included. Only landmarks 1-37, which represented mandible 

shape, were included here; all non-biological landmarks were excluded from the 

analysis. The analysis of intertaxon infant mandible shape included 7 baboons 

and 34 chimpanzees (including 15 bonobos), a total of 41 specimens. The 

analysis of intertaxon juvenile mandible shape pooled juvenile groups 1 and 2 to 

include 31 baboons and 50 chimpanzees (including 21 bonobos), a total of 81 

specimens. The analysis of intertaxon adult mandible shape included 12 

baboons and 17 chimpanzees (including 9 bonobos), a total of 29 individuals. 

Permutation tests were run at one thousand iterations.
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2.2.8 Bivariate 2D anaiyses of mandibie and molar dimensions and 

their rates of change among baboons, chimpanzees and 

bonobos

Mandibular dimensions were compared against each other and molar 

crown dimensions and both mandibular and molar crown dimensions were 

compared against ARDA for all three taxa. Mandibular dimensions were 

rounded to the nearest tenth of a decimal place. Because molar crown 

dimensions were absolutely and markedly smaller than mandibular dimensions 

and typically subject to less deviation around the mean, molar crown 

dimensions were rounded to the nearest hundredth of a decimal place.

Linearity was assumed in the scatter of the bivariate plots of mandibular 

dimensions against ARDA generated for this analysis. The principal advantage 

for which linear regression was executed on the data was the ability to compare 

slopes, and thus, absolute rates of growth of mandibular dimensions, among 

taxa. Importantly, this facilitated the quantitative exploration of the taxonomic 

differences observed in the 3D shape analysis of mandibular ontogeny for 

Papio and Pan. In most cases, the fit of the regression lines through the data 

was reasonably good (i.e. more than 70% of the variance was explained). 

Although linear regression was imperfect, had curvilinearity been assumed the 

interpretation of the significance of differences between curves would have 

been inherently subjective, and also imperfect.

A common pitfall of linear regression is that the slope of the line reflects 

the age distribution of each data set (i.e. Papio anubis) rather than the actual 

relationship between two variables (i.e. MANDL and ARDA). Disproportionate 

numbers of young individuals tend to pull the slope downward, making it 

steeper. Large numbers of old individuals tend to flatten the slope as the size of 

the variable plateaus (Figure 2.23 1 & 2).
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Figure 2.23 1. Scatterplots of samples A and B demonstrating that A has the 
steeper slope. As distributions of juveniles are almost identical in both samples, 
the greater slope of A can be reasonably attributed to the larger proportion of 
young individuals in this group compared to B. 2. Scatterplots of samples C 
and D demonstrating that C has the flatter slope. As distributions of juveniles 
are indistinguishable between samples, it is reasonable that the smaller slope of 
C reflects the greater proportion of older individuals in this group relative to D.

In such cases it is conventional to exclude very young and very old individuals 

and to analyse only the middle age-range of individuals (Hartwig-Scherer & 

Martin 1992, and others). This was particularly appropriate here, as only the 

growth of mandibular dimensions across the duration of permanent molar crown 

mineralization was pertinent to this analysis. This also redressed the balance of 

the age distribution among Papio and Pair, the baboon sample included infants 

much younger than those of either the chimpanzee or bonobo samples. Thus, 

individuals with no less than fully emerged deciduous dentitions and individuals 

with no more than completely mineralised M3 crowns were included in this 

study. Older adults were also excluded because of a lack of precision regarding 

their ages; these individuals could not be accurately aged above a given year 

(i.e. could only be aged as ‘older than x years’).

The number of individuals included per taxon in this analysis is given in 

Table 2.9. There are three exceptions to these samples: bivariate analyses of 

POSTL, JNCW and BOOTH against ARDA. Several outliers were observed in 

preliminary analyses of these data and were excluded from the final bivariate 

study. As these outliers appeared to be the products of measurement or data
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recording error, it was deemed reasonable to remove them from the samples. 

However, with the exclusion of these individuals the slopes of the regression 

lines remained the same in all cases except one (BOOTH, Pan troglodytes), 

where the value of the slope increased by 0.1. The strength of typically 

varied by less than 10% except in one instance (JNCW, Papio anubis) where it 

increased by 20%. The outliers are as given below (Table 2.10).

ANALYSIS
NUMBER OF INDIVIDUALS PER TAXON 

INCLUDED
Papio anubis Pan troglodytes Pan paniscus

Ageing 52 59 44

2D Bivariate mandible & 
molar dimensions

52 59 44

3D Multivariate mandible 
shape

50 56 44

3D Multivariate 
mandibular shape change

52 58 44

3D Multivariate molar row 
shape change

51 58 43

3D Multivariate intermolar 
distances

51 58 43

Table 2.9
analyses.

Numbers of individuals of each taxon included in the above

MEASUREMENT
TAXON

Papio anubis Pan paniscus Pan troglodytes

POSTL 92.22/79, 92.14/80, 
92.23/73 9369/11 1939.3373/19,

1846.10.23.11/7
JNCW 92.182/75, 92.14/80, 

1937.7.24.1/59
- 1939.3373/19

BODTH
- 26968/26 1939.3373/19,

1939.1002/4

Table 2.10 List of outliers removed from each taxon for three bivariate 
analyses of mandibular growth.
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2.2.9 Multivariate 3D anaiyses of variation in the moiars of
baboons, chimpanzees and bonobos

Shape change trajectories of the molar row, and adjacent intermolar 

distances were compared between Papio and Pan. The purpose of this study 

was twofold. Firstly, to determine whether trajectories of ontogenetic shape 

change in the molar rows of Papio and Pan were statistically different 

throughout maturation between the two genera. Secondly, to identify and 

describe any major differences in the distances between adjacent homologous 

developing molar crypts and crowns or the space distal to M3 in Papio and Pan.

Additionally, studies of molar development between sister taxa Pan 

troglodytes and Pan paniscus were undertaken to explore species-level 

differences in dental development between bonobos and chimpanzees, of 

which relatively few studies have been made. Also, this outgroup comparison 

between sister taxa has been conducted to help test the strength and validity of 

comparative molar shape analyses between Papio and Pan.

Principal Component Analyses (PCA) were run on two data sets of 

combined taxa {Papio and Pan, and Pan paniscus and Pan troglodytes) and on 

individual data sets for each of the three taxa. These tested four different data 

sets of landmarks, which included:

1) all three molar crowns,

2) all molar crowns and their roots,

3) all molar crowns and the mandibular canal, and

4) all molar crowns, their roots, and the mandibular canal.

All four data sets excluded all mandible landmarks.

These four different PCAs explored whether different sets of 3D 

landmarks yielded significantly different output results such as eigenvalues and 

PC scores, and demonstrated markedly different patterns of shape variation 

across PCs. However, major shape variation demonstrated by the above PCAs 

was consistent among data sets 1 and 2, and data sets 3 and 4, if not among all
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four sets of landmarks; preliminary analyses that included or excluded all 

permutations of molar crowns, roots and the mandibular canal demonstrated no 

significant differences in trajectories of molar row shape change among taxa.

Thus, for simplicity, only molar crown landmarks were used to study 

distances between adjacent developing permanent molars (intermolar 

distances) among taxa (Hypothesis 5C). For analyses particularly concerned 

with exploring ontogenetic shape change (Hypotheses 5A & B), all molar crown, 

root and mandibular canal landmarks were included (data set 4).

The dimensions of the developing molar row were relatively and 

absolutely small and therefore subject to notably more intrataxon variability than 

were mandibular dimensions at the same age. PC1 Scores of analyses that 

excluded the mandibular canal landmark data (data sets 1 and 2) correlated 

weakly if at all with mandible centroid size. However, PC1 Scores of analyses 

that included the mandibular canal landmarks (data sets 3 and 4) correlated 

very tightly with mandible centroid size. Because the mandibular canal was a 

static reference plane against which horizontal, vertical, and lateral movements 

of the molar teeth could be related, the canal was a sound proxy for the 

mandible itself. For this reason, the presence of the mandibular canal data 

highlighted developmental shape changes of the molar row. This was 

particularly important to the identification and exploration of shape change 

related to ontogenetic growth.

Without the data set of mandibular canal landmarks, real correlations that 

might have existed between molar shape variation and centroid size and that 

might have highlighted important information about developmental shape 

change would probably have been neglected or poorly described. By 

association, strong correlations between centroid size and PC Scores that result 

from the inclusion of the mandibular canal data explain ontogenetic shape 

variation among molar crowns, and molar crowns and roots.

The analysis of molar row shape included landmarks 90-136, which 

represented mandibular canal, and M l, M2 and M3 crown and root shapes. 

The analysis of adjacent intermolar distances included landmarks 90-95
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(mandibular canal), 96-103 (Ml crown), 113-120 (M2 crown), and 129-136 (M3 

crown). All non-biological landmarks were excluded from both analyses. Both 

analyses included all specimens of Papio and Pan for which 3D molar landmark 

data had been collected with the exception of Papio specimen 

Z.D.1937.7.24.1/59 and Pan paniscus specimen 11354/12: data collection error 

prohibited the use of these individuals

Trajectories of molar row shape change across development served as a 

kind of 3D multivariate ‘bar chart’ in shape space. Different trajectories of molar 

row shape change would reflect differences in the shapes and relative sizes of 

individual developing molar crypts and crowns to each other, and to a small 

extent, the mandibular canal. These shape differences should reflect times of 

molar initiation and rates of crypt enlargement and crown mineralization (Figure 

2.24). Some of the shape variance would also be expected to account for inter 

and intra-taxon differences in molar morphology but this variance should be 

slight relative to the shape change of the entire molar row.

A PCA was not appropriate here as trajectories of molar row shape 

change were non-linear.

As mentioned above. Table 2.9 summarises the numbers of individuals 

of each taxon included in each of the analyses.
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Figure 2.24 2D illustration of two different hypothetical schedules of 
permanent molar initiation and mineralization, A and B, to demonstrate the 
different changes in shapes of each molar row across development. These 
different patterns of shape change should manifest as statistically different 
trajectories across major principal components after a PCA. Molar 
morphologies and the space surrounding each molar do not appear so different 
between Papio and Pan or between bonobos and chimpanzees to eclipse 
intertaxon differences in times or rates of molar germ development.
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CHAPTER 3

Morphological and ontogenetic variation in the developing 

mandibles of baboons (Papio anubis), bonobos (Pan paniscus) & 

chimpanzees (Pan troglodytes)

3.0 3D multivariate analyses of mandibular shape and shape 

change in P ap io  and P an

If contrasting schedules of molar crown initiation in baboons and 

chimpanzees are products of different patterns of mandibular ontogeny then the 

mandibles of these primates should develop across statistically different 

vectors. If the mandible shapes of infants, juveniles and adults are consistently 

statistically different between Papio and Pan then vectors of mandibular shape 

change may either be the same (i.e. parallel to each other) or different.

Adult 1

Infant 1 Adult 2

Infant 2

Adult 1

Infant 1 Adult 2

Infant 2

However, if adult mandible shapes are statistically different between Papio and 

Pan but those of infants are not, then vectors of mandibular shape change must 

also be different between the two genera.

Adult 1

Adult 2

Infant G
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If vectors of mandibular shape change are distinct between Papio and Pan then 

this supports the hypothesis that differences in mandibular shape underlie 

observed differences in molar initiation schedules; further testing would be 

required to refute this hypothesis. Conversely, if vectors of mandibular shape 

change are not statistically different between Papio and Pan this fails to support 

the principal hypothesis.

Because they are sister species, differences in molar initiation times 

between chimpanzees and bonobos should be subtle compared to those 

observed between chimpanzees and baboons. Mandible shape and trajectory 

of mandibular shape change may not necessarily covary within the genus Pan; 

while the former may be statistically different between chimpanzees and 

bonobos the latter may not and vice versa. It is important to independently 

compare these two variables between Pan paniscus and Pan troglodytes to 

understand the mandibular ontogeny of each taxon and to determine whether 

intragenus differences in mandibular morphology and ontogeny match or 

exceed intergenus differences observed between Papio and Pan. If intragenus 

differences in mandibular morphology and ontogeny were at least equivalent in 

scale to intergenus differences then one would expect molar initiation times to 

be as different between sister species as between genera if mandibular 

development is linked to molar initiation. Differences in mandible shape and/or 

vectors of mandibular shape change between sister species similar in scale to 

any such differences observed between genera would imply that significantly 

different patterns of mandibular morphology and growth are not always 

associated with markedly different patterns of molar tooth initiation. Rather, 

different ontogenetic mechanisms probably underlie intergenus and intragenus 

differences in molar initiation times.

3.1 Mandibular shape compared across a broad 

developmental range among Papio and Pan

Two similar hypotheses are tested to compare mandible shape between 

baboons and chimpanzees and bonobos, and between the two apes:
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Hypothesis 1A: Mandible shape is not significantly different between 

Papio & Pan at any age.

To reject this hypothesis, mandible shape must be statistically different in 

at least one age group (infant, juvenilel & 2, and adult) for each genus.

Hypothesis 1B: Mandible shape is not significantly different between Pan 

paniscus & Pan troglodytes at any age.

To reject this hypothesis, mandible shape must be statistically different in 

at least one age group for each species.

If mandible shapes are significantly different between Papio and Pan, and 

between Pan paniscus and Pan troglodytes, what are the major differences in 

mandible shape across age groups?

3.1.1 Results: Papio and Pan compared

A permutation test of differences in means demonstrated that mandible 

shapes were highly significantly different between Papio and Pan as early as 

infancy, throughout growth, and into adulthood (p<0.001 for all age groups. 

Table 3.1).

Age group Permuted difference p-value

Infants 0.0322 <0.001

Juveniles 1 & 2 0.189 <0.001

Adults 0.0574 <0.001

Table 3.1 Significance of differences in means between age groups of 
Papio and Pan.
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Five major differences in mandible shape were observed between the 

two genera across PC1 through PC4 throughout growth. These are described 

below. Intertaxon mandibular shape differences beyond PC4 were very subtle 

and were therefore deemed unlikely to contribute significantly to variations in 

molar initiation schedule. There was also the risk that shape variance 

described across higher PCs did not derive from biological sources but rather 

from non-biological ‘noise’ or variations or errors in landmark data collection.

Intertaxon variation in mandible shape across infants, juveniles and adults in 

Papio and Pan:

1. The length of the corpus posterior to the mental foramen back to the 

anterior edge of the ascending ramus was relatively longer than the 

length of the corpus anterior to the mental foramen in Papio compared to 

Pan. (PC1)

2. The height of the mandibular condyle exceeded that of the coronoid 

process in Pan. This relationship was reversed in Papio. (PC2)

3. The lateral face of the mandibular corpus was concave in the sagittal 

plane in Papio and relatively flush in Pan. This contributed to the ‘V’ 

shape of the baboon mandible and to the ‘U’ shapes of the chimpanzee 

and bonobo mandibles, respectively. (PG2)

4. The bilateral width of the corpus measured across the mental foramina 

(landmarks 16 & 36) and across the landmarks directly above these on 

the occlusal plane (landmarks 17 & 37) was markedly narrower in Papio 

and broader in Pan. (PC2)

5. The gonial angle was subtly more acute in Pan. However, the gonial 

angles of both genera exceeded ninety degrees. (PCs3 and 4)

Differences in mandibular shape across PCs 1 through 4 did not appear to be 

associated with sex in any age group.
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3.1.2 Results: Pan paniscus and Pan troglodytes compared

Adult mandible shape is subtly different in chimpanzees and bonobos; 

the bonobo mandible is diminutive and appears to be somewhat more ‘compact’ 

morphologically. Conversely, infant mandible shape is not noticeably distinct 

between these taxa. However, a permutation test of differences in means 

demonstrated that mandible shapes were highly significantly different between 

both species as early as infancy, throughout growth, and in adulthood (p<0.003 

for all age groups. Table 3.2).

Age group Permuted difference p-value

Infants 0.0257 <0.001

Juveniles 1 & 2 0.194 <0.001

Adults 0.0382 =0.003

Table 3.2 Significance of differences in means between age groups of Pan 
troglodytes and Pan paniscus.

Four major differences in mandible shape were observed between the 

two species across PC1 through PC4 throughout growth. These are described 

below. Intertaxon mandible shape differences beyond PC4 were deemed 

unlikely to contribute significantly to variations in molar initiation schedule for the 

reasons given above for the analysis of Papio and Pan mandible shapes.

Intertaxon variation in mandible shape across infants, juveniles and adults in P. 

troglodytes and P. paniscus:

1. The mandibular symphysis was deeper in P. troglodytes. (PG1 )

2. The gonial angle was smaller in P. paniscus. This was due at least in 

part to the notch just anterior to the gonial angle, which also gave the 

impression that this angle protruded from the corpus. (PC2)
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3. The coronoid process and neck of the condyle were in line with the 

ramus in P. paniscus, but angled distally at about 30 degrees to the 

ramus in P. troglodytes. (PCs1 through 3)

4. The neck of the condyle was thicker and squatter in P. paniscus 

compared to the more slender condylar neck of P. troglodytes. (PCs1 

through 4)

3.1.3 Conclusions and implications

Mandible shape was distinct between Papio and Pan at infancy and 

throughout growth. This supports the hypothesis that mandibular shape and 

development might bear directly upon molar initiation schedule. However, 

because both infant and adult mandible shapes were statistically different 

between genera, vectors of mandibular shape change in baboons and 

chimpanzees may or may not be significantly different. Further testing is 

required to determine this for Papio and Pan.

Mandible shape was distinct between Pan troglodytes and P. paniscus at 

infancy and throughout growth. This result suggests that mandible shape does 

not underlie times of molar tooth initiation in Pan (provided these times are not 

later demonstrated to be significantly distinct between species). However, this 

result says nothing about whether a development relationship exists between 

mandibular and molar growth. While both infant and adult mandible shapes 

were statistically different between species vectors of mandibular shape change 

in bonobos and chimpanzees may or may not be significantly different. Further 

testing is required to determine this for P. troglodytes and P. paniscus. If 

vectors were statistically different between sister species this would suggest 

that the mandibles of these apes develop in fundamentally different ways. This 

would imply that mandibular ontogeny was significantly distinct within as well as 

between genera, if indeed mandibular ontogeny is statistically different between 

Papio and Pan.
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3.2 Patterns of mandibular shape change across a broad 

developmental range among Papio and Pan

Two similar hypotheses are tested to compare mandibular shape 

variance between baboons and chimpanzees and bonobos, and between the 

two apes:

Hypothesis 2A: Trajectories of mandibular shape change are not
significantly different between Papio & Pan at any point.

Hypothesis 2B: Trajectories of mandibular shape change are not
significantly different between Pan paniscus & P. troglodytes at any point.

If vectors of mandibular growth are statistically different between Papio and Pan 

and between Pan paniscus and Pan troglodytes, what are the major differences 

in mandibular shape variance across all age groups in each taxon?

3.2.1 Results: Papio  and Pan  compared

3.2.11 Ontogenetic scaling in mandibular shape variance across PCI

Within each species scatter, the specimens are approximately ordered

according to their size (Figures 3.1-3.4). Statistical testing confirmed that

centroid size and PCI are strongly correlated in Papio (-0.83) and Pan (-0.90) 

(Table 3.3). Thus, each scatter can be considered to represent ontogenetic 

scaling. PC2 also correlated strongly with centroid size in the chimpanzee and 

bonobo (0.87) but somewhat less strongly in the baboon (0.77) (Table 3.3). 

Because of the strong correlation between centroid size and PCI, differences in 

mandibular shape across PCI are ontogenetic. Because species, by definition, 

have unique patterns of growth, significant ontogenetic differences between 

species can be said to reflect taxonomic differences.
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In Figures 3.1-3.4, the different directions of the scatterplots of centroid 

size and PC scores reflects the iterative process that morphologika goes 

through when calculating the PCA. The directions of the scatters are arbitrary 

and thus, carry no biological or statistical meaning.

Taxon PC Correlation Coefficient (r̂ )
P a n 1 -0.82672

2 0.87205
3 0 .1 2 7 2 9 9

4 -0 .0 9 5 9 6

5 0 .0 9 5 3 1 6

6 0 .1 2 5 9 4 3

7 -0 .0 8 8 5 3

P a p io 1 -0.90149
2 0.773471
3 -0 .5 3 2 1 3

4 0 .3 7 5 9 5

5 0 .0 3 0 0 8 4

6 -0 .4 5 6 9 3

7 0 .3 6 3 2 7 4

Table 3.3 Correlation between centroid size & Principal Components 
for Pan paniscus, Pan troglodytes and Papio anubis.
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Figure 3.1 Scatterplot of centroid size against PC1 scores for Papio and Pan.
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Figure 3.2 Scatterplot of centroid size against PC1 scores for Pan paniscus.
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Figure 3.3 Scatterplot of centroid size against PCI scores for Pan troglodytes.

212



Centroid Size

Male

Female

♦

♦
1 4 ^ -

PC1

♦
*

♦ ♦
♦ ♦ ♦ ♦

Sex Unknown ^

I ------------- 1--------------- 1--------------- 1—
- 0.16 - 0.12 - 0.08 - 0.04

♦
♦  ♦

—I----------------- 1----------------- 1—
0.04 0.08 0.12 0.16 0.20 0.24

Figure 3.4 Scatterplot of centroid size against PC1 for Papio anubis.
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3.2.1 ii The distribution of the greatest proportions of the variance in

mandible shape across the major principal components

A Principal Components analysis (PCA) demonstrated that PCI 

described 49.9% of the total variance in mandible shape between Papio and 

Pan. PC2 described 16.8% of the total shape variance between genera. 

Subsequent PCs each described comparatively little of the remaining shape 

variance: PCS, PC4, PCS and PC6 described 5.12%, 3.27%, 2.34% and 2.20% 

of the total variance, respectively. Combined, PCs 1 through 6 account for 80% 

of the total variance in mandible shape between genera. The remaining PCs 

each describe less than 2% of the total variance (Table 3.4).

The divergence of ontogenetic trajectories between genera across PCs 1 

and 2 (Figure 3.5) was quantitatively confirmed by permutation tests (p<0.0009. 

Table 3.5). Hence, the growth trajectories of Papio and Pan are statistically 

different. This nullifies Hypothesis 2A, which may be rejected. While the 

allometric growth vectors differ between Papio and Pan, each trajectory is 

linear. Thus, mandibular growth is stable in its rate and direction of shape 

change from infancy to adulthood within each genus.

PC Angle between Groups p-value
1 24.63 <0.0009
2 71.97 <0.0009
3 83.89 =0.0159
4 68.01 =0.704
5 79.31 =0.4735
6 75.10 =0.5494

Table 3.5 Significance of angles between trajectories of mandibular 
shape change for Papio & Pan.
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PC Eigenvalue Proportion of Total Variance Cumulative Proportion

1 0.556 49.9 49.9

2 0.187 16.8 66.7

3 0.0571 5.12 71.8

4 0.0364 3.27 75.1

5 0.0261 2.34 77.4

6 0.0246 2.20 79.6

7 0.0215 1.93 81.5

8 0.0175 1.57 83.1

9 0.0139 1.25 84.4

10 0.0134 1.20 85.5

11 0.0120 1.08 86.6

12 0.0113 1.02 87.6

13 0.0104 0.934 88.6

14 0.00877 0.788 89.4

15 0.00809 0.726 90.1

16 0.00752 0.675 90.8

17 0.00727 0.652 91.4

18 0.00596 0.535 92.0

19 0.00493 0.442 92.4

20 0.00482 0.432 92.8

21 0.00457 0.410 93.2

22 0.00427 0.384 93.6

23 0.00399 0.358 94.0

24 0.00370 0.332 94.3

25 0.00353 0.317 94.6

Table 3.4 PCA Output for Papio & Pan.
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Figure 3.5 PCA Scatterplot of Papio vs. Pan for PCs 1 & 2. On the plot of 
PCs 1 and 2 of the combined ontogenetic series, the scatters of Papio and Pan 
are linear and do not overlap. Note that the scatters of baboon and chimpanzee 
appear to diverge, suggesting that they follov\/ different ontogenetic trajectories.

On the scatterplot of PCs 1 and 3 of the combined ontogenetic series 

(Figure 3.6), note that the scatters of baboon and chimpanzee are almost 

entirely separate across PC1, confirming the statistical result that the 

ontogenetic trajectories of Papio and Pan are distinct. A permutation test along 

PC3 produced a significant p-value (p=0.0159), indicating that the trajectories of 

each genus were at statistically different angles to PC3, and therefore, to each 

other. Shape change along PC3 reflects non-allometric intertaxon differences 

between the mandibular shapes of Papio and Pan. That is, differences not 

strongly correlated with changes in centroid size. Six Papio individuals appear 

to lie within the shape space occupied by Pan. All but two of these individuals 

are infants that have pd4, or in one case, only pd3, in occlusion. The remaining 

two Papio have M2 erupting through the alveolar bone.
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Figure 3.6 PCA Scatterplot of Papio vs. Pan for PCs 1 & 3. Note that both 
groups are clearly separated across PC1.

