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Abstract of Thesis 

Allometry in Paranthropus Molars: Re-testing the Monophyly Hypothesis 
 

In this thesis, I review the current evidence for and against Paranthropus 

monophyly. Most of the current evidence supports monophyly, but several studies have 

provided evidence in favor of paraphyly. I also expand on previous studies (Wood, 1988; 

Suwa et al., 1994) that tested the hypothesis that the molar tooth crowns of Paranthropus 

robustus and Paranthropus boisei share the same allometric pattern. I re-analyze molar 

cusp areas in these taxa, adding molar teeth recovered from Drimolen, Gondolin and 

West Turkana, and in addition, I use geomorphometric methods to evaluate allometric 

trends in crown outline and fissure pattern. It has been proposed that P. boisei tooth 

crowns are a “scaled variant” of that of P. robustus (after Pilbeam and Gould, 1974; 

Patterson, 1982; Wood, 1988). My results are mixed with respect to this hypothesis. 

Results from the cusp area analysis are consistent with those from prior studies (Wood, 

1988; Suwa et al., 1994) for the M1, while results for the M2 and M3 are not. Results from 

the geomorphometric analysis are more consistent with those from prior studies, in that 

analyses of crown outline shape and fissure pattern indicate that P. robustus and P. boisei 

do not share the same allometric trajectory.  
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Chapter 1: Introduction 

Paranthropus paleobiology 

The history of the discovery and subsequent analysis of the fossil evidence for 

Paranthropus has been reviewed in-depth elsewhere (see Constantino and Wood, 2004; 

Wood and Constantino, 2007; Wood and Schroer, 2013). In brief, the genus 

Paranthropus is presently composed of three taxa: Paranthropus robustus, Paranthropus 

boisei, and Paranthropus aethiopicus. Paranthropus robustus is only found in South 

Africa (sites include Swartkrans, Kromdraai, Drimolen, Gondolin, Coopers Caves, and 

possibly Sterkfontein), while P. boisei and P. aethiopicus are only found in East Africa 

(sites include Chesowanja, Koobi Fora, West Turkana, Konso, Lake Natron, Malema, 

and Olduvai Gorge). All of the taxa share a highly derived masticatory apparatus, 

including: very large postcanine teeth with expanded talonids, a large and robust 

mandibular corpus, a “dished” face, and an anteriorly-placed zygomatic bone. 

Paranthropus monophyly 

The presence of such shared derived characteristics has led many workers to infer 

that the robust australopiths are a monophyletic group (see Grine, 1988). However, some 

other researchers have called this idea into question, citing evidence that the characters 

shared among these taxa may be due to homoplasy and not shared recent common 

ancestry (see Wood, 1988). Paranthropus monophyly also has taxonomic implications - 

if the genus Paranthropus is valid, then the hominins assigned to this group must form a 

monophyletic group and they must share a similar suite of adaptive traits (Wood and 

Collard, 1999). The evolutionary relationships among the robust australopiths have been 

investigated in a variety of ways, using both cladistic and morpohological methods. Many 
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cladistic analyses and some morphological studies have found support for a 

Paranthropus clade, however, some morphological analyses have provided evidence that 

the robust australopith taxa are not descended from a recent common ancestor. 

Evidence in favor of Paranthropus monophyly 

Cladistic analyses. 

Wood (1988) reviewed the results of several cladistic analyses, all of which 

supported monophyly. Another cladistic analysis (Strait et al., 1997), which included 60 

characters in eight parsimony analyses, and an additional study (Strait and Grine, 2004), 

that used a larger set of 198 characters in six parsimony analyses also supported 

monophyly. In fact, Strait et al. (1997) report that the cladograms indicating 

Paranthropus paraphyly were “extremely unparsimonious” (p. 17). However, two other 

cladistic studies (Skelton and McHenry, 1992; Lieberman et al., 1996) produced 

cladograms in which Paranthropus was not monophyletic (these examples are discussed 

in Strait et al. (1997)). In both instances, P. robustus and P. boisei constituted a 

monophyletic group that did not include P. aethiopicus (Skelton and McHenry, 1992; 

Lieberman, 1996). Apart from these studies, the majority of cladistic analyses have 

supported Paranthropus monophyly. 

Morphological studies. 

While the majority of the evidence for Paranthropus monophyly comes from 

cladistic analyses, some recent morphological studies of the robust australopith face also 

provide evidence that the robust australopiths are descended from a recent common 

ancestor. The first study (Villmoare and Kimbel, 2011) focused on the morphology of 

anterior pillars – “pillars” of bone adjacent to the nasal aperture - in P. robustus and P. 
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boisei. Using CT data, Villmoare and Kimbel (2011) found that both P. robustus and P. 

boisei share solid anterior pillars, and that Australopithecus africanus has hollow pillars. 

They argue that this lends support to Paranthropus monophyly, and provides evidence 

against the hypothesis that anterior pillar morphology links Au. africanus and P. robustus 

(see Rak, 1983). 

The second study (Villmoare et al., 2014) was concerned with two characters in 

the premaxilla – the anterior alveolar arcade and the nasoalveolar clivus. The authors 

found that there was more variation in the hominin premaxilla compared with those of 

extant primates, and proposed that increased selection occurred on this structure 

(Villmoare et al., 2014). They proposed that three morphological changes produced the 

facial morphology observed in the robust australopiths: an increase in postcanine tooth 

size, changes in the morphology of the premaxilla, and forward movement of the 

zygomatic bone that also brought the rest of the face forward (Villmoare et al., 2014). 

They claim that their findings refute the results of a prior study (McCollum, 1999) in 

which the author suggested that the distinctive facial morphology of the robust taxa was 

simply a result of changes in tooth size, and that therefore, many of the characters 

deemed to be shared derived traits of Paranthropus probably were not actually 

synapomorphies. Villmoare et al. (2014) further suggest that these findings provide 

support for Paranthropus monophyly. 

Summary. 

 Evidence for Paranthropus monophyly comes from cladistic analyses, in which 

the most parsimonious cladograms showed Paranthropus to be a monophyletic group. 

However, some authors like Villmoare and Kimbel (2011) and Villmoare et al. (2014) 



 

	 4

have also argued that evidence from facial morphology (e.g., anterior pillars) and 

developmental processes in the face provide evidence to support Paranthropus 

monophyly.  

Evidence against Paranthropus monophyly 

Although several cladistic analyses have supported monophyly, consistency 

indices of such analyses are often around 0.65, implying that about 35 percent of the 

characters were homoplastic (Wood, 1988). Consistency indices as low as these indicate 

that there is probably considerable homoplasy in the hominin clade, and suggest that 

these cladograms should be interpreted with caution. Several morphological and 

developmental studies of the dentition have provided evidence in favor of Paranthropus 

paraphyly, and are reviewed here. 

Morphological studies. 

The two first non-cladistics based investigations of Paranthropus monophyly 

(Wood, 1988; Suwa et al., 1994) focused on dental morphology. The first study (Wood, 

1988) was based on the null hypothesis that if P. robustus and P. boisei are sister taxa, 

then the occlusal surface morphology of the larger taxon (in this case, P. boisei), should 

be a “scaled-up” version of the smaller taxon (following Pilbeam and Gould, 1974; 

Patterson, 1982). This hypothesis was tested using the relative areas of molar cusps, and 

in only two out of ten tests of allometric scaling was monophyly supported (Wood, 

1988). A follow-up study, conducted by Suwa and colleagues (1994) further investigated 

the relative contributions of molar cusps and found that the cusp proportions within the 

talonid were different in P. robustus and P. boisei. Both of these studies of molar cusp 
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proportions indicate that the differences in molar crown morphology between the robust 

taxa cannot be explained by scaling relationships alone. 

The second study (Wood, 1988) focused on the premolar root morphology of the 

two “robust” taxa. Wood (1988) tested the null hypothesis that, if P. robustus and P. 

boisei were part of a monophyletic group, then their premolar root morphology should 

fall along the same morphocline. The P3 roots of the two taxa did not fall along the same 

morphocline – P. robustus P3 roots were on a morphocline in the direction of root 

reduction, while the P3 roots of P. boisei were on a morphocline towards root complexity 

(Wood, 1988). Like the studies of molar cusp morphology discussed above, the results of 

this study do not support Paranthropus monophyly. 

Another study of the Paranthropus dentition (Schroer and Wood, 2015) focused 

on the predictions of the inhibitory cascade model and its implications for interpreting 

Paranthropus phylogeny. The inhibitory cascade model can be used to predict the size of 

subsequent teeth in the tooth row based on the size of the teeth that develop first 

(Kavanagh et al., 2007). Many of the primate taxa in the comparative sample showed the 

primitive mammalian condition predicted by the inhibitory cascade model (M1 < M2 < 

M3) (Schroer and Wood, 2015). Paranthropus robustus also fit the inhibitory cascade 

model, but P. boisei did not (the M2 is much larger than would be expected based on the 

size of the M1) (Schroer and Wood, 2015). These results suggest that different 

developmental processes may have produced postcanine megadontia in P. robustus and 

P. boisei, and therefore, that extremely large postcanine teeth may not be a shared 

derived trait of P. robustus and P. boisei (Schroer and Wood, 2015). 

