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Abstract

In non-human apes, as in most catarrhines, the P; is adapted for a role in honing the large upper
canine, a feature which was lost early in hominin evolution. No longer adaptively constrained to the
morphology required for canine honing, the hominin P; evolved in a variety of ways, mostly to
improve its masticatory ability. This change in function makes the P;a particularly important tooth
position in hominin evolution and it has featured prominently in systematic analyses of the hominin
clade. However, due to dental wear much of the original morphology of the P; crown is lost in many
hominin teeth. Analyses of other tooth positions have demonstrated that examining the enamel-
dentine junction (EDJ) can improve the taxonomic signal in tooth crown morphology as well as

reveal detailed insights into the presence and manifestation of discrete dental traits.

This study uses geometric morphometric techniques to analyse the shape of the P; EDJ in a broad
sample of fossil hominins, modern humans, and extant non-human apes (n = 118), aiming to
characterise the major differences in P; morphology between apes and hominins, and then within
the hominin clade. The study also tests the utility of P; EDJ shape for distinguishing among major
hominin species, and addresses the affinities of a number of hominin specimens of uncertain
taxonomic affiliation. Moreover, the EDJ expression of a number of P; discrete traits are identified

and investigated for the first time.

The results suggest that the morphology of the P; ED)J is effective in distinguishing among taxa, with
a very high level of classification accuracy. Further, P; morphology is linked to previously discussed
trends in hominin evolution such as the unique dental adaptations seen in Paranthropus species. The
EDJ expression of discrete traits such as the transverse crest, buccal grooves and the marginal ridge
are found to be variable among taxonomic groups. Potential developmental links to other features

identified in molars are discussed.
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Introduction to the thesis

The aim of this thesis is to characterise the evolution of the mandibular third premolar of fossil
hominins, as well as non-hominin apes. The enamel-dentine junction morphology of a large sample
of extant and fossil hominoid specimens will be examined using geometric morphometric analyses,

as well as discrete trait analysis, with three main aims:

1. Evaluate the taxonomic potential of the P; EDJ using 3D geometric morphometrics, and
evaluate the taxonomic affiliation of any specimens which have not been reliably assigned to
a taxonomic group

2. Summarise the major transitions in P; morphology across hominin evolution, using extant
non-hominin apes as an outgroup

3. Discuss the presence of a number of discrete traits at the EDJ and OES, and their potential

importance both taxonomically and developmentally

The thesis is structured as follows: a literature review chapter, a chapter written as a stand-alone

manuscript for journal submission, and supplementary information.



Literature review

1. Teeth in the fossil record

Teeth are an important component of the fossil record; as highly mineralised and compact tissues,
they are well preserved, and therefore extremely common in fossil deposits. In some cases, the
majority of the fossil material available for a taxon comes from teeth, as is the case for
Gigantopithecus, which was initially described on the basis of a single M; (von Koenigswald, 1952),
and which even now is known exclusively from teeth and a few mandibles (Zhang et al. 2016). All the
information known about this genus therefore has to come from this limited sample; however, this
limited source of data does not stop us from making specific predictions about their diet, ecology
and phylogenetic position (White, 1975; Ciochon et al. 1990; Daegling and Grine; 1994). The
frequency of teeth in the fossil record is not the only reason they are so widely studied, however;
they also contain vast quantities of information. For example, researchers commonly study the
isotopic signature of tooth enamel diet (Lee-Thorp et al. 1994; Sponheimer and Lee-Thorp, 1999;
Richards et al. 2001), as well as patterns of tooth wear on both a macro- (Kay, 1977; Dean and
Beynon, 1991; Ungar, 2004) and micro- (Walker et al. 1978; Grine, 1986; Grine et al. 2012) scale, in

order to reveal aspects of hominin diet.

An advantage of teeth is that, unlike bones, they are not remodelled throughout an organism’s
lifetime (Schour and Massler, 1940a, 1940b; Linde, 1984; Nanci, 2008); once fully developed they
can only be modified by external factors such as breakage or disease, the effects of which are
preserved for study in fossil teeth. Furthermore, the lack of lifetime remodelling of teeth means that
the morphology of unworn dental specimens is highly genetically controlled, and this, combined
with a high level of character richness, means that teeth are particularly useful in reconstructing
evolutionary relationships, for example through phylogenetic analyses. Such analyses have been
used in a number of extinct mammal groups such as the Hyaenodontidae, a highly successful group
of carnivores which went extinct in the late Miocene (Zack, 2011), and the Taeniodonta, a group of
‘archaic’ mammals present around the Cretaceous-Paleogene mass extinction (Rook and Hunter,
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2014), as well as in fossil hominins (Irish et al. 2013). Phylogenetic studies, including those centred
on hominin systematics, often employ a wider suite of characters, either expanding to include
cranial (Strait and Grine, 2004; Danilo et al. 2013; Dembo et al. 2015), or cranial and postcranial
characters (Ni et al. 2013; O’Leary et al. 2013; Argue et al. 2017); however, even in these cases there

is often a disproportionately large number of dental characters included.

There are a number of issues with cladistic analyses, however, including problems with homoplasy
(Lieberman et al. 1996; Springer et al, 2007), non-independence of characters (Kluge, 1989; Strait et
al. 1997; McCollum, 1999) and choice of outgroup taxa (Curnoe 2003; Bjarnason et al. 2010), with
some researchers even suggesting that these analyses are not suitable for determining evolutionary

relationships in hominins (Collard and Wood 2000; Curnoe 2003).

Development

These issues are not only important when building cladograms; any character-based method of
utilising morphology for phylogenetic purposes faces similar problems. However, many of these
issues can be alleviated through careful choice of characters for analysis. Two of the most prominent
issues are homology, and non-independence of characters. Both issues are particularly relevant to
the present study. For example, it has been demonstrated that for a number of common dental
traits, features which appear to be homologous from the external morphology of the tooth may
have multiple distinct morphologies at the enamel-dentine junction (EDJ), indicating that they
represent multiple distinct, non-homologous traits (Skinner et al. 2008b; Anemone et al. 2012).
Furthermore, there is evidence to suggest that certain crown features of the tooth may be strongly
co-dependent. For example, the presence of an accessory cusp (C6) in chimpanzee molars has been
shown to be correlated with the size of the tooth, as well as size and location of other cusps (Skinner
and Gunz, 2010), whilst the spacing of cusps in human molars shows some correlation with the
presence of the Carabelli trait, a cusp on the lingual side of the protocone (Hunter et al. 2010).

Therefore, when studying the morphology of hominin P3s with the aim of discussing phylogenetic



hypotheses, it is important to consider whether the characters used are independent of one

another, and that homoplasy is not mistaken for homology.

One method of tackling this issue is to consider the developmental processes which go into forming
the observed morphology. This method allows us to identify traits which are developmentally linked,
and allow us to assess whether they are independent. Equally, considering development allows us to
identify when traits shared between groups have different developmental origins, suggesting
homoplasy. For this purpose, the dentition is particularly useful; their lack of remodelling allows the
teeth of individuals of any age can be used in reconstructing the developmental processes that went

into their construction.

The formation of teeth happens at the boundary between oral epithelial cells and ectomesenchyme
(Huggins, 1934; Butler, 1967; Thesleff, 2003; Nanci, 2008). A band of epithelium thickens in sites
corresponding to the future dental arches and forms the dental lamina, which is the only place that
tooth buds are able to form. The deciduous dentition forms first, as a series of thickenings on the
lamina, with the permanent dentition forming later in a similar fashion (Reif, 1976; Jernvall and
Thesleff, 2000; Nanci, 2008). Tooth development proceeds in three main stages; the bud, cap and
bell stages. The bud stage is marked by the first intrusion of the epithelial cells into the
ectomesenchyme, forming an epithelial bud. During the cap stage, the ectomesenchymal cells
increase in density and the epithelial cells continue to proliferate. The epithelial cells will go on to
form the enamel of the tooth, and as such, are referred to as the enamel organ, whilst
ectomesenchymal cells, which condense into balls, will go on to form pulp and dentine, and are
referred to as dental papilla. This is called the cap stage because enamel organs sit on top of dental

papillae like a cap (Kollar and Baird, 1969; Reif, 1982; Miletich and Sharpe, 2003; Nanci, 2008).

As the germ continues to grow, it enters the bell stage, during which the inner and outer enamel
epithelium form. These are continuous with one another, forming around the edge of the enamel

organ; the inner enamel epithelium marks the boundary between the enamel organ and the dental
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papilla, whilst the outer enamel epithelium marks the boundary between the enamel organ and the
remaining ectomesenchyme. Cells at the tip of the future cusps differentiate into enamel forming
cells (amenoblasts) and denite forming cells (odontoblasts) in a process called histodifferentiation.
These begin to deposit enamel and dentine on either side of the inner enamel epithelium, before a
wave of cell differentiation sweeps down the sides of the cusps (Nanci, 2008). Dentinogenesis
consists of two main stages; organic matrix secretion, and mineralisation (Linde, 1984; Linde and
Goldberg, 1993). Odontoblasts are present in tubercles running from the EDJ to the pulp chamber
and remain capable of producing dentine throughout their lives. The process of enamel formation by
ameloblasts is called Amelogenesis. Ameloblasts are initiated to produce enamel matrix almost
immediately after the odontoblasts secrete predentine, and this proceeds in a similar pattern of

secretion and mineralisation (Goldberg et al., 1995; Nanci, 2008).

The form of the outer enamel surface (OES), and the cusp patterning observed, is largely determined
by the shape of the inner enamel epithelium after folding (Butler, 1956; Ruch, 1987). It is therefore
important to understand the developmental processes that direct the folding of this surface. Of
particular importance to this process are enamel knots; clusters of nondividing epithelial cells that
occur at the boundary with the inner enamel epithelium (Jernvall et al. 1994). They are transient
structures, eventually disappearing through apoptosis; however they have a controlling role in cusp
development. Primary enamel knots, visible from the cap stage, are non-proliferative, but produce
growth factors that stimulate mitosis in surrounding mesenchymal and epithelial cells. This process
creates unequal growth in the inner enamel epithelium, causing it to buckle, and stimulate the
growth of the cusp (Jernvall et al. 1994). Secondary enamel knots begin to form in the bell stage,
immediately after apoptosis of the primary enamel knots (Keranen et al. 1998). These enamel knots
occur at the site of extra cusps, and are thought to determine their form and size in a similar fashion
(Jernvall et al. 1994; Jernvall and Thesleff, 2000), continuing until the final cusp pattern of the tooth
is formed. The presence of enamel knots can adequately explain how cusps form, but they do not
explain variation in their number, patterning and size, both within and between species. In hominins,
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for example, accessory cusps C6 and C7 are common, and both are more common in some species
than others. However, they are variable within species, as well as between species. Moreover, they
can vary in their size, form and even frequency (Wood and Abbott, 1983). It could be expected that
each individual enamel knot, and therefore each cusp, is determined individually. However, the
same genes appear to be involved in initialising the development of each individual cusp, suggesting
that they are instead formed through repeated use of the same developmental pathways (Keranen

et al. 1998).

The patterning cascade model instead posits that the formation of enamel knots is an iterative
process in which cusp patterning is determined by activators and inhibitors, ensuring that cusps will
only form when there is enough space on the crown that the new cusp would be sufficiently far from
existing cusps (Polly, 1998; Jernvall, 2000). In mice, a bone morphogenic protein inhibitor called
ectodin has been shown to act as an inhibitor to cusp formation; it is expressed across developing
molars, but not in regions containing primary and secondary enamel knots. Furthermore, ectodin-
deficient mice have been shown to have enlarged enamel knots (Kassai et al. 2005). A study of
human upper molars found that cusps which form later in development are more variable than
those which form earlier, which would be expected under this model, given that the development of
the later cusps depends on that of the earlier cusps (Kondo and Townsend, 2006). Equally, the
patterning cascade model predicts that an important aspect controlling cusp number is the size of
the tooth. Larger teeth would have larger regions between cusps in which there is no inhibition,
allowing for the development of extra cusps. Equally, the size of the other cusps has to be
considered, larger cusps would presumably have a larger associated zone of inhibition, preventing
the development of cusps over a larger area. In this case, the timing of cusp formation would be
particularly important, since this is one of the most important aspects of determining cusp size. A
study looking into the prevalence of C6 in chimpanzee lower molars found that not only were molars
possessing a C6 on average larger, but that they generally had smaller, more widely spaced dentine
horns, supporting the predictions of the patterning cascade model (Skinner and Gunz, 2010).
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It has also been shown that there is a relationship between crown size and Carabelli’s trait, an
accessory feature sometimes occurring on the mesiolingual side of upper molars. Teeth that
displayed the trait were generally larger (Kondo and Townsend, 2006; Harris, 2007; Hunter et al.
2010). Furthermore, the spacing of early forming cusps is important; Carabelli’s trait was more
frequent, and generally larger, in teeth with low intercusp distance relative to tooth size. This is
indicative of more closely spaced primary enamel knots because this presents a better opportunity
for the formation of a secondary enamel knot at the future site of the Carabelli’s trait (Hunter et al.
2010). Another interesting point to note is that dentine horns appear only to form on EDJ crests. The
mechanism behind this is unclear, however it is very rare for accessory cusps to form in the occlusal
basin, for example, so it seems that cusp growth in inhibited, or not activated, in these regions

(Skinner and Gunz, 2010).