PCs 1 to 3 describe major differences in shape change between Papio 

and Pan. These are described in detail in the next section. PCs 4 through 6, 8 

and 10 described no significant shape changes between genera. PCs 7 and 9 

described notable but subtle differences in anterior corpus breadth, where this 

proportion was narrower at the same extreme of both PCs. All shape changes 

described through PCs 5 to 10 were subtle. With the exception of shape 

changes along PCs 1 and 3, none statistically distinguished Papio and Pan from 

each other. Shape changes described by PCs 1 to 4 are discussed below.

3.2.1 iii Major differences in mandibular shape change between genera

There are four major intertaxon differences in mandibular shape change 

across PCs 1 through 4. These differences are among the surface area and 

size of the gonial angle, the relative heights of the condyle and coronoid 

process, the relative lengths of the ‘mesial’ and ‘distal’ corpus (i.e. mesial and 

distal to the mental foramen, respectively) and the width of the mesial corpus 

across the mandibular symphysis.
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While at least some of the changes described below for Papio and Pan, 

and for Pan troglodytes and Pan paniscus may be absolute, they are discussed 

in relative terms as size was removed in the PCA. For each PC, similarities in 

shape change observed between taxa are first described, followed by 

descriptions of the differences in shape change between taxa. The mandible 

wireframes in Figures 3.7 and 3.8 correspond with variation at each end (infant 

and adult) of the scatter for each taxon, not with the extreme variation in each 

principal component.

Principal Component 1 (Figures 3.7 & 3.8)

Intertaxon similarities in mandibular shape change, from negative to positive 

extremes across the PC1 axis (as centroid size, and hence, age, increased):

■ Bi-mesial corpus width decreased.

■ Surface area of the gonial angle increased.

■ Size of the gonial angle decreased.

■ The inferior border of the mandibular corpus, flexed just anterior to the 

gonial angle, straightened out.

■ Mesial corpus length increased slightly, by about 1/3.

Intertaxon differences in mandibular shape change, from negative to positive 

extremes across the PCI axis (as centroid size, and hence, age, increased):

■ Bi-mesial corpus width decreased roughly 1/5 in Pan and about 1/3 in Papio.

■ Distal corpus length increased by about 1/3 in Papio. This length was little 

changed in Pan troglodytes, but increased by about 1/4 in Pan paniscus.

■ The gonial angle increased in Papio, but decreased in Pan.
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■ The angle of the ascending ramus to the mandibular corpus, measured on

the alveolus at the junction of these two parts, decreased in Pan to about 90

degrees, but remained notably obtuse in Papio.

Principal Component 2 (Figures 3.7 & 3.8)

Intertaxon similarities in mandibular shape change, from negative to positive 

extremes across the PC2 axis:

■ The gonial angle increased.

■ Bi-mesial corpus width subtly decreased.

Intertaxon differences in mandibular shape change, from negative to positive 

extremes across the PC2 axis:

■ Distal corpus length increased little if at all in Pan, but increased by about 

1/4 in Papio.

■ Mesial corpus length approximately tripled in Papio.

■ The angle of the ascending ramus to the mandibular corpus, measured on

the alveolus at the junction of these two parts, increased in Papio.

Principal Component 3

Intertaxon similarities in mandibular shape change, from negative to positive 

extremes across the PC3 axis:

■ Condyle height increased relative to coronoid process height. This was 

perhaps most dramatic in Pan.

Intertaxon differences in mandibular shape change, from negative to positive 

extremes across the PC3 axis:

■ Size of the gonial angle was unchanged in Pan, but increased in Papio.
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■ Mesial and distal corpus lengths did not change relative to one another in 

Pan, but mesial corpus length approximately doubled in Papio.

■ The flexion of the inferior border of the ramus just anterior to the gonial 

angle flattened out in Pan troglodytes, but was subtle and unchanged in both 

Pan paniscus and Papio.

Principal Component 4

Intertaxon simiiarities in mandibular shape change, from negative to positive 

extremes across the PC4 axis:

■ Size of the gonial angle was unchanged.

Intertaxon differences in mandibular shape change, from negative to positive 

extremes across the PC4 axis:

■ The flexion of the inferior border of the ramus just anterior to the gonial 

angle flattened out in Pan, but was not flexed at any point across PC4 in 

Papio.

It is of interest to note that the mandibular foramen was positioned higher 

relative to the occlusal plane (measured at the anterior edge of the ramus) in 

Papio than in Pan. Additionally, the mandibular foramen is placed more distally 

along the ascending ramus in Papio compared to Pan. It is possible that this is 

directly related to the greater volume occupied by the mesiodistally longer molar 

crowns of the baboon.
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Figure 3.7 Papio vs. Pan. PCA scatterplot with wireframes, occlusal view. Note the proportions of corpus length and bi-mesial corpus 
width across the mental foramina. Biomechanical advantages of the different adult mandibular proportions are discussed in Chapter 6.
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Figure 3.8 Papio versus Pan. PCA scatterplot with wireframes, lateral view. Note the proportional lengths of mesial and distal 
corpora.
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3.2.2 Results: Pan paniscus and Pan troglodytes compared

A Principal Components analysis (PCA) showed that PC1 described 

41.2% of the total variance. Subsequent PCs each described markedly less of 

the variance in mandible shape between species: PC2, PCS, PC4, PC5 and 

PC6 described 8.98%, 6.63%, 4.96%, 4.39% and 3.26% of the total variance, 

respectively. In sum, PCs 1 through 6 describe 70% of the total variance. The 

remaining PCs each describe less (in most cases much less) than 3% of the 

total variance, and account for the remaining 30% of the total variance in 

mandible shape between Pan troglodytes and Pan paniscus (Table 3.6).

A permutation test confirmed that the significance of the difference 

between the angles of Pan paniscus and Pan troglodytes to PCI was weak, if it 

was significant at all (p<0.065. Table 3.7). This fails to irrefutably nullify 

Hypothesis 2B. A permutation test of PC2 failed to statistically distinguish the 

two taxonomic distributions from one another (Table 3.7). Differences between 

the angles of the two shape distributions to PCs 3 and 5 were slightly significant 

(p=0.041 and 0.047, respectively).

PC Angle between Groups p-value
1 13.30 <0.0649
2 69.07 <0.1338
3 88.63 =0.0409
4 66.00 =0.6943
5 88.78 =0.0469
6 85.23 =0.2157

Table 3.7 Significance of angles between trajectories of mandibular shape 
change for Pan paniscus & Pan troglodytes.

On the plot of PCs 1 and 2 of the combined ontogenetic series, the 

scatters of P. paniscus and P. troglodytes are best described as non-linear 

(Figure 3.9). These non-linear vectors suggest that mandibular growth is 

unstable in its rate and direction of shape change from infancy to adulthood 

within each chimpanzee species. The significance of the angles between Pan 

paniscus and Pan troglodytes across PC3 was moderate (Table 3.7).
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PCs 1 through 5 described the major differences in shape change 

between Pan paniscus and Pan troglodytes. All shape changes described 

through PCs 5 to 10 were subtle. None except PCS statistically distinguished P. 

paniscus and P. troglodytes from each other.
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PC Eigenvalue Proportion of Totai Variance Cumuiative Proportion

1 0.282 41.2 41.2

2 0.0615 8.98 50.2

3 0.0454 6.63 56.8

4 0.0340 4.96 61.7

5 0.0301 4.39 66.1

6 0.0224 3.26 69.4

7 0.0190 2.77 72.2

8 0.0168 2.45 74.6

9 0.0154 2.25 76.9

10 0.0130 1.90 78.8

11 0.0115 1.68 80.4

12 0.0108 1.58 82.0

13 0.0102 1.49 83.5

14 0.00886 1.29 84.8

15 0.00746 1.09 85.9

16 0.00649 0.946 86.8

17 0.00602 0.879 87.7

18 0.00556 0.811 88.5

19 0.00530 0.773 89.3

20 0.00509 0.743 90.0

21 0.00452 0.660 90.7

22 0.00398 0.581 91.3

23 0.00381 0.556 91.8

24 0.00353 0.515 92.4

25 0.00315 0.460 92.8

Table 3.6 PCA Output for Pan paniscus and Pan troglodytes.
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Figure 3.9 PCA Scatterplot of Pan paniscus and Pan troglodytes for PCs 1 
and 2. The mandibles of P. paniscus and P. troglodytes develop along 
statistically similar but not indistinct growth trajectories to arrive at statistically 
different target (adult) mandible shapes.
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Figure 3.10 PCA Scatterplot of Pan paniscus and Pan troglodytes for PCs 1 
and 3. The mandibles of P. paniscus and P. troglodytes develop along 
statistically indistinct growth trajectories to arrive at statistically different target 
(adult) mandible shapes.
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3.2.21 The major differences in mandibular shape change between species

There were five major interspecies differences in mandibular shape 

change across PCs 1 through 5 between Pan paniscus and Pan troglodytes. 

These were among the surface area and size of the gonial angle, the relative 

heights of the condyle and coronoid process, the relative lengths of the mesial 

and distal corpus as demarcated by the mental foramen, the width of the mesial 

corpus across the mandibular symphysis (at the mental foramina), and the 

width and angle of the ramus relative to the corpus.

The mandible wireframes in Figures 3.11 and 3.12 correspond with the 

shape variation at each extreme of each principal component (which 

corresponds closely with the variation at each extreme of each species scatter).

Principal Component 1 (Figures 3.11 and 3.12)

Intertaxon similarities in mandibular shape change, from negative to positive 

extremes across the PCI axis (as centroid size, and hence, age, increased):

■ Bi-mesial corpus width decreased.

■ Surface area of the gonial angle increased.

■ Size of the gonial angle decreased.

■ The angle of the ascending ramus to the corpus, measured on the alveolus

at the junction of these two parts, decreased.

■ Mesial corpus length increased relative to distal corpus length.

■ The inferior border of the mandibular corpus, flexed just anterior to the

gonial angle, straightened.
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Intertaxon differences in mandibular shape change, from negative to positive 

extremes across the PC1 axis (as centroid size, and hence, age, increased):

■ Condyle height increased relative to coronoid process height in P. 

troglodytes.

■ Distal corpus length increased in P. paniscus, but did not change noticeably 

in P. troglodytes.

Principal Component 2 (Figures 3.11 & 3.12)

Intertaxon similarities in mandibular shape change, from negative to positive 

extremes across the PC2 axis:

■ Coronoid process height increased relative to condyle height.

■ Mesial: distal corpus length was unchanged.

Intertaxon differences in mandibular shape change, from negative to positive 

extremes across the PC2 axis:

■ The gonial angle increased in P. troglodytes, but decreased in P. paniscus. 

Principal Component 3

Intertaxon similarities in mandibular shape change, from negative to positive 

extremes across the PC3 axis:

■ Condyle height increased relative to coronoid process height.

■ The length of the condylar neck increased.

■ Mesial: distal corpus length was unchanged.
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Intertaxon differences in mandibular shape change, from negative to positive

extremes across the PC3 axis:

■ The surface area of the gonial angle was unchanged in P. troglodytes, but 

decreased markedly in P. paniscus.

■ Ramus width (anterior to posterior) decreased in P. paniscus.

■ The depth of the mesial corpus, measured at the level of the mental 

foramen, decreased in P  troglodytes.

Principal Component 4

Intertaxon similarities in mandibular shape change, from negative to positive

extremes across the PC4 axis:

■ The size of the gonial angle did not notably change.

Intertaxon differences in mandibular shape change, from negative to positive

extremes across the PC4 axis:

■ Distal corpus length increased in P. paniscus, but decreased in P. 

troglodytes.

■ Mesial corpus length was unchanged in P. paniscus but increased in P. 

troglodytes.

■ Coronoid process height was unchanged in P. paniscus but decreased in P. 

troglodytes.

■ Ramus width decreased in P  paniscus and increased in P. troglodytes.

■ Corpus depth measured just mesial to the junction of corpus and ramus 

decreased in P. troglodytes, but was unchanged or increased only slightly in 

P. paniscus.
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■ The inferior border of the mandibular corpus, flexed just anterior to the 

gonial angle, straightened out in P. paniscus, but retained a marked flexure 

in P. troglodytes.

Principal Component 5

Intertaxon similarities in mandibular shape change, from negative to positive

extremes across the PC5 axis:

■ Relative proportions of mesial and distal corpus length were unchanged.

■ The condyle grew to match the height of the coronoid process.

Intertaxon differences in mandibular shape change, from negative to positive

extremes across the PCS axis:

■ Anteroposterior width of the ascending ramus was greater in P. troglodytes, 

as was the distance between the coronoid process and the condyle.

■ The angle of the ramus to the corpus was greater than 90 degrees in both 

apes, but was more obtuse in P. paniscus.

■ The distal blade of the ramus continued to curve anteriorly in P. troglodytes 

but remained almost flat in P. paniscus throughout growth.

■ The angle of the surface of the condyles rotated outward in P. troglodytes 

and rotated inward in P. paniscus.
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Figure 3.11 Pan paniscus versus Pan troglodytes. PCA Scatterplot with wireframes, occlusal view. Note the proportional lengths of 
corpus length and bi-mesial corpus width. These differ more across growth in each species and differ very little between the two apes.
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Figure 3.12 Pan paniscus versus Pan troglodytes. PCA Scatterplot with wireframes, lateral view. Note the proportional lengths 
of mesial and distal corpora.
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3.3 Conclusions and implications

3.3.1 Summary of the shape changes observed among the

mandibles of the baboons, chimpanzees and bonobos

Differences in mandibular shape variance among taxa are briefly 

summarized below. A full discussion of these results follows in Chapter 6.

Major PCs described a relative narrowing of the mandibular corpus in 

conjunction with a marked lengthening of the corpus over time in baboons. 

Although the mandibles of both apes clearly lengthened across development, 

this elongation was markedly less than that observed in the baboon. A much 

greater proportion of adult corpus length derived from the growth of the corpus 

distal to the mental foramen in baboons compared to chimpanzees and 

bonobos; the former demonstrated relatively no elongation of the distal corpus 

but a notable lengthening of the corpus mesial to the mental foramen. In 

baboons, the mesial corpus approximately tripled in length compared to the 

growth of this dimension in either ape. Thus, the longer length of the adult 

baboon mandible appears to derive from an overall growth of the corpus. In 

contrast, the distal corpus grew proportionately longer while the length of the 

mesial corpus remained comparatively unchanged in the bonobo: more of adult 

mandible length derives from the growth of the distal corpus. Conversely, distal 

corpus length increased much less relative to the elongation of the mesial 

corpus in the chimpanzee: the ratio of mesial to distal corpus length 

approximated one in adults.

Baboon mandibles widened relatively less, particularly across the mental 

foramina, compared to the mandibles of either ape. Bi-mandibular width across 

any given point along the lower jaw was relatively greater in chimpanzees and 

bonobos compared to baboons; this was particularly exaggerated across the 

condyles. This intergenus difference in mandible width became more 

pronounced overtime.
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In addition to the relative differences in mesial and distal corpus 

elongation in chimpanzees and bonobos, relative corpus height decreased 

notably over time in chimpanzees compared to bonobos. Differences were also 

observed between the rami of the two apes. The relative size and surface area 

of the gonial angle decreased over time in bonobos, while the former increased 

and the latter remained relatively unchanged in chimpanzees. Relative ramus 

width decreased in bonobos but not in chimpanzees. Condyle height increased 

relative to the height of the coronoid process across growth in chimpanzees 

while no change in relative heights was observed in bonobos.

3.3.2 Implications for foiiowing analyses of mandibular growth
relative to molar tooth initiation times

If space available in the mandible for permanent molar tooth germs 

constrains or underlies times of molar crown initiation one would expect 

trajectories of ontogenetic mandibular shape change to reflect observed 

differences between the molar crown initiation schedules of Papio and Pan. 

These trajectories might reflect ontogenetic shape differences such as earlier 

relative corpus elongation in one taxon compared with the other. However, the 

linear trajectories of mandibular shape change of all three taxa do not conform 

to the non-linear times of molar tooth initiation observed in baboons and 

chimpanzees. This is strong evidence that patterns of mandibular shape 

change and schedules of molar initiation do not covary and that mandibular 

development neither directly nor significantly affects the pattern or schedule of 

molar development.

The morphologically different mandibles of Pan paniscus and Pan 

troglodytes develop across non-linear, statistically similar trajectories. This 

confirms species-level differences in jaw morphology between chimpanzees 

and bonobos, and supports a genus-level pattern of mandibular growth between 

sister species.

Statistically different vectors of ontogenetic mandibular shape change 

between genera supports rather than refutes the principal hypothesis that
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patterns of mandibular development and space available in the growing jaw for 

the developing permanent molar teeth underlie schedules of permanent molar 

initiation. However, absolute and relative posterior corpus proportions 

measured at equivalent times of molar development must be compared among 

taxa to rigorously test the principal hypothesis further.

Spatial relationships between adjacent molars and the space available 

distal to the last initiated molar tooth are also compared between genera in the 

following chapters. If the space between adjacent molars and behind the last 

initiated molar tooth crypt or crown relative to the mandibular foramen is 

markedly different in the mandibles of baboons and chimpanzees this supports 

the principal hypothesis. However, if no notable spatial differences are 

observed between genera, these results would refute this hypothesis.

The hypothesis that proportional differences in posterior corpus lengths 

between Papio and Pan are directly correlated with differences in the total 

length of the permanent molar row is tested in the following chapter.
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CHAPTER 4

A comparison of absolute and relative mandible & molar crown 

dimensions among Papio anubis, Pan troglodytes & Pan paniscus

4.0 Introduction

The results of the previous studies of mandible shape demonstrated that 

several mandibular dimensions are markedly different in chimpanzees and 

bonobos compared with baboons across a broad developmental range. 

Mandibular dimensions such as posterior corpus length and width may directly 

affect permanent molar development. It is not unreasonable to expect that such 

relevant corpus and ramus dimensions and their rates of growth should accord 

with permanent molar tooth dimensions throughout the course of molar 

development. However, if ratios of mandibular corpus dimension to molar 

crown size were significantly different among taxa then this would demonstrate 

marked intertaxonomic differences in the absolute space available in the 

mandible for the developing molars. This would support rather than refute the 

hypothesis that schedules of molar development are influenced by available 

space in the mandible during periods of tooth formation. However, if relative 

corpus and molar crown proportions are not significantly different among 

chimpanzees, bonobos and baboons, or if baboons have larger corpora relative 

to the size of their molars than does either ape, then this would fail to support 

the principal hypothesis. As such, two related hypotheses were tested here.

Hypothesis 3A: Relative proportions of mean posterior corpus 

length and mean molar row length measured during periods that 
encompass times of M2 and M3 initiation are significantly different 
between Papio and Pan, where mean POSTL is predicted to be 

smaller in Papio.
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If this hypothesis is rejected then the implication is that there is no 

evidence that space available in the mandible differs between taxa and 

therefore, that this cannot influence the timing of permanent molar initiation.

Hypothesis 3B: Relative proportions of mean posterior corpus 

length and mean molar tooth row length measured during periods 

that encompass times of M2 and M3 initiation are not significantly 

different between sister taxa Pan paniscus and Pan troglodytes.

If this hypothesis is rejected then space availability must differ between 

two closely related species.

4.1 Absolute mandible dimensions and their rates of change

Raw mandibular measurement data for Papio anubis, Pan troglodytes 

and Pan paniscus are given in Appendix 4. The means and standard deviations 

of these measurements are listed for each taxon in Tables 4.1, 4.2 and 4.3. 

Covariance and correlation between each mandibular dimension and 

approximate relative dental age (ARDA), and among all mandibular dimensions 

are given for Papio anubis, Pan troglodytes and Pan paniscus in Table 4.4 

(covariance) and Tables 4.6 to 4.8 (correlation). Absolute mandibular 

dimensions and their rates of growth are compared in detail below.

4.1.1 Papio contrasted with Pan

Bivariate plots of MANDL and POSTL against ARDA show the periods of 

time and rates of mandibular growth in each taxon (Figures 4.1, 4.2). The 

slopes of MANDL against age were almost equivalent between the baboon and 

the chimpanzee (m=1.1 for both taxa). The rate at which the total length of the 

mandible grew was somewhat slower in the bonobo (m=0.7). The slope of 

POSTL against age was larger in Papio (m=0.7) compared to Pan (m=0.6 P. 

troglodytes, m=0.4 P. paniscus). A bivariate plot of MANDL against POSTL
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demonstrates that posterior corpus length is proportionately greater relative to 

total mandible length in the baboon compared with the chimpanzee and the 

bonobo, and that this difference increases over time (Figure 4.3).

The highest covariance among the variables was the same in all three 

taxa: this was between ARDA and MANDL, POSTL and CORHT (Table 4.7) 

(MANDL: 2.05 Papio anubis, 2.53 Pan paniscus, 2.32 P. troglodytes', POSTL: 

1.34, 1.40, 1.26; CORHT: 1.11, 1.47, 1.11). Correlation between MANDL and 

ARDA and between POSTL and ARDA was somewhat stronger in the 

chimpanzee and the bonobo (MANDL: 0.94 and 0.96; POSTL: 0.93 and 0.95, 

respectively) compared to the baboon (0.89 and 0.88, respectively) (Table 4.4).

In the baboon, MANDL increased by about one centimetre for every year 

of postnatal growth measured here; by six years of age, MANDL had 

approximately doubled. By the same age, MANDL had lengthened by about 

75% in chimpanzees and about 45% in bonobos compared to infant 

dimensions. More interesting and relevant to molar development, POSTL, 

measured at the same ages as MANDL, almost quadrupled in length in 

baboons, but more or less tripled in chimpanzees and bonobos. POSTL made 

up about half of MANDL in Papio, and just over one third of MANDL in Pan. 

POSTL grew at a slower rate than did MANDL in all three taxa.

As with corpus length, corpus height (BODH) increased at a faster rate in 

baboons (slope m=0.3) than in chimpanzees (m=0.2) or bonobos (m=0.1) 

(Figure 4.4). BODH was also absolutely greater in baboons and shortest in 

bonobos. BODH covaried most strongly with ARDA in Papio (0.53) and least 

strongly in Pan troglodytes (0.46) and Pan paniscus (0.44) but all three 

relationships were moderate in strength. However, correlation between ARDA 

and BODH was strong in all three taxa {Papio 0.86, Pan paniscus 0.93, P. 

troglodytes 0.92) (Table 4.4). Setting aside possible biomechanical explanations 

for taller mandibles in baboons, it may be possible that the somewhat longer- 

rooted molars of baboons necessitate a deeper corpus than do the shorter- 

rooted molars of chimpanzees and bonobos. However, the absolute differences 

in molar root length among taxa are small, certainly compared with the absolute 

differences in corpus height among these three primates.
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Rates of increase in bi-mandibular breadth measured across left and 

right lingula (BILING) and across the condyles (BICOR) were similar in baboons 

and chimpanzees (m=0.4, m=0.5, respectively), and both were faster than the 

rates observed for bonobos (m=0.3 in both cases) (Figures 4.5, 4.6). However, 

bi-mandibular breadth measured across the permanent first molars (BIM1) grew 

at similar rates in all three taxa (chimpanzees and baboons m=0.1, and 

bonobos m=0.09) (Figure 4.7). BIM1 grew to larger dimensions in Pan 

compared to Papio. Shape analyses showed that, relative to adult bonobos and 

chimpanzees, adult baboon mandibles were laterally flared at the condyles and 

were narrower across the M1s and the mental symphysis. Covariance between 

ARDA and BIM1 was weakest in Papio (0.20) compared to Pan (0.32 P. 

paniscus, 0.30 P. troglodytes). Correlation between BIM1 and ARDA was 

strongest in Papio (0.79) and slightly weaker in Pan (P. troglodytes 0.72, P. 

paniscus 0.71). ARDA covaried strongly with BICOR and BILING in Pan 

troglodytes (1.09 and 1.98, respectively) and Pan paniscus (1.24 and 1.07, 

respectively). The strength of this covariance was somewhat weaker in Papio 

(0.77 and 1.67, respectively) (Table 4.4).

There was surprisingly little change in corpus width (BODTH), taken at 

M l or the site of its dilating gubernaculum, over time (Figure 4.8). This reflects 

the early completion of growth of this variable. In all three species, BODTH 

increased perhaps at most 0.5 centimeters from infancy to adulthood. BODTH 

covaried very weakly with ARDA in Pan troglodytes (0.07) and Papio (0.05). 

This covariance was markedly stronger and negative in Pan paniscus (-2.73). 

Conversely, correlation between BODTH and ARDA was moderate in Papio 

(0.49) and Pan troglodytes (0.41) but weak in Pan paniscus (-0.13) (Table 4.7).