Paleoecology. 
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A study of East and South African mammalian taxa contemporaneous with 

Paranthropus (Turner and Wood, 1993) focused on testing the idea that the robust 

masticatory apparatus that characterizes Paranthropus was a product of changes in diet 

(for example, eating more tough foods) associated with environmental change. To test 

this, Turner and Wood (1993) looked at other mammalian taxa to see if they showed 

similar adaptations. They found that, after the cooling event around 2.5 Ma, many other 

groups of mammals showed dietary adaptations similar to that seen in Paranthropus 

(Turner and Wood, 1993). This study indicates that the masticatory characters shared 

between P. robustus and P. boisei may be homoplasies (Turner and Wood, 1993). 

Summary. 

 Evidence from the above studies of dental morphology, dental development and 

paleoecology does not support the hypothesis that Paranthropus is monophyletic. P. 

robustus and P. boisei molar crowns do not share the same allometric trajectory and their 

premolar roots do not fall along the same morphocline (Wood, 1988). Different 

developmental processes may have produced postcanine megadontia in P. robustus and 

P. boisei (Schroer and Wood, 2015). Based on a comparative study of other mammalian 

taxa, the derived morphology of the masticatory apparatus in Paranthropus may be 

homoplastic (Turner and Wood, 1993).  

Unresolved questions. 

The phylogenetic relationships of the robust australopith taxa are presently still 

unresolved. Studies of enamel dentine junction (EDJ) morphology, dental microstructure 

(see Lacruz et al., 2008), and other aspects of craniodental development may shed light 

on the evolutionary relationships of the hominin taxa assigned to the genus 
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Paranthropus. Additionally, studies testing the assumptions of Pilbeam and Gould 

(1974), Patterson (1982) and Wood (1988) in extant primate taxa may either confirm or 

invalidate the results of the early dental morphology-based investigations of monophyly. 

Although much of the present evidence supports the hypothesis that Paranthropus is 

monophyletic, the results of some studies have suggested that the robust australopiths 

may not share a recent common ancestor.  
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Chapter 2: Re-testing the Monophyly Hypothesis for Paranthropus: Cusp Areas 

Introduction 

The present study expands upon and attempts to validate the results of prior 

studies (Wood et al., 1983; Wood, 1988; Suwa et al., 1994; Suwa et al., 1996; Moggi-

Cecchi and Boccone, 2007; Quam et al., 2009). Following Wood (1988) and Suwa et al. 

(1994), I analyze scaling relationships in the tooth crowns of molar teeth attributed to the 

genus Paranthropus (P. robustus, P. boisei, and P. aethiopicus), by comparing the 

relative contributions of each of the molar cusps to the overall area of the tooth crown 

using Model II and ordinary least squares regression.  

The objectives of the present cusp area study are as follows: to attempt to validate 

the findings of prior studies (Wood, 1988; Suwa et al., 1994) on scaling relationships in 

the mandibular molars of Paranthropus with the addition of available P. robustus 

specimens from Drimolen, the Gondolin molar, and a molar tooth from West Turkana, 

incorporate the available “robust” teeth from the Omo region to test where P. aethiopicus 

falls relative to P. robustus and P. boisei, and to conduct a preliminary investigation of 

scaling relationships in the maxillary molars of P. robustus and P. boisei, to see if they 

follow a similar pattern to the mandibular teeth.  

Background 

Studies of mandibular molar cusp morphology in fossil hominins. 

Classic morphometric analyses (Wood and Abbot, 1983; Wood et al., 1983; 

Wood and Engleman, 1988; Wood, 1988) have provided evidence for the taxonomic 

utility of dental morphology in fossil hominins, and defined traits unique to “robust” taxa. 

Cusp area proportions in each of the lower molars can differentiate robust and non-robust 
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taxa (Wood et al., 1983). “Robust” hominins have relatively larger talonids (Wood et al., 

1983). Initially, Wood and colleagues (1983) thought that allometric scaling could 

explain these changes in tooth crown proportions, but Hills and colleagues (1983) have 

provided evidence that the occlusal morphology observed in the robust taxa is probably 

related to function. In a test of the hypothesis that the tooth crowns of P. boisei were a 

“scaled variant” of those of P. robustus, allometric scaling in molar cusp proportions in 

P. robustus did not predict cusp proportions in P. boisei (Wood, 1988).  

Subsequent work on early hominin dental morphology (Suwa et al., 1994) largely 

confirmed findings from the earlier morphometric studies. Suwa and colleagues’ (1994) 

expanded sample of Paranthropus molars from Kromdraai, Swartkrans, Koobi Fora, 

Olduvai Gorge, and Lake Natron was able to provide additional information on “robust” 

dental morphology. For example, although cusp proportions in the trigonid are similar in 

P. robustus and P. boisei, cusp proportions within the talonid were different (Suwa et al., 

1994). A test of allometric scaling in relative molar cusp sizes in Paranthropus, 

confirmed the findings of Wood (1988), that differences in relative cusp size between the 

two robust taxa cannot be explained by allometry alone (Suwa et al., 1994).  

Analyses of the dental material from the Omo Valley, Ethiopia (Suwa et al., 

1996), have also contributed to studies of evolutionary relationships between the “robust” 

taxa. Based on dental evidence, and the observation that P. aethoipicus tooth crown 

morphology is less derived than that of P. boisei, Suwa and colleagues (1996) proposed 

two hypotheses concerning Paranthropus phylogeny: first, that the extremely large 

postcanine dentition of P. aethiopicus and P. boisei is a synapomorphy for the two taxa, 

indicating that they evolved from a recent common ancestor. Their second hypothesis 
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was that tooth size gradually became smaller on the robust lineage around the time of, or 

after, the emergence of P. robustus (Suwa et al., 1996). The authors also argue, on the 

basis of dental morphology, that there could be an anagenetic link between P. aethiopicus 

and P. boisei, and that P. aethiopicus could be ancestral to P. robustus (Suwa et al., 

1996).  

Not all studies have focused on metric traits. An analysis of non-metric traits in 

the maxillary and mandibular dentition of early hominins and Pan, with a focus on 

Paranthropus, further confirmed that the molar crown morphology in Paranthropus is 

derived (Bailey and Wood, 2007). Even though the australopiths (Au. afarensis and Au. 

africanus) also exhibit complex molar crown morphology, it is less derived than that of 

Paranthropus (Bailey and Wood, 2007).  

Studies of maxillary molar cusp morphology in fossil hominins. 

Results from earlier morphometric analyses demonstrated that the maxillary teeth 

were less taxonomically diagnostic than the mandibular teeth (Wood and Engleman, 

1988). It is more difficult to distinguish between robust and non-robust taxa using 

maxillary molars, although both robust taxa are more likely to have accessory distal cusps 

in the M1 than non-robust taxa (Wood and Engleman, 1988). The expansion of the mesial 

cusps in P. robustus maxillary molars is the opposite of that observed for the mandibular 

molars (in which the talonid is expanded) (Wood and Engleman, 1988; but see Wood et 

al., 1983; Moggi-Cecchi and Boccone, 2007). However, this does not fit with the general 

pattern observed across the entire hominin clade, in which distal expansion and reduction 

are strongly correlated in both molars and premolars (Gómez-Robles and Polly, 2012). 
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Several other studies of dental morphology in fossil hominins have focused on 

maxillary molar tooth crowns. Cusp angles can distinguish between “robust” and “non-

robust” maxillary molars in a sample of Au. africanus and P. robustus, if all angles are 

included in the discriminant analysis (Macho and Thackeray, 1993). Despite similarities 

in crown areas between Au. africanus and P. robustus, there are several differences in 

maxillary molar morphology between the two taxa (Moggi-Cecchi and Boccone, 2007). 

For example, in P. robustus, tooth crown sizes increases distally along the tooth row, Au. 

africanus has a larger M1 protocone than P. robustus, while P. robustus has a larger M1 

paracone, and M2 and M3 protocone (Moggi-Cecchi and Boccone, 2007). Additionally, 

Paranthropus upper first molars have a relatively small paracone compared with the size 

of the metacone, which may be the ancestral state for Homo maxillary M1 morphology 

(Quam et al., 2009). It is also possible to differentiate between modern human and 

Neanderthal maxillary molars based on the shape of the occlusal polygon and differences 

in relative cusp areas (Bailey, 2004).  

Studies of molar crown morphology in extant hominoids. 