The results of these studies are particularly important for the use of dentition in studies of
phylogeny. If cusps are not individually determined, as the patterning cascade model suggests, traits
previously assumed to be developmentally homologous among taxa may instead be the result of
homoplasy. For example, upper molars in two closely related Eocene adapid primate groups both
display a distolingual cusp (Anemone et al. 2012). However, it has long been suspected that this cusp
is not homologous between the two groups, with the cusp being termed a ‘pseudo-hypocone’ in one
of the groups. In fact, when looking at the EDJ surface, it is clear that there is a different
developmental origin for the cusp in the two groups, meaning they are not strictly homologous
traits. The authors suggest that this lack of homology is the norm rather than the exception
however, and that terms such as ‘pseudo-hypocone’ are not necessary as long as it is acknowledged

that naming does not imply homology (Anemone et al. 2012).

The development cascade model presents a much more complex interpretation of cusp
development; cusp spacing is determined through a series of epigenetic events such that small
changes in the early spacing of cusps may have dramatic downstream effects. The model is

particularly important for the present study because it suggests that, when considering discrete
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crown features, inferences of homology should be cautiously. Moreover, when novel crown features
arise, caution should be applied when inferring function, since apparently novel traits may be the

result of small upstream changes in overall tooth size, or cusp size and spacing.

Hominin dental evolution

There are a number of overall patterns which are apparent when looking at the dentition across
hominin evolution. For example, when considering overall tooth size, the genus Homo can in general
be characterized by postcanine reduction (Leakey et al. 1964; Brace, 1967; Bermudez de Castro and
Nicolas, 1995), whilst Paranthropus are most easily identified by small anterior and large postcanine
teeth (Robinson, 1956; Tobias, 1967; Ungar and Grine, 1991). There are also notable patterns in
enamel thickness; it has long been noted that modern humans have relatively thicker enamel than
living African apes (Molnar and Gantt, 1977; Martin, 1985; Schwartz, 2000; Skinner et al. 2015),
whilst members of Australopithecus, and particularly Paranthropus, have especially thick enamel
(Beynon and Wood, 1986; Grine and Martin, 1988; Skinner et al. 2015). Especially thick enamel is
maintained in early members of the genus Homo, but lost in later Homo members, who show

thinner enamel than earlier hominins (Smith et al. 2012; Skinner et al. 2015).

Equally, a number of authors have aimed to characterise the changes in crown morphology for
individual hominin teeth (Wood et al. 1983; Wood and Uyttershaut, 1987; Bailey, 2002; Bailey and
Lynch, 2005; Benazzi et al. 2011; Bailey et al. 2014; Gomez-Robles et al. 2015), identifying distinctive
crown features such as talonid extension in Paranthropus premolars (Robinson, 1956; Wood and
Uyttershaut, 1986) and expression of Carabelli’s trait in human upper molars (Scott and Turner,
1997; Ortiz et al. 2012). Dental evolution can also be viewed in terms of function complexes; almost
all anthropoids display a canine honing complex in which the mandibular canine and mesial
mandibular premolar are adapted for a role in sharpening the upper canine during occlusion
(Zingeser, 1969; Walker, 1984; Swindler, 2002; Delezene, 2015). However this condition is lost in

modern humans, who have smaller, less dimorphic canines, and non-sectorial mandibular premolars
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(Greenfield, 1992). It seems these changes began early in hominin evolution, with Mio-Pliocene
hominins such as Ardipithecus ramidus, Ardipithecus kadabba, Orrorin tugenensis and
Sahelanthropus all showing a reduction in canine size (White et al. 1994; Haile-Selassie, 2001; Senut
et al. 2001; Brunet et al. 2002; Haile-Selassie, 2004; Suwa et al. 2009; White et al. 2009), with further
changes in crown and root shape continuing in the Australopithecus lineage (Ward et al. 1999; Ward

et al.2001; Manthi et al. 2012).

2. Premolars

In general, dental analyses use molar teeth since they are the most complex and tend to be the most
distinctive. Canines and incisors, by contrast, are assumed to have much simpler, less distinctive,
morphologies. Premolars can show a range of morphologies; some mammals have caniform
premolars, such as members of Megalonychidae, the two-toed sloths, whose anterior premolars
resemble canines, and occlude with each other to retain sharp shearing edges (Feldhamer et al.
2015). Conversely, a number of species have premolars which are described as molariform or
molarised. These terms can be used to describe a range of traits which have the effect of making
premolar morphology resemble that of molars; in hominins it usually refers to an expanded talonid
and the presence of accessory cusps (Wood and Uytterschaut, 1987). Therians have up to five
premolars in each quadrant, although there is a debate over whether four or five represents the
primitive condition (Cifelli, 2000; O'Leary et al. 2013; Averianov and Archibald, 2015). Catarrhines,
including hominins, have two premolars, labelled P3 and P4 for the purpose of homology. This study

is focusing on mandibular premolars, and as such, maxillary premolars will not be discussed here.

In a number of primate taxa the mesial premolar (which may be the P; or P,) is adapted for its role in
a honing complex with the canines. This function often causes the mesial premolar to show a
markedly distinct morphology from the distal premolars; a state which is described as premolar
heteromorphy (Greenfield and Washburn, 1992; Delezene, 2015). The honing premolar tends to

have a single, particularly tall cusp, along with a broad sloping mesial surface that hones the upper
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canine, acting in a scissor motion (Swindler, 2002; Delezene, 2015). The complex appears to have
been lost early in hominin evolution (Brunet et al. 2002); however members of Ardipithecus, and
early Australopithecus retain some associated plesiomorphic features such as an open anterior fovea
and a tall protoconid, and these features appear to be lost in a mosaic fashion (Ward et al., 2001,

Kimbel and Delezene, 2009; Delezene and Kimbel, 2011; Manthi, 2012; Delezene, 2015).

Hominin lower premolars consistently display a buccal cusp, the protoconid, which is well
developed. The lingual cusp, the metaconid, is much more variable. It can be approximately equal in
size to the buccal cusp, as in H. naledi (Berger et al. 2015), or it may be much less well-developed, as
often seen in modern humans and Neanderthals. It also varies in its position on the crown; it is
often rotated mesially in australopiths compared with later hominins. The lingual side can display
multiple cusps, especially on the P,. Kraus and Furr (1953) described 17 discrete variables for
modern human Pss, including the presence of extra lingual cusps, the form of the central occlusal
ridge, and the position of the protoconid. For human P,s, Ludwig (1957) described seven variable
traits including the number and position of lingual cusp(s). In both cases, a selection of these
variables are applicable to earlier hominins, and have been used in describing variation in premolar

from amongst Plio-Pliestocene hominins (Wood and Uytterschaut, 1987).

For taxonomy

The simplest use of teeth for testing evolutionary affinities involves simple measurements of the
tooth crown such as mesiodistal and buccolingual diameters (Johanson and White, 1979; Stefan and
Trinkaus, 1998), as well as measurements of crown area (Wood and Abbott, 1983). ‘Crown shape
index’, a measure which expresses buccolingual diameter as a percentage of mesiodistal diameter,
has also been used to attempt to distinguish among taxa on the basis of overall tooth diameters
(Wood and Abbott, 1983; Wood and Uytterschaut, 1987). In premolars, some trends can be
observed; for example P. boisei has relatively narrower P,s than P. robustus; however, these

measures are not reliable in distinguishing among taxa (Wood and Uytterschaut, 1987). Therefore,
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more complex methods are required in order to capture more of the shape and size variation

present.

A number of more complex methods have been used. For example, cusp area measurements, as well
as analysis of fissure patterns and cross sectional shape have been shown to contain some level of
taxonomically distinctive information, often varying with tooth position and performing better for
identifying certain taxa (Wood and Abbott, 1983; Wood et al. 1983; Suwa et al. 1994). Moreover, the
enamel thickness can be studied in fossil teeth. For example, the ‘robust’ australopiths are
characterised as having particularly thick enamel (Conroy, 1991; Grine and Martin, 1988). There are
problems with this method however; enamel thickness is often homoplasious, and it seems that 2D
measures of enamel thickness are not effective in discriminating among taxa (Smith et al. 2012;
Skinner et al. 2015). 3D measures of enamel thickness and distribution perform better, but there is
still often significant overlap among taxa (Olejniczak et al. 2008). Root morphology can also be
considered. Mandibular premolar roots are extremely variable in hominins, and there is some
indication that this may be useful for taxonomic identification (Wood et al. 1988; Moore et al. 2016),
however it seems unlikely that root morphology carries as much information as the crown
morphology, and thus may be limited in its ability to discriminate among taxa in the absence of

other information.

Equally, qualitative trait analysis is a useful tool for distinguishing among taxa. This can include, for
example, the number of main cusps, the presence of accessory cusps and the presence of further
additional features such as extra ridges. Features that are common in one species might be rare in
others, and they are often used, as part of a wider suite of characters, to identify a taxon. For
example, an accessory cusp, C6, is commonly found in the M, of robust australopiths, but rare in
Australopithecus africanus, whilst a second accessory cusp, C7, shows the opposite trend (Wood and
Abbott, 1983). Premolar morphology is important in distinguishing early African H. erectus from later

forms; both premolars have a more complex crown morphology, whilst the roots of the P; often
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show an accessory mesiobuccal root, both of which are primitive traits not seen in later Asian H.

erectus (Wood and Boyle, 2016).

For premolars, Wood and Uytterschaut (1987) analysed a sample of 91 hominid P; and P,s to
investigate their taxonomic distinctiveness. They scored morphological traits based on a selection of
the variables identified by Kraus and Furr (1953) and Ludwig (1957), as well as recording absolute
and relative areas for the whole crown, the main cusps, and the talonid. They found that, in many of
the measured traits, there were clear differences among taxa. In particular, they found that the
‘robust’ australopiths, especially Paranthropus boisei, could be distinguished from other taxa, most
notably in terms of the size of the talonid relative to the crown. They furthermore investigated the
claim that this talonid expansion was an allometric phenomenon, meaning that the change in shape
observed was a direct result of the larger size of the premolars in these taxa, and found no evidence
for this (Wood and Uytterschaut, 1987). They found these results variably useful in identifying the
taxonomic affiliation of unknown specimens; some taxa, particularly Paranthropus species, could be
identified on the basis of large talonids, as well as the presence of additional cusps and a more
deeply incised median longitudinal fissure, whilst the lingual cusp in P. boisei is distinctive in its distal
placement. Overall, absolute cusp area and talonid area performed best at discriminating among
taxa, and the authors were able to determine the taxonomic affiliation of some isolated specimens

(Wood and Uytterschaut, 1987).

Neanderthals can be distinguished from modern humans and other hominins based on a number of
P, traits. In particular, the combination of a strong transverse crest, a large mesially placed
metaconid, and crown asymmetry appear to be distinctive of the species (Bailey, 2002). Crown
shape is particularly useful in identifying Neanderthal P,s; Bailey and Lynch (2005) used elliptic
Fourier analysis to quantitatively assess the shape of the occlusal outline in the P,s of a number of
late Homo species. They found that not only were Neanderthal P,s symmetrical, but that this was

significantly different to the shape observed in modern humans. Attempts to use the differences in
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occlusal outline shape to classify specimens was only partially successful, however. Whilst 98.1% of
modern humans were classified correctly, only 65% of Neanderthals were correctly identified (Bailey

and Lynch, 2005).