JNCW increased at marginally greater rates and to marginally larger 

adult sizes in all three taxa (Figure 4.9). Rates of change in JNCW were 

greatest in Pan troglodytes (m=0.1) and slowest in Pan paniscus (m=0.05) 

(Papio m=0.07). Covariance between JNCW and ARDA was low for all three 

taxa (0.23 Pan paniscus to 0.14 Papio). There was a moderately strong 

correlation between these two variables in Papio (0.59) and a strong correlation 

between JNCW and ARDA in Pan paniscus (0.74) and Pan troglodytes (0.82).
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Anteroposterior ramus width (RAMAP) increased at almost the same rate 

in baboons and chimpanzees (m^O.3) and at a somewhat slower rate in 

bonobos (m=0.2) (Figure 4.10). Absolute proportions of RAMAP were very 

similar among the three taxa relative to the growth of MANDL (about one third 

of MANDL) (Figure 4.11). However, RAMAP typically grew to almost % of 

POSTL in chimpanzees and bonobos compared to baboons, where RAMAP 

grew to little greater than % of POSTL. Thus RAMAP makes up a greater 

proportion of MANDL in Pan compared to Papio. RAMAP widened at a slightly 

faster rate in the bonobo (m=0.6) compared to the chimpanzee (m=0.5) and the 

baboon (m=0.4) (Figure 4.12). Covariance between RAMAP and ARDA was 

similar in chimpanzees and baboons (0.52 and 0.62, respectively) and notably 

stronger in bonobos (0.83) (Table 4.7). Correlation between these two 

variables was very strong in Pan (0.92, 0.93) and only slightly weaker in Papio 

(0.90).

Among all the mandibular dimensions, covariance was strongest 

between MANDL and POSTL, CORHT and BICOR for the three taxa. 

Covariance between MANDL and BILING was the next strongest for these 

primates with the exception of the baboon; although covariance was strong 

between MANDL and BILING (0.92), there was a stronger relationship between 

POSTL and CORHT (0.97). BODTH covaried either very weakly (Pan 

troglodytes, Papio) or negatively (Pan paniscus) with every other mandibular 

dimension (Table 4.5, Tables 4.6-4.8).

Coefficient of Covariance 
between MANDL and:

Papio Pan paniscus Pan troglodytes

POSTL 1.79 1.02 1.48

CORHT 1.51 1.11 1.28

BICOR 1.09 0.93 1.29

BILING 0.92 0.77 1.11

Table 4.5 Generally, the four strongest covariances among mandibular 
dimensions for Papio and Pan. This demonstrates that posterior corpus length, 
corpus height and bi-mandibular width across the ramus covary most tightly 
with total mandibular length over time.
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Tables 4.6-4.8 give comprehensive statistics for correlations among all 

mandibular dimensions for each taxon. The strongest of these relationships are 

discussed here. Among all taxa, correlation between MANDL and POSTL was 

very strong (Papio 0.95, Pan paniscus 0.97, and P. troglodytes 0.96,); as the 

entire mandible lengthened the posterior corpus lengthened. In all taxa, 

MANDL correlated strongly with CORHT (Papio 0.95; Pan paniscus 0.93; P. 

troglodytes 0.92); as the mandible lengthened the ramus grew taller. 

Correlation between MANDL and BILING was strong in Papio and Pan 

paniscus (0.94 for both) and somewhat weaker in Pan troglodytes (0.86); as the 

mandible lengthened it widened across lingulae.

In Papio, correlation between BILING and BICOR and between CORHT 

and POSTL were equally strong (0.92), and approximately as strong in Pan 

(0.93 and 0.90 P. paniscus, 0.95 and 0.91 P. troglodytes). Thus, as the 

mandible widened across lingulae it widened across the coronoid processes; 

and as the ramus grew taller, the posterior corpus lengthened. BICOR 

correlated strongly with POSTL in Papio (0.89) and Pan (P. troglodytes 0.93, P. 

paniscus 0.90); as the mandible widened across the ramus, the posterior 

corpus lengthened (Tables 4.6-4.8).

In Pan troglodytes and Papio, RAMAP and BODH correlated very 

strongly (0.95 compared to 0.88 in Pan paniscus)', as the ramus widened the 

corpus grew taller. Correlations between RAMAP and POSTL (Pan 0.94, Papio 

0.96), and RAMAP and CORHT (P. troglodytes 0.93, P. paniscus 0.97, Papio 

0.94) were very strong in all taxa; as the ramus widened the posterior corpus 

lengthened and the ramus grew taller (Tables 4.6-4.8).

MANDL and BIM1 correlated moderately in Papio (0.48) but rather 

strongly in Pan (0.70, 0.72). This implies that the mandibles of chimpanzees 

and bonobos broaden markedly across the position of M l but those of baboons 

do not. MANDL correlated with BILING and BICOR most strongly in Papio 

(0.94, 0.93, respectively) and slightly less in Pan (P. troglodytes 0.86, 0.89; P. 

paniscus 0.94, 0.90). This suggests that total mandible length: bi-mandibular 

width ratios are similar across the rami in the three taxa but that the baboon
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mandible is comparatively narrower across the M1s (Tables 4.9-4.11). This 

contributes to the ‘V’-shape of the baboon mandible.

Total durations of permanent molar crown mineralization and, indeed, 

somatic maturation are shorter in baboons than they are in chimpanzees and 

bonobos. Compared with chimpanzees, baboon molars mineralized at faster 

rates and were functionally mature at markedly earlier chronological ages. For 

this reason it was expected that rates of jaw development would be accelerated 

in the baboon to accommodate the earlier development and functional 

readiness of the molar teeth. This expectation was confirmed by observed 

rates of increase of corpus length and height and, to a degree, ramus width, but 

not bi-mandibular width or corpus width.

Baboon mandibles generally grew to an absolutely larger adult maximum 

length than did the mandibles of chimpanzees and, certainly, bonobos. This 

size difference was most marked between bonobos and baboons. Baboons 

necessarily have longer mandibles to accommodate their longer teeth. It would 

seem that chimpanzee, bonobo and baboon mandibles grew at rates that 

accommodated both schedules and rates of molar tooth mineralization.

4.1.2 Pan paniscus contrasted with Pan troglodytes

MANDL increased at a faster rate in the chimpanzee (m=1.1) compared 

to the bonobo (m=0.7) (Figure 4.1); POSTL increased at a somewhat faster rate 

in the former (m=0.6) compared with the latter (m=0.4) (Figure 4.2). POSTL 

appeared to be proportionately greater relative to MANDL in the bonobo. In 

infants, MANDL was about one centimetre greater in the chimpanzee, a size 

difference between species that had approximately doubled by early adulthood. 

Differences in POSTL increased from being under 0.5 centimeters larger in 

chimpanzees during infancy to almost 1 centimetre larger in the same taxon 

near early adulthood. This suggests that the absolutely longer chimpanzee 

mandible derives its greater length from the growth of the corpus anterior to Ml 

and/or from the growth of the ramus. However, as RAMAP changes at very 

similar rates and to almost absolutely identical sizes relative to increases in
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POSTL in both chimpanzees and bonobos (Figure 4.12), it is unlikely that 

growth in RAMAP is the source of the notable differences in mandible length 

between the two species.

BODH was markedly taller and increased at a faster rate in the 

chimpanzee (m=0.2) compared with the bonobo (m=0.1) (Figure 4.4). BIM1 

was significantly larger and increased at a slightly faster rate in the chimpanzee 

(m=0.1 vs. 0.09 in the bonobo) (Figure 4.7). Both BILING and BICOR tended to 

be absolutely broader in chimpanzees, especially in older individuals. Rates of 

growth of both dimensions also tended to be faster in this taxon (m=0.5) 

compared with bonobos (m=0.3) (Figures 4.5 and 4.6, respectively). BODH 

correlated strongly with CORHT in the chimpanzee (0.90) but slightly less 

strongly in the bonobo (0.84). This implies that bonobos have a somewhat 

different ratio of corpus height to ramus height compared to chimpanzees 

(Tables 4.6-4.B).

Absolute dimensions of JNCW were generally greater in the chimpanzee 

at any given time during development (Figure 4.9). Rates of growth of JNCW 

were faster in the chimpanzee (m=0.1) (bonobo, m=0.05). This may simply 

reflect the absolutely greater dimensions of chimpanzee molars. These 

differences in dimensions and growth rate are subtle compared to those 

described above.

4.1.3 Summary of intertaxon differences in mandibular proportion: 
do these support the variance in mandible shape observed in 

Papio and Pan?

Broadly, difference in mandibular length and bi-mandibular width was the 

major shape variance explained by the PCA described in Chapter 3. In this 

analysis, total mandible length, particularly corpus length, increased at a faster 

rate and to relatively and absolutely greater dimensions in Papio compared to 

Pan, confirming previous observations of mandible shape and ontogenetic 

shape change. Compared to intertaxon differences in anterior corpus width 

across the mental foramina, differences in bi-mandibular width across the M1s
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and the rami were notably larger between the two genera. Thus, greater 

absolute bi-mandibular width across the M1s and, to an extent, the coronoid 

processes in Pan explained a greater proportion of the contrasting ‘U’- and V -  

shaped mandibles of Pan and Papio, respectively, than did a wider anterior 

corpus in Pan, although this certainly contributed to intergenera mandible shape 

differences. Corpus width increased with age in all three taxa, although neither 

relative nor absolute growth in this proportion was demonstrably different 

among Papio and Pan in either this or the previous analysis. Another 

conspicuous shape difference observed between genera was in the proportions 

of ramus width to total mandible length. A PCA showed that the ramus 

composed a larger part of the length of the lower jaw in Pan compared to Papio. 

This was confirmed relatively and absolutely in this study of mandibular 

proportions.

The previous 3D shape analyses demonstrated that shape differences 

between sister taxa were marked but that patterns of mandibular ontogenetic 

shape change were identical. This study of rates and proportions of mandibular 

growth shows subtle differences in rates of chimpanzee and bonobo mandibular 

development. These interspecies differences in developmental rate are subtle 

compared to intergenera differences between Papio and Pan but nonetheless 

must contribute to the differences in mandible shape observed among infant, 

juvenile and adult Pan.

While this analysis demonstrates marked differences in mandibular 

proportions between the two genera, it fails to explore the absolute and relative 

proportions of the developing molar row to the mandible among taxa. This 

study is undertaken in the following section.
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Figure 4.1 Total mandible length plotted against relative dental age for Papio and Pan.
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Figure 4.2 Posterior corpus length plotted against relative dental age for Papio and Pan.
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Figure 4.3 Total mandible length plotted against posterior corpus length for Papio and Pan.
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Figure 4.4 Corpus height plotted against relative dental age for Papio and Pan.
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Figure 4.5 Bi-mandibular breadth across lingulae plotted against relative dental age for Papio & Pan.
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Figure 4.6 Bicoronoid width plotted against relative dental age for Papio and Pan.
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Figure 4.7 Bi-mandibular breadth across M1 plotted against relative dental age for Papio and Pan.
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Figure 4.8 Corpus width plotted against relative dental age for Papio and Pan.
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Figure 4.9 Width at junction of the ramus & corpus plotted against relative dental age for Papio and Pan.
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Figure 4.10 AP Ramus width plotted against relative dental age for Papio and Pan.
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Figure 4.11 AP ramus width plotted against total mandible length for Papio and Pan.
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Figure 4.12 AP ramus width plotted against posterior corpus length for Papio and Pan.
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At or after the Mean and standard deviation of mandibular measurement data (cm)
emergence of BOOTH BOOH BIM1 RAMAP BILING

X s.d. X s.d. X s.d. X s.d. X s.d.
Ml 1.1 0.1 1.9 0.3 1.9 0.2 2.7 0.3 4.9 0.5

M2 1.1 0.1 2.6 0.5 2.3 0.3 3.3 0.7 5.7 0.6

M3 1.2 0.2 2.9 0.4 2.5 0.4 3.8 0.6 5.9 0.5

At or after the Mean and standard deviation of mandibular measurement data (cm)
emergence of BICOR MANDL CORHT POSTL JNCW

X s.d. X s.d. 3c s.d. X s.d. X s.d.
Ml 6.6 0.6 8.5 1.0 4.8 0.6 3.4 0.8 1.2 0.2

M2 7.4 0.7 11.0 1.7 5.9 0.7 5.0 1.0 1.3 0.2

M3 7.7 0.6 12.8 2.1 6.5 0.5 6.2 0.9 1.3 0.1

Table 4.1 Means and standard deviations for selected mandibular dimensions after M1, M2 & M3 emergence
for Papio anubis.
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At or after the Mean and standard deviation of mandibular measurement data (cm)
emergence of BOOTH BOOH BIM1 RAMAP BILING

X s.d. 3c s.d. X s.d. 3c s.d. X s.d.
M1 1.3 0.1 1.8 0.1 2.8 0.2 2.9 0.2 5.2 0.4

M2 1.3 0.1 2.4 0.4 3.2 0.5 3.5 0.4 6.1 0.7

M3 1.5 0.4 2.7 0.3 3.5 0.4 4.3 0.5 6.7 0.5

At or after the Mean and standard deviation of mandibular measurement data (cm)
emergence of BICOR MANDL CORHT POSTL JNCW

X s.d. 3c s.d. 3c s.d. X s.d. X s.d.
M1 7.0 0.5 8.7 0.3 4.4 0.4 3.3 0.2 1.3 0.1

M2 7.7 0.7 11.2 0.6 5.4 0.6 4.1 0.4 1.5 0.1

M3 8.8 0.3 12.5 1.3 6.6 0.7 4.9 0.1 1.7 0.1

Table 4.2 Means and standard deviations for selected mandibular dimensions after M1, M2 & M3 emergence
for Pan troglodytes.
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At or after the Mean and standard deviation of mandibular measurement data (cm)
emergence of BOOTH BOOH BIM1 RAMAP BILING

X s.d. 3c s.d. 3c s.d. 3c s.d. 3c s.d.
M1 1.0 0.3 1.4 0.1 2.3 0.1 2.4 0.2 4.4 0.2

M2 1.1 0.1 1.8 0.1 2.6 0.2 3.0 0.4 5.2 0.3

M3 1.1 0.1 2.1 0.2 2.9 0.2 3.5 0.3 5.7 0.2

At or after the Mean and standard deviation of mandibular measurement data (cm)
emergence of BICOR MANDL CORHT POSTL JNCW

3c s.d. 3c s.d. 3c s.d. 3c s.d. 3c s.d.
M1 6.1 0.5 7.2 0.5 3.8 0.4 2.4 0.3 1.2 0.1

M2 7.0 0.5 9.0 0.7 4.7 0.8 3.4 0.3 1.3 0.1

M3 7.5 0.4 10.0 0.6 5.4 0.4 4.1 0.4 1.4 0.1

Table 4.3 Means and standard deviations for selected mandibular dimensions after M1, M2 & M3 emergence
for Pan paniscus.
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Taxon
Pan troglodytes

Pan paniscus

Statistic

Covariance
Correlation
Pearson
r2=R2

Covariance
Correlation
Pearson
r2=R2

Mandibular measurement 
BOOTH BOOH BIM1 RAMAP BILING BICOR MANDL CORHT POSTL JNCW

0 .07 0 .46 0 .30 0 .65 0 .98 1.09 2.32 1.11 1.26 0 .23
0.41 0.92 0 .72 0.92 0 .86 0 .84 0.94 0.91 0.93 0 .82
0.41 0 .92 0 .72 0 .92 0 .86 0 .84 0 .94 0.91 0 .93 0 .82
0 .17 0.85 0 .52 0.85 0.75 0.71 0.89 0.83 0.87 0 .68

-2.73 0 .44 0 .32 0.83 1.07 1.24 2.53 1.47 1.40 0 .19
-0 .1 3 0.93 0.71 0.93 0.93 0 .86 0.96 0 .88 0.95 0 .74

-0 .1 3 0 .93 0.71 0 .93 0 .93 0 .86 0 .96 0 .88 0 .95 0 .74

0 .02 0.86 0 .50 0.87 0.86 0.75 0.92 0.78 0.89 0 .55

Papio anubis
Covariance 0 .05 0 .53 0 .20 0 .62 0 .67 0 .77 2.05 1.11 1 .34 0 .14
Correlation 0 .49 0 .86 0 .79 0.90 0 .83 0.81 0 .89 0 .86 0 .88 0 .59
Pearson 0 .49 0 .86 0 .79 0 .90 0 .83 0.81 0 .89 0 .86 0 .88 0 .59
r2=R2 0 .24 0.74 0 .63 0.81 0.70 0 .65 0.79 0.74 0.77 0 .35

Table 4.4 Statistical relationships between selected mandibular dimensions and ARDA.
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Correlation
BOOTH BOOH BIM1 RAMAP BILING BICOR MANOL CORHT

BOOTH
BOOH 0 .60
BIM1 0 .18 0 .52
RAMAP 0 .64 0.95 0 .45
BILING 0 .59 0.92 0 .53 0.91
BICOR 0 .69 0.90 0 .46 0.92 0.92
MANDL 0 .6 2 0.90 0 .48 0.95 0.94 0.93
CORHT 0 .64 0.93 0 .36 0.94 0.90 0.91 0.95
POSTL 0 .56 0.93 0 .47 0.96 0 .89 0 .89 0.95 0.92
JNCW 0 .54 0 .66 0 .37 0.71 0 .62 0.71 0.71 0 .69

Covariance BOOTH BOOH BIM1 RAMAP BILING BICOR MANOL CORHT
BOOTH
BOOH 0 .02
BIM1 0 .00 0 .06
RAMAP 0 .02 0 .22 0 .05
BILING 0 .02 0 .24 0 .07 0 .27
BICOR 0 .03 0 .28 0 .08 0 .32 0 .37
MANOL 0 .08 0.73 0 .19 0.80 0.92 1.09
CORHT 0 .04 0 .40 0 .08 0 .44 0 .50 0 .60 1.51
POSTL 0 .04 0 .47 0 .13 0 .54 0 .59 0 .70 1.79 0.97
JNCW 0.01 0 .05 0 .02 0 .06 0 .06 0 .08 0 .20 0.11

0 .73

0 .14

Table 4.6 Coefficients of correlation and covariance among mandibular dimensions for Papio anubis.
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Correlation
BOOTH BOOH BIM1 RAMAP BILING BICOR MANOL CORHT

BOOTH
BOOH 0.52
BIM1 0 .63 0.81
RAMAP 0.51 0.95 0 .70
BILING 0 .59 0 .86 0 .79 0 .89
BICOR 0 .70 0 .87 0 .83 0 .86 0.93
MANDL 0 .58 0.93 0 .72 0.91 0 .86 0 .87
CORHT 0 .60 0.90 0 .73 0.93 0 .86 0 .89 0.92
POSTL 0.61 0.91 0 .73 0.94 0.92 0.93 0.96 0.92
JNCW 0 .59 0 .83 0.61 0 .87 0 .84 0 .84 0 .85 0 .80

Covariance BOOTH BOOH BIM1 RAMAP BILING BICOR MANOL CORHT
BOOTH
BOOH 0 .02
BIM1 0 .02 0 .08
RAMAP 0 .03 0 .16 0 .09
BILING 0 .05 0 .23 0.17 0 .33
BICOR 0 .07 0 .26 0.21 0 .37 0 .64
MANOL 0 .10 0 .53 0 .34 0 .73 1.11 1.29
CORHT 0 .05 0 .26 0 .17 0 .37 0 .55 0 .66 1.28
POSTL 0 .06 0 .29 0 .19 0 .42 0 .66 0 .76 1.48 0.71
JNCW 0.01 0 .05 0 .03 0 .08 0 .12 0 .14 0 .27 0 .13 0 .15

Table 4.7 Coefficients of covariance and correlation among mandibular dimensions for Pan troglodytes.
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Correlation
BOOTH BOOH BIM1 RAMAP BILING BICOR MANOL CORHT

BOOTH
BOOH 0 .06
BIM1 -0 .1 7 0 .69
RAMAP -0 .16 0 .88 0 .66
BILING -0 .15 0 .86 0 .75 0.91
BICOR -0 .23 0 .80 0.71 0.90 0.93
MANDL -0 .19 0 .88 0 .70 0.96 0.94 0.90
CORHT -0 .1 2 0 .84 0 .62 0.97 0 .88 0 .87 0.93
POSTL -0 .1 0 0 .87 0 .60 0.94 0.94 0.90 0.97 0.90
JNCW -0 .0 8 0 .82 0.51 0.81 0 .76 0 .80 0 .82 0 .80

Covariance BOOTH BOOH BIM1 RAMAP BILING BICOR MANOL CORHT
BOOTH
BOOH 0 .16
BIM1 -0 .4 2 0 .04
RAMAP -0 .82 0 .10 0 .07
BILING -0 .97 0 .13 0.11 0 .25

BICOR -1.88 0 .15 0 .13 0.31 0 .42
MANOL -2.87 0 .30 0 .22 0.61 0 .77 0.93
CORHT -1.11 0 .18 0 .13 0 .39 0 .46 0 .56 1.11
POSTL -0 .87 0 .17 0.11 0 .34 0 .43 0 .52 1.02 0 .60
JNCW -0 .12 0 .03 0 .02 0 .05 0 .06 0 .08 0 .15 0 .09 0.08

Table 4.8 Coefficients of correlation and covariance among mandibular dimensions for Pan paniscus.
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4.2 Absolute molar row dimensions

Not only does the timing and duration of permanent molar crown 

development vary between Pan and Papio, but molar tooth morphologies do 

also. Chimpanzee and bonobo molar crowns are essentially square in shape. 

These teeth are diminutive compared with the larger, mesiodistally elongated 

baboon molar crowns. In Papio, the lower third molar is particularly elongated 

mesiodistally. First and second molars are more rectangular in shape 

compared to the same molars in Pan, and the latter tooth is about half again as 

large as the former in the baboon. Chimpanzee and bonobo molars are 

approximately equal in size. In mesiodistal (MD) and buccolingual (BL) 

dimensions, the second molar is typically the biggest of the three teeth and the 

third molar generally the smallest in Pan. In contrast, baboon molars show a 

mesiodistal size gradient that increases from front to back in the tooth row. 

Buccolingually, the second baboon molar is the largest and the first molar the 

smallest. Appendix 4 lists the raw MD and BL measurement data and gives the 

means and standard deviations of these data for Papio anubis. Pan troglodytes 

and Pan paniscus, respectively.

Mesiodistal crown length rather than buccolingual crown width is studied 

in detail here. Among the three primates, the range of molar crown width 

across M1, M2 and M3 is relatively small while second and particularly third 

molar crown lengths are markedly different. Additionally, mandibular corpus 

length is strikingly different between the baboons and the two chimp species 

while corpus width differs little between the three taxa. For these reasons, 

analyses of corpus length and not width and mesiodistal rather than 

buccolingual crown diameters are most appropriate to the testing of the above 

hypotheses. Tables 4.9-4.11 give cumulative molar row length and means and 

standard deviations of molar row length after M l, M2 and MS emergence for 

Papio, Pan paniscus and Pan troglodytes, respectively. Table 4.12 summarizes 

mean molar row lengths for all three taxa as subsequent molar teeth emerge. 

In accord with the predictions of the principal hypothesis, the permanent molar 

teeth occupy a greater absolute proportion of the corpus in Papio compared to
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Pan. The bulk of this difference in molar row length can be attributed to the 

large M3 of the baboon.

X MDMx for Ratios of cumulative % MDMx's

Taxon Ml M2 M3 Ml/Ml M2 M1M2/M1M2M3

Papio anubis 1.1 2.4 3.7 0.46 0.65

Pan troglodytes 1.1 2.3 3.2 0.48 0.72

Pan paniscus 1.0 2.1 2.8 0.47 0.73

Table4.12 Mean molar row length at times of M l, M2 and M3 emergence 
(icMDMx) and ratios of cumulative mean molar row length after M2 and M3 
emergence for Papio anubis, Pan troglodytes and Pan paniscus. Note that the 
length of the molar row increases by 7 to 8% more in the baboon relative to the 
chimpanzee and the bonobo with M3 emergence. This demonstrates that the 
molar row occupies an absolutely greater proportion of the corpus in the 
baboon than it does in the chimpanzee and the bonobo. The molar row 
occupies almost the same absolute proportion of the corpus in the chimpanzee 
and the bonobo, and is slightly less in the latter ape. Lastly, this shows that M3 
is the single molar tooth that significantly contributes to the observed 
differences in molar row length among the above taxa.
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Specimen ARDA Age Cumulative length o f m olar row (cm) mean cumulative MDM and standard deviation
ID numbers (years) group MDM1 MDM(1+2) MDM(1+2+3) (s.d.) at or after M l, M2 and M3 emergence

92.181/82 0.0 INF -

1939.1036/39 0.8 INF -

92.2/83 1.0 INF -

1953.655/32 1.2 INF -

92.21/76 1.5 INF -

92.182/75 1.3 INF -

92.22/79 1.9 INF 1.03
1930.3.4.1/57 2.7 JUV1 1.13

1937.7.24.1/59 2.8 JUV1 1.19
1914.3.8.1/42 3.1 JUV1 1.11
1967.1152/40 3.1 JUV1 1.10

92.3/74 2.9 JUV1 1.11
92.31/81 3.9 JUV1 1.16
92.14/80 3.8 JUV1 1.00

1939.1034/51 4.4 JUV1 1.25
1855.12.26.32/45 4.4 JUV1 1.15

1931.4.1.2/64 4.4 JUV1 1.19
92.141/72 4.4 JUV1 2.17

1967.1151/41 4.3 JUV1 0.97
92.24/77 4.4 JUV1 0.93 M l mean M l s.d.
92.23/73 4.5 JUV1 2.15 1.10 0.09
92.15/71 5.0 JUV2 2.35

1913.10.18.1/47 5.3 JUV2 2.56
92.36/78 5.0 JUV2 2.35
92.12/70 5.3 JUV2 2.51

1924.8.6.14/43 5.3 JUV2 2.24
1939.55/44 5.3 JUV2 2.30

1928.6.3.1/35 5.3 JUV2 2.42
1900.1.3.2/56 6.2 JUV2 2.37
1939.3451/67 5.7 JUV2 2.59

1855.12.26.35/66 6.6 JUV2 2.34
1973.18.12/65 5.9 JUV2 2.53

1900.11.7.1/46 6.2 JUV2 2.29
1924.8.6.16/36 >8.3 JUV 3.78

1940.1.20.21/58 7.2 AD 2.55
1855.12.24.17/61 7.8 AD 2.51

1954.8.5.1/63 6.3 JUV2 2.33
1972.127/37 6.8 JUV2 3.68

1901.8.9.21/62 7.3 AD 3.84
1939.1044/68 6.8 JUV2 2.18 M2 mean M2s.d.