Both Uchida (1992; 1998a; 1998b; 1998c) and Pilbrow (2003; 2006; 2007; 2010) 

tested how well dental morphology reflects evolutionary relationships among extant ape 

taxa, but each author employed different methods. Uchida (1992; 1998a; 1998b; 1998c) 

focused mainly on cusp areas. Pilbrow (2003; 2006; 2007; 2010) used a wide range of 

linear measurements including: crown length and breadth, length measurements between 

features on the crown (e.g., cusp apices), and angles between cusp tips. Both corrected 

for size in some way. Uchida (1992; 1998a; 1998b; 1998c) used relative cusp areas, and 

Pilbrow (2003; 2006; 2007; 2010) divided measurements by the geometric mean.   
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 In Uchida’s (1992) study of Pan postcanine teeth there were some shape 

differences between P. paniscus and P. troglodytes. She also tested for allometric 

relationships using major axis regression, and found that for most of the measurements 

tested, P. paniscus and P. troglodytes do not share the same allometric trajectory 

(Uchida, 1992). However, Pilbrow (2006) found that there are more size differences 

between P. troglodytes and P. paniscus molars than there are shape differences, 

suggesting that scaling can explain many of the observed differences between the two 

taxa.  

 In Gorilla, Uchida (1998a) found that molar cusp proportions could successfully 

distinguish between species. Notably, eastern gorillas had a more expanded talonid than 

western gorillas in the maxillary and the mandibular teeth (Uchida, 1998a). She 

hypothesized that dietary differences, rather than allometry, were responsible for the 

morphological differences she observed (Uchida, 1998a). Pilbrow (2010) also found that 

although allometric scaling may be responsible for some differences between eastern and 

western gorilla molars, most of the morphological differences between the two taxa are 

both size and shape-related.  

Uchida (1998b) found that maxillary rather than mandibular molar cusp 

proportions showed more differences among orangutan taxa, contrary to her findings for 

Gorilla (and prior studies including Wood et al. (1983), and Wood and Engleman 

(1988)). She hypothesized that differences in cusp areas are more indicative of 

population-level, rather than species-level, differences (Uchida, 1998b), although how 

this information could be translated back to the hominoid fossil record was not made 

clear. 
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Uchida (1998c) compared first molars of Gorilla gorilla, Pan troglodytes, Pan 

paniscus, and Pongo pygmaeus and reported that cusp area differences do not reflect 

phylogeney. She claimed that, because variation in cusp morphology in extant apes is 

“complex,” cusp morphology should be used with caution in studies of fossil taxa 

(Uchida, 1998c). Although Uchida (1998c) reported that molar cusp proportions had 

limited utility taxonomic utility in extant apes, they are still often used to tell fossil 

hominin taxa apart. The present analysis relies on the assumption that molar cusp 

proportions have taxonomic utility in fossil hominins, as demonstrated in the studies 

discussed above.  

Summary. 

The above studies on cusp proportions in the molar teeth in fossil hominins have 

demonstrated that taxa can be reliably distinguished on the basis of dental morphology. 

Robust and non-robust taxa have different cusp proportions, and these differences are 

more pronounced in the mandibular teeth (Wood et al., 1983; Wood et al., 1988; Suwa et 

al., 1994). Within the robust australopiths, P. robustus and P. boisei mandibular molars 

have unique cusp proportions, and these differences cannot be explained solely by 

allometry (Wood et al., 1983; Wood, 1988; Suwa et al., 1994). The cusp morphology of 

P. aethiopicus is consistent with prior work that demonstrated that its morphology was 

less derived than P. boisei (Suwa et al., 1996). Despite the more limited taxonomic utility 

of maxillary molar crown morphology (Wood and Engleman, 1988), recent studies (see 

Macho and Thackeray, 1993; Moggi-Cecchi and Boccone, 2007; Quam et al., 2009; 

Bailey, 2004) have shown that differences in maxillary tooth crown morphology can 

distinguish between some fossil hominin taxa.  
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Results from studies of dental morphology in extant apes have shown that there 

are some shape differences between P. troglodytes and P. paniscus and between G. 

gorilla and G. beringei (Uchida, 1992; Uchida, 1998a; Pilbrow, 2003; Pilbrow, 2006; 

Pilbrow, 2010). Results from different studies are not consistent in terms of the 

contribution of allometry to shape changes in Pan (see Uchida, 1992; Pilbrow, 2006), but 

it appears that some of the shape differences in Gorilla are due to allometry (Uchida, 

1998a; Pilbrow, 2010).  

Objectives 

In this study, I expand the sample for the mandibular teeth used in Wood (1988) 

and Suwa et al. (1994) by adding some of the “robust” teeth from the Omo described in 

Suwa et al. (1996), a molar tooth from West Turkana, as well as the molar from Gondolin 

(described in Menter et al., 1999; Grine et al., 2012), and some specimens from Drimolen 

(described in Moggi-Cecchi et al., 2010). Constantino and Wood (2004), Moggi-Cecchi 

et al. (2010) and Grine et al. (2012) have demonstrated that the addition of more 

Paranthropus specimens has expanded the range of morphological variation observed in 

P. robustus (Drimolen specimens are smaller, and the Gondolin molar is extremely large) 

and P. boisei – therefore, re-testing the “scaled variant” hypothesis on a different sample 

is warranted. I also compare scaling relationships in the maxillary molars of 

Paranthropus (following Quam et al., 2009). Quam et al. (2009) included individuals 

from Paranthropus in their study of cusp proportions in Homo, but they focused on the 

M1. Here, I include data from the M2 as well. I also expand upon Moggi-Cecchi and 

Boccone’s (2007) study of maxillary cusp proportions in South African australopiths, 
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where cusp proportions in P. robustus are described, and I add a discussion of cusp 

proportions in P. boisei, and differences between the two “robust” taxa. 

Materials and methods 

Sample. 

High-resolution casts of Paranthropus maxillary and mandibular molar teeth, 

collected by Fred Grine and Peter Ungar, and currently housed at Stony Brook University 

in New York, were used in this study. Photographs of the occlusal surface of the molar 

teeth were collected from these casts, and these images were supplemented with some 

photographs used in Wood et al. (1983). Sample sizes for the present study can be found 

in Tables 1, 2, 3, 4 and 5. Sample sizes for prior studies of molar cusp morphology in 

Paranthropus are as follows: Suwa et al. (1994) examined a total of 79 mandibular 

molars, 56 of P. robustus (20 M1s, 16 M2s, and 20 M3s) and 23 of P. boisei (6 M1s, 9 

M2s, and 8 M3s), Moggi-Cecchi and Boccone (2007) examined 47 P. robustus maxillary 

molars (15 M1s, 14 M2s, and 18 M3s), and Quam et al. (2009) used a sample of 17 P. 

robustus M1s and 3 P. boisei M1s. In the present analysis, the P. robustus sample comes 

from the following sites: Kromdraai, Swartkrans Members 1 and 2, Drimolen, and 

Gondolin. The P. boisei sample comes from Koobi Fora, West Turkana, Chesowanja, 

Olduvai Gorge, and the Omo region. All teeth attributed to P. aethiopicus are from the 

Omo region. Taxonomic allocation of the teeth follows Wood et al. (1983), Suwa et al. 

(1996), Wood and Constantino (2007), Moggi-Cecchi et al. (2010), and Grine et al. 

(2012). Only teeth for which fissures were still visible were included in the analyses – all 

teeth with extensive occlusal wear were excluded. When both antimeres of a molar tooth 
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were present, the least worn antimere was used in the analysis. If both antimeres were 

equally well preserved, the left side was used. 

Photographs. 

The procedure for photographing specimens follows that used in Wood et al. 

(1983), Wood and Engleman (1988), and adapted for digital photographs by Bailey et al. 

(2004) and Bailey (2004). Following Bailey et al. (2004), in the present study, the tooth 

cast was placed on a black background after coating with ammonium chloride. Isolated 

teeth were mounted on putty in order to ensure that the cusp bases were at the same 

height as the millimeter scale. Photographs were taken using a Nikon CoolPix L24 

camera. The camera was mounted to a copy stand and a level was used to ensure that the 

camera was level in each photograph. Photographs were edited and analyzed in NIH 

ImageJ software. 

Measurements. 

Measurement protocol from digital images follows that of Bailey (2004), Bailey 

et al. (2004) and Moggi-Cecchi and Boccone (2007). Each image was calibrated using 

the millimeter scale placed in the photograph prior to collecting measurements. 

Mesiodistal length, buccolingual breadth, and areas of the main cusps were measured in 

NIH ImageJ software. Following Wood et al. (1983) and Wood and Engleman (1988), 

measured crown base area was calculated by adding together the areas of the main cusps. 

The procedure for delineating the boundaries of the main cusps, and for allocating areas 

of accessory cusps to main cusps follows Wood et al. (1983) (for mandibular teeth) and 

Wood and Engleman (1988) (for maxillary teeth). Where accessory cusps were present (a 

C6 or C7 for mandibular teeth, or a C5 for maxillary teeth), the area of the accessory cusp 
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was divided in half, and the halved cusp area allocated to the neighboring main cusps. In 

cases where there was interproximal wear, mesial and distal borders were estimated 

following the procedures in Wood et al. (1983) and Wood and Engleman (1988).  