The Arizona State University Dental Anthropology System (ASUDAS) is a standardised method of
scoring variation in modern human teeth. The system includes a number of variable traits and scores
not just their presence/absence, but also their form or degree of expression, and in a form that is
replicable between studies (Turner Il et al. 1991). This system has also been used in studies of
hominin dental variation (Irish, 1997; Irish, 1998; Bailey, 2000; Bailey, 2002; Irish and Guatelli-
Steinberg, 2003; Irish et al. 2013), which is beneficial because the traits used are well-defined, easily
and reliably identifiable, and are often highly heritable (Irish et al. 2013). However, the ASUDAS
system was designed to capture the variation in modern human populations, and as such, does not
capture all of the variation present in fossil hominin teeth (Bailey, 2002; Irish and Guatelli-Steinberg,
2003). This problem can be alleviated to some extent by using characters in addition to those in
ASUDAS (Bailey, 2002), although this loses the benefit of standardisation unless the new characters
are also widely adopted. For lower premolars, the ASUDAS focuses on lingual cusps, outlining 11
categories with which to score the number and form of any lingual cusps present (Turner Il et al.
1991). The present study will look at a range of discrete traits in premolars at the EDJ which are
found to be variable among fossil hominins and extant non-human apes. Where these EDIJ traits

overlap with ASUDAS traits, this will be discussed.

3. Geometric morphometrics

One method that can be used to capture detailed shape information is geometric morphometrics.
This method is based on the comparison, in 2D or 3D, of the coordinates of landmarks placed on
homologous structures in different specimens. One advantage of the method is the use of
Procrustes superimposition, a least squares technique which rotates, translates and scales

specimens in order to minimise the distances between landmarks, removing problems associated
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with aligning specimens (Gower, 1975; Rohlf and Slice, 1990; Goodall, 1991; Dryden and Mardia,

1998).

A series of 2D geometric morphometric studies on hominin postcanine dentition revealed a number
of morphological trends, especially in Pleistocene Homo (Gémez-Robles et al. 2007, 2008, 2011,
2012, 2015; Martindn-Torres et al. 2006). These studies each focused on an individual tooth, or
group of teeth, identifying patterns in their occlusal outline and cusp patterning, as well as assessing
their use in taxonomic identification. This methodology has clear advantages; it effectively identifies
patterns that are typical of particular species, or other groups, for specific teeth. For example, in
upper first molars, a derived pattern can be seen in Neanderthals that consists of a rhomboidal
occlusal polygon and an external occlusal outline that is skewed by the protrusion of the hypocone.
This morphology is distinctive of Neanderthals when compared with modern humans, but is also
present to a lesser extent in H. heidelbergensis (Gdmez-Robles et al. 2007). Similarly, in upper
premolars, H. sapiens can be distinguished from H. neanderthalensis through the former’s reduction

of the lingual cusp and a shortened interfoveal length (Gdmez-Robles et al. 2011).

Two studies in this series focused on premolars (Gomez-Robles et al. 2008; Martindn-Torres et al.
2006). Geometric morphometric analysis of hominin P,s (Martindn-Torres et al. 2006) supported
Bailey and Lynch (2005)’s conclusion that crown asymmetry is a distinctive trait of Neanderthal P,s,
although this arrangement was also seen in Australopithecus taxa, suggesting it is not a derived
morphology as suggested (Bailey and Lynch, 2005). However, it does contrast with the more circular
occlusal outline seen in H. sapiens. The occlusal polygon, the shape formed by joining the four main
occlusal landmarks (Morris, 1986), is large in Australopithecus and early Homo, but is reduced in
later taxa. Although it is reduced in size in both H. sapiens and Neanderthals, the polygon is more
lingually placed in modern humans. It is suggested that in Neanderthals and H. heidelbergensis, the
reduced occlusal polygon is compensated for by enlargement of the talonid and the addition of

lingual accessory cusps, retaining the crown asymmetry. In modern humans, the reduction in overall
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size is accompanied by a reduction in talonid size, hence the crown symmetry (Martindn-Torres et al.

2006).

In P3s, a number of patterns were apparent. The sample included early and later members of the
genus Homo, as well as a number of australopith taxa. The primitive australopith morphology in this
sample was characterised by an asymmetrical occlusal outline, largely driven by the presence of a
large talonid. The occlusal polygon is also relatively large in the primitive condition. From here, there
appears to be two main derived morphologies, one for modern humans, and one for Neanderthals
and H. heidelbergensis. Modern humans have a symmetrical, circular occlusal outline, driven mostly
by the absence, or weak expression, of the talonid. The tip of the protoconid is buccally placed,
which shifts the occlusal polygon centrally within the occlusal outline. In Neanderthals and H.
heidelbergensis, the occlusal outline is also symmetrical (the talonid is small when present), however
the protoconid has moved more centrally, creating a smaller, more lingually placed occlusal outline
(Gémez-Robles et al. 2008). They also found evidence of allometric effects in the observed shape
changes. There is an overall pattern of reduction in P; size in more modern taxa, which is

accompanied by an allometric reduction in crown size and protoconid-metaconid distance.

It is interesting to note that Neanderthal P, morphology appears to be primitive (Martinén-Torres et
al. 2006) whilst P; morphology is derived (Gdmez-Robles et al. 2008) which could suggest that the
two tooth positions are not controlled through the same mechanisms. This conclusion could lend
support to previous suggestions that the third and fourth premolars belong to different evolutionary
units (Bermudez de Castro, 1993). Rather than the more common suggestion of strong associations
among the post-canine (molars and premolars) and anterior (incisors and canines) dental units, the
boundary would instead be placed between the third and fourth premolars. This is supported by
evidence in the Gran Donlina sample that suggests P; size co-varies with incisors and canines, whilst

the P, co-varies with the molars (Bermudez de Castro, 1993; Bermudez de Castro et al. 1999).
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However, whilst 2D geometric morphometrics studies of hominin dentition are useful in
characterising taxon specific patterns, they appear to show limited ability to assign taxonomic
affiliations. This varies among taxa; mandibular molars, as well as M?, M?, P* and P* show a moderate
to low ability to distinguish Neanderthals among European Pleistocene taxa (Gémez-Robles et al.
2011, 2012, 2015). In upper second molars, for example, just 16.7% of Neanderthal specimens were
correctly assigned when measured using a cross-validation technique in which the specimen was
considered ‘unknown’ before classification was attempted using a canonical variates analysis (CVA)
(Gémez-Robles et al. 2012). This varied with tooth position, and overall classification accuracy was
often much better (Gomez-Robles et al. 2012; Gémez-Robles et al. 2015); however this still limits the

use of these results for applying taxonomic affiliations.

The limited ability to distinguish among taxa in these studies could be due to the amount of shape
variability captured; the studies discussed so far mostly deal with 2D analyses of the occlusal basin.
One method of improving on this would be to use analyses that capture 3D shape variation.
Logically, this would capture significantly more of the shape variation present in the sample,
increasing our ability to distinguish among taxa. In particular, this would be useful in capturing
information about cusp height, which is known to differ between fossil hominin taxa, and is one of

the distinctive features of the H. naledi Pss, for example (Berger et al. 2015).

This is well demonstrated by a 3D geometric morphometric study of the OES in Pan mandibular
molars that was able to distinguish between species and tooth position accurately (Singleton et al.
2011). Using both M;s and M,s, Pan paniscus molars could be distinguished from those of Pan
troglodytes with 100% accuracy, whilst, when both species were pooled, specimens could be

assigned to molar position with 95% accuracy.

4. Enamel-Dentine Junction

The methods outlined above generally involve assessment of features in the OES. There are issues

with such analyses, however, the most prominent of which is tooth wear. Teeth in the hominin fossil
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record are often heavily worn, which can degrade the distinctive features of the OES (Burnett et al.
2013). Therefore, analyses that do not rely on preservation of the enamel surface can be extremely

useful.

Another option is to instead look at the EDJ, the boundary between enamel and the underlying
dentine. Since the EDJ lies beneath the enamel cap, it can be well preserved in teeth with moderate
wear. The EDJ preserves the form of the basement membrane of the inner enamel epithelium. As
the surface on which enamel is deposited, many of the distinctive features of the OES originate from
the form of the inner enamel epithelium. However, the contribution of the process of non-uniform
enamel deposition should also be considered as it can create disparities between the EDJ and OES.
For example, enamel deposition begins at the tip of cusps, meaning that it is more thickly deposited
here than at the cervix (Swindler, 2002). Moreover, the majority of hominin species have been
shown to have thicker enamel in the occlusal basin of mandibular molar than on the lingual or buccal

faces (Skinner et al. 2015).

Numerous studies have investigated the degree of correspondence between the OES and the ED)
(Bailey et al. 2011; Guy et al. 2015; Martinez de Pinillos et al. 2014; Nager, 1960; Ortiz et al. 2012;
Skinner et al. 2010). Nager (1960) suggested three categories for dental traits. ‘Primary definitive’
traits are present at the EDJ and the OES, with only minor differences in morphology. ‘Primary
temporary’ traits are present at the EDJ, but not at the OES, whilst ‘Secondary traits’ are present at
the OES but not the EDJ. Primary definitive traits are most common (Nager, 1960; Skinner et al.
2008b; Skinner et al. 2010); for example, primary molar cusps are present at both the EDJ and OES,
although they are generally sharper and less rounded at the EDJ (Guy et al. 2015). However, there
are also examples of primary temporary and secondary traits (Corruccini, 1987; Nager, 1960; Skinner

et al. 2010).

Studies of trigonid crest patterns in modern humans and Neanderthals (Bailey et al. 2011), as well as

in H. heidelbergensis (Martinez de Pinillos et al. 2014) showed general correspondence between the
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OES and EDJ, and similar results were found when looking at the expression of Carabelli’s trait in
chimpanzee and modern human maxillary molars (Ortiz et al. 2012). Equally, a study of the relative
contributions of the EDJ and the enamel cap to crown complexity in primate molars found that, for
the most part, the complexity of the OES derives from the EDJ (Skinner et al. 2010). However, they
also found that the enamel cap can contribute to complexity in teeth with extensive surface
crenulations. In two taxa, Pongo and Pan, these crenulations are present at the EDJ, but exaggerated
at the OES, a pattern that was most notable in Pongo. In Chiropotes, the crenulations are absent at
the EDJ, meaning they are driven entirely by enamel deposition (Skinner et al. 2010). Looking at the
EDJ in Pan mandibular molars, Skinner et al. (2009a) found that M,s had smaller more centrally
located mesial dentine horns than M;s, however this pattern was not replicated when Singleton et
al. (2011) completed a similar study of the OES. This difference could be due to enamel deposition or

specific patterns of wear at the OES.

Overall, there does seem to be a general pattern of concordance between the OES and EDJ (Morita,
2016; Skinner et al. 2008b; Skinner et al. 2010), especially in the case of major features such as
cusps. However, there are a number of examples of non-concordance (Kono, 2004; Kraus, 1952;
Olejniczak et al. 2004), and enamel deposition can also play a role (Morita et al. 2014). It therefore
seems that the morphology of the EDJ and OES are useful in different scenarios. The OES is often
more useful in studies of dietary reconstruction since this provides the occlusal surface used in
processing food items. This was demonstrated in a geometric morpmetric study of occlusal
morphology in extinct Platyrrhine primates that reconstructed dietary adaptations of various groups
(Cooke, 2011). In this case, groups of specimens clustered together in shape space due to similar
dietary adaptations that may often be due to homoplasy rather than close phylogenetic
relationships. This effect of homoplasious clustering in shape space is likely to be less notable at the
EDJ since this surface is not the surface directly used for processing food; however, this is something
that should be considered nonetheless, given the generally close concordance between the two
structures.

24



Alternatively, the EDJ is more useful in studies of tooth development. Given that this is where the
majority of distinctive dental traits are initially determined; this provides a clearer indication of the
underlying developmental processes. This is also true of studies of phylogeny. The EDJ is useful
because it provides us with a clearer indication of homology; it is easier to misinterpret
homoplasious traits as homologous at the OES because the features are less sharp, and therefore
less distinctive. The morphology of the EDJ has been shown to effectively distinguish between extant
and extinct primate taxa (Crevecoeur et al. 2013; Skinner et al. 2008a; Skinner et al. 2009), and was
recently used, among other measures, to identify two isolated deciduous Neanderthal teeth (Arnaud
et al. 2016). Equally, a geometric morphometric study of hominin M?s found that, whilst there was a
high level of covariation between the EDJ and the OES, the EDJ provided better separation of

taxonomic groups (Fornai et al. 2015).