1930.12.1.2/50 8.3 AD 3.20 2.37 0.08
1939.1035/52 >8.3 AD 3.75
1939.3452/53 >8.3 AD 3.95
1964.2174/54 8.3 AD 3.68

1900.3.18.1/55 >8.3 AD 3.94
1862.7.17.7/60 >8.3 AD 4.08
1901.8.9.22/69 7.4 AD 3.34

1971.2352/38 >8.3 AD 4.06
1914.3.8.2/48 >8.3 AD 3.21
1923.3.4.3/49 >8.3 AD 3.20 M3 mean M3s.d.

3.67 0.16

Table 4.9 Cumulative length of the molar row after M1, M2 and M3 
emergence; means and standard deviations of molar row length after M1, M2 
and M3 emergence for Papio anubis.
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Specimen ARDA Age Cumulative length o f molar row (cm) mean cumulative MDM and standard devlatloi
ID numbers (years) group MDM1 MDM(1+2) MDM(1+2+3) (s.d.) at or after M l, M2 and M3 emergence

1939.1000/15 2.7 INF
1948.439/9 2.7 INF

1939.1004/17 2.7 INF
1986.221/6 2.7 INF

1948.438/11 2.7 INF
1986.217/100 2.7 INF

1939.915[b]/10 3 INF
1939.979/8 3 INF

1939.997/18 3.2 INF
1980.341/5 3 INF

1939.1003/16 3.2 INF
1939.3373/19 3.4 INF 1.17

1846.10.23.11/7 3.8 JUV1 1.03
1939.1002/4 4.5 JUV1 0.97

1980.339/3 4.6 JUV1 1.10
1939.998/20 4.5 JUV1 1.26 M1 mean M l s.d.

1926.11.18.1/24 6 JUV1 2.33 1.11 0.10
1901.8.9.9/25 6 JUV1 2.30

1887.12.1.3/12 7.4 JUV2 2.38
1989.326/27 7 JUV1 2.28
1989.327/23 5 JUV1 1.14

1939.908[b]/28 12 JUV2 2.25 M2 mean M2 s.d.
1864.12.1.7/14 >12 AD 3.13 2.31 0.05

1924.8.6.1/21 >12 AD 2.99
1939.951/29 >12 AD 3.67
1939.3378/1 >12 AD 3.23

1939.3382/22 >12 AD 3.22 M3 mean M3 s.d.
1968.7.5.1/30 >12 AD 3.22 3.24 0.23

Table4.10 Cumulative length of the molar row after M l, M2 and M3 
emergence; means and standard deviations of molar row length after M l, M2 
and MS emergence for Pan troglodytes.

267



Specim en  
ID  numbers

18050/6
11293/8
12087/9

22336/17
23464/18
26959/25
26958/24
26972/34
26975/36
26976/37
26977/23
26990/0

11528/10
9369/11

26936/19
22908/20
26968/26
26970/27
26982/33
26969/35
26988/28

27001/3
5374/13
9918/15

23509/21
26944/30
26947/29
26971/32

26994/4
26993/5
26996/2

15296/16
15293/7

11149/14
11354/12
20882/22
26945/31

ARDA
(years)

3.2 
1.8
3.3
3.4 
3.3
3.2
3.3
2.4
3.5
2.6
3.0 
2.8
6.0
4.9
4.0 
6.5
3.9
4.2
4.4
3.9
6.5 
6.7
7.3 

10.0 
10.5 
10.0
7.6 
7.5 
7.2
8.0 
8.0

> 11.0
> 11.0
> 11.0
> 11.0
> 11.0
> 11.0

Age
group

INF
INF
INF
INF
INF
INF
INF
INF
INF
INF
INF
INF

JUV1
JUV1
JUV1
JUV1
JUV1
JUV1
JUV1
JUV1
JUV1
JUV1
JUV2
JUV2
JUV2
JUV2
JUV2
JUV2
JUV2
JUV2
JUV2
AD
AD
AD
AD
AD
AD

Cum ulative length o f m olar row  (cm)
MDM1

0.90

1.10

0.94
1.03

1.10
1.03 
1.00 
1.00

MDM(1+2) MDM(1+2+3)

2.00

2.00

2.27
2.00
1.90

2.03 
2.20
2.03 
2.00 
2.10

2.93
2.94 
2.80

2.59
2.80
3.00
2.70
2.77
2.89

m ean MDM and standard deviation (s.d.) 
at or after M l,  M2 and M3 em ergence

M l mean
1.01

M l s.d .
0.07

M2 m ean
2.05

M2 s.d . 
0.11

M3 mean
2.82

M3 s.d .
0.13

T ab le4.11 Cumulative length of the molar row after M l, M2 and M3 
emergence; means and standard deviations of molar row length after M l, M2 
and MS emergence for Pan paniscus.
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4.3 Relative molar row and mandibular corpus proportions

In Papio and both species of Pan, POSTL increased most dramatically in 

the period after M1 was in occlusion to the time M2 was in occlusion (i.e. near 

the time of M3 crown initiation) (Table 4.13). This marked increase in POSTL 

was about one fifth greater in the baboon. By the time that M3 was in full 

occlusion, POSTL had increased again in both genera, but less dramatically. 

This relative increase was about one third greater in the baboon compared to 

both apes. Between the two apes, this proportional increase was about one 

fifth greater in the chimpanzee compared to the bonobo. Thus, POSTL in both 

Papio and Pan mandibles increased most in the period during which M3 crown 

development began.

3c POSTL after M l, 
M2&M3  

emergence
Ratios of X POSTL values

Taxon Ml M2 M3 M l/M l M2 M1M2/M1M2M3

Papio anubis 3.4 5.0 6.2 0. 67 0.81

Pan troglodytes 3.3 4.1 4.9 0.79 0.84

Pan paniscus 2.4 3.4 4.1 0.70 0.83

Table4.13 Mean posterior corpus length after M l, M2 and M3 emergence 
and ratios of mean posterior corpus length after the emergence of successive 
molars for Papio anubis, Pan troglodytes and Pan paniscus. The interval 
between M l and M2 emergence is the most critical to this study as it is during 
periods of advanced M2 crown mineralization or early eruption that M3 
crypt/crown formation begins. Note that mean posterior corpus length is 
consistently greater in the baboon compared to either chimp taxon but that this 
difference is only prominent after M l emergence and greatest after M2 
emergence. It is interesting that near the time of M l emergence, POSTL is 
equivalently greater in the baboon and the chimpanzee compared to the 
bonobo. The greatest increase in POSTL occurs during the interval between 
M l and M2 emergence in all three taxa. In no taxon does the molar row occupy 
the entire length of the posterior corpus at any time.

Studied at intervals of successive completed molar emergence, molar 

row length occupied a slightly greater proportion of POSTL in Pan compared to
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Papio (Table 4.14). These relative differences were greatest at and after M2 

emergence. Thus, space in the mandible for the developing permanent molars 

appeared to be at a marginally greater premium in both apes compared to the 

baboon, and was highest in the bonobo.

j  MDMx/j POSTL after Ml, M2 & M3 emergence

Taxon Ml M2 MS

Papio anubis 0.33 0.47 0.59

Pan troglodytes 0.34 0.58 0.66

Pan paniscus 0.42 0.60 0.69

Table 4.14 Ratios of molar row length to posterior corpus length after times of 
M l, M2 and M3 emergence. Note that Ml occupies the smallest proportion 
(33%) of POSTL in the baboon and the greatest (42%) in the bonobo. This 
pattern remains consistent as M2 and M3 emerge into occlusion. The 
implication is that there is more room for developing molars in the posterior 
corpus of the baboon than there is in the bonobo, and perhaps, in the 
chimpanzee despite the baboon having the longest molar crowns!

Spatial relationships between molar row lengths and mandible lengths as 

expressed in Table 4.14 were not conclusively different between sister taxa 

either within or between emergence stages. These data fail to account for any 

differences that may be observed between patterns of molar development in 

Pan paniscus and Pan troglodytes. However, bonobo molars occupy a greater 

proportion of the posterior corpus than do those of the chimpanzee or, 

particularly, the baboon. The radiographic data (Appendix 1) suggests that 

times of molar crown initiation were slightly more staggered in the bonobo 

compared to the chimpanzee; it is possible that this molar initiation schedule is 

symptomatic of a reduction of available space in the mandible for the 

developing molars. However, time of M3 initiation is typically most delayed 

relative to the progression of M2 mineralization in the baboon; this monkey also 

has the smallest ratios of molar row length to posterior corpus length. This 

evidence weakens, if not nullifies, the argument that spatial relationships
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between the permanent molars and the posterior corpus have any bearing upon 

times of molar crown initiation in these primates.

4.4 Summary of relative molar and mandible proportions

Mandible shape and vectors of mandibular shape change, including 

ontogenetic shape change, were statistically different between baboons and 

both chimpanzee species. However, relative posterior corpus and permanent 

molar row proportions were not markedly different between genera. This 

suggests that although patterns of overall mandibular growth were distinct 

between baboons and chimpanzees, the development of those regions of the 

mandible housing the mineralizing permanent molars was similar.

Unlike chimpanzee and bonobo mandibles to which the growth of the 

ramus contributes to about a third of the total mandible length, the extra length 

of the baboon mandible derives primarily from the elongation of the corpus 

distal to the mental foramen. This region of the jaw grows at a faster rate in the 

baboon compared to either ape, arguably to accommodate longer molar teeth. 

If anything, there appears to be more room in the growing mandible of the 

baboon for successive molar crypt and crown initiation. This is strong evidence 

against the principal hypothesis that a lack of space in the mandible of the 

baboon yields more staggered times of permanent molar initiation in this 

primate compared to chimpanzees and bonobos.
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CHAPTER 5

3D Multivariate shape analyses of permanent molar crown 

mineralization & spatial relationships among developing permanent 

molar teeth in Papio & Pan

5.0 Introduction

Although trajectories of ontogenetic mandibular shape change were 

distinct between Papio and Pan, whether trajectories of shape change among 

mineralizing permanent molar crowns are significantly different between genera 

is unknown. Shape change of the total molar row, that is M1, M2 and M3 

crowns can be used as a valid proxy to explore patterns of molar crown 

initiation times (Figure 2.24). Determining this is key to testing the principal 

hypothesis that mandibular shape constrains or influences schedules of molar 

initiation: if vectors of molar row shape variance were not significantly different 

among taxa the implication would be that patterns of molar initiation were 

indistinguishable between Papio and Pan. This result would refute the principal 

hypothesis, particularly when contrasted against statistically different 

mandibular growth trajectories in Papio and Pan.

In addition to statistical analyses of molar row shape, qualitative studies 

of spatial relationships between adjacent molar crypts or crowns may help 

determine whether intermolar distances were markedly different between 

genera {Papio, Pan) or sister species {Pan troglodytes, P. paniscus) at any time 

during periods of molar crown mineralization. Should no notable differences in 

the space between molar crypts or mineralization crowns be observed, this 

would fail to support the principal hypothesis. Rather, this would suggest that 

no marked differences in available space for developing permanent molars exist 

between taxa. Additionally, if available space distal to the last initiated molar 

crown back to the mandibular foramen is no different among taxa at equivalent 

stages of molar crown mineralization, this would also fail to support the principal 

hypothesis.
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5.1 Inter- and intragenus variation in permanent molar row 

shape tooth and molar ontogeny

As the crux of the principal hypothesis rests upon observed differences in 

relative times of permanent molar initiation in Papio (staggered times of 

initiation) and Pan (comparatively compressed initiation times), it was important 

to test whether significant differences in molar initiation pattern between the 

baboons and apes were observable here. Patterns of molar initiation were 

compared between chimpanzees and bonobos for two reasons. Firstly, because 

if and how schedules of permanent molar initiation differ between these two 

sister taxa is little known, and secondly, as a control against which to evaluate 

the results of the Papio-Pan molar analysis.

Hypothesis 4A: Shape change trajectories of the total molar row are 
markedly different between Papio and Pan at any time throughout growth.

Failure to reject this hypothesis would undermine previously described 

developmental differences in permanent molar initiation times between Papio 

and Pan. This would not support the principal hypothesis.

Hypothesis 4B: Shape change trajectories of the total molar row are not 
markedly different between Pan paniscus and Pan troglodytes at any time 
throughout growth.

Failure to reject this hypothesis would imply the absence of species level 

differences in permanent molar initiation times between these sister taxa. 

However, if Hypothesis 4B is falsified this would imply that markedly different 

molar initiation patterns are found in species with similar relative 

molarmandibular proportions and similar patterns of ontogenetic mandibular 

shape change. This result would not support the principal hypothesis.
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5.1.1 Results: Papio and Pan compared

Within each species scatter, the specimens are approximately ordered 

according to their size. Statistical testing confirmed that centroid size and PC1 

are correlated (Table 5.1, Figures 5.1 and 5.2). Thus, each scatter can be 

considered to represent ontogenetic scaling.

A PCA demonstrated that PCI described the greatest proportion (53.2%) 

of the total variance in combined molar crown and root and mandibular canal 

shape between taxa. PC2 described a further 12.4% of the total variance. 

About half again as much of this variance (6.9%) was described by PCS. 

Subsequent PCs explained substantially less variance: PC4, PC5, PC6, and 

PC7 accounted for 4.80%, 3.10%, 2.50% and 2.23% of the total variance, 

respectively. All higher PCs accounted for the remaining 15% of the variance 

and each of these PCs described less than 2% of the total variance in molar 

and mandibular canal shape (Table 5.2).

Across the four different data analyses of molar crown, root and 

mandibular canal landmarks described in Chapter 2, shape variation across 

PCs 1, 2 and 3 was mainly related to five developmental changes:

1) Changes in vertical molar position relative to each other and to the 

mandibular canal.

2) Relative increases in crypt volume and crown size.

3) Molar emergence and the mesial movement of these teeth relative to the 

mandibular canal.

4) Changes in molar crypt and crown orientation.

5) In the occlusal view, shifting of relative medio-lateral molar positions.

Shape change across PCI reflects ontogenetic change in molar crowns and 

roots and the mesial migration of the molars relative to the mandibular canal. 

Shape change across PC2 reflects change in molar crown:root proportion, 

where M l, M2 and M3 tooth shape is symmetrical in infants (all crowns, virtually 

no roots) and adults (all three crowns and roots complete) but asymmetrical in 

juveniles (different degrees of crown and root formation in M l, M2 and M3).
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Principal Components

Correlation Coefficient (r) PC1 PC2 PCS PC4 PCS PCS PC7 PCS PC9 PC10

molar crowns 0.65 0.14 -0.23 -0.22 0.11 -0.13 -0.04 -0.11 0.02 -0.05

molar crowns & roots -0.73 0.06 -0.11 -0.16 -0.00 0.17 -0.10 -0.06 0.06 0.07

molar crowns & 
mandibular canal -0.76 0.08 0.05 0.03 -0.10 -0.01 -0.00 -0.09 -0.01 0.02

molar crowns, roots & 
mandibular canal

0.77 0.05 -0.08 -0.09 -0.07 -0.01 -0.04 -0.11 0.03 0.05

Table 5.1 Correlation between mandible centroid sizes and molar PC scores for 4 analyses including both Pap/o & Pan.
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Centroid Size
0.72 

0.70 

0.68

' «
0.66 

0.64

y

Papio anubis 

Pan troglodytes ,

0.62
«

04̂
0.58

0.56

0.54

0.52

0.50

0.48

0.46

0.44

0.42

0.40

0.38

0.36

♦ ♦ •
• • •  ♦. %

•  •  s  •

♦

♦ ♦ ♦

»
♦«

♦♦ ♦  
♦

-0.44 -0.40 -0.36 -0.32 -0.28 -0.24 -0.20 -0.16 -0.12 -0.08 -0.04 0.04 0.08 0.12 0.16 0.20 0.24 0.28 0.32

PC1 Scores

Figure 5.1 PC1 Scores plotted against centroid size for M1, M2 and M3 crowns only for Papio and Pan.
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Figure 5.2 PC1 Scores plotted against centroid size for M1, M2 and M3 crowns and the mandibular canal for Papio and Pan.
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On the plot of PCs 1 and 2 of the combined ontogenetic series, the 

scatters of Papio and Pan are non-linear and ‘U’-shaped, and overlap 

significantly; indeed, these shape change trajectories are indistinguishable from 

each other (Figure 5.3). Trajectories of molar row shape variance across 

successive PCs are also non-linear. Thus, the molar row is not stable in its 

direction of shape change. As these series are ontogenetic, non-linear 

trajectories of shape change imply that the rate of development of the molar row 

is not stable in either genus. The scatters of Papio and Pan across PCS 

overlap significantly across the continuum of the plot, although more baboons 

are located in the quadrant defined by the positive axes of PCs 1 and 3.

Major differences in shape change are discussed below. These are 

described through PCs 1 to 3. PCs 4 through 10 typically described very subtle 

shape changes among genera. Because of the error possibly associated with 

the manual collection of 3D landmark data from individual radiographs of 

developing molar dentitions, only major shape variation was trusted to have a 

sound biological basis that was independent of non-biological noise. As in 

Chapter 3, first similarities and then differences in shape variance are described 

for each of the PCs discussed below.

In Figures S.3-5.6, the wireframes represent shape variation in the molar 

rows of Papio and Pan at positive and negative extremes of each of the 

principal components included here (PCs 1 and 2; PCs 1 and 3). The additional 

three wireframes included in Figure 5.3 represent, from left to right, the molar 

row shapes of the youngest infants, ‘middle-aged’ juveniles, and the oldest 

adults across the scatter.
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PC Eigenvalue Proportion of Total Variance Cumulative Proportion
1 0.469 53.2 53.2
2 0.110 12.4 65.7
3 0.0604 6.85 72.5
4 0.0424 4.81 77.4
5 0.0275 3.12 80.5
6 0.0220 2.50 83.0
7 0.0196 2.23 85.2
8 0.0144 1.63 86.8
9 0.0127 1.44 88.3
10 0.00961 1.09 89.4
11 0.00877 0.995 90.4
12 0.00841 0.955 91.3
13 0.00645 0.732 92.0
14 0.00592 0.672 92.7
15 0.00537 0.487 93.3
16 0.00430 0.399 93.8
17 0.00352 0.384 94.2
18 0.00338 0.368 94.6
19 0.00325 0.304 95.0
20 0.00268 0.274 95.3
21 0.00241 0.268 95.5
22 0.00236 0.240 95.8
23 0.00211 0.227 96.0
24 0.00200 0.190 96.3
25 0.00167 0.185 96.5

Table 5.2 PCA Output for analysis 4 (molar crowns, roots and mandibular 
canal) for Papio and Pan.
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Principal Component 1 (Figure 5.3)

Intertaxon similarities in molar row shape change across PC1 (as centroid size,

and hence, age, increased):

■ The molar row shifted mesially relative to the mandibular canal.

■ M1 began as a complete crown with early root formation and changed to a 

complete crown with advanced root formation.

■ M2 changed from a developing crown to a complete crown with advanced 

root formation.

■ M3 changed from a tiny crypt to a complete crown with developing roots.

Intertaxon differences in molar row shape change across PC1 (as centroid size,

and hence, age, increases):

■ The orientation of M1 rotated around the x-axis (the long axis of the corpus) 

from a lingual orientation towards the occlusal plane in Pan, but very little if 

at all in Papio.

■ In Pan, M2 changed from a half-developed crown to one that was complete. 

In Papio, M2 began as a complete crown.

■ The orientation of M2 rotated (as M1) significantly in Pan, but relatively little 

in Papio.

■ In Pan, the occlusal surfaces of all three molars began at the same relative 

heights. Across PC1, M1 moved superior relative to M2 occlusal surface, as 

did M2 relative to M3 occlusal surface. In Papio, M1 began superior relative 

to both M2 and M3 occlusal surfaces. Across PC1, both M1 and M2 moved 

superior relative to M3 occlusal surface, as did M2 relative to M1 occlusal 

surface.
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■ Relative mesiodistal crown sizes in Pan were observed as M1>M2>M3 in 

early development, and M2^M1>M3 in late development. In Papio, this was 

observed as M 1^2>M 3 in early development, and M3>M2>M1 in late 

development.

Principal Component 2 (Figure 5.3)

Intertaxon similarities in molar row shape change across PC2:

■ The orientations of all permanent molar crowns rotated occlusal-ward 

around the x-axis.

■ The molar row shifted mesially relative to the mandibular canal so that the 

molar row was positioned over the middle of the canal, but with markedly 

more distance between the mesial aspect of M1 and the mental foramen 

than observed at the other extreme of PC2 or across PC1.

■ M2 moved occlusally relative to both M1 and the mandibular canal.

■ At one extreme of PC2, M1 and M2 were crown complete while M3 was in 

crypt stage.

■ M2 changed from a complete crown with preliminary root formation to a 

crown with advanced or completed root development.

■ M3 changed from a young developing crown to a complete crown with very 

advanced root formation.

■ Relative mesiodistal crown sizes in Pan were observed as M1>M2>M3 in 

early development, and M1^M2>M3 in late development. In Papio, this was 

observed as M1^M2>M3 in early development, and M3>M2>M1 in late 

development.

281



Intertaxon differences in molar row shape change across PC2:

■ M3<M2<M1 was consistent in both Pan paniscus and P. troglodytes. 

However, at the 'early development' extreme, M2>M1>M3, and at the 'late 

development' extreme, M3^M1, M2<M1 in Papio.

■ At the 'less developed' extreme (M3 in crypt stage) M1 and M2 were 

superior relative to M2 and M3 occlusal surfaces, respectively, in Papio. At 

the same extreme, M1 and M3 were superior to M3 and M2 occlusal 

surfaces, respectively, in Pan paniscus and P. troglodytes. At the 'more 

developed' extreme (M3 crown formation advanced or complete), the 

occlusal surfaces of all molar crowns were level with one another in all taxa.

Principal Component 3 (Figure 5.4)

Intertaxon similarities in molar row shape change across PC3:

■ Across the mandibular canal, the molar row shifted markedly forward from 

the mandibular foramen relative to the distal margin of the emerged M3, but 

maintained a relatively stable distance between the mesial margin of M1 to 

the mental foramen.

■ The relative distance of M1 and M3 root apices to the mandibular canal

increased at the same time that the relative distance of M2 root apices to the

mandibular canal decreased.

■ M3 changed from a complete crown to a somewhat irregularly shaped 

complete crown with elongating roots.

■ The orientation of M3 rotated occlusal-ward around the x-axis.

■ The height of M3 increased from being level with the cervix of M2 to being

about level with the occlusal surface of the M1 crown.
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Intertaxon differences in molar row shape change across PC3:

■ The orientations of all three molars rotated occlusally around the x-axis in 

Pan paniscus and P. troglodytes. Only M3 rotated in Papio.

• Change in M1 height relative to the mandibular canal was slight in Pan.

■ M2 changed from a complete crown with early root formation to a complete 

crown with somewhat later root development in Pan.

■ The occlusal surface of M2 increased from being level with the cervix of M1 

to being about level with the occlusal surface of the M1 crown in both Papio 

and Pan troglodytes. The occlusal surface of M2 began above the level of 

the cervix of M1 in Pan paniscus and did not change in position so much as 

to meet the occlusal surface of M1.

5.1.2 Results: Pan troglodytes and Pan paniscus compared

Save for the variation in the vertical position of the M2 crown relative to 

the occlusal surface of M1 in bonobos and chimpanzees, there were no 

consistent, clear differences in patterns of molar row shape change between the 

two apes. Trajectories of molar row shape change across PCs 1, 2 and 3 were 

indistinguishable between these taxa (Figures 5.5 and 5.6). There is no strong 

or conclusive evidence here that any aspect of molar tooth development is 

different in one ape compared to the other.