Statistical analysis. 

All measurements were converted to their natural log before beginning data 

analysis. To test the hypothesis that the occlusal surface morphology of the mandibular 

and maxillary molar tooth crowns of P. boisei is a “scaled up” version of the occlusal 

surface morphology in P. robustus (Wood, 1988), major axis regression and least squares 

regression were performed between measured crown base area and cusp areas using R 

software. Through these analyses, I specifically tested the hypothesis that the size of each 

individual cusp is predicted by molar size within each species, and that these 

relationships are similar in both species. Although Wood (1988) used least squares 

regression, major axis regression was also used in this study because there is error in both 

of the measurements being compared, and both measurements are subject to the same 

amount of error (see Legendre and Legendre, 1998). Results from both least squares and 

major axis regression are reported in Tables 6, 8 and 10. The first step in the regression 

analysis was to test for a significant relationship ( = .05) between the two pairs of 

variables in P. robustus. If there was a significant relationship in P. robustus, the same 

pairs of variables were tested for the P. boisei sample. If the variables were significantly 

correlated in both the P. robustus and the P. boisei samples, slopes of the two major axis 

regression lines were compared by testing whether or not the 95% confidence intervals 

for each encompassed the values for each taxon, to determine if they were significantly 
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different. If they were not significantly different, P. boisei was considered to be a “scaled 

variant” of P. robustus. 

Results 

Mandibular molars. 

Results of the regression analysis confirm some of the findings presented in Wood 

(1988), and are presented in Table 9 and in Figures 1 through 15.  In the M1, all cusp 

areas were significantly correlated with crown area in P. robustus, but only crown area 

and metaconid area was also significantly correlated in P. boisei. In all other cases no 

predictive relationship existed between crown area and cusp area in the M1 of P. boisei, 

consistent with results from Wood (1988) (see Figures 1 through 5 and Tables 6 and 7). 

In the M2, the scaling relationships between cusp area and crown are very 

different from those in the M1. All all cusp areas were significantly correlated with crown 

area in P. robustus, but additionally, all pairs of variables were significantly correlated in 

P. boisei, and the slopes of the two regression lines were not significantly different. It 

should be noted, however, that error estimates for the slopes of the regression lines were 

high in many cases, so 95% confidence intervals for the regression lines were quite large 

(see Figures 6 through 10 and Tables 8 and 9). 

In the M3, scaling relationships exist between many of the variables tested. All 

pairs of variables were significantly correlated in P. robustus and P. boisei, with the 

exception of crown area and hypoconid area in P. boisei. The only tests in which the cusp 

proportions in the M3 did not match the criteria for a scaled variant was crown area vs. 

hypoconid area (see Figures 11 through 15 and Tables 10 and 11).  

Maxillary molars. 
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 Although sample sizes for P. boisei are too small to make definitive claims about 

maxillary molar cusp proportions in the taxon, it is possible to make preliminary 

observations about differences in cusp proportions and scaling in the maxillary teeth of P. 

boisei and P. robustus. Only the M1 and the M2 are discussed here.  

In the M1, there is a significant correlation between crown area and paracone area 

in P. robustus, although there is one notable outlier, SK 16, which is overall very large 

and also has very large mesial cusps (see Figure 16).  These variables are not 

significantly correlated in the small sample (n = 4) available for P. boisei. Crown area 

and protocone area are also significantly correlated in P. robustus, but not in P. boisei 

(see Figure 17). Metacone area is not significantly correlated with crown area in P. 

robustus, but it is in P. boisei (see Figure 18). Hypocone area is significantly correlated 

with crown area in both P. robustus and P. boisei (see Figure 19). Although there are 

predictive relationships between cusp area and crown area for all cusps in the M1 of P. 

robustus except for the metacone, these relationships do not all hold for P. boisei. These 

results should be interpreted with caution given the extremely small sample size for P. 

boisei. Anecdotally, the only variables that are significantly correlated in both taxa are 

the crown and hypocone areas.  

Results for the M2 are different from those for the M1, and the sample size for P. 

boisei is even smaller (n = 3). There is no relationship between crown area and paracone 

size in P. robustus. Based on the scatterplot of crown area and paracone size, the P. 

boisei teeth have relatively larger paracones compared with P. robustus, although scaling 

relationships cannot be determined with such a small sample (see Figure 20). Protocone 

area is also not significantly correlated with crown area in P. robustus, and there is one 
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notable outlier, DNH 3, which has a very large protocone, but a small crown area. The 

few P. boisei specimens generally have larger protocones for their overall crown area 

compared with P. robustus (see Figure 21). Metacone area is significantly correlated with 

crown area in P. robustus. The P. boisei teeth tend to have relatively smaller metacones, 

even though their overall crown size is much larger than P. robustus (see Figure 22). 

Hypocone area is also correlated with crown area in P. robustus, though DNH 3 is an 

outlier – it has an extremely small hypocone for its overall crown size. In the P. boisei 

sample, KNM-WT 174000 also has a very small hypocone for its overall crown area (see 

Figure 23). Again, it is only possible to anecdotally say that P. boisei does not fit the 

definition of a scaled variant of P. robustus for the maxillary M2. In both of the maxillary 

molars examined in the present study, it does not appear that there is an allometric 

relationship between the cusp areas of P. robustus and P. boisei. 

Discussion 

Mandibular molars. 

 Some of the results of the present study confirm the findings of Wood (1988) and 

Suwa et al. (1994), although there are some notable differences, particularly in the M2. 

Wood (1988), in tests of scaling relationships in the M1 and the M2, found that in no case 

was there both a significant correlation between cusp base area and overall crown area in 

both P. robustus and P. boisei, and the slopes of the regression lines were not 

significantly different. Results of the present study do not confirm all of these findings – 

in some tests of allometric scaling, P. boisei did meet these criteria. In the M1, metaconid 

area and crown area were significantly correlated in both P. robustus and P. boisei, and 

the slopes of the two regression lines were not significantly different. In the M2, P. boisei 
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fits the scaled variant criteria for all cusps. Wood (1988) did not describe results of any 

tests involving the mesial cusps of the M1 or the M2, or any tests on the M3. Suwa et al. 

(1994) did not find significant allometric relationships within either P. robustus or P. 

boisei for the M3. Based on results of the present study, P. boisei meets the criteria for a 

scaled variant in all the tests for the M3 except for MCBA and hypoconid area. 

Differences between the results of Wood (1988), Suwa et al. (1994) and the present study 

may be due to differences in methodology, sample composition, or sample size.  

Methods used to test for scaling relationships in the teeth of P. robustus and P. 

boisei are also different in each study. Wood (1988) used ordinary least squares 

regression to test for relationships between the variables of interest. Suwa et al. (1994) 

tested for allometric relationships by testing for significant correlations between PC 1 

scores (from their PCA analysis of relative cusp areas) and MCBA, rather than 

performing individual bivariate regression analyses for each cusp. They found that, if P. 

robustus and P. boisei are analyzed separately, correlations were not significant (Suwa et 

al., 1994). Although this method eliminates the need to do multiple regression analyses, 

the amount of variation explained is different and information may have been lost. 

Methods used in the present study are more similar to those of Wood (1988), in that 

regression analyses were performed for each cusp and MCBA, and the slopes of the 

regression lines were compared. However, the present study uses Model II major axis 

regression in addition to least squares regression. Despite these differences in 

methodology, it is more likely that differences in the results stem from differences in 

sample composition.  
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 The composition of the mandibular molar samples used in each study is different, 

although there is considerable overlap. The present study includes the M2 from Gondolin, 

known to be within the absolute size range of P. boisei (Menter et al., 1999; Grine et al. 

2012), although its cusp proportions are more similar to P. robustus (Grine et al., 2012). 

For this reason, Grine et al. (2012) assign it to P. robustus, although they note that this 

individual is probably an exceptionally large male. The present study also includes four 

molars from the site of Drimolen, DNH 60 (M1 and M2), DNH 46 (M1), and DNH 75 

(M3). All of these individuals have been assigned to P. robustus by Moggi-Cecchi et al. 

(2010). Although cusp proportions were used to assign these individuals to taxa, they are 

not reported in Moggi-Cecchi et al. (2010). However, Moggi-Cecchi et al. (2010) and 

Constantino and Wood (2004) have described metric variation in the Drimolen sample in 

terms of linear measurements (mesiodistal length and buccolingual breadth), and noted 

that the teeth from Drimolen were usually smaller than other P. robustus teeth. It is worth 

noting that DNH 60 is a very small individual, and falls at the lower end of the range for 

crown area and cusp area measurements in the present study. Teeth from Drimolen and 

the Gondolin tooth are not a part of the samples used in Wood (1988) or Suwa et al. 