A 3D geometric morphometric analysis of the EDJ surface of lower molars was carried out for species
and subspecies of Pan (Skinner et al. 2009a). Cross-validation analysis gave the correct species
identification in 100% of instances, whilst for subspecies 87-100% of molars were correctly
identified. Furthermore, these methods proved to be promising when looking at lower molars in A.
africanus and P. robustus (Skinner et al. 2008a). Three landmark sets were used, one containing
landmarks for 8 points on the EDJ surface, including the tips of each major dentine horn (called the
‘MAIN’ set), one set of landmarks along the ridges that connect the main dentine horns (called the
‘RIDGE’ set) and another running around the cementum-enamel junction (CEJ) of the tooth (called
the ‘CERVIX’ set). Classification was better when the MAIN and RIDGE landmark sets were included,
either alone or as well as the CERVIX set, and was in general better when considering size as well as
shape (form space). Classification is 74-91% accurate when using both sets in form space, and 79—

93% accurate when using only the RIDGE set in form space (Skinner et al. 2008a).

Geometric morphometric study of the EDJ surface in 3D was recently used in assessing the

taxonomic affinity a partial mandible (BH-1) found at Balanica in Serbia (Roksandic et al. 2011;
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Skinner et al. 2016), dated to a minimum age of 397-525 Ka (Rink et al. 2013). The EDJ morphology
supported previous assertions that the specimen is not Neanderthal, nor does it show the degree of
Neanderthal features seen in Sima de los Huesos specimens, and would be better assigned to H.
heidelbergensis sensu lato (Skinner et al. 2016). A similar study used 3D geometric morphometrics of
the EDJ surface to assess the taxonomic affinities of an isolated upper molar (#Ish25) from the site of
Ishango, Democratic Republic of Congo (Crevecoeur et al. 2013). Although a species definition was
not possible, it was clear that #Ish25 clustered with australopiths and early Homo, rather than later
Homo species. These results suggest that 3D geometric morphometrics of EDJ morphology is
extremely useful in assigning taxonomic designations to hominin molars. Previous studies have
identified taxon-specific morphologies in mandibular premolars, but have had only limited success in
assigning isolated specimens to species (Bailey and Lynch, 2005; Gomez-Robles et al. 2008;
Martindn-Torres et al. 2006). Therefore, this study will utilise the 3D geometric morphometric
methodology in order to further investigate the taxonomic distinctiveness of mandibular premolars

in hominins.

Only a limited amount of work has been done in this area. One small study used geometric
morphometric analysis to investigate premolar EDJ morphology in hominins (Pan et al. 2016). They
found clear separation of australopiths and Homo, and were able to distinguish A. africanus from P.
robustus. They found that, for P;s, modern humans and an early Homo specimen were characterised
by an oval shaped EDJ outline and an elevated protoconid, whilst P. robustus specimens showed a
more trapezoid outline and more centrally placed dentine horns. However, more detailed analysis of
morphological patterns was hindered by the restricted sample; no Neanderthal specimens, and only

two early Homo premolars (one P; and one P,), were included.

This study will utilise a larger sample and cover a wider selection of hominoids. Furthermore, the
Pan et al. (2016) study only used landmarks on the occlusal surface of the tooth, whereas in this

study, landmarks will also be placed on the CEJ. This will allow for more of the shape variation

26



present in the sample to be captured, and possibly more importantly, will allow the inclusion of

extremely worn specimens, in which the EDJ crown is not preserved.
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Manuscript

1. Introduction

Teeth are an important component of the fossil record; as highly mineralised and compact tissues,
they are well-preserved, and therefore common in fossil deposits. They also contain large quantities
of information regarding taxonomy, diet, and environment, amongst other factors (Walker et al.
1978; Sponheimer and Lee-Thorp, 1999; Richards et al. 2001; Lee-Thorp et al. 2003; Grine et al.
2012). Unlike bones, the external morphology of the tooth crown is not remodelled throughout an
organism’s lifetime; once fully developed they are only modified by external factors such as
breakage or wear. This means that the morphology of unworn dental specimens is highly genetically
controlled, and this, combined with a high level of character richness, means that teeth are
particularly useful in reconstructing taxonomic affinities and developing phylogenetic hypotheses
(Wood and Abbott, 1983, Wood et al. 1983; Suwa et al. 1996; Irish and Guatelli-Steinberg, 2003;

Skinner et al. 2008a).

In general, studies of hominin dentition focus on molars since they are the most complex, whilst
premolars are considered transitionary teeth between the simple, single cusped canines, and the
more complex, multi-cusped molars (Butler, 1939; Dahlberg, 1945; Townsend et al. 2009). Premolars
are extremely variable however, and even within hominoids can show a variety of morphologies.
This is especially true of the mandibular third premolar, which performs a different function in
modern humans than in non-human apes. In non-human apes, the P; is involved in the canine
honing complex whereby the upper canine occludes with the broad mesiobuccal surface of the P; in
order to maintain the canine’s sharp shearing crest (Walker 1984, Swindler, 2002; Delezene, 2015).
The honing canine appears to have been lost early in hominin evolution (Brunet et al. 2002; Haile-
Selassie, 2004; Suwa et al. 2009; White et al. 2009), allowing the tooth to be fully adapted for its role
in mastication. In later hominins, the P; may be molarised (Robinson, 1956; Wood and Uytterschaut,
1978; Leonard and Hegmon, 1987), which is usually defined as the expansion of the talonid, and the
possible addition of extra cusps (Wood and Uytterschaut, 1978). This condition is most extreme in
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members of the genus Paranthropus, where it is accompanied by a range of unique dental

adaptations (Robinson, 1956; Tobias, 1967; Grine and Martin, 1988).

A number of studies have investigated the taxonomic potential of the P3, with promising results.
Wood and Uytterschaut (1978) scored hominid premolars on a number of traits (mostly based on
those identified by Kraus & Furr (1953) and Ludwig (1957) in their studies of modern human
premolars) such as cusp number and metaconid position, as well as absolute and relative crown
proportions. They found a number of distinguishing features in hominin premolars, particularly
amongst the robust australopiths. Suwa (1990) identified a number of premolar traits which could
be used to identify Pss of Australopithecus africanus and early Homo, as well as a number of traits
unique to early Homo. Later, Gdmez-Robles et al. (2008) used 2D geometric morphometric analysis
to investigate patterns in hominin P; morphology, finding clear differences between early hominins
(Australopithecus and early Homo) and later Homo specimens. The earlier species display an
asymmetrical occlusal outline and an expanded talonid, whilst the later taxa tend towards a more
symmetrical occlusal outline and a reduced talonid. They also found differences between late Homo
species such as the placement of the protoconid (Gémez-Robles et al. 2008). A number of studies
have used 3D geometric morphometrics for studying hominoid dentition (Skinner et al. 20083;
Skinner et al. 2009a; Singleton et al. 2011; Pan et al. 2017; Martin et al, 2017), finding that this

method can successfully distinguish hominoid species, and even subspecies (Skinner et al. 2009a).

A number of these studies look at the enamel-dentine junction (EDJ) rather than the outer-enamel
surface (OES). The EDJ preserves the form of the inner enamel epithelium, the layer on which the
enamel is deposited. The majority of the distinctive features of the OES originate at the EDJ, and the
two surfaces are thought to have a high level of correspondence (Nager, 1960; Skinner et al. 2010;
Ortiz et al. 2012; Guy et al. 2015). Studying the EDJ rather than the OES has a number of advantages.
Firstly, the EDJ is often preserved in specimens showing moderate levels of wear, allowing for

specimens which would otherwise be undiagnostic to be included in the analyses. Secondly, features
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at the EDJ are typically sharper and more distinctive. Hominin species may have relatively thick
enamel (Beynon and Wood, 1986; Macho and Thackeray, 1992; Smith et al. 2012; Skinner et al.
2015), meaning some small crown features may be difficult to distinguish. The sharper appearance
of the EDJ allows for reliable placement of landmarks in geometric morphometric analyses (Skinner,
2008; Skinner et al. 2009a; Martin et al. 2017), as well as facilitating the precise assessment of a
number of small discrete traits, such as accessory cusps and crests. Analysis of these traits at the EDJ
may allow for a better understanding of the developmental processes which went into forming

these features (see Skinner and Gunz, 2010; Anemone et al. 2012).

This study will evaluate the mandibular third premolar EDJ morphology in a number of extant and

fossil hominoid taxa, with three main aims:

1. Evaluate the taxonomic potential of the P; EDJ using 3D geometric morphometrics, and
evaluate the taxonomic affiliation of any specimens for which this is uncertain

2. Summarise the major transitions in P; morphology across hominin evolution, using extant
non-hominin apes as an outgroup

3. Discuss the presence of a number of discrete traits at the EDJ and OES, and their potential

importance both taxonomically and developmentally

2. Materials and methods

2.1.  Study sample

The study sample is summarised in Table 1 (a full list of specimens can be found in Supplementary
Table 1), and consists of 123 mandibular third premolars, mostly assigned to well established
hominoid taxa, but also including nine specimens designated as Homo sp., and four specimens
considered here to be of unknown taxonomic affiliation. These include KNM-WT 8556, a
fragmentary mandible which has been previously assigned to both Australopithecus afarensis
(Brown et al. 2001) and Kenyanthropus platyops (Leakey et al. 2001), KNM-ER 5431E, which has

been suggested to represent early Homo, but was cautiously assigned as Hominidae gen. et sp.
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Table 1

Study sample summary. The extant and fossil taxa included in the sample are listed, along with their locality,
and the sample size for each of the four different geometric morphometric analyses. Full specimen list can be
found in Supplementary Table 1

CEJ+ CEJ EDJ
Taxa Locality Full ~ Med only only
Hylobates South East Asia 4 4 4 4
Pongo Borneo; Sumatra 6 6 6 6
Gorilla Cameroon; Congo 5 5 5 5
Pan Cote d'lvoire 5 5 5 5
A. anamensis Kanapoi, Kenya 3 3 3 3
A. afarensis Hadar + Omo, Ethiopia 5 7 10 5
A. africanus Sterkfontein + Taung, South Africa 5 8 9 9
P. robustus Drimolen,. South Africa; Swartkrans, 5 6 8 9
South Africa

P boisei gc:::'i ;)hr;;i\!est Turkana, Kenya; 5 5 3 4
Homo sp. cuartioans Southatics 3363
H. rudolfensis Uraha, Malawi 0 0 1 0
H. ergaster Koobi Fora, Kenya; West Turkana, Kenya 0 1 3 0
H. erectus Sangiran, Indonesia 1 1 2 1
H. naledi Rising Star, South Africa 4 5 8 4
H. heidelbergensis  Mauer, Germany 0 1 1 0
H. ; i ia;

o ertalensic g:lr;dti)sac'igeenlgillj:ance, Krapina, Croatia; 10 15 15 10
Fossil H. sapiens Qafzeh, Israel; Jebel Irhoud, Morocco 2 3 3 2
Recent H. sapiens®  Anatomical collection, various localities 8 12 12 8

West Turkana + Koobi Fora, Kenya;
Unknown** Makapansgat + Swartkrans + 5 5 5 5

Sterkfontein, South Africa

* Further details on the modern human sample can be found in Supplementary Table 2

**Unknown specimens are KNM-WT 8556, KNM-ER 5431E, Cave of Hearths mandible, SK 96 and STW 151
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indet.by Wood (1991), and a Late-Pleistocene mandibular fragment from the Cave of Hearths,

Makapansgat.

STW 151 represents a number of cranial and dental fragments of a juvenile individual from
Sterkfontein which has been suggested to share a number of features with A. africanus, but which
may be more derived towards the early Homo condition (Moggi-Cecci et al. 1998). The specimen has
therefore been separated from the main A. africanus sample in this study, and the P; EDJ

morphology will be discussed.

The final specimen considered unknown here is SK 96, a mandibular fragment, lower canine and P;
from Swartkrans member 1 which has traditionally been assigned to Paranthropus robustus
(Robinson, 1956). In the initial description of the specimen, Robinson (1956) noted that the premolar
differed from the typical P. robustus form, but suggested that this was due to incomplete crown
development. In initial analyses, it became clear that the P; was in fact crown-complete, and

therefore this could not account for the unusual morphology.

Specimens from Qafzeh and Jebel Irhoud are included here, but will be separated from the recent
Homo sapiens sample. From here, when discussing modern humans or H. sapiens, this excludes
Qafzeh and Jebel Irhoud, unless otherwise stated. The recent H. sapiens sample is derived from the
University of Leipzig Anatomical Collection (ULAC). Relatively little information is available on this

sample, but the information which is available is presented in Supplementary Table 2.