Fifty-five percent of the total variance in combined molar crowns and 

roots and mandibular canal shape between species is described by PCI. PC2 

and PC3 each describe a much smaller proportion of the total variance, 11.7% 

and 7.9%, respectively. Notably less variance in the shape of the molar row is 

described by PCs 4 through 7; these explain 4.63%, 3.50%, 2.33% and 1.84% 

of the total variance, respectively. The remaining PCs account for the final 11 % 

of the total variance, each describing less than 2% of the variation in shape 

(Table 5.3).
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PC Eigenvalue Proportion of Total Variance Cumuiative Proportion

1 0.428 55.1 55.1

2 0.0907 11.7 66.8

3 0.0612 7.89 74.7

4 0.0359 4.63 79.3

5 0.0271 3.50 82.8

6 0.0181 2.33 85.2

7 0.0143 1.84 87.0

8 0.0120 1.54 88.6

9 0.00956 1.23 89.8

10 0.00794 1.02 90.8

11 0.00665 0.857 91.7

12 0.00513 0.660 92.3

13 0.00462 0.595 92.9

14 0.00402 0.518 93.4

15 0.00384 0.495 93.9

16 0.00358 0.462 94.4

17 0.00293 0.378 94.8

18 0.00280 0.361 95.1

19 0.00248 0.319 95.5

20 0.00227 0.293 95.7

21 0.00209 0.269 96.0

22 0.00204 0.263 96.3

23 0.00181 0.233 96.5

24 0.00153 0.198 96.7

25 0.00150 0.193 96.9

Table 5.3 PCA Output for analysis 4 (molar crowns, roots and mandibular 
canal) for Pan paniscus and Pan troglodytes.
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5.2 Inter- and intragenus variation in intermolar distances 

between adjacent developing permanent molar crowns in 

Papio and Pan

Hypothesis 5: Intermolar crown distances of comparable molar teeth are 

significantly different among Papio anubis, Pan troglodytes and Pan 

paniscus at any time during permanent molar development.

To reject this hypothesis, radiographic and 3D morphometric analyses 

must demonstrate no consistent and marked differences in distances between 

homologous adjacent molar crowns between genera throughout growth.

Failure to reject this hypothesis would imply that although trajectories of 

ontogenetic shape change within the molar row are indistinguishable, there are 

marked differences in the space surrounding individual molars in Papio and 

Pan. This would challenge the results of the molar row study. If intermolar 

distances were not significantly different between genera this would support the 

results of the molar row study and fail to support the principal hypothesis.

5.2.1 Papio and Pan compared

Forty-five percent of the total variance in molar row (crowns only) shape 

between genera is described by PC1. Half of the remaining total variance is 

collectively described by PC2 and PCS (18.3% and 8.5%, respectively). PCs 4 

through 7 explain a further ten percent of the variance, describing 4.6%, 3.3%, 

3.2% and 2.8% of the total variance, respectively. The final 12% of the variance 

is explained by subsequent PCs, each of which describe less than 2% of the 

total variance in molar crown shapes between taxa (Table 5.4).

Across PCs 1 and 2, the scatter of the combined ontogenetic series of 

Papio and Pan are ‘U’-shaped and non-linear (Figure 5.7). For this reason, 

molar crown development does not appear to be stable in its direction or rate of

289



shape change in either genus. Both trajectories overlap markedly although 

there is some separation of the baboons from the apes along the negative axis 

of PC2 along the first half of the positive axis of PC1.

The major shape changes were observed across PCs 1 through 3. PCs 

4 through 10 typically described subtle shape variation. For the same reasons 

explained earlier for the shape analysis of the molar row and mandibular canal, 

only major shape variation could be prudently attributed with real biological 

meaning in this molar crown study. Five major changes in molar row shape 

were observed to some degree in all taxa across PCs 1 to 3. These were 

among crown orientation, relative crown height, relative crown size, individual 

crown shape, and adjacent intermolar distance. Comparisons of these shape 

changes among the three taxa are described below.

Principal Component 1 (Figure 5.7)

■ At the early developmental extreme of PCI, all adjacent permanent molar 

crowns and/or crypts were equidistant to each other in Papio and Pan 

troglodytes. However, Ml and M2 complete crowns were relatively much 

closer together than M2 was to the M3 crypt in Pan paniscus.

■ At the late developmental extreme of PCI, the intermolar distance between 

M2 and M3 was greater than that between M2 and M1 in Papio, but the 

opposite was observed in Pan paniscus. Adjacent molar crowns were 

approximately equidistant in Pan troglodytes.

Principal Component 2 (Figure 5.7)

■ At the 'less developed' extreme intermolar distances were equidistant in 

Papio, and greatest between M2 and M l at the 'more developed' extreme. 

The opposite was observed in Pan paniscus and P. troglodytes except that 

at the 'less developed' extreme, intermolar distance was greater between 

M2 and M3.
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Principal Component 3

■ Intermolar distances remained equidistant in Pan troglodytes. Intermolar 

distance between M1 and M2 was constant but the relatively large 

intermolar distance between M2 and M3 decreased markedly (was smaller 

than that between M2 and M1) in Pan paniscus. Intermolar distances 

remained approximately constant between all three molars in Papio anubis.
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PC Eigenvalue Proportion of Total Variance Cumulative Proportion
1 0.360 45.1 45.1
2 0.146 18.3 63.3
3 0.0677 8.48 71.8
4 0.0367 4.59 76.4
5 0.0265 3.32 79.7
6 0.0253 3.16 82.9
7 0.0221 2.76 85.7
8 0.0155 1.94 87.6
9 0.0122 1.53 89.1
10 0.00928 1.16 90.3
11 0.00885 1.11 91.4
12 0.00834 1.04 92.4
13 0.00589 0.738 93.2
14 0.00529 0.662 93.8
15 0.00444 0.556 94.4
16 0.00393 0.492 94.9
17 0.00339 0.424 95.3
18 0.00324 0.406 95.7
19 0.00276 0.345 96.1
20 0.00256 0.320 96.4
21 0.00233 0.292 96.7
22 0.00201 0.252 96.9
23 0.00183 0.229 97.2
24 0.00177 0.222 97.4
25 0.00155 0.194 97.6

Table 5.4 PCA Output for analysis 1 (molar crowns) for Papio and Pan.
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Figure 5.7 Papio versus Pan, analysis 1 (molar crowns), PCI plotted against PC2.
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5.2.2 Pan troglodytes and Pan paniscus compared

About half of the total variance (51.3%) in molar row (crowns only) shape 

between taxa was explained by P C I. A subsequent 15.3% of the total variance 

was accounted for by PC2. Subsequent PCs explained increasingly less 

variance: PC3, PC4, PC5 and PC6 described 9.63%, 4.26%, 3.38% and 2.29% 

of the total variance, respectively. Higher PCs each explained less than 2% of 

the remaining 12% of the total variance (Table 5.5).

As with Papio and Pan, the scatters of P. troglodytes and P. paniscus 

across PCs 1 and 2 are ‘U’-shaped and thus, non-linear (Figure 5.8). This 

demonstrates that molar crown development is not stable in its direction of 

shape change, and does not appear to be stable in its rate of development, in 

either ape. The almost complete overlap of these scatters suggests times or 

schedules of permanent molar crown development are indistinguishable 

between taxa.

PCs 1 through 3 describe the major shape changes and differences in 

adjacent molar crown distances between chimpanzees and bonobos. The 

shape variance observed across PCs 4 through 10 was generally subtle, and 

could be caused or amplified by error associated with landmark data collection. 

As before, only adjacent intermolar distances across PCs 1 through 3 are 

considered in detail here.

Principal Component 1 (Figure 5.8)

■ In early development, the spaces between adjacent molars were equidistant 

in both bonobos and chimpanzees.

■ In late development, the distance between M l and M2 was greater than that 

between M2 and M3 in P. paniscus. Intermolar distances were 

approximately equidistant in P. troglodytes, with the distance between Ml 

and M2 slightly smaller than that between M2 and M3.
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Principal Component 2 (Figure 5.8)

■ In early development, the distance between M1 and M2 was equally smaller 

than that between M2 and M3 in both apes.

■ In late development, intermolar distances were equidistant in both apes.

Principal Component 3

■ Intermolar distances remained equidistant across PCS in P. troglodytes.

■ At one extreme of PCS (early development), the distance between M1 and

M2 was smaller than that between M2 and MS in P. paniscus. At the other

extreme of PCS, the distance between M1 and M2 was greater than that

between M2 and MS in this ape.
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PC Eigenvalue Proportion of Total Variance Cumulative Proportion
1 0.397 51.3 51.3
2 0.118 15.3 66.7
3 0.0745 9.63 76.3
4 0.0329 4.26 80.5
5 0.0261 3.38 83.9
6 0.0177 2.29 86.2
7 0.0139 1.79 88.0
8 0.0130 1.68 89.7
9 0.0103 1.33 91.0
10 0.00778 1.01 92.0
11 0.00715 0.925 92.9
12 0.00553 0.715 93.7
13 0.00520 0.672 94.3
14 0.00444 0.574 94.9
15 0.00356 0.461 95.4
16 0.00327 0.423 95.8
17 0.00298 0.386 96.2
18 0.00262 0.339 96.5
19 0.00227 0.294 96.8
20 0.00216 0.279 97.1
21 0.00178 0.230 97.3
22 0.00169 0.218 97.5
23 0.00144 0.187 97.7
24 0.00131 0.170 97.9
25 0.00121 0.156 98.1

Table 5.5 PCA Output for analysis 1 (molar crowns) for Pan paniscus and 
Pan troglodytes.

296



PC2

Pan paniscus 0“i

°%
0 .11“

0.14

f , 3

O .M

O.OJ
PCI

•«,}6 ^ , 3 2  .J ^ 2 8 ^  -0.24 -0.20 -0.10 -0.12

Pan troglodytes

0.04 0 00 0.12 0.10^ JW O  A  0.24 0.20

■ A

Figure 5.8 Pan paniscus versus Pan troglodytes, analysis 1 (molar crowns), PC1 plotted against PC2.

297



5.3 Summary of the shape variance observed thus far among 

the molar rows of baboons, chimpanzees and bonobos

Major shape variance among the molar rows of all three taxa concerned 

an occlusal-ward rotation of the mineralizing molars, a mesial migration of the 

molar row relative to the mandibular canal, and a superior migration of these 

teeth relative to the mandibular canal and to each other. Individual molar teeth 

also increased in relative size over time. Lastly, intertaxon differences among the 

shapes and relative sizes of homologous molars were reflected across the major 

PCs of shape change.

In all three taxa, rates of molar crown development were non-linear, and 

directions of shape unstable. As it was inappropriate to run a permutations test 

of the angles of each scatter to selected PCs, it was not possible to statistically 

test the similarity among the scatters. However, the entirety with which the 

ontogenetic scatters of Papio and Pan molar rows overlapped suggests that 

patterns of molar row development are not distinct between genera. Certainly, if 

these trajectories were demonstrated to be different this difference would be 

markedly less than that observed between patterns of mandibular growth in the 

two genera.

Distances between adjacent mineralizing permanent molar crypts and 

crowns were largely the same among baboons, chimpanzees and bonobos. A 

small number of subtle spatial differences were observed to a similar degree 

among all three taxa. The scatters of these molar crown data did not overlap as 

tightly as in the analysis of the molar crowns and roots and mandibular canal, 

suggesting that moderate differences exist in the spatial relationships among the 

developing molars. However, qualitative observations of the distances 

maintained between adjacent molar crowns over time in all three taxa 

demonstrated that these spatial relationships were very similar among the 

baboons and the two apes and, thus, were not conclusively different.
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5.4 Shape analysis of molar row development contrasted 

against a combined shape analysis of mandibular and 

molar ontogeny

While trajectories of ontogenetic shape change in the mandibles of Papio 

and Pan were statistically different, ontogenetic trajectories of molar development 

of both genera were almost identical (Figure 5.3). Thus, while mandible shape 

and patterns of mandibular shape change are distinct throughout growth between 

Pan and Pap/o, the shape of the developing permanent molar row does not differ 

between genera at any time during molar development. This is convincing 

evidence that mandible shape and mandibular growth have no bearing upon 

times or rates of molar formation in either genus.

A combined PCA of mandibular, molar crown and root, and mandibular 

canal landmarks was executed to further test the results of previous mandible 

and molar shape analyses. The scatters of the landmark data of all three taxa 

across PCs 1 and 2 describe the shape change associated with the ontogenetic 

growth of the mandible (PC1) and the intergenus differences in mandibular shape 

(PC2) (Figure 5.9). Across PC2, the ontogenetic trajectories of combined 

mandibular and molar development were significantly different between Papio 

and Pan (Figure 5.9). This result was statistically confirmed by a permutation test 

(p<0.001) (Table 5.7). The major variance across PCS describes the shape 

change associated with the developing molar rows of Papio and Pan (Figure 

5.10). These trajectories fully overlapped each other.

The majority of the variance (62.5%) was described by P C I. PC2 and 

PCS each described markedly less of the total shape variance (8.97% and 

6.49%, respectively). PC 4 and PC5 each described less than S% of the 

remaining total variance. All higher PCs each described under 2% of the 

variance (Table 5.6).

These results confirmed that mandible shape and not molar shape 

statistically separates the two genera from each other. Therefore, while
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mandibular growth is different between Papio and Pan, it has no apparent 

influence upon patterns of molar tooth development as these are 

indistinguishable between genera.
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PC Eigenvalue Proportion of Total Variance Cumulative Proportion
1 0.243 62.5 62.5
2 0.0349 8.97 71.4
3 0.0253 6.49 77.9
4 0.0103 2.65 80.6
5 0.00835 2.15 82.7
6 0.00679 1.75 84.5
7 0.00547 1.41 85.9
8 0.00397 1.02 86.9
9 0.00384 0.987 87.9
10 0.00303 0.778 88.6
11 0.00278 0.715 89.4
12 0.00255 0.655 90.0
13 0.00235 0.604 90.6
14 0.00225 0.577 91.2
15 0.00210 0.539 91.7
16 0.00185 0.476 92.2
17 0.00180 0.462 92.7
18 0.00152 0.389 93.1
19 0.00147 0.378 93.4
20 0.00134 0.345 93.8
21 0.00116 0.298 94.1
22 0.00111 0.285 94.4
23 0.00110 0.283 94.6
24 0.000950 0.244 94.9
25 0.000907 0.233 95.1

Table 5.6 PCA Output for combined mandibular and molar (crowns, roots & 
mandibular canal) landmark data for Papio and Pan.
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5.5 Space distal to the developing permanent third molar crypt 

and crown

An ‘excess’ of space from the distal aspect of the developing M3 crypt and 

crown to the mandibular foramen was observed in all three taxa throughout molar 

mineralization. This space increased in length as M3 crypt development 

advanced, and increased most during early and mid M3 crown mineralization. 

Little if any difference in this space was observed between bonobos and 

chimpanzees. This space was marginally longer in baboons (Figure 5.9). This 

implies, if anything, that there was greater space in the corpus of the baboon for 

the developing M3 than in either ape, although width of the corpus at this position 

also contributes to ‘space’. This fails to support the principal hypothesis.
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Figure 5.11 Space distal to the complete M3 crown in A Pan troglodytes, B Pan 
paniscus and C Papio anubis.
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CHAPTER 6

Discussion of the variance in mandible and molar shape, 

proportion and space observed among baboons, chimpanzees and 

bonobos

This chapter explores the influence that masticatory musculature, diet, 

and the permanent dentition have upon mandible shape and development. 

Spatial relationships between the developing mandible and molars and patterns 

of mandibular and molar ontogenetic growth are reviewed and assessed in the 

context of the principal hypothesis. These findings and their implications are 

summarised. Finally, new methods and directions of research with which to 

resolve some of the many questions highlighted by this research are proposed.

6.1 Intertaxon differences in mandibular shape and ontogeny

Mandible shape was distinct among olive baboons, chimpanzees and 

bonobos from infancy and through development. Patterns of mandibular growth 

were discrete between the baboons and the two apes. A proportion of these 

morphological and ontogenetic differences no doubt derive from the unique 

evolutionary history of each species. A growing body of evidence suggests that 

adult mandible shape becomes entrenched at a fundamental molecular level 

prenatally and that this is independent of stimuli experienced during postnatal 

growth (Johnson et al. 1991, Mina et al. 2002, Creuzet et al. 2002, and others). 

However, adult mandible shape and, to an extent, size may be explained by at 

least four other major factors. Firstly, ontogenetic matching and functional 

compatibility of the upper and lower jaws demands that the mandible and 

maxilla grow to equivalent sizes, and that the mandible grows in synchronicity 

with the cranial base. Secondly, the functional demands of mastication and a 

biomechanical balance of stability, manoeuvrability and force constrain 

mandibular form. Thirdly, the different vectors of force exerted upon the 

growing mandible by the developing masticatory muscles may underlie a 

significant proportion of the observed intertaxon variance in mandibular
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morphology at comparable ages across development. Finally, the mandible 

must accommodate the mineralizing permanent dentition and its emergence 

into proper functional occlusion.

6.1.1 Biomechanical constraints on mandibular form

In her recent investigation of the correlation between mandibular form 

and dietary composition among the African apes, Taylor (2002) determined that 

not all differences in mandibular morphology among gorillas, bonobos and 

chimpanzees could be reliably or comprehensively predicted from the physical 

consistencies of the foods preferred by these primates. Rather, differences in 

dental development and differences in size allometry related to maximising 

biomechanical efficiency also had significant effects upon mandibular corpus 

and ramus proportions and robusticities (Taylor 2002). Certainly, many studies 

have confirmed and clearly explained the strong influence that the 

biomechanical demands and constraints of mastication have upon mandible 

form (Hylander 1975, 1979, 1984, 1985, Spencer & Demes 1993, Hylander & 

Johnson 1994, Spencer 1998, and many others).

The mandible of the baboon was markedly long and narrow while those 

of the chimpanzee and bonobo were comparatively short and wide. Absolute 

mandible width was most different between Papio and Pan across the 

symphysis and mental foramina, but less different across the coronoid 

processes. The greatest difference in mandible proportion between the two 

genera was mandible length. Kieser (1999) reported that, for a given width, a 

shorter mandible exerted a greater maximal bite force. Conversely, Kieser 

(1999) also concluded that, for a given length, maximal bite force increased as 

the mandible narrowed. Kieser’s work is supported by earlier findings that bite 

force is inversely proportional to jaw length (Hylander 1985, Spencer & Demes 

1993). Broadly, this explanatory and predictive model of mandibular form and 

biomechanical advantage (Kieser 1999) reasonably accounts for a large 

proportion of the different mandibular lengths and widths observed among 

baboons, chimpanzees and bonobos.
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In a study of several monkeys, apes, fossil hominins and modern 

humans, Osborn (1987) demonstrated that the closer and the higher the 

condyle was positioned relative to the last tooth of the dental row (typically M3), 

the lower the occlusal plane and, thus, the smaller the maximum gape possible. 

This largely disadvantageous arrangement of condyle position and height 

minimised the efficiency of converting muscle force into bite force (Osborn 

1987), Osborn (1987) concluded that the more inferior the occlusal plane is 

from the condyle, the greater the masticatory muscles must work to produce 

forces equivalent to those generated by individuals with comparably higher 

occlusal planes. Relative to mandibular corpus length and depth, ascending 

ramus width and height are narrower and shorter in Papio compared to Pan. 

This means that the condyle is positioned further from the M3 in the apes, 

giving chimpanzees and bonobos something of a biomechanical advantage in 

terms of this variable. However, the condyle is positioned below the coronoid 

process in Papio, and above it in Pan. This difference in relative condyle height 

may reflect a morphological modification in the baboon that increases maximum 

bite forces.

Conversely, Ward and Molnar (1980) found, given that all other variables 

are equal, that the taller the ascending ramus, the more complete the occlusal 

contact between upper and lower premolars and molars. This distributed bite 

force more evenly and increased chewing efficiency.

In summary, many proportional differences in mandibular form across 

age in all three primate taxa represent various biomechanical adaptations to 

maximise masticatory power and functional efficiency without seriously 

compromising mechanical integrity. This makes sense as the principal function 

of the mandible is to capture and process foods. As such, this role must exert 

the strongest pressures on mandible shape.

6.1.2 The effect of masticatory muscle mass and development on

mandibular form

Experimental studies have shown that variation in the development and

308



activity of the muscles of mastication can have significant local effects upon 

mandibular bone (Boyd et al. 1967, Horowitz & Shapiro 1955, Nanda at ai. 

1967, Kiliaridis 1986, Hunt 1998, and others). For example, Horowitz and 

Shapiro (1955) and Nanda et al. (1967) determined that the length of the 

masseter muscle was directly correlated with the size of the gonial angle in rats 

and dogs, respectively.

Broadly, intertaxon differences in the gonial angle, the height of the 

ramus, and the position of the condyle are related to the mechanical efficiency 

of the muscles of mastication and the maximum occlusal forces these muscles 

exert (Throckmorton et al. 1980, Osborn 1987, DuBrul 1977, Anton 1996). 

Throckmorton et al. (1980) found that gonial angle and occlusal force were 

inversely correlated in humans. They also determined that the length of the 

ramus was inversely correlated with the "mechanical advantage" of the 

temporalis but directly correlated with that of the masseter (Throckmorton et al. 

1980). Gionhaku & Lowe (1989) concluded that large masseter and pterygoid 

muscle volumes were significantly correlated with small gonial angles and large 

ramus heights in humans. Taylor (2002) found taller rami and temporal 

mandibular joint heights in highly folivorous African apes and suggested that the 

larger surface for masseter and medial pterygoid muscle attachment enabled 

greater bite forces in these animals.

Research on human muscular disorders has strongly associated 

pathological weakening of the masticatory muscles with larger gonial angles 

and a downward and backward rotation of the mandible (Profitt et al. 1968, 

Kreiborg et al. 1978, Kiliaridis et al. 1989, all in Hunt 1998). Whether and to 

what extent this mandibular re-positioning further weakened occlusal forces 

remained ambiguous. Studies of healthy children and adults with non-rotated or 

rotated mandibles (categorised as normal or long-faced, respectively) showed 

that while both groups of pre-pubescent children exerted statistically 

indistinguishable occlusal forces, the occlusal forces exerted by normal and 

long-faced adults were significantly different (Profitt et al 1983, Profitt & Fields 

1983). This suggests that differences in the position, size and angle of the 

muscles of mastication and mandible may not affect occlusal forces in all 

instances, and that these effects may be conditional, perhaps upon mandibular
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proportion or size. Indeed, Taylor (2002) suggested that size differences 

among the mandibles of African apes might be sufficient in themselves to confer 

biomechanical advantages to absolutely smaller species, for example, a 

proportionately greater mass of recruited muscle force per body and/or jaw size 

(Hylander 1985, and Anton 1999, as cited by Taylor 2002). Additionally, 

absolute muscle mass may have less effect upon occlusal force than the 

proportion of 'slow' and 'fast' muscle fiber types of which the muscle is 

composed (Hunt 1997, 1998).

It is possible that ontogenetic changes in the shape of the gonial angle in 

Papio and Pan are related to local responses of the mandibular bone to the 

growing masseter and medial pterygoid muscles. Not only do the surface areas 

and volumes of these muscles increase throughout growth but their orientations 

change also. Thus, taxonomic shape differences in the gonial region may 

reflect the different positions and masses of masticatory muscles that have 

consequently exerted different vectors of force upon the bone at the gonial 

angle and across the ascending ramus.

It is improbable that all shape differences at the gonial angle and across 

the ramus (including the condyle and coronoid process) are due to the 

development and mass of masticatory muscles. For example, different rates of 

bone deposition and resorption at the condyle and along the ascending ramus 

(Enlow & Harris 1964, Enlow 1966, Johnson et al. 1976) may have produced 

ontogenetic and taxonomic differences in the heights and angles of these 

regions to each other and to the mandibular corpus. Additionally, Boyd and 

colleagues (1967) found that the surgical removal of the origin of the temporalis 

muscle in guinea pigs did not affect the size or shape of the coronoid process in 

most of their sample. They proposed that experiments that removed this 

muscle entirely also eliminated the blood supply to the bone, and that this and 

not the absence of the developing muscle was responsible for local changes in 

bony form (Boyd at a i 1967). Additionally, differences in the shape of the 

ascending ramus have been observed between human populations with diets of 

different consistencies (soft vs. hard foods) (Mieke 1993, in Indrayana at a i 

1998) and also among macaques with contrasting diets (Anton 1996). Although 

this might relate to differences in muscle mass, it may also reflect osseous
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responses to greater compressive forces through the bone. If the physical 

consistencies of the diets of chimpanzees and bonobos are sufficiently different, 

as some argue they are (Badrian & Malenky 1984, Kano & Mulavwa 1984, 

Wrangham 1986, Malenky & Stiles 1991, Malenky & Wrangham 1994, Malenky 

et al. 1994), it could be argued that diet is one source of some of the observed 

interspecies shape variation in Pan. Diet could also be a source of intergenus 

variation in mandible shape between Pan and Papio.