(1994) as the material has been excavated and published relatively recently (see Menter 

et al., 1999; Keyser et al., 2000; Moggi-Cecchi et al., 2010; Grine et al., 2012). 

Additionally, Suwa et al. (1994) did not include the teeth from the Omo that have been 

subsequently assigned to P. boisei (Suwa et al., 1996) in their sample. Neither study 

included any teeth from West Turkana, but an M2 (KNM-WT 17396) that has been 

assigned to P. boisei is included in the present study. Although the sample sizes in the 

present study do not exceed those in Suwa et al. (1994), the composition of the samples is 
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different. The sample used in the present study includes individuals from different 

geographic areas, (Drimolen, Gondolin and West Turkana) which represent a broader 

range of variation.  

Although results from the present study confirm those of Wood (1988) and Suwa 

et al. (1994) for the M1, they do not confirm the results of these studies for the M2. This 

difference is likely due to the inclusion of two molars that represent extremes of the range 

of variation in the P. robustus sample (DNH 60 being the smallest and GD 42 being the 

largest). Results for the allometry analysis in this expanded sample are more reliable for 

the M2, because this sample includes teeth that represent a wider range of morphological 

variation.  

Results for the M3 are also not consistent with prior studies (Wood 1988, Suwa et 

al. 1994). Although Suwa et al. (1996) found that cusp proportions in the Omo specimens 

were closer to those of P. robustus, particularly in the talonid, they did not repeat the 

allometry analysis from Suwa et al. (1994). Additional P. boisei specimens, such as those 

from the Omo, may have influenced the results for the M3. 

Summary. 

M1. 

Results from the M1 largely confirm findings of both Wood (1988) and Suwa et 

al. (1994), in that differences in cusp proportions between P. robustus and P. boisei 

cannot be explained by allometry alone. In only one of the tests (MCBA vs. metaconid 

area) did P. boisei meet the criteria for a “scaled variant” of P. robustus.  

M2. 
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Results from the M2 are not consistent with Wood (1988) and Suwa et al. (1994). 

It is possible that the addition of the specimens from Drimolen and the Gondolin molar, 

which expand the range of absolute size variation observed in P. robustus, influenced the 

regression analyses for P. robustus. Results from the present study are more reliable for 

the M2, due to the expanded range of variation observed in the present sample of P. 

robustus.  

M3. 

 Results from the M3 are not consistent with those from Suwa et al. (1994), who 

reported that there was no shared allometric trend within this tooth for P. robutstus and P. 

boisei. In the present study, the only cusp for which P. boisei did not fit the “scaled 

variant” criteria was the hypoconid.  

Maxillary molars. 

 This preliminary analysis of scaling relationships and cusp proportions in 

Paranthropus maxillary molars has demonstrated that the molar cusp morphology of P. 

boisei is not what would be predicted if P. boisei were a scaled variant of P. robustus. 

However, sample sizes for P. boisei are still extremely small. Results from relative cusp 

areas are consistent with those reported by Wood and Engleman (1988) in that relative 

protocone size in both P. robustus and P. boisei did not follow the observed trends for the 

talonid in the mandibular teeth. Results from the scaling analyses are in accordance with 

results presented by Moggi-Cecchi and Boccone (2007) on maxillary molar cusp 

proportions in P. robustus in terms of relative cusp areas, and the larger size of the mesial 

cusps. It appears that P. boisei maxillary molars show more extreme expansion of the 

paracone and metacone than P. robustus, although sample sizes are too small to make a 
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definitive claim. Scaling relationships in the maxillary postcanine tooth crowns of P. 

boisei should be investigated further as more maxillary molars from the taxon are 

recovered and made available for study.  

Summary. 

As previous studies (Wood, 1988; Suwa et al., 1994) have demonstrated for the 

mandibular teeth, purely allometry-based explanations for differences in the postcanine 

dental morphology of P. robustus and P. boisei are not supported by evidence from 

relative cusp areas. In the M1, cusp proportions are very different between P. robustus 

and P. boisei, and although cusp proportions are less distinct in the M2, sample sizes are 

too small to confidently conclude that the allometric relationship in P. robustus predicts 

that of P. boisei. Preliminary analysis of scaling relationships in the maxillary tooth 

crowns of Paranthropus also does not support the hypothesis that P. boisei is a “scaled 

variant” of P. robustus. Future studies should include the Paranthropus dental material 

from Konso, and other sufficiently preserved postcanine teeth as they are recovered.  
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Chapter 3: Geomorphometric Analysis of Allometry in Paranthropus Molars 

Introduction 

 Geomorphometric analyses of crown outline shape and fissure pattern were also 

used to test the hypothesis that the molar tooth crowns of P. boisei are a “scaled-up” 

version of the molar tooth crowns of P. robustus (Wood, 1988).  Geomorphometric 

analyses have previously been used to investigate allometric trends in sister taxa 

(Singleton et al., 2011; Bailey et al., 2014), and such studies can provide more detailed 

shape information than traditional morphometric analyses (see Adams et al., 2004).  

 Objectives of this geomorphometric study are as follows: to test whether P. 

robustus and P. boisei lower molars share the same allometric trajectory using data from 

crown outline shape and fissure pattern, and to compare results from the cusp area study 

with those from geomorphometric analyses.  

Background 

Geomorphometric studies of fossil hominin dental morphology. 

 Currently published geomorphometric analyses of hominin molar shape have 

focused on European Pleistocene hominins (Gómez-Robles et al., 2007; Gómez-Robles et 

al., 2012; Gómez-Robles et al., 2015), Neanderthals and modern humans (Benazzi et al., 

2011a; Benazzi et al., 2011b; Benazzi et al., 2012; Benazzi et al., 2014; Bailey et al., 

2014a; Bailey et al., 2014b), or South African hominins (Skinner et al., 2008a; Skinner et 

al., 2008b; Skinner et al., 2009). However, no geomorphometric study has concentrated 

on allometric relationships within Paranthropus molars. The present study addresses 

patterns of variation in Paranthropus molars and the contribution of allometry to the 

morphological variation observed in lower molar shape. 
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Geomorphometric studies (Gómez-Robles et al., 2007; Gómez-Robles et al., 

2012; Gómez-Robles et al., 2015) have shed light on the morphological differences in the 

permanent and postcanine dentition among different hominin taxa. Lower first molars do 

not show much shape variation across hominin taxa, but lower second and third molars 

have smaller talonids in Pleistocene taxa and modern H. sapiens (Gómez-Robles et al., 

2015). With respect to the maxillary teeth, Neanderthal M1 morphology is distinct from 

that of H. sapiens, and H. heidelbergensis also exhibits Neanderthal-like M1 morphology 

(Gómez-Robles et al., 2007). In H. heidelbergensis, H. neanderthalensis, and H. sapiens, 

the distal cusps of the M2 and the M3 are relatively smaller compared with earlier 

hominins, but that this pattern differs among taxa and tooth class (Gómez-Robles et al., 

2012). The M1 is more taxonomically useful than the M2 and the M3, as there is less 

intraspecific variation in the M1 (Bailey, 2004; Quam et al., 2009; Gómez-Robles et al., 

2007; Gómez-Robles et al., 2012).  

Geomorphometric analyses have also shed light on differences between 

Neanderthal and modern human deciduous dental morphology (Benazzi et al., 2011a; 

Benazzi et al., 2012; Bailey et al., 2014a; Bailey et al., 2014b; Benazzi et al., 2014). 

Cervical and crown outline shape can discriminate between dm2s (Benazzi et al., 2012), 

dm2s (Bailey et al., 2014a), and M1s (Benazzi et al., 2011b) of H. sapiens and H. 

neanderthalensis, and have been used to assign isolated deciduous molars to taxa 

(Benazzi et al., 2011a, Benazzi et al., 2014).    

Allometry. 

 Allometric trends were less pronounced in lower molars than in upper molars in 

interspecific and intraspecific tests of allometry in fossil hominin lower molars (Gómez-
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Robles et al., 2015). Allometry is responsible for some differences in M1 morphology in 

fossil hominin taxa (Gómez-Robles et al., 2007). Changes in the morphology of the M3 

have more to do with allometry than morphological changes in the M2 (Gómez-Robles et 

al., 2012). Geomorphometric analyses focused on scaling in the dm2 and M1 of 

Neanderthals and modern humans have shown that, although a stronger allometric trend 

is present in Neanderthals, there was no statistically significant difference in trajectories 

between the two taxa (Bailey et al., 2014b).  

Geomorphometric methods have also been used to test the hypothesis that 

differences in molar crown morphology between P. troglodytes and P. paniscus could be 

explained by allometry (Singleton et al., 2011). Singleton and colleagues (2011) found 

that differences in crown morphology in P. troglodytes and P. paniscus could largely be 

accounted for by allometry. Singleton et al. (2011) demonstrated that shape-based scaling 

differences also account for variation in molar morphology in the genus Pan, and 

suggested that these relationships should also be investigated in fossil hominins. The 

present study tests for these relationships in Paranthropus lower molars.   