2.2 Microtomography

Microtomographic scans of the premolar sample were obtained using either a SkyScan 1173 at 100-
130 kv and 90-130 microA, a BIR ACTIS 225/300 scanner at 130 kV and 100-120 microA, or a Diondo
d3 at 100-140kv and 100-140 microA and reconstructed as 16-bit tiff stacks (isometric voxel

resolutions ranging from 13-45 microns).
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2.3 Image filtering

The image stacks for each premolar were filtered using a three-dimensional median filter, followed
by a mean of least variance filter, both with a kernel size of either one or three, implemented using
MIA open source software (Wollny et al. 2013). This process facilitates the segmentation of enamel
from dentine by improving the homogeneity of the grey-scale values for the enamel and dentine,
and by sharpening the boundaries at the interface between tissue types (Schulze and Pearce, 1994).
The kernel size was decided by manually assessing the level of contrast between enamel and
dentine; a kernel size of three was used on those scans with low contrast. The effect of filtering on

the morphology of the EDJ has previously been shown to be minimal (Skinner, 2008).

A B

Mesial marginal
ridge

Distal marginal
ridge

Figure 1. Landmarking protocol and P; terminology guide. Left: Example of the landmarking protocol for all
three landmark sets. Numbers in brackets indicate the number of landmarks placed in each set, with the ED)J
ridge set split into two sections. 1 — Protoconid landmark, 2 — Metaconid (or equivalent point — see text)
landmark. Right: Neanderthal right P illustrating the major morphological features present in hominoid P3s.
Prd — Protoconid, Med — Metaconid.
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2.4 Tissue segmentation

The filtered image stacks were processed using Avizo 6.3 (www. vsg3D.com) in order to produce
surface models of the EDJ. Enamel and dentine were segmented semi-automatically using grey-scale
values in the 3D voxel value histogram. In some cases, less distinct tissue classes made segmentation
through this method not possible, and instead a seed growing algorithm was employed to segment
enamel from dentine, before being checked manually. A triangle-based surface model of the EDJ was

produced using in .ply format, using the unconstrained smoothing parameter in Avizo.

In some specimens, dental wear had removed the tips of dentine horns. In the case of specimens
with minimal wear, the missing portion of the dentine horn was reconstructed following the
procedure of Skinner (2008); Skinner et al. (2008a) and Skinner et al. (2009a). This procedure is
similar to correcting for interstitial wear, and involves inferring the structure of the dentine horn tip
from the preserved anatomy of the dentine horn. An example can be seen in AL 266-1 (shown in
Figure 11 - the reconstructed portion of the protoconid is visualised in blue). This procedure was
restricted to specimens for which less than a quarter of the dentine horn was missing, which was
assessed through viewing the EDJ in occlusal view where the proportion of missing dentine horn can
be easily assessed. Specimens considered for reconstruction were restricted to those showing a
wear level less than wear level 3 according to Molnar (1971). This procedure was also restricted to
cases in which multiple observers were confident of the original position of the dentine horn using
their experience, anatomical knowledge, and the preserved EDJ morphology. Dentine horns
reconstruction was performed using the ‘fill holes’ function in Geomagic Studio 2014

(www.geomagic.com) and reconstructed specimens are marked in Supplementary Table 1. One

specimen (SK 96) showed a large crack which had caused a portion of the crown to move relative to
the remainder of the crown. In this case, the EDJ was realigned using Geomagic Studio 2014. The
crack ran diagonally across the mesial side of the crown, running directly through the protoconid.

Four points on the crown were used as reference points for alignment; two points on the CEJ (one
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on the buccolingual side of the crown and one on the mesiodistal side of the crown), one point on

the mesial marginal ridge, and a final point at the tip of the protoconid.

2.5 Landmark collection

3D landmarks were collected in Avizo 6.3 in three distinct sets; ‘EDJ main’, ‘EDJ ridge’ and ‘CEJ ridge’.
EDJ main and EDJ ridge landmarks were placed on the EDJ surface model produced, often assisted by
the unfiltered image stack. EDJ main consists of two landmarks, the first placed on the tip of the
protoconid, and the second placed on the metaconid where present. For specimens where a
metaconid was not present, the landmark was placed on the equivalent position, where transverse
crest meets the marginal ridge (Fig. 1). In non-hominin apes, the transverse crest often does not
reach the marginal ridge, so for these specimens, the second EDJ main landmark was placed on the
lingual margin of the crown, mesiodistally level with the transverse crest. EDJ ridge landmarks were
placed around the marginal and protoconid ridges encircling the basin of the tooth, beginning at the
protoconid landmark, and running mesially, eventually returning to the protoconid (Fig. 1). Some
specimens display an interrupted marginal ridge, and in these cases landmarks were placed along

the equivalent points along the flattened EDJ surface.

CEJ ridge landmarks were placed on an isosurface rendering of the surface morphology of the tooth,
sometimes assisted by the unfiltered image stack when the CEJ was otherwise unreachable due to
matrix build-up or the presence of an adjacent tooth. The first landmark was placed on the CEJ at the
midpoint of the buccal face of the tooth, then landmarks were placed mesially around the CEJ. In
cases where part of the CEJ was missing, the location of these landmarks was estimated if the
observer was confident of the CEJ’s original position. For some specimens, it was not possible to
place all landmarks, either due to dental wear beyond the level that could be reconstructed (as
described above), poor tissue contrast prohibiting the placement of EDJ landmarks, or in some cases,
the tooth may not be fully crown complete, meaning the CEJ has yet to form. In these instances,

analyses were completed on subsets of landmarks, depending on the areas of morphology
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preserved. Ultimately, analyses Table 2

Geometric morphometric analyses. Summary of the four analyses and

were conducted in four groups, the landmarks included

each utilising different Analysis Description

combinations of landmarks, to EDJ+CE! Uses all landmarks, from both the EDJ and CE]

allow analysis of as many Uses the landmarks placed on the CEJ, as well
CEJ+Med as a single fixed landmark on the metaconid (or

specimens as possible, and to equivalent point)

assess the utility of these CEJ only Uses only the landmarks placed on the CEJ

landmark sets for taxonomic EDJ only Uses only the landmarks placed on the EDJ

distinctions. The analyses are summarised in Table 2, and the specimens included in each of the

analyses are summarised in Supplementary Table 1.

2.6 Derivation of homologous landmark sets
Geometrically homologous semilandmarks were derived using a software routine written by Philipp
Gunz (Gunz et al. 2005; Gunz and Mitteroecker, 2013) implemented in Mathematica 8.0

(www.wolfram.com). A smooth curve was fit through the landmarks of the EDJ ridge and CEJ ridge

landmark sets using a cubic-spline function. For the EDJ ridge set, the EDJ main landmarks were
projected on to the curve, dividing the curve into mesial and distal portions. A fixed number of
equally spaced landmarks were placed along the curve; the EDJ has 20 landmarks in the mesial
portion and 25 in the distal, whilst the CEJ has 60 landmarks. Landmarks in the EDJ main set were
fixed whilst those in the EDJ ridge and CEJ ridge were treated as semilandmarks. These landmarks
were allowed to slide along their curves so as to reduce the bending energy of the thin-plate spline
interpolation function calculated between each specimen and the Procrustes average for the sample
(Gunz et al. 2005; Gunz and Mitteroecker, 2013). The sliding operation was performed twice, after
which the landmarks were considered to be geometrically homologous. The landmarks were then

converted into shape coordinates using generalized least squares Procrustes superimposition which
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removes scale, location, and orientation information from the coordinates (Gower, 1975; Rohlf and

Slice, 1990; Goodall, 1991; Dryden and Mardia, 1998).

2.7  Analysis of EDJ and CEJ shape and size

A principal components analysis (PCA) was carried out using the Procrustes coordinates of each
specimen in both shape and form space, the latter of which includes, as an additional variable, the
natural logarithm of the centroid size of the specimen. This process was completed for all four
analyses. The natural logarithm of centroid size for the EDJ+CEJ analysis was also analysed separately
using a Kruskal-Wallis one-way analysis of variance test, followed by a post-hoc pairwise Wilcoxon
rank sum test, with Bonferroni correction to correct for multiple comparisons. This method was used
to test for differences in the centroid sizes between pairwise combinations of taxon groups. Both the
Kruskal-Wallis test and Wilcoxon rank sum test were performed in R (www.r-project.org), using the

functions ‘kruskal.test’ and ‘pairwise.wilcox.test’ in the ‘stats’ package.

For the purpose of assessing classification accuracy, a canonical-variates analysis (CVA) was used. A
CVA creates a linear combination of variables such that the variation between pre-determined
groups is maximised, relative to the variation within the groups. In this case, the groups are the taxa
to which the specimens have been assigned. The CVA was carried out separately for each dataset
(EDJ+CEJ, CEJ+Med, CEJ only and EDJ only) including all specimens which have been reliably assigned
to a taxa which contains four or more specimens, which excludes P.boisei, A. anamensis and early
Homo taxa from all analyses. The specimens were assigned to groups using a leave-one-out cross
validation approach in which each specimen is assumed to be unknown before being assigned to a
group using the remaining dataset. Cross-validation reduces the likelihood of ‘over fitting’ the model
to the data (Kovarovic et al. 2011). Ordinarily, a CVA requires that the number of variables be less
than the number of specimens, however this is rarely achievable in GM analysis of fossil material
(Mitteroecker and Bookstein, 2011). Therefore, the number of variables has been reduced by

performing the CVA on limited numbers of principal components (PCs). This analysis was completed
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using sets of PCs up to PC 15, each starting at PC 1 and consisting of at least 3 PCs (e.g. PCs 1:3, 1:4,
1:5 etc.). A specimen was considered to be correctly classified if it was placed into the correct group
in more than 80% of these sets, following the protocol of Skinner et al. (2008a), Skinner et al.
(2009a) and Martin et al. (2017). The PCA and CVA, as well as the classification accuracy analysis,

were conducted in R (www.r-project.org).

2.8 Visualisation of EDJ shape variation

Three-dimensional PCA plots of the first three PCs were generated for the purpose of visualising the
variation in P; EDJ shape across the study sample. For this analysis, specimens were split into three
groups; non-hominin apes, Plio-Pleistocene hominins, and late-Pleistocene hominins. Wire-frame
models were also used in order to visualise the mean landmark configuration for each well-
represented taxonomic group included in the full analysis. 3D PCA plots and wireframe models were

generated in Mathematica 8.0 using code written by Philipp Gunz.

2.9 Classification of additional specimens

A number of specimens were included for which the taxonomic affiliation is unknown or uncertain.
Some have been assigned to Homo sp., however given that the sample used here does not include
Olduvai Homo habilis (and the sample of other early Homo specimens is quite limited), This study
will not attempt to assess their taxonomic affiliations. Specimens which have been suggested to

belong to one of the included taxa will be discussed.

2.10 Discrete traits

Examination of the EDJ surfaces of hominoid Pss revealed a number of interesting and potentially
important discrete traits. Many of these features are small EDJ features which may not be
recognised at the OES (particularly in worn specimens). Each of these traits were analysed on a
subset of the sample depending on the preservation of the region of interest so as to include as
many specimens as possible. However, specimens were only included in the trait type could be fully

assessed.
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STW 104 SK 100 DNH 46 SK62
A. africanus P. robustus P. robustus P. robustus

Combe-Grenal I KRP 52 KRP 54 KRP D33
H. neanderthalensis H. neanderthalensis H. neanderthalensis H. neanderthalensis

Figure 2. Transverse crest variation. Top: Diagram illustrating the 6 main transverse crest forms seen in
hominoid P3s. Represents the tooth in occlusal view. Filled black circle indicates the protoconid, dashed
circle indicates the metaconid (or equivalent point on the crown, when a metaconid is not present).

3§ottom: Examples of accessory crests, marked with white arrows. The images of SK 100, DNH46 and
Combe-Grenal | have been flipped such that all specimens appear left sided



Transverse crest. A number of authors have considered aspects of premolar transverse crest

form at the OES (Suwa, 1990; Leonard and Hegmon, 1987; Delezene and Kimbel, 2011; Bailey, 2002).
Some focussed on the prominence of the transverse crest (Suwa, 1990; Bailey, 2002), while others
instead preferred to score the orientation of the transverse crest (Delezene and Kimbel, 2011).
Leonard and Hegmon (1987) previously scored a number of A. afarensis Pss ‘Transverse ridge
development’, using a 5 point typology which attempted to score both the form and prominence of
the P; transverse crest. When studying the transverse crest at the EDJ, it is apparent that the
relationship between this crest and other crown structures, particularly the main premolar cusps, is
highly variable. Therefore the typology used here focusses on the position of the transverse crest
relative to other crown structures, and is based on the range of variation observed within the
present sample. Unlike previous studies, the scoring system does not aim to characterise how
strongly developed the transverse crest is (beyond presence/absence), however this will be

discussed separately.