6.1.3 The influence of diet upon mandibie form

Olive baboons predominantly consume vegetable food year round, the 

bulk of which is grasses (Washburn & DeVore 1961, DeVore & Washburn 

1963). Seasonal fruits and rhizomes make up the second largest proportion of 

this diet (DeVore & Washburn 1963). Baboon troups that live predominantly on 

the savannah eat greater quantities of harder plant foods such as grass stems, 

seeds, rhizomes, shoots, roots and hard beans, as well as leaves and buds, 

especially during the dry season (Washburn & DeVore 1961, DeVore & 

Washburn 1963). Almost half of their diet consists of very tough, abrasive plant 

materials that require heavy processing by the teeth. Softer foods such as 

fruits, flowers and berries can account for little under half the diets of olive 

baboons living in gallery forests (Dunbar & Dunbar 1974). Hylander (1975) 

cogently attributed the large incisor sizeibody size ratio of Papio anubis to tooth 

enlargement under the impetus of increased dental wear from tough plant 

materials and plant materials associated with abrasive soils as well as from 

processing large foods such as fruits.

Like baboons, chimpanzees and bonobos have highly frugivorous diets 

that include tough vegetable matter, and both apes have incisal teeth that are 

exceptionally large relative to their body sizes (Hylander 1975). A large variety 

of plant foods make up a great part of both their diets (DeWaal & Lanting 1997). 

Both species consume large amounts of sweet arboreal fruits, followed by 

lesser quantities of herbs and herbivorous vegetation including tough and 

crunchy leaves, herb shoots and pith (Wrangham at ai. 1994, DeWaal & 

Lanting 1997). Bonobos appear to eat significantly greater quantities of fibrous
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foods than do chimpanzees (Malenky & Wrangham 1994) although, as noted 

above, this remains contentious. Provided this difference in diet is real, some 

have suggested that the larger amount of tougher foods eaten by bonobos is 

due to the denser growth of more fibrous plant stuffs in their habitats (Malenky 

& Wrangham 1997), and to different seasonalities among the fruits and plants 

found in their respective ranges (Chapman et al. 1994). Regardless, while diets 

may vary compositionally between Pan paniscus and Pan troglodytes, what 

they both eat is much the same. Taylor (2002) posited that although diet 

composition might be different for each ape, the mechanical demands of their 

diets were equivalent as, “despite various morphological differences between 

Pan paniscus and Pan troglodytes troglodytes, there is no clear systematic 

pattern of differentiation in Pan that would suggest a mechanically different diet 

for bonobos" (2002:144).

The argument that dietary differences generate marked intertaxon 

variation in mandibular morphology is of course closely integrated with the idea 

that the development of muscular form is influenced by masticatory muscle 

mass, since muscle activity and strength, which affect bone form, will obviously 

relate to diet and food consistency. Diet composition and consistency is but 

one meaningful variable in understanding and predicting differences in 

mandibular form, function and evolution.

6.1.4 Differences in mandibuiar form reiated to size of the dentition

While diet can reliably predict a proportion of the differences in corpus 

and ramus morphology observed among species, tooth proportions and sizes 

account for another part of intertaxon variation in corpus length and width 

(Taylor 2002). Differences in tooth dimensions may also underlie differences in 

rates and times of permanent tooth formation (Dean & Beynon 1991). Whether 

mandibular dimensions actively and directly constrain schedules of dental 

development is improbable. This question is carefully explored here and in 

following sections.
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If differences in individual molar tooth sizes between Pan paniscus and 

P. troglodytes are indeed reflected in posterior corpus length then these 

interspecies differences are small even if they are significant. It is interesting 

that posterior corpus length increased relatively more in P. paniscus than in P. 

troglodytes as the bonobo has, on average, the most diminutive permanent 

molars and the absolutely shortest molar row. This suggests that proportional 

differences in posterior corpus length observed between the two apes do not 

correlate positively and directly with differences in molar row length.

The total length of the permanent molar row was absolutely and 

markedly longer in the baboon than it was in either the chimpanzee or the 

bonobo. All three permanent molars are approximately the same size in both 

apes although M3 tends to be the smallest of the molar crowns. Conversely, 

permanent molar crown length increases markedly from M1 to M3 in baboons. 

Unlike bonobos and chimpanzees, absolute differences in posterior corpus 

length between Papio and Pan seem to relate directly to the absolute 

mesiodistal length of the molar row. There is no evidence here that the baboon 

has any less space available in its mandible for its permanent molars compared 

with either the chimpanzee or the bonobo.

6.2 Rates of mandibular growth and space available in the corpus 

for the developing molars

Relative spatial relationships between the molar row and the posterior 

corpus (Table 4.14) were not conclusively different between the three taxa 

either before or after the emergence of successive permanent molar teeth. 

These data fail to account for any observed differences among patterns of 

molar development in Papio and Pan. Additionally, faster rates of corpus 

growth in Papio compared with Pan fail to support the idea that adequate space 

was not made by the growing mandible in time for the developing permanent 

dentition. This is particularly clear from rates of posterior corpus elongation, 

which were fastest in baboons, although only somewhat reduced in 

chimpanzees, but were much slower in bonobos. Although the longer 

permanent molar teeth of the baboon developed within a shorter time, these
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teeth were accommodated within an absolutely faster growing and absolutely 

longer mandibular corpus. A faster rate of growth combined with an absolutely 

longer corpus, particularly the posterior corpus, is strong evidence that, if 

anything, more space was available in the baboon mandible for the developing 

permanent molars at any given time during growth compared to either ape. 

Based upon the evidence of absolute corpus length and rate of corpus 

elongation, one might expect greater differences in molar initiation times 

between chimpanzees and bonobos, which demonstrated more different rates 

of corpus elongation than did baboons and chimpanzees.

A brief analysis of total mandible length (MANDL) less the length of the 

posterior corpus (POSTL) and ramus (RAMAP) clearly demonstrated that rates 

of mesial corpus (MANDL-[POSTL+RAMAP]) elongation were notably slower 

than those of POSTL (m=0.7 Papio, m=0.6 Pan troglodytes, m=0.4 Pan 

paniscus for POSTL, compared with m=0.3, m=0.1 and m=0.2, respectively). It 

is difficult to explain this variation in growth rate along the corpus, particularly as 

the lengthening of the mandible occurs primarily along the ramus and at the 

condyle (Enlow 1966). However, Lee at ai. (2001) identified a "mandibular 

primary growth centre” (MdPGC) in the human mandible from which bone 

growth radiated in all directions. The MdPGC was located just in front of 

Meckel’s cartilage and positioned beneath the first deciduous molar (Lee et ai. 

2001). This radiation of growth extended as far back as the mandibular notch 

(Lee et al. 2001). This provides a possible mechanism by which corpus 

elongation in the region fated to house the developing permanent molars might 

occur at a faster rate than that anterior to these teeth. However, how these 

differences in developmental rate are actually achieved is beyond the scope of 

this work and remains an interesting area for future research.

Although there are marked ontogenetic and taxonomic differences in 

corpus length, particularly posterior corpus length, corpus width did not vary 

widely across age or species in 2D bivariate or 3D multivariate analyses. It is 

unlikely that corpus width significantly influences or constrains molar initiation 

times, especially since it achieves adult dimensions very early during the period 

of permanent molar development. It is also possible that the buccolingual 

dimensions of the widest permanent molar, typically M2 for all three taxa.
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establish maximum corpus width in both genera. However, this seems unlikely 

as mean adult corpus width was established before M2 initiation in many 

individuals from all three taxa. It is also unlikely that corpus width influences 

molar initiation times as young mineralizing crowns ‘find’ space for themselves 

by developing on their sides in the corpus or even up into the ramus. This is 

discussed further in the next section.

The width of the corpus at the junction of corpus and the ascending 

ramus (JNCW) was compared among taxa to test whether JNCW might be 

notably greater in one taxon compared to the other(s). The idea was that, in 

one or more taxa, JNCW might be sufficient to house a developing molar crypt 

at the very back of the corpus or front of the ramus while the previous molar 

crown began to mineralize in the corpus proper. This could enable successive 

molar teeth to begin development before space was actually available for them 

in the corpus. Consequently, this ‘extra’ space might be responsible for the 

relatively earlier initiation of a molar tooth in one taxon compared to the others. 

However, as no marked differences in JNCW were observed among baboons, 

chimpanzees and bonobos at relative ages of M1, M2 and M3 initiation, there is 

no evidence to support this hypothesis of space creation in the lower jaw. 

Additionally, as mentioned above, space can be made not only via mandibular 

growth but also by the orientation of the developing molar crown in the corpus 

(Dean & Beynon 1991).

6.3 Molar ontogeny I: Changes in the positions and orientations of 

the molar teeth

The occlusal-ward rotation of the lingually tilted permanent molar crowns 

that was observed in Pan also occurs in other great apes (Dean & Beynon 

1991) and in Paranthropus (Dean 1987b). The early development of the young 

mineralizing molar on its side appears to be a strategy to fit the tooth into the 

jaw as early as possible, before the mandibular corpus is wide enough to house 

the buccolingual breadth of the crown (Dean & Beynon 1991). Very little tilting 

or change in molar crown orientation was seen in Pap/d; in this primate only M3 

demonstrated any marked occlusal-ward rotation of the crown. If this is indeed
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an effective method of creating space for permanent molar initiation where there 

might otherwise be none, it is perhaps strange that other primates such as the 

baboon, which may be under greater pressure to make room for its longer 

molars, do not share it.

Changes in molar crown position relative to each other and to the 

mandibular canal reflect vertical and horizontal positional changes associated 

with root elongation, and with molar eruption and emergence. Additionally, the 

elongation of the mandibular corpus mesial to the ramus and the widening of 

the ramus itself likely carried the molar teeth forward, contributing to the mesial 

migration of the molar row. Change in the horizontal position of the molar row 

relative to the mandibular canal also reflects the growth and elongation of the 

canal as the corpus itself lengthens.

It is interesting that, in the occlusal view, there were subtle changes in 

the convexity of the molar row across development in Papio and Pan. The 

mediolateral positions of the molars shifted relative to each other as they 

mineralized, erupted and emerged through the corpus and into occlusion. 

Perhaps this reflects osseous growth within the corpus that subtly ‘shuffles’ 

molar position and coincides with gross ontogenetic change in mandibular form. 

As this change in molar row convexity was clearly observed in all three primates 

it is unlikely to be an artefact of sampling or methodology.

Variation in relative molar crown sizes across periods of mineralization 

reflect the normal development and subsequent size increase of all three 

permanent molars as they develop from germs into completely mineralized 

crowns in Papio and Pan. Intertaxon variation in permanent molar crown 

proportions was also mirrored in this analysis of molar shape, where 

M 2<M 1^3 in Papio, and M3<M2<M1 in Pan, and where baboon molars are 

mesiodistally elongated compared to those of chimpanzees and bonobos.

316



6.4 Molar ontogeny II: Rates and patterns of ontogenetic shape

variance of the molar row

The U-shaped trajectories of ontogenetic molar row shape change 

indicate, In addition to non-linear rates of tooth formation, that unlike the linear 

vectors of mandibular ontogenetic shape change, more than a single process 

was occurring. These processes were largely the horizontal and vertical 

movement of the molar teeth through the jaw, as well as the growth of individual 

molar crowns. Because trajectories of ontogenetic molar row shape change 

were indistinguishable among baboons, chimpanzees and bonobos, relative 

rates of molar tooth development cannot be distinguished among taxa. This 

strongly suggests that relative times and rates of molar crown initiation are not 

markedly different between genera or sister species. This contradicts published 

studies of permanent tooth mineralization that found marked differences in 

times of tooth development among these primates. The results of this molar 

shape analysis suggest differences in times and periods of molar initiation and 

mineralization are of a lesser degree than previously perceived and/or are 

artefacts of sample size or methodology. Further study is needed to explain 

these different results and to resolve this issue. Additionally, the strong 

similarity in patterns of molar development firmly challenges the idea that 

taxonomic differences in molar initiation times may be explained by mandibular 

form by nullifying the key comparison, molar initiation times, in this principal 

hypothesis! This has important ramifications for studies of fossil hominin 

mandibular morphology and patterns of permanent tooth development. 

Differences in anterior corpus width and the presence or absence of a 

retro molar space among different taxa do not appear to have any direct or 

immediate bearing upon rate or schedule of dental ontogeny. Thus, such 

features cannot form a reliable basis from which timing of dental initiation can 

be accurately extrapolated or inferred.
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6.5 Molar ontogeny III: Space available between adjacent molars

& distal to the molar row

Difference in patterns of intermolar crown distances and change among 

these were subtle among Pan paniscus, Pan troglodytes and Papio anubis. In 

later stages of permanent molar crown mineralization, the intermolar distance 

between M2 and M3 was relatively greater in the baboon than in either 

chimpanzee. While intermolar distances were equivalent in Pan troglodytes 

later in growth, M2-M3 intermolar distance was least in Pan paniscus, the 

species with the absolutely smallest molar teeth, albeit in the most diminutive 

jaw. Unexpectedly, this implies that the least space for the developing M2 and 

M3 was found in the bonobo, not in the baboon.

To an extent, differences in intermolar spacing may reflect relative and 

absolutely different lengths of the permanent molars in baboons, chimpanzees 

and bonobos. For instance, while adjacent intermolar distances were 

equidistant in young baboons, they were greatest between M1 and M2 in older 

individuals. It is possible that this reflects the longer M3 of this primate, which 

would occupy a greater length of the space between this tooth and M2. The 

space between M1 and M2 decreased over time in chimpanzees and bonobos 

while the distance between M2 and M3 was relatively larger earlier in the 

development of these taxa. Nevertheless, it is important to remember that all 

differences in adjacent intermolar distances were small; even when space 

decreased between, i.e., M2 and M3, this did not necessarily mean that it was 

absolutely smaller than the space between M1 and M2. Therefore, variation in 

the amount of space maintained between adjacent developing molars 

throughout mineralization appears to be too subtle to have any marked 

significance or implication for differences in times of molar crown initiation 

among taxa.

The space distal to the last mineralizing permanent molar crown was, if 

anything, greater in the baboon than in either the chimpanzee or the bonobo, 

particularly during the second half of the molar crown mineralization period. 

This in itself is very strong evidence that there is no ‘shortage’ of space in the 

mandible of the baboon and no extra’ space in the mandibles of either ape. As
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such, different mandibular forms and patterns of mandibular growth confer no 

differences or ‘advantages’ in the space available for the young molar teeth. 

Accordingly, the times at which permanent molar teeth initiate development in 

Papio and Pan cannot be regulated or constrained by mandibular morphology 

and ontogeny.

6.6 How might space between developing molar primordia be 

regulated?

Workers studying the genetics of feather formation have found that a 

swath of embryonic epithelium fated to house feather primordia is positionally 

defined by the expression of specific genes, in this case Shh, Fgf4 and Ptc 

(Jung et al. 1998). This epithelial zone of feather development is subdivided 

into discrete feather primordia by the interchanging expression of genes that 

induce feather formation and others that inhibit it at specific sites along this 

zone (Jung at a/. 1998). The competence to positively respond to gene 

signalling and, thus, to form feathers is position dependent, as is the time of 

initiation and the direction of primordial response (Jung at a i 1998). This 

mechanism of feather formation is similar to Butler’s model of a field of tooth 

development but also to Osborn’s concept of an inhibitory zone that surrounds 

each growing germ and prevents subsequent tooth formation in that immediate 

vicinity. Patel at a i (1999) identified the expression of a gene, Follistatin, lateral 

to and around the base of each feather bud. Follistatin is an antagonist to 

BMPs, which are expressed across the field of feather formation and inhibit the 

growth of feather primordia (Patel at a i 1999). The presence of Follistatin 

cancels the inhibitory influence of BMPs and allows feather bud formation in 

given locations (Patel at a i 1999). This is the opposite of Osborn’s zone of 

inhibition only in that the zone that surrounds (or emits from) the primordium is 

active rather than inhibitory. In other words, the default state along the field is 

one of inhibition, punctuated by zones of ‘activation’. The distance between 

tooth primordia and that maintained between mineralizing tooth crowns might 

be determined by a similar system of gene suppression by antagonists and 

subsequent tissue competence. However, this fails to resolve what establishes 

the size of these intervals of tissue incompetence. It is possible that this might
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be highly conserved not only among teeth but ectodermally-derived materials 

such as feathers or hair. It would be interesting to compare these distances 

among several different taxa. It is also possible that spatial arrangements 

between primordia are established by physical principles that prohibit the 

successful development of the cells and structures within a given distance of 

each other. Thus, physics as much as genetics may establish the baseline 

minimum distance maintained between teeth from their inception. Another 

example of this kind of fundamental spatial organisation is the width of the 

periodontal ligament, which seems to be between V3 - % millimetres (i.e. 330 

microns or 250 microns) in all animal taxa (with teeth) where it has been 

measured.

6.7 A review of the techniques and directions for future studies of 

dental development

Although tooth emergence was one fundamental cause of relative 

repositioning of the molars observed here, it should be underscored that this 

discussion and its conclusions are relevant to times of molar crown initiation 

and to rates and periods of crown mineralization only. These findings should 

not bear upon the timing or the mechanisms of tooth eruption or emergence. 

Confusion about these three variables and assuming them to be interrelated or 

to share some common regulatory mechanism has undoubtedly led to a lot of 

misunderstanding about how tooth mineralization actually relates, or does not 

relate, to tooth emergence and times of eruption. Future studies of dental 

development should emphasise this distinction. This is also another good 

reason to abandon the practise of presenting bar charts that combine all 

aspects of dental development but which give no data about rate of change of 

any variable through time. Certainly, however, if bar charts are used to highlight 

differences in times or periods of tooth formation among taxa, they should 

always include the times of initial crypt appearance in the jaw. There are, 

though, little if any published data on the times and rates of crypt development 

among primates. To rectify this, standard radiographic methods may need to 

be abandoned in favour of other non-invasive yet highly informative imaging 

techniques such as CT or MRI on wet specimens. Whereas standard
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radiographic methods often ‘burn’ away evidence, particularly structures that 

are not radio-dense such as tiny developing crypts, CT registers object density 

in a different way and thus can provide accurate, precise data on crypt size, 

volume, shape, and position in the corpus. Dissection studies of the jaws 

should also focus more on detecting developing crypts, no matter how small. 

Histological studies of enamel and dentine are more necessary than ever as 

they provide perhaps the most reliable and real estimates of rates and periods 

of crown and root mineralization.

This thesis research has demonstrated that 3D multivariate analyses of 

mandible and of molar shape have clearly detected species-level differences in 

mandibular morphology in two species of Pan and at the genus-level, 

differences in mandibular shape and ontogeny between Pan and Papio. That 

this technique is sensitive enough to detect these taxonomic differences, even 

between sister species, demonstrates that it is a highly useful method that 

should be integrated where appropriate into future studies of oro-dental 

development among primates and other animal groups. Because this 

methodology analyses data in 3D rather than only in 2D, not only does it 

consider a more detailed data set but the data also much more closely 

approximate reality. This is more important than ever in research that seeks to 

explore position and form in biology.

6.8 Conclusions

1. Mandibular ontogeny is statistically different between genera Papio and Pan.

2. Molar ontogeny is not statistically different between Papio and Pan.

3. Among Papio anubis, Pan troglodytes and Pan paniscus, mandible to molar 

crown proportions are not different in terms of the space available for their 

molar germs at initiation.
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4. Faster rates of posterior corpus elongation through development in Papio 

support the above observations, and fail to confirm genus-level differences 

in the rates at which space is created within the developing mandible.

5. Distances between adjacent molars are not significantly or consistently 

different between genera or sister species.

6. Space distal to the molar row is, if anything, greater in the baboon compared 

to either ape.

7. Results 5 and 6 strongly refute the principal hypothesis that a ‘lack’ of space 

in the mandible of the baboon for the permanent molar teeth underlies a 

more staggered schedule of molar crown initiation in this primate compared 

to the chimpanzee or bonobo.

Independently and in combination, the above results fail to support 
and strongly undermine the principal hypothesis that insufficient space in 
the posterior mandibular corpus is the primary cause of the relative 
retardation of M3 crown initiation observed in Papio compared with Pan.

6.9 Unresolved questions and recommended areas of research

A recent body of work has carefully re-considered and re-assessed the 

developmental and evolutionary contexts and capacities of genes and signalling 

cascades (Arthur 2000, 2002, Robert 2001, Robert et al. 2001, Hall 2000, 2001, 

and several others). These authors have variously argued to dispel the idea 

that genes operate autonomously as discreet blocks of information. Rather, 

these workers have emphasised that the activities of gene complexes are best 

thought of as fluid and dynamic; interactions among gene cascades and 

between gene cascades and the systems to which they contribute are inherent 

in these activities. Genes do not dictate development but orchestrate it under 

the influence of each other and that of the developmental process itself. Robert

(2001) reasoned “genes do not produce traits directly; rather, they produce, in 

an appropriate, resourceful developmental context, still further developmental

322



resources to be integrated into various ontogenetic pathways” (2001:292). This 

revised concept of genes has interesting implications for how we view and 

understand evolutionary change in genes and signalling cascades, and how we 

interpret their roles in morphogenesis and morphological innovation. Arthur

(2002) used the term developmental reprogramming to describe a new level at 

which he proposed evolution occurred. He suggested that “the process of 

developmental reprogramming - that is, a mutationally driven change in 

something that is itself a state of change” (2002:759) is best viewed “as shifting 

a series of probabilities of several structural variants, rather than a phenomenon 

that causes an all-or-nothing switch from one variant structure to another” 

(Arthur 2000:52). This idea may help to clarify current assumptions about the 

mechanisms that underlie the evolution of novel body plans or parts.

Wagner and colleagues (2000) raised the important point that the 

developmental function of a gene in a derived species is not necessarily the 

developmental function of the same gene in the ancestral taxon. Thus, when 

and in what species does a ‘modern’ character originate? How do we negotiate 

evolutionary relationships among two or more taxa that share a genetic 

potential for the same phenotype, but do not share the same phenotypic 

expression or function(s)? The same genes or gene complexes found in one 

taxon may have a completely different developmental function in another taxon. 

Conversely, the developmental function(s) of genes for a given character may 

have been recruited to their role after the evolution of this character and, thus, 

have nothing to do with its origin (Wagner et al. 2000). These arguments have 

very important implications for dental and gnathic evolution, particularly the idea 

that exaption of existing gene complexes has created new morphologies or 

systems (i.e. the dentition) (Sire 2001, and others).

Positional change in gene complexes or signalling cascades and 

subsequent ectopic gene expression probably underlie, at least at some level, 

the evolution of the jaws and teeth of modern vertebrates. Shigetani and 

colleagues (2002) identified the same genes responsible for jaw development in 

gnathostomes in the lamprey, a jawless vertebrate, but in a different location in 

the oral tissues. These researchers posited that a topographic change in these 

genes led to the transposition of signalling cascades and to a critical
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“heterotopic shift of epithelial-mesenchymal interactions” that subsequently 

enabled jaw formation (Shigetani et al. 2002).

The scope of our understanding of the materials and mechanisms of jaw 

and tooth evolution rapidly continues to expand. However, much work remains 

to be done. Our grasp of the developmental and evolutionary relationships 

between the teeth and jaws cannot be properly resolved until, among other 

knowledge, we achieve a comprehensive understanding of the genes or gene 

complexes and signalling pathways that guide or underlie times of tooth 

initiation and rates of dental development. Stages of dental development such 

as M1 emergence are tightly correlated with maturational milestones such as 

the attainment of adult brain weight in primates. Thus, accounting for the 

fundamental regulation of the timing of dental development may give profound 

insight into what underlies the timing, speed and velocity of life history events 

and their durations among this group. In their review of morphogen gradients 

and cell receptivity, Gurdon and Bourillot (2001) conceded that the timing of cell 

response to dynamic extracellular concentrations of signalling proteins was 

unexplained. Towards this aim, they suggested the idea that cells only respond 

to a steady-state morphogen gradient, but favoured a second scenario where 

cells alter their gene response according to changes in ambient gradient 

concentration across time (Gurdon & Bourillot 2001). Future research on genes 

and signalling cascades should focus upon cell receptivity to these signals and, 

thus, upon what triggers or controls times and rates of activity and growth and 

how. While we are well on our way to sorting out positional and morphological 

determinants of dental development, we have almost no understanding of what 

controls times and rates of germ initiation and tooth formation. Subsequent 

molecular studies of tooth formation in gnathostomes should focus keenly upon 

addressing these questions of time and timing. The importance of rate and 

chronology to clearly and comprehensively understanding developmental and 

evolutionary biology is incontestable.
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APPENDIX 1 Radiographic series of permanent tooth mineralization in Papio and Pan'

A M475/14 B M475series2/15 C M507/12 D M675/9

A 11293/8 B 18050/6 C 26970/27 D 26982/33

AA92.21/76 B A92.22/79 CA92.182/75 DZD1967.1151/41

Figure l.a  1 Pan troglodytes, 2 Pan panlscus, 3 Papio anubis: A Ml crown completion with M2 crypt; B M2 crown 
initiation/mineralization; C M2 crown completion with M3 crypt; D M3 crown initiation.