Methods 

 Photographs of the high-resolution casts used in the cusp area study were also 

used for the geomorphometric analysis. Left teeth were used, or if only a right tooth was 

available, it was mirror-imaged and then used in the analyses. Images were edited in 

Adobe Photoshop to isolate the tooth crowns from any putty surrounding them, and to 

ensure that there was sufficient contrast between the tooth and the background to place 

the semilandmarks around the crown outline. Molar teeth that were too worn to place all 

of the fixed landmarks were excluded from the fissure pattern analysis, but included in 
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the crown outline analysis. Sample sizes for the fissure pattern analysis are necessarily 

smaller than those for the crown outline analysis.  

 Crown outline shape and fissure pattern were analyzed using a combination of 

fixed landmarks and sliding semilandmarks. For crown outline shape, 30 sliding 

semilandmarks were placed along the crown outlines of Paranthropus mandibular molars 

using TPSDig2 software available through Stony Brook morphometrics (Rohlf 2005). 

For the fissure pattern analysis, fixed landmarks were placed using the Geomorph 

package in R (Adams et al., 2013, Adams et al., 2015). Landmarks used follow Gómez-

Robles et al. (2011), but those at the cusp apices were eliminated and landmarks defining 

the shape of the C6 were added (see Figure 24 and Table 13 for landmark definitions).  

 To compare shape differences between P. robustus and P. boisei, landmarks were 

translated, scaled and rotated using generalized Procrustes analysis. For outline analyses, 

sliding semilandmarks were used to reduce the Procrustes distance between each molar 

and the mean shape of the sample (Pérez et al., 2006). Then, principal components 

analysis and Procrustes superimposed coordinates were performed for both the crown 

outline and fissure pattern analyses, using the Geomorph package in R. Differences in 

mean shape between P. robustus and P. boisei were evaluated using Procrustes ANOVA 

tests in Geomorph. Multivariate regression analyses were also performed using the 

Geomorph package to test for allometric relationships in crown outline and fissure 

pattern. Allometric relationships were investigated for each taxon separately, and for the 

pooled sample of all Paranthropus molars.   

Results 

Crown outline shape. 
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M1. 

There are significant differences in M1 crown outline shape between P. robustus 

and P. boisei (p = .025). PC 1 represents differences in buccolingual breadth relative to 

mesiodistal length. Molars that are buccolingually broader plot more positively on PC 1, 

and molars that are buccolingually narrower plot negatively along PC 1. There is more 

separation between P. robustus and P. boisei along PC 2, which is influenced by talonid 

expansion. Molars that plot negatively along PC 2 have more expanded talonids than 

those that plot positively on PC 2. Most of the P. boisei specimens (except OH 30, which 

has a very distinctive crown shape) plot more positively on PC 2 than the P. robustus 

specimens (see Figure 25).  

There is no statistically significant allometric trend in Paranthropus lower first 

molars. Results from a multivariate regression analysis indicate that there is no change in 

the shape of the base associated with increased tooth crown size (p = .545). There is no 

statistically significant allometric relationship within P. robustus (p = .10) or P. boisei (p 

= .055) (see Figure 26).  

M2. 

 There are also significant differences in crown outline shape between P. robustus 

and P. boisei (p = .002). P. robustus and P. boisei do not clearly separate along either 

principal component, but there is a slight trend along PC 1, which represents talonid 

expansion. Most of the P. boisei molars plot more negatively on PC 1 (they have 

relatively larger talonids) than the P. robustus molars. PC 2 represents changes in 

mesiodistal length relative to buccolingual breadth. Molars that plot positively along PC 

2 are more buccolingually narrow than those that plot negatively on PC 2 (see Figure 27).  
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 There is an allometric trend in the pooled sample of crown outlines of 

Paranthropus second molars (p = .03). Most of the P. robustus molars have a similar 

crown outline shape even as crown size increases, with the exception of the Gondolin 

molar, which has a more similar shape score to the P. boisei specimens. There is an 

allometric trend in P. robustus (p = .002), but there is no such trend in P. boisei (p = 

.962). The shape differences observable in the allometry plot are consistent with the 

results from the crown outline analysis (see Figure 28).  

M3. 

 There are no significant differences in M3 crown outline shape between P. 

robustus and P. boisei (p = .375). Third molars also do not separate well along principal 

component axes based on crown outlines. P. boisei does plot more negatively than P. 

robustus along PC 1, which represents differences in buccolingual breadth relative to 

mesiodistal length. One exception is the P. robustus molar SK 74, which plots very 

negatively along PC 1. There is no separation of the taxa along PC 2 (see Figure 29).  

 There is no significant allometric trend in Paranthropus third molars (p = .182), 

although larger molars tend to have larger talonids. There is an allometric relationship 

between crown size and shape in P. robustus (p = .013), but not in P. boisei (p = .172) 

(see Figure 30).   

Summary. 

 There are significant differences in crown outline shape between P. robustus and 

P. boisei in the M1 and the M2, but not in the M3. Within the pooled sample including 

both taxa, there is only a statistically significant allometric relationship in the M2, and a 

slight, but not statistically significant, trend in the M3. Within the P. robustus sample, 
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allometric trends are present in the M2 and the M3, but there are no allometric trends 

within the P. boisei sample. It is possible that no allometric trends were observed for P. 

boisei because the sample is small, especially for the first molars.  

Fissure pattern. 

M1. 

Paranthropus robustus and P. boisei do show significant differences in occlusal 

surface morphology based on occlusal surface landmarks (p = .0165), although the P. 

boisei sample is very small. The first principal component separates molars based on the 

relative sizes of the hypoconulid and C6. Molars that plot negatively along PC 1 have a 

relatively large hypoconulid and a relatively small C6, whereas molars that plot 

positively along PC 1 have a more equal-sized hypoconulid and C6. Molars that plot 

negatively along PC 1 also have more of a Y shaped fissure pattern, while molars that 

plot positively along PC 1 have crowns that are more symmetrical around the mesiodistal 

axis. The second principal component represents the relative size of the talonid. Molars 

that plot positively along PC 2 have more expanded talonids than those that plot 

negatively along PC 2. KNM-ER 15930 is the only P. boisei molar that plots negatively 

on PC 2 – all other P. boisei molars plot positively on PC 2 than the majority of the P. 

robustus molars (see Figure 31).  

 There is no allometric relationship between size and shape in Paranthropus lower 

first molars based on occlusal surface landmarks (p = .313). There is certainly no trend 

within P. robustus (p = .43), but there may be one within P. boisei (p = .078), although 

the sample size is small. KNM-ER 15930 is an outlier in the P. boisei sample (it has a 

very low regression score). The occlusal morphology of this molar is very different from 
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other P. boisei molars in that it has a very large C6 and the crown is very symmetrical 

across the mesiodistal axis. Otherwise, most of the P. boisei specimens have a higher 

than, or equivalent, regression score compared with the P. robustus specimens (see 

Figure 32).  

M2. 

 Paranthropus robustus and P. boisei lower second molars separate less well using 

occlusal surface landmarks (p = .103) than based on crown outline shape. The first 

principal component represents differences in the proportions of the hypoconulid and C6, 

and differences in the fissure pattern similar to those observed along PC 1 for the first 

molars. PC 2 represents differences in talonid expansion, but also differences in the 

relative size of the C6 and differences in the fissure pattern. Molars with negative values 

on PC 2 have relatively smaller talonids, with relatively smaller C6s. There is some 

overlap between P. robustus and P. boisei along both principal components, but the taxa 

separate better along PC 1. For example, the Gondolin molar plots more closely with the 

P. boisei individuals along PC 1 (see Figure 33).  

There is no statistically significant allometric trend in fissure pattern within 

Paranthropus lower second molars (p = .175), and there is some overlap between the 

groups. There is no trend within P. robustus (p = .097), or P. boisei (p = .342). However, 

P. boisei molars tend to have larger crowns and have relatively larger C6s (sometimes 

equivalent to the size of the hypoconulid), and P. robustus molars tend to have smaller 

crowns and have a relatively smaller C6 (see Figure 34).   

M3. 



 

	 34

Based on occlusal surface landmarks, P. boisei and P. robustus do not have 

significantly different crown morphologies (p = .201). There is considerable overlap 

along both PC 1 and PC 2. The first principal component represents changes in the size of 

the hypoconulid. Molars that plot positively along PC 1 have a C6 that is as large as, or 

larger, than the hypoconulid, whereas molars that plot negatively along PC 1 have a 

relatively large hypoconulid compared with the size of the hypoconid. These results are 

consistent with prior geomorphometric analyses of hominin lower third molar shape (see 

Gómez�Robles, 2015) that showed variability in lower third molar shape (see Figure 35).  