The scoring procedure is as follows (Fig. 2):

0. Transverse crest is absent, or only small incipient crests are present

1. Transverse crest is present, and connects the protoconid to the metaconid (or equivalent point
on the marginal ridge, when a clear metaconid is not present)

2. Transverse crest connects to the protoconid, but is either deflected distally, or flattens before

reaching the marginal ridge on the lingual side of the tooth

3. Transverse crest connects to the protoconid crest distal to the dentine horn tip and, as in type
two, is either deflected distally or flattens before reaching the marginal ridge on the lingual side

of the tooth

4. Transverse crest connects to the lingual margin of the tooth, but is either deflected or flattened

before reaching the protoconid.
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It should be noted that in some specimens, particularly those with tall well-developed dentine horns,
the transverse crest may appear to flatten before it reaches the dentine horn tip or adjacent crest.
Here, the transverse crest was considered to connect to the dentine horn provided that the crest
reaches at least 2/3 of the height of the dentine horn. Therefore, type 4 is reserved for specimens in
which the transverse crest is flattened for more than 2/3 of the height of the protoconid. The
distinction between types 2 and 3, in the case of a partly flattened transverse crest, was made by
judging whether the remaining portion of the crest is angled such that, were it to be present for the
full length of the crown, it would make contact with the tip of the protoconid or with the adjacent

crests.

Partially reconstructed specimens have been included in this analysis where the form of the
transverse crest is preserved. The expression of any additional crests present in the occlusal basin of

the tooth will also be discussed.

Marginal ridge form. One difference between the P; of hominin and non-hominin apes is that

hominins typically have more strongly developed distal and mesial marginal ridges (Suwa, 1990).
However, there is variation among hominins in terms of the prominence and form of the marginal
ridge, which has been considered at the OES by a number of authors (Suwa, 1990; Ward et al. 2001,

Delezene and Kimbel, 2011).

Further, Sakai (1967) noted the presence of a ‘trigonid notch’ at the EDJ of modern human P3s,
which was defined as a clear indentation in the mesial marginal ridge. This is a feature which is also
seen in fossil hominins, as well as an equivalent feature on the distal marginal ridge. However, we
also find that a number of specimens show overall poorly developed, or absent, marginal ridges.
Since the difference between a ‘notched’ marginal ridge and one that is poorly developed may be
very slight, the grading system used here instead scores marginal ridge continuity or discontinuity,

where a discontinuous marginal ridge is one which is entirely flattened to the level of the occlusal

41



basin for some portion of its length, therefore including absent, poorly developed and notched

marginal ridges. Specimens were therefore

scored according to the following system (Fig. Continuous

3):

C — Continuous marginal ridges — the distal

marginal ridge runs from the distal protoconid

crest to the metaconid (or equivalent point on Mesially discontinuous  p¢——pM
the crown), and the mesial marginal ridge runs

from this point, to the mesial protoconid crest.

M — The mesial marginal ridge is discontinuous

D — The distal marginal ridge discontinuous

MD — The mesial and distal marginal ridges are

both discontinuous

This analysis was only completed on hominin

specimens, excluding the extant nonhuman-
apes, since the mesial and distal marginal ridges

are generally poorly developed in extant apes.

Marginal ridges may appear to flatten at the

base of the metaconid dentine horn, an
Figure 3. Marginal ridge form. Four specimens in

lingual view illustrating the forms of marginal
ridge interruption seen in hominin Pss.
Specimens used are (top to bottom) DNH 107,
KRP 54, ULAC 801 and ULAC 806. All specimens
are left sided.

example of which can be seen in Figure 1B,
where the mesial marginal ridge appears
flattened next to the metaconid. However this
was only counted as discontinuous if the flattened section clearly continued beyond the base of the

metaconid.
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Buccal grooves. Kraus and Furr (1953), in their description of the morphology of the modern
human P3, describe the occasional presence of “a ridge and accompanying shallow vertical groove”
on both the mesial and distal margins of the buccal face, but specify that these features are more
often absent than present. Typically termed ‘buccal grooves’, this feature appears to be more
common in some fossil hominin groups (Robinson, 1956; Wood and Uytterschaut, 1987; Suwa,
1990). Suwa (1990) scored the degree of expression of buccal grooves at the OES for a number of

hominin Pss; distal buccal grooves were scored Me&——D _ 0=~ Absont

7

as “strong”, “moderate” or “trace/lacking”,
whilst a fourth category of “ill-defined but with
a significant triangular depression” was included

for mesial buccal grooves. Similarly, Sakai (1967)

scored the presence of ‘buccal ridges’ at the EDJ
in a sample of modern human P3s using three

categories; ‘Pronounced’, ‘Weak’ or ‘No ridge’.

Here specimens were scored using a similar

system to these two studies, although the fourth
2 - Marked

category used by Suwa (1990) for mesial buccal
grooves was not included. Therefore, specimens

were scored separately for mesial and distal EDJ

buccal grooves, but using the same scoring

Figure 4. Buccal groove variation. Three specimens
in buccal view illustrating the range in buccal
groove expression, and the scoring system used.

Absent/Trace (0): The EDJ buccal face shows no Examples used are those which display the same
score for their mesial and distal buccal grooves.

procedure (Fig. 4):

distinct grooves. The crown corner may show a Specimens used are (top to bottom) KRP 54,
UW101 889 and STW 213. The image of STW 213 is
slight vertical ridge, but it is not associated with ~ reversed such that all specimens appear left sided

a clear concavity on the buccal surface
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Minor (1): A vertical ridge is present on the EDJ surface, and is associated with a small but distinct

concavity

Marked (2): The EDJ buccal surface shows a clear extended vertical ridge associated with a marked

concavity

Cusp form and frequency. The protoconid is universally present in hominoid Pss, and in the

majority of cases, consists of a single raised, conic dentine horn. However, there are a limited
number of cases in which the protoconid departs from this form, and these examples will be
discussed. The variable presence of a second cusp, the metaconid, will also be discussed within the
hominoid species included in the sample. Lastly, the presence of accessory cusps will be discussed
briefly; however the frequency of these cusps will not be scored since accessory cusps can often be
very small at the EDJ, and a number of specimens do not have a sufficiently high scan resolution to

accurately assess this feature.

Observer error For each of the four traits which were formally examined (transverse crest
form, marginal ridge form, mesial buccal grooves and distal buccal grooves) a test for inter-observer
error was carried out. A second observer was given the trait descriptions outlined below and asked
to score the entire sample independently of the primary observer. Further, intra-observer error was
assessed through the primary observer returning to rescore the sample one month later. The intra-

and inter-observer test results were analysed through counting percent agreement for each trait.

3. Results

3.1 Changes in P3 morphology through time

Here, the patterns and differences in P; shape among hominoid taxa are described, with reference
to the mean EDJ and CEJ ridge wireframe models (Fig. 5), as well as PCAs of the shape variation in all
analyses (Figs. 6, 7 and Supplementary Figure 1). Furthermore, differences in centroid size between
groups are considered (Fig. 8), for which the results of the Wilcoxon rank sum test are summarised

in Table 3.
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Figure 5. Wireframe images for each well-represented hominoid species included in the sample, showing
the mean shape for the EDJ ridge landmark set (blue lines) and CEJ ridge landmark set (black lines), and the
mean position of the EDJ main landmarks (blue circles). For each species, the top image is in lingual view,
and the bottom image is in occlusal view.



Extant non-hominin apes. The non-hominin apes display a tall protoconid, a low crown height,

and a CEJ which is expanded mesiobuccally compared with hominins. The mesiobuccal expansion of
the CEJ also extends apically, giving the CEJ a sinusoidal shape, which, when viewed from the lingual

direction as in the wireframe models (Fig. 5), appears as a figure of 8.

The PCAs show clear separation among taxa in all three analyses (Figs. 6, 7 and Supplementary
Figure 2), although this analysis is more marked in the analyses which include the EDJ ridge,
compared with the CEJ only analysis. Pongo is distinct from the other apes due to a peak in the
midpoint of the lingual side of the marginal ridge. This peak is caused by the extension of the
transverse crest to the lingual margin of the tooth where it meets the marginal ridge, a feature
which is near-universal in hominins, but among the non-hominin apes, is unique to Pongo. By
contrast, in other extant apes, particularly Gorilla, the marginal ridge is much lower, and therefore
closer to the CEJ, which results in a lower crown height. This feature is the main driver of the first

principal component (PC1) for the non-hominin apes in Figures 6 and 7.

Hylobates Pss are by far the smallest in the sample, whilst Gorilla were the largest (Fig. 8). Hylobates
Pss are relatively mesiodistally longer, and buccolingually narrower, than the other non-hominin ape
pecies, however this is particularly variable in Gorilla; this can be seen in Figure 6, where PC2 for the

non-hominin apes is largely driven by this feature.

Australopithecus anamensis. This is the earliest hominin species in the sample, which is reflected

in a number of symplesiomorphic features of the crown shape, including weak development of the
mesial marginal ridge, and a mesiobuccal extension of the CEJ. The CEJ is not lowered on the
mesiobuccal side as in apes, which means the characteristic sinusoidal shape is not present. Also, the
transverse crest extends to the marginal ridge meaning that, although a metaconid is not present,
there is a raising of the marginal ridge at this point relative to the condition seen in Pan, Gorilla and

Hylobates.
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Table 3

Pairwise comparisons of P; centroid size. p-values were calculated using a Wilcoxon rank sum test .

Hy Pongo Gor P.tv A ana A .afa A. afri P.rob H.nal H.nea
Pongo 0.026 - - - = - - i - _
Gor 0.029 0.026 - - - - - - - -
P.tv 0.029 0.119 0.026 - - - = - - -
A.ana 0.085 0.199 0.060 0.847 - - - - - -
A. afa 0.029 0.082 0.026 1.000 0.847 - - = - -
A. afri 0.029 0.082 0.026 0.873 1.000 0.873 - - - -
P.rob 0.029 0.165 0.026 0.134 0.293 0.184 0.184 - - =
H. nal 0.051 0.026 0.029 0.029 0.085 0.029 0.055 0.029 - -
H. nea 0.012 0.020 0.011 0.165 0.329 0.165 0.165 0.020 0.341 -
H. sap 0.020 0.011 0.011 0.011 0.029 0.011 0.011 0.011 0.020 0.003

Bold indicates p < 0.05.

Hy = Hylobates, Gor = Gorilla, P. tv = Pan troglodytes verus, Australopithecus anamensis, A. afa = A. afarensis, A. afri =
Australopithecus africanus, P. rob = Paranthropus robustus, H. nal = Homo naledi, H. nea = Homo neanderthalensis, H.
sap = Homo sapiens.

Australopithecus afarensis. The A. afarensis hypodigm is variable, with some specimens more

similar to A. anamensis than others. Specimens such as AL 128-23 and AL 266-1 display little mesial
marginal ridge development and no metaconid, similar to A. anamensis, whilst others such as W8-
978 and AL 333w-1c both display a well-developed metaconid and mesial marginal ridge, similar to
later Australopithecus and Paranthropus specimens. In the mean wireframe model (Fig. 5), the
anterior fovea makes up a smaller proportion of the occlusal surface in A. afarensis than A.

anamensis or A. africanus, as the transverse crest meets the marginal ridge more mesially.

At the OES, a longitudinal groove is variably present, which at the EDJ appears to derive from the
presence of a well-developed metaconid which is well separated from the protoconid, as well as a

lowered, convex transverse crest. This combination of features can be seen in AL333w-1c and its
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Figure 6. PCA plots of EDJ and CEJ shape. Percentages in brackets indicate the proportion of the total variation in
the sample which is explained by each principle component. Abbreviations: PC = Principal Component, Pan t.v =
Pan troglodytes verus; A.ana = Australopithecus anamensis; A.afa = Australopithecus afarensis; A.afr =

Australopithecus africanus; H.nal = Homo naledi; = P.rob = Paranthropus robustus; P.boi = Paranthropus boisei;
4A8.sap = Extant Homo sapiens; H.nea = Homo neanderthalensis



antimere, as well as W8-978 and potential A. afarensis specimen KNM-WT 8556.

A. afarensis also has a taller crown than A. anamensis, which is particularly marked on the mesial
side, and is associated with the development of the mesial marginal ridge in some specimens. The
CEJ is raised on the mesial and distal sides, which is characteristic of Australopithecus and

Paranthropus species (except A. anamensis) and is also seen in Homo naledi. The raising of the CEJ is

generally more prominent on the mesial side, particularly in P. robustus, in which the mesial side of

the CEJ shows a marked upward protrusion.