‘Complete radiographic data for all 3 taxa available upon request.
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Figure l.b  Ontogenetic series of permanent tooth development in Papio anubis from approximately birth to 7 years of age.
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Figure 1.b (continued) Ontogenetic series of permanent tooth development in Papio anubis.
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Figure 1.c Ontogenetic series of permanent tooth development in Pan paniscus from approximately 1 to 10 years of age.
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Figure 1 .c (continued) Ontogenetic series of permanent tooth development in Pan paniscus.
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Figure 1.d Ontogenetic series of permanent tooth development in Pan troglodytes from approximately 2 to 12 years of age.
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Figure 1.d (continued) Ontogenetic series of permanent tooth development in Pan troglodytes.
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APPENDIX 2 Table of approximate relative dental ages (ARDA) 

for Papio anubis, Pan paniscus and Pan troglodytes

TAXON SPECIMEN# XRAY# ARDA (in years) AGEGROUP

Papio anubis 92.181 82 0 INF
Papio anubis 1939.1036 39 0.8 INF
Papio anubis 92.2 83 1 INF
Papio anubis 1953.655 32 1.2 INF
Papio anubis 92.21 76 1.5 INF
Papio anubis 92.182 75 1.3 INF
Papio anubis 92.22 79 1.9 INF
Papio anubis 1930.3.4.1 57 2.7 JUV1
Papio anubis 1937.7.24.1 59 2.8 JUV1
Papio anubis 1914.3.8.1 42 3.1 JUV1
Papio anubis 1967.1152 40 3.1 JUV1
Papio anubis 92.3 74 2.9 JUV1
Papio anubis 92.31 81 3.9 JUV1
Papio anubis 92.14 80 3.8 JUV1
Papio anubis 1939.1034 51 4.4 JUV1
Papio anubis 1855.12.26.32 45 4.4 JUV1
Papio anubis 1931.4.1.2 64 4.4 JUV1
Papio anubis 92.141 72 4.4 JUV1
Papio anubis 1967.1151 41 4.3 JUV1
Papio anubis 92.24 77 4.4 JUV1
Papio anubis 92.23 73 4.5 JUV1
Papio anubis 92.15 71 5 JUV2
Papio anubis 1913.10.18.1 47 5.3 JUV2
Papio anubis 92.36 78 5 JUV2
Papio anubis 92.12 70 5.3 JUV2
Papio anubis 1924.8.6.14 43 5.3 JUV2
Papio anubis 1939.55 44 5.3 JUV2
Papio anubis 1928.6.3.1 35 5.3 JUV2
Papio anubis 1900.1.3.2 56 6.2 JUV2
Papio anubis 1939.3451 67 5.7 JUV2
Papio anubis 1855.12.26.35 66 6.6 JUV2
Papio anubis 1973.18.12 65 5.9 JUV2
Papio anubis 1900.11.7.1 46 6.2 JUV2
Papio anubis 1924.8.6.16 36 8.3 AD
Papio anubis 1940.1.20.21 58 7.2 AD
Papio anubis 1855.12.24.17 61 7.8 AD
Papio anubis 1954.8.5.1 63 6.3 JUV2
Papio anubis 1972.127 37 6.8 JUV2
Papio anubis 1901.8.9.21 62 7.3 AD
Papio anubis 1939.1044 68 6.8 JUV2
Papio anubis 1930.12.1.2 50 >8.3 AD
Papio anubis 1939.1035 52 >8.3 AD
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Papio anubis 1939.3452 53 >8.3 AD
Papio anubis 1964.2174 54 >8.3 AD
Papio anubis 1900.3.18.1 55 >8.3 AD
Papio anubis 1862.7.17.7 60 >8.3 AD
Papio anubis 1901.8.9.22 69 7.4 AD
Papio anubis 1971.2352 38 >8.3 AD
Papio anubis 1914.3.8.2 48 >8.3 AD
Papio anubis 1923.3.4.3 49 >8.3 AD

Pan paniscus 15296 16A >11.0 AD
Pan paniscus 18050 6A 3.2 INF
Pan paniscus 15293 7A >11.0 AD
Pan paniscus 11293 8A 1.8 INF
Pan paniscus 11528 10A 6 JUV1
Pan paniscus 11149 14A >11.0 AD
Pan paniscus 12087 9A 3.3 INF
Pan paniscus 11354 12A >11.0 AD
Pan paniscus 5374 13A 7.3 JUV2
Pan paniscus 9918 15A 10 JUV2
Pan paniscus 9369 11A 4.9 JUV1
Pan paniscus 20882 22A >11.0 AD
Pan paniscus 23509 21A 10.5 JUV2
Pan paniscus 26936 19A 4 JUV1
Pan paniscus 22336 17A 3.4 INF
Pan paniscus 23464 18A 3.3 INF
Pan paniscus 22908 20A 6.5 JUV1
Pan paniscus 26968 26A 3.9 JUV1
Pan paniscus 26944 30A 10 JUV2
Pan paniscus 26959 25A 3.2 INF
Pan paniscus 26958 24A 3.3 INF
Pan paniscus 26947 29A 7.6 JUV2
Pan paniscus 26945 31A >11.0 AD
Pan paniscus 26970 27A 4.2 JUV1
Pan paniscus 26982 33A 4.4 JUV1
Pan paniscus 26972 34A 2.4 INF
Pan paniscus 26969 35A 3.9 JUV1
Pan paniscus 26988 28A 6.5 JUV1
Pan paniscus 26971 32A 7.5 JUV2
Pan paniscus 26975 36A 3.5 INF
Pan paniscus 26976 37A 2.6 INF
Pan paniscus 26977 23A 3 INF
Pan paniscus 27001 3A 6.7 JUV1
Pan paniscus 26994 4A 7.2 JUV2
Pan paniscus 26993 5A 8 JUV2
Pan paniscus 26996 2A 8 JUV2
Pan paniscus 26990 OA 2.8 INF
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Pan troglodytes 1939.1 15 2.7 INF
Pan troglodytes 1948.439 9 2.7 INF
Pan troglodytes 1939.1004 17 2.7 INF
Pan troglodytes 1986.221 6 2.7 INF
Pan troglodytes 1948.438 11 2.7 INF
Pan troglodytes 1986.217 100 2.7 INF
Pan troglodytes 1939.915[b] 10 3 INF
Pan troglodytes 1939.979 8 3 INF
Pan troglodytes 1939.997 18 3.2 INF
Pan troglodytes 1980.341 5 3 INF
Pan troglodytes 1939.1003 16 3.2 INF
Pan troglodytes 1939.3373 19 3.4 INF
Pan troglodytes 1846.10.23.11 7 3.8 JUV1
Pan troglodytes 1939.1002 4 4.5 JUV1
Pan troglodytes 1980.339 3 4.6 JUV1
Pan troglodytes 1939.998 20 4.5 JUV1
Pan troglodytes 1926.11.18.1 24 6 JUV1
Pan troglodytes 1901.8.9.9 25 6 JUV1
Pan troglodytes 1887.12.1.3 12 7.4 JUV2
Pan troglodytes 1989.326 27 7 JUV1
Pan troglodytes 1989.327 23 5 JUV1
Pan troglodytes 1939.908[b] 28 12 JUV2
Pan troglodytes 1864.12.1.7 14 >12 AD
Pan troglodytes 1924.8.6.1 21 >12 AD
Pan troglodytes 1939.951 29 >12 AD
Pan troglodytes 1939.3378 1 >12 AD
Pan troglodytes 1939.3382 22 >12 AD
Pan troglodytes 1968.7.5.1 30 >12 AD
Pan troglodytes CAM .1.202 23 0 INF
Pan troglodytes M.465 26 2.5 INF
Pan troglodytes M.888 4 2.4 INF
Pan troglodytes M.152 22 2.7 INF
Pan troglodytes M.781 3 3 INF
Pan troglodytes M.475 series2 15 2.8 INF
Pan troglodytes M.475 14 3.1 INF
Pan troglodytes M.556 27 3.2 INF
Pan troglodytes FC.70 5 3.3 INF
Pan troglodytes 0.371 28 3.6 JUV1
Pan troglodytes M.675 9 4.5 JUV1
Pan troglodytes M.507 12 4.8 JUV1
Pan troglodytes M.94 16 5.5 JUV1
Pan troglodytes M.358 20 5.6 JUV1
Pan troglodytes M.453 30 6.8 JUV1
Pan troglodytes M.259 21 5.8 JUV1
Pan troglodytes 0.195 29 6 JUV1
Pan troglodytes M.881 2 6.5 JUV1
Pan troglodytes M.382 18 6.8 JUV1
Pan troglodytes M.635 10 6.7 JUV1
Pan troglodytes M.636 8 6.8 JUV1
Pan troglodytes M.363 19 6.8 JUV1
Pan troglodytes M.891 1 6.9 JUV1
Pan troglodytes M.573 11 7.2 JUV2
Pan troglodytes M.454 13 6.9 JUV1
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APPENDIX 3 Table 3.A Mandibular measurement data (cm), means and standard deviations (SD) to test measurement error.

TAXON SPECIMEN ID NOTD BODTH CONW CNCR BODH BIM1 SYMHT
Papio anubis ZD.1939.1036 0.54 mean 0.9 mean 1.1 mean 0.58 mean 1.37 mean 2.22 mean 1.30 mean

ZD. 1939.1036 0.54 0.54 0.94 0.92 1.01 1.03 0.77 0.71 1.34 1.35 2.21 2.20 1.24 1.29
ZD.1939.1036 0.54 SD 0.92 SD 0.99 SD 0.79 SD 1.34 SD 2.18 SD 1.32 SD

0.00 0.02 0.05 0.09 0.01 0.02 0.03

Papio anubis ZD.1923.3.4.3 0.82 mean 1.06 mean 1.78 mean 2.23 mean 2.62 mean 2.20 mean 2.86 mean
ZD.1923.3.4.3 0.84 0.84 1.06 1.05 1.78 1.78 2.26 2.26 2.62 2.61 2.23 2.21 2.78 2.82
ZD.1923.3.4.3 0.85 SD 1.02 SD 1.78 SD 2.28 SD 2.58 SD 2.21 SD 2.81 SD

0.01 0.02 0.00 0.02 0.02 0.01 0.03

Papio anubis ZD. 1914.3.8.2 0.69 mean 1.06 mean 1.6 mean 1.68 mean 2.34 mean 1.99 mean 2.23 mean
ZD. 1914.3.8.2 0.59 0.66 1.07 1.07 1.6 1.60 1.77 1.72 2.25 2.29 1.98 1.98 2.25 2.26
ZD. 1914.3.8.2 0.69 SD 1.07 SD 1.59 SD 1.71 SD 2.29 SD 1.97 SD 2.31 SD

0.05 0.00 0.00 0.04 0.04 0.01 0.03

Papio anubis ZD. 1913.10.18.1 0.86 mean 1.15 mean 1.5 mean 2.25 mean 2.97 mean 2.21 mean 2.76 mean
ZD. 1913.10.18.1 0.88 0.87 1.1 1.14 1.5 1.50 2.22 2.24 2.54 2.67 2.21 2.20 2.86 2.79
ZD. 1913.10.18.1 0.87 SD 1.16 SD 1.5 SD 2.26 SD 2.51 SD 2.17 SD 2.75 SD

0.01 0.03 0.00 0.02 0.21 0.02 0.05

Papio anubis ZD.1858.5.4.212 0.81 mean 1.16 mean 1.45 mean 1.97 mean 2.05 mean 2.24 mean 2.45 mean
ZD.1858.5.4.212 0.82 0.83 1.11 1.13 1.45 1.45 1.97 2.01 2.06 2.05 2.21 2.22 2.45 2.46
ZD.1858.5.4.212 0.87 SD 1.13 SD 1.45 SD 2.1 SD 2.03 SD 2.22 SD 2.47 SD

0.03 0.02 0.00 0.06 0.01 0.01 0.01

Papio anubis ZD.1914.3.8.1 0.74 mean 1.08 mean 1.27 mean 1.59 mean 1.87 mean 1.86 mean 2.42 mean
ZD.1914.3.8.1 0.72 0.73 1.09 1.09 1.27 1.27 1.57 1.59 1.82 1.85 1.88 1.86 2.46 2.45
ZD.1914.3.8.1 0.72 SD 1.09 SD 1.27 SD 1.61 SD 1.85 SD 1.85 SD 2.48 SD

0.01 0.00 0.00 0.02 0.02 0.01 0.02

Papio anubis ZD1930.12.1.2 0.72 mean 1.01 mean 1.62 mean 2.08 mean 2.50 mean 2.35 mean 2.47 mean
ZD1930.12.1.2 0.68 0.70 1.02 1.01 1.62 1.62 2.06 2.09 2.50 2.51 2.37 2.35 2.40 2.45
ZD1930.12.1.2 0.69 SD 1.01 SD 1.61 SD 2.12 SD 2.53 SD 2.33 SD 2.47 SD

0.02 0.00 0.00 0.02 0.01 0.02 0.03

Papio anubis ZD.1939.1034 0.81 mean 1.21 mean 1.78 mean 2.08 mean 2.51 mean 2.19 mean 2.38 mean
ZD. 1939.1034 0.78 0.79 1.14 1.18 1.78 1.78 2.1 2.09 2.46 2.49 2.20 2.20 2.58 2.52
ZD. 1939.1034 0.77 SD 1.19 SD 1.79 SD 2.08 SD 2.51 SD 2.21 SD 2.59 SD

0.02 0.03 0.00 0.01 0.02 0.01 0.10

VARIANCE 0.0117 0.0065 0.0596 0.2413 0.1947 0.0221 0.2112
MEAN SD 0.0172 0.0157 0.0077 0.0352 0.0438 0.0132 0.0393

VARA for SD 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table 3.A continued.

TAXON SPECIMEN ID RAMAP NTHT BILING CONHT BICOR MANDL CORHT
Papio anubis ZD.1939.1036 1.77 mean 2.23 mean 3.76 mean 2.62 mean 5.47 mean 5.60 mean 2.84 mean

ZD.1939.1036 1.79 1.78 2.21 2.22 3.77 3.75 2.63 2.63 5.49 5.47 5.70 5.67 2.83 2.84
ZD.1939.1036 1.78 SD 2.23 SD 3.73 SD 2.64 SD 5.45 SD 5.70 SD 2.84 SD

0.01 0.01 0.02 0.01 0.02 0.05 0.00

Papio anubis ZD.1923.3.4.3 3.34 mean 5.10 mean 5.44 mean 6.02 mean 7.38 mean 11.20 mean 6.05 mean
ZD.1923.3.4.3 3.39 3.36 5.10 5.09 5.43 5.44 6.03 6.02 7.35 7.35 11.10 11.20 6.05 6.05
ZD.1923.3.4.3 3.35 SD 5.08 SD 5.45 SD 6.01 SD 7.32 SD 11.30 SD 6.05 SD

0.02 0.01 0.01 0.01 0.02 0.08 0.00

Papio anubis ZD. 1914.3.8.2 2.71 mean 5.17 mean 5.32 mean 5.95 mean 6.84 mean 10.20 mean 5.76 mean
ZD. 1914.3.8.2 2.72 2.71 5.15 5.16 5.17 5.24 5.94 5.96 6.73 6.78 10.20 10.17 5.76 5.77
ZD. 1914.3.8.2 2.70 SD 5.17 SD 5.22 SD 6.00 SD 6.76 SD 10.10 SD 5.78 SD

0.01 0.01 0.06 0.03 0.05 0.05 0.01

Papio anubis ZD. 1913.10.18.1 3.35 mean 4.96 mean 4.70 mean 5.60 mean 7.03 mean 10.00 mean 6.11 mean
ZD. 1913.10.18.1 3.35 3.35 4.97 4.96 4.99 4.90 5.60 5.59 7.04 7.04 10.00 9.97 6.12 6.12
ZD. 1913.10.18.1 3.35 SD 4.95 SD 5.01 SD 5.58 SD 7.05 SD 9.90 SD 6.12 SD

0.00 0.01 0.14 0.01 0.01 0.05 0.00

Papio anubis ZD.1858.5.4.212 2.86 mean 3.80 mean 5.17 mean 4.55 mean 6.71 mean 9.10 mean 4.89 mean
ZD.1858.5.4.212 2.91 2.87 3.82 3.81 5.20 5.18 4.53 4.55 6.77 6.73 9.10 9.13 4.79 4.82
ZD.1858.5.4.212 2.84 SD 3.81 SD 5.18 SD 4.56 SD 6.72 SD 9.20 SD 4.79 SD

0.03 0.01 0.01 0.01 0.03 0.05 0.05

Papio anubis ZD.1914.3.8.1 2.59 mean 4.01 mean 4.76 mean 4.73 mean 6.61 mean 8.70 mean 4.81 mean
ZD.1914.3.8.1 2.61 2.60 4.06 4.03 4.74 4.77 4.70 4.70 6.73 6.62 8.70 8.70 4.81 4.82
ZD.1914.3.8.1 2.59 SD 4.02 SD 4.80 SD 4.67 SD 6.53 SD 8.70 SD 4.83 SD

0.01 0.02 0.02 0.02 0.08 0.00 0.01

Papio anubis ZD1930.12.1.2 3.47 mean 5.74 mean 5.83 mean 6.47 mean 7.69 mean 10.70 mean 6.57 mean
ZD 1930.12.1.2 3.46 3.47 5.76 5.75 5.70 5.80 6.46 6.47 7.64 7.66 11.00 10.90 6.54 6.56
ZD 1930.12.1.2 3.48 SD 5.75 SD 5.86 SD 6.48 SD 7.64 SD 11.00 SD 6.56 SD

0.01 0.01 0.07 0.01 0.02 0.14 0.01

Papio anubis ZD.1939.1034 3.19 mean 4.91 mean 5.64 mean 5.37 mean 7.89 mean 10.20 mean 5.93 mean
ZD.1939.1034 3.14 3.16 4.91 4.91 5.60 5.61 5.36 5.37 7.89 7.91 10.20 10.17 5.94 5.94
ZD.1939.1034 3.14 SD 4.91 SD 5.59 SD 5.37 SD 7.95 SD 10.10 SD 5.95 SD

0.02 0.00 0.02 0.00 0.03 0.05 0.01

VARIANCE 0.2856 1.1237 0.3757 1.3463 0.5185 2.7994 1.2959
MEAN SD 0.0136 0.0093 0.0447 0.0127 0.0320 0.0573 0.0120

VARA for SD 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table 3.A continued.

TAXON
Papio anubis

Papio anubis

Papio anubis

Papio anubis

Papio anubis

Papio anubis

Papio anubis

Papio anubis

VARIANCE 
M EANSD  

VARA for SD

SPECIMEN ID 
ZD.1939.1036
ZD.1939.1036
ZD.1939.1036

ZD.1923.3.4.3
ZD.1923.3.4.3
ZD.1923.3.4.3

ZD. 1914.3.8.2
ZD. 1914.3.8.2 
ZD. 1914.3.8.2

ZD. 1913.10.18.1
ZD. 1913.10.18.1 
ZD. 1913.10.18.1

ZD.1858.5.4.212
ZD.1858.5.4.212
ZD.1858.5.4.212

ZD.1914.3.8.1
ZD.1914.3.8.1
ZD.1914.3.8.1

ZD1930.12.1.2
ZD1930.12.1.2
ZD1930.12.1.2

ZD.1939.1034
ZD.1939.1034
ZD.1939.1034

POSTL JNCW
1.46 mean 0.85 mean
1.52 1.52 0.91 0.90
1.57 SD 0.93 SD

0.04 0.03

5.63 mean 1.11 mean
5.60 5.64 1.17 1.12
5.70 SD 1.09 SD

0.04 0.03

5.65 mean 1.09 mean
5.43 5.52 1.12 1.09
5.48 SD 1.05 SD

0.09 0.03

4.69 mean 1.31 mean
4.68 4.68 1.32 1.30
4.68 SD 1.26 SD

0.00 0.03

4.21 mean 1.40 mean
4.22 4.18 1.35 1.36
4.11 SD 1.33 SD

0.05 0.03

3.56 mean 0.81 mean
3.56 3.56 1.02 0.90
3.57 SD 0.86 SD

0.00 0.09

5.31 mean 1.27 mean
5.29 5.29 1.29 1.26
5.27 SD 1.22 SD

0.02 0.03

4.14 mean 1.13 mean
4.18 4.16 1.06 1.14
4.17 SD 1.22 SD

0.02 0.07

1.6637 0.0295
0.0342 0.0421

0.00 0.00
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APPENDIX 4 Raw mandible measurement data

Specim en ARDA Age M andibular Measurem ents (cm)
ID num bers (years) group BODTH BODH BIM1 RAMAP BILING BICOR M ANDL CO RHT PO STL JNCW

92.181/82 0.0 INF 0.67 1.04 1.84 1.22 2.94 3.92 3.80 1.75 0.85 0.67
1939.1036/39 0.8 INF 0.84 1.34 2.62 1.80 3.70 5.45 5.80 2.85 1.45 0.91

92.2/83 1.0 INF 0.96 1.23 2.19 1.68 3.91 5.12 5.10 2.79 1.23 1.00
1953.655/32 1.2 INF 0.98 1.20 2.47 1.62 3.92 5.50 5.60 2.85 1.43 1.04

92.21/76 1.5 INF 1.10 1.34 2.00 2.17 4.27 5.36 6.00 3.10 2.14 1.00
92.182/75 1.3 INF 0.97 1.34 2.30 2.06 4.14 5.46 5.80 3.16 1.78 0.81

92.22/79 1.9 INF 1.06 1.44 1.57 2.12 4.16 5.71 6.70 3.90 1.35 1.11
1930.3.4.1/57 2.7 JUV1 1.06 1.71 1.93 2.48 4.33 6.08 7.80 4.56 3.22 1.16

1937.7.24.1/59 2.8 JUV1 1.24 1.87 1.80 2.63 4.73 6.76 8.40 4.89 3.50 1.35
1914.3.8.1/42 3.1 JUV1 1.10 1.85 1.91 2.60 4.75 6.54 8.70 4.80 3.56 1.18
1967.1152/40 3.1 JUV1 1.09 1.84 1.82 2.44 4.35 6.43 7.90 4.56 3.47 1.18

92.3/74 2.9 JUV1 1.09 2.00 1.94 2.78 5.22 6.98 8.30 5.12 3.52 1.21
92.31/81 3.9 JUV1 1.07 2.05 1.91 2.81 5.00 6.57 8.40 4.87 3.68 1.07
92.14/80 3.8 JUV1 1.15 1.78 1.82 2.46 4.93 6.46 8.00 4.35 2.47 0.70

1939.1034/51 4.4 JUV1 1.18 2.40 2.21 3.20 5.61 7.91 10.10 5.92 4.20 1.15
1855.12.26.32/45 4.4 JUV1 1.12 2.10 2.14 2.94 5.60 7.25 10.30 5.52 4.07 1.33

1931.4.1.2/64 4.4 JUV1 1.16 2.30 2.15 3.31 5.25 7.17 9.80 5.51 4.23 1.30
92.141/72 4.4 JUV1 1.09 2.28 1.98 2.96 4.99 6.82 9.00 4.54 4.01 1.17

1967.1151/41 4.3 JUV1 0.98 1.70 1.79 2.52 4.59 6.15 8.10 4.12 3.36 1.03
92.24/77 4.4 JUV1 1.03 1.67 1.77 2.63 4.77 6.30 7.90 4.56 3.25 1.20
92.23/73 4.5 JUV1 1.05 1.86 1.89 2.51 4.62 6.15 8.00 4.56 2.57 1.10
92.15/71 5.0 JUV2 1.15 2.14 1.94 3.10 5.12 6.54 9.20 5.47 4.27 1.14

1913.10.18.1/47 5.3 JUV2 1.08 2.52 2.18 3.35 5.15 6.99 10.20 6.11 4.90 1.23
92.36/78 5.0 JUV2 1.08 2.23 2.11 3.02 5.56 6.77 9.80 5.89 4.49 1.21
92.12/70 5.3 JUV2 1.12 2.75 2.50 3.40 6.05 7.50 10.60 5.85 5.06 1.42

1924.8.6.14/43 5.3 JUV2 1.22 2.23 2.19 3.11 5.10 7.16 9.80 5.21 4.17 1.39
1939.55/44 5.3 JUV2 1.22 2.20 2.21 3.40 5.36 7.40 9.70 5.58 4.43 1.36

1928.6.3.1/35 5.3 JUV2 1.11 2.34 2.26 3.43 5.38 7.45 10.30 5.52 4.91 1.43
1900.1.3.2/56 6.2 JUV2 0.93 2.69 2.31 1.32 5.44 7.09 11.50 5.67 5.37 1.20
1939.3451/67 5.7 JUV2 1.22 3.09 2.47 3.66 6.02 7.58 12.50 6.77 5.33 1.36