Within the pooled taxon sample of Paranthropus, there is a significant allometric 

trend in occlusal surface morphology (p = .03). There is an allometric relationship within 

P. robustus (p = .006), but not within P. boisei (p = .136). As reported for the other molar 

teeth, P. boisei tooth crowns are larger and they tend to have a larger C6. P. robustus 

tooth crowns tend to be smaller and they have a relatively smaller C6, with the exception 

of SK 851, which plots much closer to the P. boisei range of variation. There is overlap in 

both the regression score and size between the two taxa, consistent with the results of the 

principal components analysis (see Figure 36).  

Summary. 

 Landmarks approximating the fissure pattern on Paranthropus lower molars can 

discriminate between P. robustus and P. boisei first molars, but not between second or 

third molars. There is a statistically significant allometric trend in the M3, for the pooled 

sample and in P. robustus. No allometric trends are present for any P. boisei mandibular 

molars, or for P. robustus first and second molars. The lack of allometric relationships in 

the P. boisei sample may be a result of small sample sizes.   
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Comparison of outline and fissure pattern results 

 Results from the outline and fissure pattern analyses are consistent for the M1, but 

not for the M2 or the M3. Both types of shape analyses demonstrated that there are 

significant differences in M1 morphology between P. robustus and P. boisei, and that the 

two taxa do not share the same allometric trend. Results from the M2 outline analysis 

show that there is a significant allometric relationship in P. robustus and in the pooled 

sample, but not in P. boisei, while results from the M2 fissure pattern analysis indicate 

that there is no allometric trend present within any of the samples. There is an allometric 

trend in P. robustus M3 crown outlines, but this trend is not present in P. boisei or the 

pooled sample. Results from the fissure pattern analysis indicate that there is an 

allometric relationship in the pooled sample and in P. robustus, but not in P. boisei. 

Despite these differences in crown outline and fissure pattern results, in no case was there 

a statistically significant allometric trend in both P. robustus and P. boisei.  

Implications for Paranthropus monophyly  

 The hypothesis that P. boisei molar tooth crowns are a “scaled variant” of P. 

robustus molar tooth crowns (Wood, 1988) is not well supported by this 

geomorphometric analysis of tooth crown outline shape and fissure pattern, although it is 

not possible to completely reject this hypothesis. It is possible that allometric trends were 

not present in the P. boisei sample due to small sample sizes. These analyses should be 

repeated as additional well-preserved molar teeth are recovered.  

Comparison of cusp area and geomorphometric results  

 Results from the geomorphometric analysis are not consistent with those from the 

cusp area analysis, but are more consistent with results from prior studies of relative cusp 



 

	 36

proportions in Paranthropus (see Table 12). Results for the M1 are consistent across the 

present study, Wood (1988) and Suwa et al. (1994) in that P. robustus and P. boisei do 

not share the same allometric trajectory. Results from the cusp area analysis for the M2 

showed that P. robustus and P. boisei did share a similar allometric pattern, while the 

outline and fissure pattern analyses indicated that the two taxa had different allometric 

trajectories. Outline and fissure pattern results for the M2 are consistent with cusp area 

analyses from Wood (1988) and Suwa et al. (1994), while cusp area results are not. Cusp 

area results for the M3 also indicated that P. robustus and P. boisei shared the same 

allometric trajectory, but the outline and fissure pattern results did not. Results from the 

geomorphometric analyses are more consistent with those reported in Suwa et al. (1994). 

Differences in results across studies could stem from differences in method (geometric 

morphometrics captures different kinds of shape differences from traditional 

measurements of cusp area), but are most likely due to differences in sample 

composition.  
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Chapter 4: Conclusion 

Although several approaches have been used to reconstruct the relationships 

among hominin species assigned to the genus Paranthropus, the relationships between 

these taxa are still unresolved. Many cladistic analyses have found monophyly supported, 

but the results of some morphological studies do not support the hypothesis that 

Paranthropus is a monophyletic group. The present study has re-tested the “scaled 

variant” hypothesis (Pilbeam and Gould, 1974; Patterson, 1982; Wood, 1988) for the 

crown morphology of Paranthropus molars, using both cusp area measurements and 

geomorphometric analyses of molar crown shape. Results from the allometry analyses 

were mixed with respect to this hypothesis (see Table 12).  

Results from the present cusp area study were consistent with prior studies 

(Wood, 1988; Suwa et al., 1994) for the M1, in that P. boisei was not a “scaled variant” of 

P. robustus. However, they were not consistent with results from these studies for the M2, 

because results from the present study showed that P. boisei and P. robustus share the 

same allometric trajectory. Differences in this result are most likely due to differences in 

sample composition, because the P. robustus M2 sample in the present study 

encompasses a broader range of variation. Results from the M3 are also not consistent 

with those from Suwa et al. (1994), who reported no allometric trends within either P. 

robustus or P. boisei.  

Results from the geometric morphometrics study are more consistent with prior 

investigations of allometry in Paranthropus mandibular molars (Wood, 1988; Suwa et 

al., 1994). For no molar tooth was P. boisei a “scaled up” version of P. robustus. 
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However, small sample sizes for P. boisei could be responsible for the lack of allometric 

trends in the taxon.  

Assumptions inherent in the predictions of Wood (1988) should be tested in 

extant primates, and additional analyses should be repeated as additional, well-preserved 

molar teeth for P. boisei are recovered. Other lines of evidence from craniofacial and 

dental development, EDJ morphology, and dental microstructure may also shed light on 

the relationships between P. robustus and P. boisei.  
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Appendix of Tables and Figures 
 

Sample Size Tables 
 

Table 1: Paranthropus robustus Mandibular Molars  

Site M1 M2 M3 Total 

Drimolen 2 1 1 4 

Gondolin  1  1 

Kromdraai 1 1 2 4 

Swartkrans 17 12 16 45 

Total 20 15 19 54 

 
Table 2: Paranthropus boisei Mandibular Molars  

Site M1 M2 M3 Total 

Koobi Fora 5 8 5 19 

Olduvai Gorge 1   1 

Peninj 1 1 1 3 

Omo-

Shungura 

1 3 2 6 

West Turkana  1  1 

Total 8 13 8 29 

 

Table 3: Paranthropus aethiopicus Mandibular Molars  

Site M1 M2 M3 Total 

Omo-Shungura 1 2 4 7 

 

Table 4: Paranthropus robustus Maxillary Molars  

Site M1 M2 M3 Total 

Drimolen 2 1 1 4 

Kromdraai 2 1 2 5 

Swartkrans 15 6 15 37 

Total 19 8 18 46 
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Table 5: Paranthropus boisei Maxillary Molars 

Site M1 M2 M3 Total 

Chesowanja 1 1 1 3 

Koobi Fora  1  1 

Olduvai Gorge 2  1 3 

West Turkana 1 1  2 

Total 4 3 2 9 

 

Bivariate Regression Analysis Results: Mandibular Molars 
 

Table 6: Tests of Allometry in Paranthropus Mandibular Molars: M1 Cusp Areas 

Test 
P. robustus M1 

n = 20 

P. boisei M1 

n = 8 

 r2  95% CI for  p-value r2  95% CI for  p-value

MCBA 

vs. 

Protoconid 

0.64 
1.28 

(0.98) 

0.89 – 1.91 

(0.62 – 1.34) 
< 0.001 NA NA NA 0.146 

MCBA 

vs. 

Metaconid 

0.73 
1.25 

(1.03) 

0.93 – 1.72 

(0.72 – 1.34) 
< 0.001 .81 

1.48 

(1.28)

0.86 – 2.89 

(0.57 – 1.99) 
0.006 

MCBA 

vs. 

Hypoconid 

0.71 
1.15 

(0.95) 

0.84 – 1.59 

(0.65 – 1.25) 
< 0.001 NA NA NA 0.106 

MCBA 

vs. 

Entoconid 

0.35 
2.16 

(0.95) 

1.20 – 5.80 

(0.30 – 1.60) 
.006 NA NA NA 0.156 

MCBA 

vs. 

Hypoconulid 

0.52 
1.75 

(1.08) 

1.12 – 3.11 

(0.56 – 1.60) 
< 0.001 NA NA NA 0.214 

 
Numbers in parentheses indicate values for ordinary least squares (OLS) regression. For correlation 
coefficients that were not significant, values for r2, and the slope of the regression line are not reported.  
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Table 7: Tests of Significant Differences in Slope (M1 Cusp Areas) 
 

MCBA vs. Protoconid NA (no significant relationship in P. boisei) 

MCBA vs. Metaconid no significant difference (p = 0.53) 

MCBA vs. Hypoconid NA (no significant relationship in P. boisei) 

MCBA vs. Entoconid NA (no significant relationship in P. boisei) 

MCBA vs. Hypoconulid NA (no significant relationship in P. boisei) 

 

Table 8: Tests of Allometry in Paranthropus Mandibular Molars: M2 Cusp Areas 

Test 
P. robustus M2 

n = 15 

P. boisei M2 

n = 13 

 r2  
95% CI for 

 

p-

value 
r2  

95% CI for 

 

p-

value 

MCBA 

vs. 