Australopithecus africanus. In terms of centroid size, A. africanus specimens overlap greatly

with specimens of A. afarensis, and the two species were not significantly different in the Wilcoxon
rank sum test (p = 0.873). In fact, size alone is not useful in distinguishing the Pss of Australopithecus
species (Table 3), and the classification accuracy of A. africanus specimens is reduced by the
inclusion of size as a variable. The A. africanus sample shows significant overlap with A. afarensis in
shape space in the EDJ+CEJ and CEJ only analyses (Fig. 6 and Supplementary Figure 2). However,
when only the EDJ is considered, the two species are clearly separated. Moreover, the A. africanus
specimens are largely classified correctly in the EDJ+CEJ analysis in shape space, suggesting that they

are distinguishable from A. afarensis specimens in PCs above PC3.

A. africanus specimens display a crown outline which is buccolingually expanded compared to A.
afarensis. In particular, the anterior fovea is wider than temporally older Australopithecus, and the
metaconid is placed more lingually. The mesial marginal ridge is relatively lower in A. africanus than

A. afarensis, which is likely reflecting that in some specimens (e.g. STW 213, STW 401) the ridge is

interrupted mesial to the metaconid. The CEJ is buccolingually wider, and compared to earlier

Australopithecus species, more closely resembles the Late-Pleistocene Homo state in which the CEJ

is oval shaped in occlusal view. However, in A. africanus, as in earlier Australopithecus, the lingual
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and distal sides of the CEJ are raised, and the long axis of the CEJ is rotated mesially, relative to Late-

Pleistocene Homo.

STW 213 is separated from the other A. africanus specimens in the EDJ+CEJ analysis in PC2 (Fig. 6). In
this specimen, the distal marginal ridge appears ‘pinched’ distal to the metaconid, and is interrupted

on the lingual side, only beginning again at on the lingual margin of the tooth. The specimen is also
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the smallest of the A. africanus sample (in fact, it is the smallest Australopithecus specimen in the
EDJ+CEJ sample), and has a particularly tall protoconid. The buccal ridges which are common in the
A. africanus hypodigm are especially prominent in this specimen, as is a distobuccal accessory cusp.
In the classification analysis, the specimen is often misclassified as A. afarensis, or occasionally H.
naledi, and this is more common in the form analysis than the shape analysis, underlining the

contribution of the small size.

Paranthropus. Although P. robustus specimens have the largest mean centroid size of any
of the hominin species included here (excluding Paranthropus boisei, for which only two specimens
were able to be included in the EDJ+CEJ analysis), no significant difference between the size of P.
robustus and any of the Australopithecus species was found (Table 3). P. robustus P3s display a
posterior fovea which is larger than that of Australopithecus specimens due to an expansion of the
talonid region, as well shifting of the metaconid mesially, which leads to the transverse crest
projecting mesiolingually from the protoconid, as opposed to Australopithecus specimens in which
the transverse crest is angled more lingually. The CEJ is expanded, particularly on the buccal side,
which leads to a more squared buccal cervix face. P. robustus specimens display a raised section of
the CEJ on the mesial side which begins at the mesiobuccal corner of the tooth and ends just beyond
the midpoint of the mesial face of the tooth. In general, A. afarensis and A. africanus specimens also
display CEJs which are raised on the mesial side, however the condition in P. robustus is more

pronounced.

In Figure 6, P. robustus specimens can be seen to occupy a large area across PC3, with Drimolen
specimens on one extreme and Swartkrans specimens on the other, suggesting there may be distinct
shape differences between the two sites. The two Drimolen specimens in the CEJ+EDJ analysis
display an EDJ ridge which is larger, relative to the size of the CEJ, than the Swartkrans specimens in
this analysis, as well as a relatively lower crown height. However, since this is only based on two

Drimolen and three Swartkrans specimens, this pattern would require further investigation. Only
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two P. boisei specimens were included in the EDJ+CEJ analysis, however they occupy a distinct space

in Figure 6, largely due to an enlarged talonid, even relative to P. robustus.

Early Homo specimens.

Wireframe models for early Homo specimens are presented in Figure 9. KNM-ER 1802 has a
particularly large P3; the centroid size is greater than all P. robustus specimens in this sample,
although a similarly large size is also seen in Sangiran Homo erectus specimen S6a. Equally, in the
PCA of EDJ+CEJ shape, KNM-ER 1802 falls close to the P. robustus range of variation (Fig. 6). This is
likely due to the well-developed talonid, large mesially-placed metaconid, and well-developed mesial
marginal ridge, although the fact that the specimen is better separated from P. robustus in the ED)J
only analysis suggests that the crown height is also an important factor in this placement. The CEJ is
also raised on the mesial and distal sides, as seen in A. afarensis, A. africanus and P. robustus. SKX
21204 has a number of derived features, relative to Australopithecus specimens. The crown is tall,
with a shortened metaconid and a small talonid. Compared to A. afarensis and A. africanus, it has a
flatter, more oval shaped CEJ. The specimen is also very small; the centroid size is within the range of

modern H. sapiens. KNM-ER 992 is larger, with a centroid size within the range of A. afarensis, and

A
)

Sy

KNM-ER 1802 SKX 21204 KNM-ER 992 S6a
Figure 9. Wireframe models for four early Homo specimens showing the shape of the EDJ ridge landmark

set (blue lines) and CEJ landmark set (black lines), and the position of the EDJ main landmarks (blue circles).
Top row is in lingual view, bottom row is in occlusal view
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only slightly smaller than Sangiran H. erectus specimen S6a. As in SKX 21204 and S6a, the metaconid
is smaller than the majority of A. africanus specimens, and more distally placed than in P. robustus.
The talonid is also relatively small. However, in both the EDJ+CEJ and the EDJ only analyses, the

specimen falls close to the A. africanus range of variation (Figs. 6 and 7).

Sangiran H. erectus specimen S6a has a relatively tall crown, and a blunted protoconid. The talonid is
reasonably well-developed, but the metaconid is located more buccally than in Australopithecus
taxa, which causes the middle and mesial aspect of the EDJ ridge to appear buccolingually pinched.
The CEJ is apicocervically flattened and oval shaped, relative to Australopithecus specimens. S6a is
large (within the range of Paranthropus), however this appears to be highly variable within the
Sangiran sample given that S7-25 is far smaller (the EDJ could not be assessed for this specimen, but
the CEJ is within the size range of modern humans). In the PCA of all specimens for the EDJ+CE)J
analysis (Supplementary Figure 2), S6a is placed more closely to the late Homo cluster than any

other early Homo specimen, which is driven in part by the crown height of the specimen.

A number of early Homo specimens could only be included in the CEJ only analysis. The main
distinguishing feature of the CEJ is the transition from an asymmetrical shape when viewed
occlusally (with a mesiobuccal expansion) in earlier hominin taxa, mostly Australopithecus, to a
roughly oval shaped CEJ in late-Pleistocene hominins. This morphology is present in Sangiran H.
erectus, as well as Homo neanderthalensis and H. sapiens. This is also evident in the placement of H.
erectus and H. ergaster specimens in the PCA of the CEJ only analysis (Supplementary Figure 1).
African H. ergaster specimens KNM-ER 992A, KNM-ER 806E and KNM-WT 15000 cluster particularly
closely, and are quite close to KNM-ER 1507, as well as South African early Homo specimens SKX

21204 and SK 18a.

Homo naledi. H. naledi Pss occupy a distinct area in shape space from all other hominins in all
except the CEJ only analysis in which they overlap with P. robustus. The teeth are significantly

smaller than those of all Australopithecus species (Table 3), and sit in the lower end of the size range
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Table 4 of H. neanderthalensis (Figure 8). They are

The classification accuracies for hominoid Pss per

analysis. Those higher than 80% are in bold significantly larger than the P3s of modern humans

Analysis Shape//—_orm Accuracy (%) (p = 002) South African SpeCimenS which have

EDJ+CEJ Shape 89.5 been suggested as belonging to early Homo (SKX
Form 94.7

CEJ+Med Shape 72.6 21204 and SK 96 — this paper) also occupy a
Form 82.1

CEJ only Shape 64.6 similar size range (Supplementary Table 1).
Form 79.3

EDJ only Shape 90.7 As at the outer enamel surface, one of the most
Form 89.2

striking features of the H. naledi P; is the
metaconid, which is uniformly well developed, and only marginally shorter than the protoconid.
Compared to Australopithecus specimens, the crown is higher, especially on the mesial side, with a
well-developed mesial marginal ridge. The talonid region is reduced compared to A. africanus,
leading to a more symmetrical EDJ occlusal outline. The CEJ is relatively narrower, BL, than
Australopithecus specimens, and the buccal face is flattened, as is seen in P. robustus, and, to an
extent, A. afarensis. The H. naledi CEJ resembles the condition seen in Australopithecus and
Paranthropus more than later Homo condition as there are no signs of the derived oval shape, and
the mesial side is raised as in Australopithecus. In Figure 6, the H. naledi group can be seen to sit
closely to S6a, Sangiran H. erectus, although this is not repeated in the EDJ only analysis (Fig. 7). In

both cases, SK 96 clusters closely to H. naledi.

Late-Pleistocene Homo. Late-Pleistocene Homo specimens display an oval shaped

CEJ, when viewed occlusally. The anterior fovea is reduced in size through reduction of the talonid
region, when compared with earlier hominins in the sample. They also have a tall crown height, a tall
protoconid, and display very little metaconid development. This morphology can be seen in

Neanderthals and recent modern humans, as well as fossil modern humans from Qafzeh, and the
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Cave of Hearths P;. Although the Mauer P; was too worn to include in analyses considering the
entire EDJ ridge, its placement in the CEJ+Med analysis, as well as the preserved EDJ morphology,

strongly suggest that it fits the late Homo condition.

Modern humans and Neanderthals are separated the EDJ+CEJ analysis (Fig 6). This separation mainly
pertains to the shape of the EDJ ridge. Neanderthals frequently display a transverse crest which
intersects with the marginal ridge more distally than in recent modern humans. The Neanderthal EDJ
ridge is relatively longer, mesiodistally, whilst the modern human EDJ ridge is mesiodistally
shortened, and therefore more circular. Neanderthal specimens frequently display a protoconid tip
which protrudes lingually, towards the basin of the tooth, a feature which is much less common in
modern humans. Also, the Neanderthal CEJ is flattened apicocervically, whereas the modern human
CEJ appears convex when viewed mesially or distally. This shape results from a combination lowered
CEJ on the buccal side, and a raised CEJ on the mesial and buccal sides. Neither of these features are
present in all specimens, and can sometimes be seen in Neanderthal specimens, but the differences
in frequency are enough for this to be picked up in the wireframe models. Further, the two Qafzeh
specimens more closely approximate the modern human condition, whilst Irhoud 11 is intermediate
(although given the variability of these traits within modern humans and Neanderthals, caution
should be exercised in inferring general trends from just one or two specimens). Furthermore, the

Neanderthal Pss are significantly larger than those of modern H. sapiens (p = 0.003).

3.2 Classification accuracies

The classification accuracies from the CVA analysis are shown in Table 4, and the full classification
results for each specimen can be found in Supplementary Tables 3-10. The accuracies are reported
for each of the GM analyses in both shape and form space. The form space analyses generally
performed better than the shape analyses, except in the EDJ only analysis, and the best performing

analysis overall was the EDJ+CEJ analysis in form space, followed by the EDJ only analysis in shape
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space. The CEJ only analysis performed poorest overall, with a slight improvement when the

metaconid landmark was included.

3.3 Specimens of uncertain taxonomic affinity

The P3; of KNM-WT 8556 does not fall within the variation of A. afarensis within the EDJ+CEJ or EDJ
only analyses. In the EDJ+CEJ analysis, the specimen does not cluster clearly with any one taxon. It is
separated from A. afarensis and A. africanus in PC3, which seems to reflect the relatively low crown
height, amongst other factors. Similarly, KNM-ER 5431E does not fall within the variation of any of
group included here, although it is close to the A. africanus group in the EDJ only analysis (Fig. 7).
While STW 151 falls close to the A. africanus range of variation in the EDJ only analysis (Fig. 7), the
specimen plots far from all other specimens in the EDJ+CEJ analysis (Fig. 6), which is likely due to the

particularly low crown height of this specimen, when compared with other A. africanus specimens.

The Cave of Hearths P; has a morphology similar to that of other Late-Pleistocene Homo, and is close
to the Neanderthal range of variation in the Figure 6. SK 96 is outside of the P. robustus range of
variation in all analyses, in shape and form space. When placed into the leave-one-out classification
test based on the CVA, SK 96 is consistently classified as H. naledi in both shape and form space for
the EDJ+CEJ analysis. Further, in Figure 6, SK 96 can be seen to cluster closely with H. naledi, and
Sangiran H. erectus specimen S6a. In the EDJ only analysis (Fig. 7) H. naledi and SK 96 cluster closely
together, but S6 is much further away. SK 96 is slightly larger than the observed size range for H.

naledi, and much smaller that of S6a.