1855.12.26.35/66 6.6 JUV2 1.20 3.20 2.79 3.98 6.28 8.33 12.70 6.87 6.11 1.59
1973.18.12/65 5.9 JUV2 1.14 2.78 2.44 3.57 6.07 7.78 12.10 5.98 5.67 1.35

1900.11.7.1/46 6.2 JUV2 1.00 2.72 2.40 3.49 5.36 7.09 11.17 6.00 5.23 1.12
1924.8.6.16/36 >8.3 JUV 1.14 3.01 2.36 3.67 5.81 7.85 12.20 6.34 6.11 1.39

1940.1.20.21/58 7.2 AD 1.15 3.24 2.13 4.03 6.10 8.09 13.50 6.71 6.27 1.36
1855.12.24.17/61 7.8 AD 1.30 3.59 3.03 4.27 6.78 8.41 13.90 6.78 6.67 1.73

1954.8.5.1/63 6.3 JUV2 1.19 2.95 2.58 3.96 6.74 8.64 12.70 6.44 5.90 1.41
1972.127/37 6.8 JUV2 1.15 3.14 2.61 3.93 6.05 7.32 12.70 5.97 5.81 1.36

1901.8.9.21/62 7.3 AD 1.16 2.98 2.51 4.01 5.78 7.48 12.30 7.26 5.52 1.43
1939.1044/68 6.8 JUV2 1.16 3.10 2.52 3.61 5.58 6.92 11.40 5.98 5.49 0.95

1930.12.1.2 /50 8.3 AD 1.02 2.56 2.38 3.47 5.85 7.76 10.90 6.57 5.20 1.39
1939.1035/52 >8.3 AD 1.01 2.85 2.54 3.63 6.17 7.92 12.40 7.26 6.39 1.18
1939.3452/53 >8.3 AD 1.68 3.47 3.42 4.81 6.69 8.51 16.90 7.09 7.69 1.32
1964.2174/54 8.3 AD 1.10 2.82 2.26 3.69 5.60 7.31 11.60 6.26 5.64 1.46

1900.3.18.1/55 >8.3 AD 1.23 3.16 2.70 4.02 6.46 8.05 15.50 6.91 7.56 1.43
1862.7.17.7/60 >8.3 AD 1.39 3.62 2.63 4.60 6.22 8.39 13.80 6.81 6.82 1.45
1901.8.9.22/69 7.4 AD 1.00 2.35 2.06 2.95 5.23 7.01 10.70 5.81 5.16 1.14

1971.2352/38 >8.3 AD 1.34 3.40 2.71 4.90 6.72 8.45 16.00 6.73 7.35 1.30
1914.3.8.2/48 >8.3 AD 1.08 2.33 1.99 2.81 5.18 6.79 10.50 5.71 5.45 1.25
1923.3.4.3/49 >8.3 AD 1.06 2.64 2.22 3.38 5.49 7.26 11.40 6.02 5.66 1.07

Table 4.a Raw mandible measurement data for Papio anubis.
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S pecim en ARDA Age M andibular m easurem ents (cm)
ID num bers (years) group BODTH BODH BIM1 RAMAP BILING BICOR M ANDL CO RHT PO STL JNC W

1939.1000/15 2.7 INF 1.04 1.44 2.73 2.17 4.05 5.41 6.30 3.04 1.38 0.95
1948.439/9 2.7 INF 1.13 1.31 2.74 1.97 4.45 6.00 6.50 3.07 1.86 1.06

1939.1004/17 2.7 INF 1.22 1.40 2.59 2.10 3.89 6.09 7.30 3.24 2.00 1.18
1986.221/6 2.7 INF 1.05 1.14 2.32 2.09 3.62 5.10 6.10 2.92 1.80 1.10

1948.438/11 2.7 INF 0.96 1.31 2.13 2.29 4.49 5.42 6.60 3.06 1.85 1.16
1986.217/100 2.7 INF 1.24 1.39 2.74 2.18 4.46 5.91 6.50 3.00 1.71 1.17

1939.915[b]/10 3 INF 1.06 1.21 2.31 2.04 4.04 5.18 6.20 3.08 1.84 1.01
1939.979/8 3 INF 1.22 1.47 2.59 2.24 4.39 5.57 7.50 3.32 2.06 1.06

1939.997/18 3.2 INF 1.20 1.75 2.57 2.82 4.52 5.65 7.40 3.87 2.30 1.20
1980.341/5 3 INF 1.24 1.52 2.62 2.31 4.55 5.82 7.20 3.20 2.25 1.16

1939.1003/16 3.2 INF 1.12 1.65 2.44 2.51 3.85 5.70 7.35 3.84 2.00 1.20
1939.3373/19 3.4 INF 1.43 1.69 2.82 2.73 5.30 7.04 8.60 3.97 3.26 1.45

1846.10.23.11/7 3.8 JUV1 1.23 1.57 2.48 2.87 5.04 6.72 8.70 4.01 3.32 1.29
1939.1002/4 4.5 JUV1 1.20 1.79 2.86 2.87 4.63 6.39 8.20 4.30 2.93 1.15

1980.339/3 4.6 JUV1 1.24 1.71 2.77 2.60 5.02 6.80 9.21 4.50 3.20 1.08
1939.998/20 4.5 JUV1 1.37 1.94 3.11 2.98 5.76 7.87 8.90 5.10 3.45 1.38

1926.11.18.1/24 6 JUV1 1.26 2.08 3.20 3.27 6.06 7.43 10.38 5.30 3.90 1.39
1901.8.9.9/25 6 JUV1 1.31 1.94 2.68 3.04 5.07 6.84 11.00 5.15 3.58 1.47

1887.12.1.3 /12 7.4 JUV2 1.25 2.27 3.09 3.59 6.49 7.82 10.90 5.36 4.34 1.71
1989.326/27 7 JUV1 1.20 2.52 3.20 3.48 6.00 7.79 11.77 4.80 4.57 1.55
1989.327/23 5 JUV1 1.23 1.85 2.74 3.07 5.43 7.22 8.50 4.47 3.34 1.33

1939.908[b]/28 12 JUV2 1.42 2.98 3.99 4.13 6.82 8.66 11.70 6.42 4.27 1.49
1864.12.1.7 /14 >12 AD 1.38 2.68 3.08 4.00 6.28 8.70 11.40 6.12 4.98 1.73

1924.8.6.1/21 >12 AD 1.23 2.43 3.12 3.67 6.86 9.03 11.42 6.51 4.98 1.62
1939.951/29 >12 AD 1.58 2.68 3.65 4.41 7.40 8.72 12.20 6.95 5.31 1.85
1939.3378/1 >12 AD 2.40 2.60 3.23 4.18 6.20 8.28 12.00 6.06 4.08 1.64

1939.3382/22 >12 AD 1.42 2.86 3.64 4.75 6.61 8.91 13.10 6.24 5.34 1.65
1968.7.5.1/30 >12 AD 1.28 3.17 4.15 4.92 7.04 9.04 14.90 7.80 4.69 1.79

Table 4.b Raw mandible measurement data for Pan troglodytes.
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Specimen ARDA Age Mandibular Measurements (cm)
ID numbers (years) group BODTH BODH BIM1 RAMAP BILING BICOR MANDL CORHT POSTL JNCW

18050/6 3.2 INF 1.00 1.30 2.23 2.04 4.10 5.30 5.80 2.82 1.70 1.00
11293/8 1.8 INF 1.02 1.20 2.50 1.90 3.90 5.40 5.70 2.80 1.30 1.05
12087/9 3.3 INF 1.10 1.50 2.20 2.30 4.10 5.50 6.40 3.24 2.10 1.13

22336/17 3.4 INF 1.15 1.60 2.20 2.10 4.00 5.24 6.00 3.30 2.10 1.10
23464/18 3.3 INF 1.10 1.30 2.20 2.20 4.30 5.70 6.20 3.20 2.10 1.00
26959/25 3.2 INF 1.20 1.33 2.50 2.10 4.20 5.90 6.40 3.30 2.00 1.10
26958/24 3.3 INF 1.10 1.40 2.00 2.20 3.80 5.60 6.10 3.35 1.90 1.14
26972/34 2.4 INF 0.93 1.10 2.00 2.00 3.30 5.00 5.80 2.70 1.50 0.90
26975/36 3.5 INF 1.20 1.50 2.40 2.44 4.50 6.80 7.10 4.00 2.40 1.30
26976/37 2.6 INF 1.10 1.30 2.40 2.00 3.80 5.60 5.80 3.00 1.50 1.00
26977/23 3.0 INF 1.10 1.40 2.40 2.20 3.90 5.50 6.30 3.20 1.80 1.00

26990/0 2.8 INF 1.00 1.20 2.30 1.90 3.70 5.20 5.40 2.90 1.40 0.93
11528/10 6.0 JUV1 1.00 1.80 2.70 2.50 4.72 6.83 8.00 3.10 2.90 1.30
9369/11 4.9 JUV1 1.00 1.50 2.50 2.23 4.34 5.80 7.00 3.43 1.92 1.10

26936/19 4.0 JUV1 1.10 1.40 2.40 2.30 4.60 5.90 7.20 3.60 2.60 1.10
22908/20 6.5 JUV1 0.90 1.60 2.40 2.60 4.70 6.50 8.30 4.00 3.30 1.10
26968/26 3.9 JUV1 0.23 1.50 2.10 2.40 3.90 5.53 7.00 3.90 2.20 1.30
26970/27 4.2 JUV1 1.10 1.40 2.20 2.60 4.50 6.62 7.80 4.30 2.80 1.20
26982/33 4.4 JUV1 1.10 1.30 2.40 2.60 4.50 6.30 7.80 4.00 2.70 1.20
26969/35 3.9 JUV1 1.01 1.40 2.30 2.30 4.40 5.90 7.40 3.60 2.50 1.10
26988/28 6.5 JUV1 1.10 1.70 2.40 2.70 5.20 7.10 8.00 4.20 3.10 1.20

27001/3 6.7 JUV1 1.10 1.70 2.40 2.90 5.00 6.60 8.40 4.20 3.50 1.20
5374/13 7.3 JUV2 1.16 1.90 2.70 2.80 5.10 6.33 9.10 4.60 3.20 1.26
9918/15 10.0 JUV2 1.00 2.10 3.00 3.40 5.70 7.80 9.30 5.00 3.80 1.30

23509/21 10.5 JUV2 1.00 2.04 2.90 3.20 5.54 7.40 9.50 4.82 3.70 1.20
26944/30 10.0 JUV2 1.13 2.00 2.60 3.30 5.70 7.20 9.90 5.60 4.10 1.40
26947/29 7.6 JUV2 1.10 1.80 2.80 3.10 5.50 7.20 9.60 5.00 3.70 1.30
26971/32 7.5 JUV2 1.20 1.90 2.60 3.40 5.60 7.70 9.70 5.60 3.80 1.40

26994/4 7.2 JUV2 1.20 1.90 2.40 3.20 5.00 6.60 9.40 5.10 3.60 1.40
26993/5 8.0 JUV2 1.10 1.90 2.80 3.40 5.30 7.20 9.40 5.60 3.50 1.20
26996/2 8.0 JUV2 1.10 2.00 3.00 3.50 5.40 7.50 9.70 5.60 3.60 1.34

15296/16 >11.0 AD 0.96 2.33 2.74 3.55 5.65 7.64 10.50 5.54 4.20 1.44
15293/7 >11.0 AD 1.22 2.21 3.04 4.22 6.00 8.30 11.10 6.00 4.90 1.60

11149/14 >11.0 AD 1.10 2.33 3.00 3.90 6.00 7.40 10.50 5.90 4.30 1.43
11354/12 >11.0 AD 1.00 1.82 2.70 3.20 5.60 7.65 9.40 5.20 3.80 1.30
20882/22 >11.0 AD 1.10 2.10 2.70 3.30 5.74 6.75 10.00 5.20 3.90 1.33
26945/31 >11.0 AD 1.02 2.30 3.20 3.60 5.80 7.60 10.10 5.50 4.00 1.50

Table 4.c Raw mandible measurement data for Pan paniscus.
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APPENDIX 5 Raw molar crown measurement data

Specimen ARDA Age BL Molar measurements (cm) MD Molar measurements (cm)
ID numbers (years) group BLM Ia BLM1b BLM2a BLM2b BLM3a BLM3b MDM1 MDM2 MDM3

92.181/82 0.0 INF - - - - - - - - -
1939.1036/39 0.8 INF - - - - - - - - -

92.2/83 1.0 INF - - - - - - - - -
1953.655/32 1.2 INF - - - - - - - - -

92.21/76 1.5 INF - - - - - - - - -
92.182/75 1.3 INF - - - - - - - - -

92.22/79 1.9 INF 0.72 0.70 - - - - 1.03 - -
1930.3.4.1/57 2.7 JUV1 0.80 0.82 - - - - 1.13 - -

1937.7.24.1/59 2.8 JUV1 0.90 0.88 - - - - 1.19 - -
1914.3.8.1/42 3.1 JUV1 0.81 0.81 - - - - 1.11 - -
1967.1152/40 3.1 JUV1 0.80 0.80 - - - - 1.10 - -

92.3/74 2.9 JUV1 0.81 0.80 - - - - 1.11 - -
92.31/81 3.9 JUV1 0.90 0.90 - - - - 1.16 - -
92.14/80 3.8 JUV1 0.74 0.75 - - - - 1.00 - -

1939.1034/51 4.4 JUV1 0.94 0.95 - - - - 1.25 - -
1855.12.26.32/45 4.4 JUV1 0.90 0.90 - - - - 1.15 - -

1931.4.1.2/64 4.4 JUV1 0.92 0.89 - - - - 1.19 - -
92.141/72 4.4 JUV1 0.75 0.80 0.95 0.89 - - 1.00 1.17 -

1967.1151/41 4.3 JUV1 0.72 0.69 - - - - 0.97 - -
92.24/77 4.4 JUV1 0.73 0.73 - - - - 0.93 - -
92.23/73 4.5 JUV1 0.73 0.71 0.89 0.82 - - 0.96 1.19 -
92.15/71 5.0 JUV2 0.84 0.81 1.00 0.92 - - 1.10 1.25 -

1913.10.18.1/47 5.3 JUV2 0.85 0.85 1.05 0.98 - - 1.15 1.41 -

92.36/78 5.0 JUV2 0.78 0.78 1.10 0.95 - - 1.03 1.32 -

92.12/70 5.3 JUV2 0.87 0.88 1.07 1.05 - - 1.16 1.35 -

1924.8.6.14/43 5.3 JUV2 0.81 0.84 0.98 1.08 - - 1.05 1.19 -

1939.55/44 5.3 JUV2 0.82 0.78 0.99 0.90 - - 1.06 1.24 -

1928.6.3.1/35 5.3 JUV2 0.84 0.82 1.12 1.14 - - 1.10 1.32 -

1900.1.3.2/56 6.2 JUV2 0.73 0.75 0.90 0.78 - - 1.10 1.27 -

1939.3451/67 5.7 JUV2 0.93 0.91 1.22 1.17 - - 1.21 1.38 -

1855.12.26.35/66 6.6 JUV2 0.85 0.99 1.16 1.04 - - 1.02 1.32 -

1973.18.12/65 5.9 JUV2 0.92 0.88 1.16 0.99 - - 1.16 1.37 -

1900.11.7.1/46 6.2 JUV2 0.80 0.83 0.98 0.94 - - 1.07 1.22 -

1924.8.6.16/36 >8.3 JUV 0.84 0.88 1.05 1.08 1.06 0.98 1.03 1.21 1.54
1940.1.20.21/58 7.2 AD 0.94 0.89 1.16 1.07 - - 1.14 1.41 -

1855.12.24.17/61 7.8 AD 0.92 0.91 1.24 1.13 - - 1.16 1.35 -

1954.8.5.1/63 6.3 JUV2 0.83 0.84 1.06 1.04 - - 1.10 1.23 -

1972.127/37 6.8 JUV2 0.90 0.91 1.12 1.08 1.15 0.97 1.09 1.22 1.37
1901.8.9.21/62 7.3 AD 0.83 0.83 1.05 0.97 1.12 0.92 1.07 1.24 1.53

1939.1044/68 6.8 JUV2 0.77 0.80 1.02 0.96 - - 0.98 1.20 -

1930.12.1.2/50 8.3 AD 0.76 0.81 0.96 0.95 0.99 0.84 0.86 1.11 1.23
1939.1035/52 >8.3 AD 0.89 0.76 1.01 0.95 1.14 0.95 1.00 1.18 1.57
1939.3452/53 >8.3 AD 0.88 0.99 1.10 1.07 1.11 1.04 1.12 1.28 1.55
1964.2174/54 8.3 AD 0.80 0.80 1.04 0.99 1.12 0.93 0.99 1.15 1.54

1900.3.18.1/55 >8.3 AD 0.85 0.90 1.08 1.08 1.10 0.95 1.11 1.28 1.55
1862.7.17.7/60 >8.3 AD 0.88 0.86 1.12 1.07 1.23 1.00 1.07 1.32 1.69
1901.8.9.22/69 7.4 AD 0.74 0.75 0.91 0.85 0.93 0.79 0.96 1.12 1.26

1971.2352/38 >8.3 AD 0.91 0.86 1.16 1.17 1.28 1.07 1.08 1.31 1.67
1914.3.8.2/48 >8.3 AD 0.74 0.75 0.93 0.93 0.97 0.92 0.85 1.10 1.26
1923.3.4.3/49 >8.3 AD 0.75 0.78 0.95 0.96 1.06 0.88 0.87 1.05 1.28

X X X X X X X X X

0.83 0.83 1.05 1.00 1.10 0.94 1.07 1.25 1.46

S .d . S .d . S .d . s.d. s.d. S .d . S .d . S .d . S .d .

0.07 0.07 0.09 0.10 0.10 0.08 0.09 0.09 0.18

Table 5.a Raw molar measurement data for Pap/o anub/s. Means (x) and 
standard deviations (s.d.) are given at the base of the table.
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Specimen ARDA Age BL Molar measurements (cm) MD Molar measurements (cm)
ID numbers (years) group B LM Ia B LM Ib BLM2a BLM2b BLM3a BLM3b MDM1 MDM2 MDM3

1939.1000/15 2.7 INF - - - - - - - - -

1948.439/9 2.7 INF - - - - - - - - -

1939.1004/17 2.7 INF - - - - - - - - -

1986.221/6 2.7 INF - - - - - - - - -

1948.438/11 2.7 INF - - - - - - - - -

1986.217/100 2.7 INF - - - - - - - - -

1939.915[b]/10 3 INF - - - - - - - - -

1939.979/8 3 INF - - - - - - - - -

1939.997/18 3.2 INF - - - - - - - - -

1980.341/5 3 INF - . - - - - - - -

1939.1003/16 3.2 INF - - - - - - - - -

1939.3373/19 3.4 INF 1.07 1.12 - - - - 1.17 - -

1846.10.23.11/7 3.8 JUV1 0.95 1.02 - - - - 1.03 - -

1939.1002/4 4.5 JUV1 0.91 0.87 - - - - 0.97 - -

1980.339/3 4.6 JUV1 0.95 1.02 - . - - 1.10 - -

1939.998/20 4.5 JUV1 1.07 1.08 - - - - 1.26 - -

1926.11.18.1/24 6 JUV1 0.96 1.01 1.08 0.90 - - 1.13 1.20 -

1901.8.9.9/25 6 JUV1 0.99 0.99 1.02 0.97 - - 1.17 1.13 -

1887.12.1.3/12 7.4 JUV2 1.02 1.02 1.11 1.09 - - 1.15 1.23 -

1989.326/27 7 JUV1 1.05 1.09 1.19 1.11 - - 1.11 1.17 -

1989.327/23 5 JUV1 0.95 1.04 - - - - 1.14 - -

1939.908[b]/28 12 JUV2 0.99 0.98 1.02 0.99 - - 1.08 1.17 -

1864.12.1.7/14 >12 AD 0.90 0.91 1.00 1.10 0.99 0.92 1.04 1.10 0.99
1924.8.6.1/21 >12 AD 0.90 1.04 1.01 1.00 0.93 0.81 1.02 1.07 0.90

1939.951/29 >12 AD 1.07 1.06 1.24 1.16 1.13 1.02 1.16 1.28 1.23
1939.3378/1 >12 AD 1.03 0.99 1.16 1.06 1.15 1.01 1.03 1.10 1.10

1939.3382/22 >12 AD 0.91 0.86 0.98 0.90 0.96 0.87 1.07 1.15 1.00
1968.7.5.1/30 >12 AD 0.92 1.00 1.05 1.09 0.94 0.98 1.09 1.06 1.07

X X X X X X X X X
0.98 1.01 1.08 1.03 1.02 0.94 1.10 1.15 1.05

S.d. s .d . S .d . S .d . S .d . S .d . s .d . S .d . S .d .
0.06 0.07 0.09 0.09 0.10 0.08 0.07 0.07 0.11

Table 5.b Raw molar measurement data for Pan troglodytes. Means (x) and 
standard deviations (s.d.) are given at the base of the table.
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Specimen ARDA Age BL Molar m easurements (cm) MD Molar measurements (cm)
ID numbers (years) group B LM Ia B LM Ib BLM2a BLM2b BLMSa BLMSb MDM1 MDM2 MDM3

18050/6 3.2 INF 0.80 0.80 0.80 0.80 0.60 0.60 - -

11293/8 1.8 INF - - - - - - - -

12087/9 3.3 INF 0.80 0.80 0.80 0.80 0.70 0.70 - -

22336/17 3.4 INF - - - - - - - -

23464/18 3.3 INF 0.90 0.90 0.90 0.80 - - 0.90 -

26959/25 3.2 INF 0.94 0.90 1.00 1.00 1.00 0.90 - -

26958/24 3.3 INF - - - - - - - -

26972/34 2.4 INF 0.80 0.80 0.90 0.90 0.80 0.80 - -

26975/36 3.5 INF 0.83 0.82 0.83 0.80 - - 1.10 -

26976/37 2.6 INF 0.80 0.80 0.90 0.85 0.80 0.76 - -

26977/23 3.0 INF 0.80 0.80 - - - - - -

26990/0 2.8 INF 0.84 0.80 0.90 0.80 0.80 0.80 - -

11528/10 6.0 JUV1 0.90 0.85 0.90 0.90 0.80 0.82 1.00 1.00
9369/11 4.9 JUV1 0.91 0.91 - - - - 0.94 -

26936/19 4.0 JUV1 - - - - - - 1.03 -

22908/20 6.5 JUV1 0.78 0.76 - - - - 1.00 1.00
26968/26 3.9 JUV1 0.83 0.82 0.90 0.83 - - 1.10 -

26970/27 4.2 JUV1 1.00 0.92 - - - - 1.03 .

26982/33 4.4 JUV1 0.90 0.86 0.90 0.85 0.87 0.83 1.00 -

26969/35 3.9 JUV1 - - - - - - 1.00 -

26988/28 6.5 JUV1 - - - - - - 0.97 1.30
27001/3 6.7 JUV1 0.90 0.90 0.91 0.91 - - 1.00 1.00
5374/13 7.3 JUV2 0.86 0.77 0.87 0.82 0.94 0.80 0.90 1.00
9918/15 10.0 JUV2 0.95 0.91 - - - - 0.93 1.00 1.00

23509/21 10.5 JUV2 0.82 0.82 - - - - 1.00 1.04 0.90
26944/30 10.0 JUV2 - - - - - - 0.90 1.00 0.90
26947/29 7.6 JUV2 0.85 0.87 - - - - 1.03 1.00 -

26971/32 7.5 JUV2 0.93 0.92 0.95 0.91 - - 1.10 1.10 -

26994/4 7.2 JUV2 0.94 0.90 0.96 0.91 - - 1.00 1.03 -

26993/5 8.0 JUV2 0.90 0.90 - - - - 1.00 1.00 -

26996/2 8.0 JUV2 - - - - - - 1.00 1.10 -

15296/16 >11.0 AD - - - - - - 0.87 0.92 0.80
15293/7 >11.0 AD 0.96 0.89 0.90 0.87 - - 1.00 0.90 0.90

11149/14 >11.0 AD 0.96 0.90 0.92 0.86 - - 1.00 1.10 0.90
11354/12 >11.0 AD 0.88 0.88 0.85 0.85 - - 0.90 0.90 0.90
20882/22 >11.0 AD 0.89 0.80 0.93 0.84 - - 0.92 0.95 0.90
26945/31 >11.0 AD - - - - - - 0.93 1.00 0.96

X X X X X X X X X

0.88 0.85 0.90 0.86 0.81 0.78 0.98 1.02 0.91
s.d. s.d. s.d. s.d. S.d. s.d. s.d. s.d. s.d.
0.06 0.05 0.05 0.05 0.12 0.09 0.06 0.09 0.05

Table 5.c Raw molar measurement data for Pan paniscus. Means (x) and 
standard deviations (s.d.) are given at the base of the table.
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