Protoconid 

0.78 
1.06 

(0.93) 

0.77 – 1.47 

(0.63 – 1.22) 
< 0.001 0.74

1.21 

(1.01)

0.81 – 1.85 

(0.61 – 1.41) 
< 0.001 

MCBA 

vs. 

Metaconid 

0.76 
0.81 

(0.72) 

0.56 – 1.13 

(0.48 – 0.97) 
< 0.001 0.85

1.14 

(1.04)

0.86 – 1.51 

(0.75 – 1.33) 
< 0.001 

MCBA 

vs. 

Hypoconid 

0.74 
1.01 

(0.87) 

0.71 – 1.46 

(0.57 – 1.18) 
< 0.001 0.58

0.96 

(0.74)

0.52 – 1.75 

(0.32 – 1.15) 
.002 

MCBA 

vs. 

Entoconid 

0.70 
1.72 

(1.33) 

1.20 – 2.69 

(0.81 – 1.85) 
< 0.001 0.74

1.07 

(0.91)

0.71 – 1.61 

(0.55 – 1.67) 
< 0.001 

MCBA 

vs. 

Hypoconulid 

0.67 
1.71 

(1.29) 

1.16 – 2.78 

(0.75 – 1.82) 
< 0.001 0.57

2.24 

(1.43)

1.36 – 4.81 

(0.61 – 2.25) 
.003 

 

Numbers in parentheses indicate values for ordinary least squares (OLS) regression. For correlation 
coefficients that were not significant, values for r2, and the slope of the regression line are not reported.  
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Table 9: Tests of Significant Differences in Slope (M2 Cusp Areas) 

MCBA vs. Protoconid no significant difference (p = 0.57) 

MCBA vs. Metaconid no significant difference (p = 0.11) 

MCBA vs. Hypoconid no significant difference (p = 0.86) 

MCBA vs. Entoconid no significant difference (p = 0.08) 

MCBA vs. Hypoconulid no significant difference (p = 0.41) 

 

Table 10: Tests of Allometry in Paranthropus Mandibular Molars: M3 Cusp Areas 

Test 
P. robustus M3 

n = 20 

P. boisei M3 

n = 8 

 r2  
95% CI for 

 

p-

value 
r2  

95% CI for 

 

p-

value 

MCBA 

vs. 

Protoconid 

0.54 
1.46 

(0.98) 

0.93 – 2.52 

(0.52 – 1.44) 
< 0.001 0.78

1.34 

(1.15)

0.85 – 2.29 

(0.61 – 1.69) 
.002 

MCBA 

vs. 

Metaconid 

0.37 
1.31 

(0.72) 

0.67 – 2.99 

(0.24 – 1.20) 
.006 0.91

0.97 

(0.93)

0.73 – 1.28 

(0.67 – 1.18) 
< 0.001 

MCBA 

vs. 

Hypoconid 

0.57 
2.19 

(1.39) 

1.47 – 3.78 

(0.77 – 2.01) 
< 0.001 NA NA NA 0.154 

MCBA 

vs. 

Entoconid 

0.32 
1.95 

(0.83) 

1.00 – 6.09 

(0.20 – 1.46) 
0.012 0.59

1.51 

(1.06)

0.74 – 4.15 

(0.27 – 1.84) 
0.016 

MCBA 

vs. 

Hypoconulid 

0.50 
2.01 

(1.17) 

1.26 – 3.84 

(0.57 – 1.77) 
< 0.001 0.66

2.09 

(1.52)

1.21 – 5.01 

(0.56 – 2.48) 
.007 

 
Numbers in parentheses indicate values for ordinary least squares (OLS) regression. For correlation 
coefficients that were not significant, values for r2, and the slope of the regression line are not reported.  
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Table 11: Tests of Significant Differences in Slope: M3 Cusp Areas 
 

MCBA vs. Protoconid 
 

no significant difference (p = 0.29) 

MCBA vs. Metaconid 
 

no significant difference (p = 0.37) 

MCBA vs. Hypoconid 
 

no significant difference (p = 0.44) 

MCBA vs. Entoconid 
 

no significant difference (p = 0.87) 

MCBA vs. Hypoconulid 
 

no significant difference (p = 0.70) 

 
Table 12: Summary of Cusp Area and Geomorphometric Analyses of Allometry 

 
Test M1 M2 M3 

MCBA vs. Protoconid No Yes Yes 

MCBA vs. Metaconid Yes Yes Yes 

MCBA vs. Hypoconid No Yes No 

MCBA vs. Entoconid No Yes Yes 

MCBA vs. Hypoconulid No Yes Yes 

Crown Outline Shape No No No 

Fissure Pattern No No No 

 
“Yes,” indicates that the “scaled variant” hypothesis is supported by the results of the test, and “No,” 
indicates that this hypothesis is not supported.  
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Bivariate Regression Plots: Mandibular Molars 
 

Figure 1: Bivariate Plot of M1 MCBA vs. Protoconid Area 
 

 
 

 
Figure 2: Bivariate Plot of M1 MCBA vs. Metaconid Area 
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Figure 3: Bivariate Plot of M1 MCBA vs. Hypoconid Area 
 

 
 
 

Figure 4: Bivariate Plot of M1 MCBA vs. Entoconid Area 
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Figure 5: Bivariate Plot of M1 MCBA vs. Hypoconulid Area 

 

 

Figure 6: Bivariate Plot of M2 MCBA vs. Protoconid Area 

 

 

 



 

	 53

Figure 7: Bivariate Plot of M2 MCBA vs. Metaconid Area 

 

 

Figure 8: Bivariate Plot of M2 MCBA vs. Hypoconid Area 
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Figure 9: Bivariate Plot of M2 MCBA vs. Entoconid Area 

 

 

Figure 10: Bivariate Plot of M2 MCBA vs. Hypoconulid Area 
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Figure 11: Bivariate Plot of M3 MCBA vs. Protoconid Area 

 

 

Figure 12: Bivariate Plot of M3 MCBA vs. Metaconid Area 
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Figure 13: Bivariate Plot of M3 MCBA vs. Hypoconid Area 

 

 

Figure 14: Bivariate Plot of M3 MCBA vs. Entoconid Area 

 

 

 



 

	 57

Figure 15: Bivariate Plot of M3 MCBA vs. Hypoconulid Area 

 

 

II. Bivariate Regression Plots: Maxillary Molars 

Figure 16: Bivariate Plot of M1 MCBA vs. Paracone Area 
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Figure 17: Bivariate Plot of M1 MCBA vs. Protocone Area 

 

 

Figure 18: Bivariate Plot of M1 MCBA vs. Metacone Area 
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Figure 19: Bivariate Plot of M1 MCBA vs. Hypocone Area 

 

 

Figure 20: Bivariate Plot of M2 MCBA vs. Paracone Area 
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Figure 21: Bivariate Plot of M2 MCBA vs. Protocone Area 

 

 

Figure 22: Bivariate Plot of M2 MCBA vs. Metacone Area 
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Figure 23: Bivariate Plot of M2 MCBA vs. Hypocone Area 
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III. Geomorphometric Analyses 

Figure 24: KNM-ER 6080 (P. boisei) with landmarks  

Landmark definitions provided in Table 10 

 

Table 13: Landmark definitions (after Gomez-Robles et al. 2011) 

Landmark Number Description 

1 Center of mesial fovea 

2 Intersection of central and mesiobuccal grooves 

3 Intersection of central and lingual grooves 

4 Intersection of central and distobuccal grooves 

5 Center of posterior fovea 

6 Intersection of crown outline and lingual C6 groove 

7 Intersection of crown outline and distal C6 groove 

8 Intersection of crown outline and distobuccal groove 

9 Intersection of crown outline and mesiobuccal groove 

10 Most mesial point of crown outline 

11 Intersection of crown outline and lingual groove 
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Figure 25: M1 Crown Outline PCA 

 

Figure 26: M1 Crown Outline Allometry Plot 
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Figure 27: M2 Crown Outline PCA 

 

Figure 28: M2 Crown Outline Allometry Plot 
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Figure 29: M3 Crown Outline PCA 

 

Figure 30: M3 Crown Outline Allometry Plot 
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Figure 31: M1 Fissure Pattern PCA 

 

Figure 32: M1 Fissure Pattern Allometry Plot 
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Figure 33: M2 Fissure Pattern PCA 

 

Figure 34: M2 Fissure Pattern Allometry Plot 
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Figure 35: M3 Fissure Pattern PCA 

 

Figure 36: M3 Fissure Pattern Allometry Plot 

 