3.4 Discrete traits

Full results of the discrete trait analysis can be found in Supplementary Table 11.

Transverse crest. There were 73 specimens for which the form of the transverse crest was

assessed. The majority of specimens display a type 1 transverse crest (48/73), however this type is
less common when looking only at the extant ape specimens, and is in fact only seen in Pongo.
Hylobates specimens all show deflected transverse crests, with some connecting to the protoconid
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(type 2) and others connecting to the distal protoconid ridge (type 3). Gorilla specimens also show a
deflected transverse crest, but all connect to the protoconid (type 2). All five Pan specimens display
a transverse crest which is deflected (or otherwise fails to reach the lingual margin of the tooth); of

these, three connect to the protoconid (type 3), and two do not (type 5).

Type 3 is only present among the non-hominin apes, and only one hominin specimen displays a type
2 transverse crest. 79% of hominin specimens display a transverse crest which runs from the
protoconid to the metaconid (or the equivalent point on the marginal ridge) (type 1), and all hominin
species represented here by multiple specimens show a type 1 transverse crest in at least one
specimen. Type 4, in which the transverse crest connects to the marginal ridge but does not reach
the protoconid, is seen exclusively in Neanderthal specimens, for which 44% of specimens (4/9)

display this type (the rest are type 1).

A special case is the modern human specimen ULAC 790 (seen in Fig. 10B) which has poorly
developed mesial and distal marginal ridges, and has no metaconid or clear apex to the protoconid,
which makes it difficult to assign the specimen to a transverse crest type. In this specimen, the
transverse crest extends lingually from the protoconid to meet a small ridge, which may or may not
be a section of distal marginal ridge, but is very poorly developed (the main portion of the distal
marginal ridge is situated on the distal edge of the crown, and does not connect to the transverse

crest at any point).

A number of specimens also display crests in addition to the main transverse crest. For example, A.
africanus and P. robustus specimens frequently display small/incipient crests which run distolingually
towards the centre of the posterior fovea. These crests typically meet the transverse crest at the
protoconid, however, they may also meet partway across the transverse crest, lingual to the
protoconid (e.g. SK 61 and SK 100 — Fig. 2). Accessory crests are sometimes present on the lingual
side of the tooth. For example, DNH46 displays a crest originating at the metaconid and running

towards the centre of the posterior fovea, whilst SK 62 displays a similar crest on the lingual side of
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the tooth, but which appears to originate at the distal marginal ridge (Fig 2). Moreover, Neanderthal
specimens frequently display accessory crests either mesial or distal to the main transverse crest, on
the face of the tall protoconid ridge (Fig. 2). These are variable in number, size and position, and are

also seen, albeit less frequently, in modern human specimens.

Marginal ridge. There were 72 hominin specimens for which the form of the marginal ridge was able
to scored. Of these, 69% (50/72) displayed a continuous marginal ridge (Fig. 3). All major hominin
species represented in the sample by more than three specimens have at least one specimen
displaying a continuous marginal ridge, except A. anamensis, for which all three specimens display a
mesially poorly developed mesial marginal ridge, which is scored here as mesially discontinuous.
Four A. afarensis specimens were scored, of which two displayed a discontinuous mesial marginal
ridge, and two displayed an entirely continuous marginal ridge. KNM-WT 8556 also displays a

continuous marginal ridge.

A. africanus displays a range of marginal ridge forms, although the majority are continuous (nine
continuous, two mesially discontinuous and one distally discontinuous), whilst continuous marginal
ridges are seen in all specimens of Paranthropus, H. naledi, as well as probable early Homo specimen
SKX 21204. Overall, continuous marginal ridges are the most common form amongst
Australopithecus, Paranthropus and early Homo specimens. When looking at later Homo, however,
nearly half of the Pss in the sample display a discontinuous mesial and/or distal marginal ridge
(14/30 = 47%). Discontinuous mesial marginal ridges are common in Neanderthal specimens (4/13 =
31%), and modern humans show a range of marginal ridge forms (only 7/15 are continuous, whilst
four specimens show mesial and distal discontinuity). The P; of the Mauer mandible also shows both
mesial and distal discontinuity. In some cases (e.g. ULAC 171), the marginal ridge is mostly absent,
with only small lingual deflections from the mesial and distal protoconid crests. Finally, this trait is
not always consistent between antimeres — ULAC 58 displays a discontinuous mesial marginal ridge

on the left P, but not the right.
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A. africanus specimen STW 401 is the only example within this sample of a discontinuous distal
marginal ridge in an Australopithecus Ps, and is particularly interesting because the form of this trait
appears to be different to that seen in later hominin specimens, and different to that often seen in
the mesial marginal ridge in Australopithecus. In most cases, discontinuities in the marginal ridge
appear either side of the metaconid; the marginal ridge lowers and flattens before reaching the
dentine horn. In this case however, there are two portions of the distal marginal ridge present which

overlap one another, but do not meet.

Buccal grooves. Overall, 98 specimens were able to be scored for buccal groove expression.
Of these, 67% show some level of buccal groove expression (mesial and/or distal). Buccal grooves
are less common in the extant ape specimens; no ape specimen showed marked buccal grooves,
mesial or distal, although all Gorilla and Pan specimens show minor distal buccal grooves (minor
mesial buccal grooves are also present in half of these specimens). Conversely, all 20
Australopithecus specimens that were able to be scored showed either minor or marked buccal
grooves on both the distal and mesial sides, and where the mesial and distal buccal grooves are not

equal, it is always the mesial buccal groove which is more strongly expressed.

The opposite pattern is evident in Paranthropus, where the distal buccal grooves are generally
better developed, and in fact mesial buccal grooves are absent in 12/14 specimens. SXK 21204
shows marked mesial and minor distal buccal grooves. H. naledi specimens show minor or absent
buccal grooves on both mesial and distal sides. Among later Homo, buccal grooves are less common;
no specimen showed marked mesial or distal buccal grooves. Neither the Mauer P; nor the Cave of
hearths P; show any buccal grooves, whilst 6/14 Neanderthal and 12/15 H. sapiens Pss exhibit no

buccal grooves at all.
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Protoconid form. The variation observed in the form of the protoconid is shown in Figure 10,

and the full results are found Supplementary Table 12. The vast majority of specimens display a
single, conic dentine horn underlying the protoconid (Fig. 10A). In Neanderthals and modern
humans, this dentine horn may be less pronounced due to the strong development of the mesial and
distal protoconid ridge, however there is a clear apex to the dentine horn in all specimens except
one specimen, modern human ULAC 790. In this specimen, there is no clear protoconid tip, only a

well-developed ridge (Fig. 10B).

The protoconid may also be longitudinally expanded (Fig. 10C). This feature is seen in two H. naledi
specimens; UW 101-144 and UW 101-889, and their probable antimeres (UW 101-506 and UW 101-
377, respectively), as well as one Pan specimen, ZMB 11800. In some cases, such as UW101-377, it is
clear that the expanded dentine horn actually consists of two semi-distinct tips. In other cases, the
tip simply appears as a flattened ridge, however since this structure is very small, it is possible that

the resolution of the scans may be insufficient to discern two individual peaks.

In one modern human specimen, ULAC 58, the tip of the protoconid is transversely expanded (Fig.

10D). The protoconid ridge meets the protoconid on the buccal side of the tip, whilst the transverse

(B)

Me——D Me——D

Figure 10. Protoconid variation. Four specimens showing variation in protoconid form are displayed. (A)
‘Standard’ simple conic dentine horn — SK 100 (P. robustus). (B) Flat ridge — ULAC 790 (H. sapiens — image
flipped). (C) ‘Double’ dentine — UW101 377 (H. naledi). (D) Transversely expanded dentine horn — ULAC 58
(H. sapiens). A-C in lingual view, D in distal view
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crest meets it on the lingual side of the tip, but these two points are not coincident, and are
connected by a short ridge. This feature is present in both antimeres, but is not present in any other

Pss within the sample.

Metaconid presence. Of the hominin species included in this sample, A. africanus, P. robustus, P.

boisei and H. naledi P3s most regularly display a well-developed metaconid at the EDJ. Early Homo
and H. erectus specimens variably display a metaconid, whilst later Homo specimens generally lack a
well-developed metaconid. Apes typically display unicuspid Pss, however, two Pan specimens in the
sample (ZMB 13437, and ZMB 1180) display what could be potentially interpreted as a second cusp
at the OES. These appear to differ from the typical hominin metaconid, however, since in these
specimens, the transverse crest does not intersect with the marginal ridge, which is where the
hominin metaconid forms. Instead, the metaconid forms as an upwards extension of the transverse

crest. The developmental homology of this feature to a metaconid in hominins is uncertain.

Accessory cusps. Poor tissue contrast in a number of specimens inhibits proper

characterization of the frequency and detailed morphology of small accessory cusps. However, a

number of general observation can be made.

Many hominin P3s display small cusps beyond the protoconid and metaconid. These may be present
at multiple locations along the distal and mesial marginal ridges. There is commonly a small dentine
horn at the distobuccal corner of the tooth, at the intersection between the distal marginal ridge
and the distal protoconid ridge. This cusp can be seen in various hominin species, although it
appears to be less common in later Homo, and may be related to the presence of distal buccal
grooves since the tip of the dentine horn is often contiguous with a raised ridge of dentine on the
buccal face, whilst the concavity seen on the buccal face, immediately mesial to this ridge, is
somewhat contiguous with the base of the dentine horn, on the protoconid ridge. A particularly

pronounced example of this can be seen in STW 213 (Fig. 4).
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Accessory cusps are also found along the distal and mesial marginal ridges, and in some cases they
can be nearly as large as the metaconid. Other specimens, such as STW 151, display multiple

accessory cusps, in this case along the distal marginal ridge.

Observer error

The full results of the inter- and intra-observer error tests can be found in Supplementary Table 11.
The inter-observer error test found mostly low levels of differenc e between observer scores,
although this differed between traits. For the marginal ridge, observers agreed on 97% of specimens,
while for the transverse crest, agreement was 85%. For mesial and distal buccal grooves, agreement
was slightly lower (79% for mesial and 75% for distal), although the disagreements were always

between adjacent categories.

Intra-observer error was also low; the marginal ridge and transverse crest scores agreed on 97% and
99% of scores, respectively, whilst the buccal groove agreement was again lower, at 76% for mesial
buccal grooves and 79% for distal buccal grooves. Again, disagreements were always between

adjacent categories.

4. Discussion

4.1 Premolar morphology for taxonomy

The best performing analysis was the EDJ+CEJ analysis in form space (Table 4), which contains the
maximum amount of information, suggesting that a combination of size and shape of both the ED)J
and CEJ provides the most accurate method of assessing taxonomic questions. When looking only at
the EDJ landmarks, the shape analysis performs better than the form analysis, however the
difference is marginal, and is mostly driven by the form analysis performing worse in differentiating
A. afarensis specimens, which have been previously noted to be highly variable in size (Delezene and
Kimbel 2011) and A. africanus specimens, which occupy a similar size range to both A. afarensis and
P. robustus (Fig. 8). The CEJ only analysis did not perform as well, particularly in the shape analysis.

The addition of the metaconid landmark improved the classification accuracy somewhat, with the
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form analysis correctly classifying over 80% of specimens, however it still performed poorly at
differentiating Plio-Pleistocene hominins. Ultimately, these analyses are more than sufficient for
distinguishing between hominoid genera, and are able to distinguish between species of extant non-
human apes, as well as between modern humans and Neanderthals. However, for distinguishing

between Plio-Pleistocene hominin species, including the shape of the EDJ ridge is most appropriate.

4.2 Specimens of uncertain taxonomic affinity

KNM-WT 8556 has previously been attributed to both A. afarensis (Brown et al. 2001) and K.
platyops (Leakey et al. 2001). Here, the specimen does not closely cluster with A. afarensis, however
it is well acknowledged that the A. afarensis hypodigm is variable (Leonard and Hegmon, 1987;
Suwa, 1990), especially in P; morphology (Delezene and Kimbel, 2011), and it is likely that not all of
this variation is covered in the sample used here. Unfortunately, until a larger sample of dental
specimens which are clearly attributable to K. platyops are available, the taxonomic affiliation of

KNM-WT 8556 will be difficult to resolve.

KNM-ER 5431 consists of associated mandibular teeth which have previously been assigned to A.
afarensis (Leonard and Hegmon, 1987), whilst Wood (1991) suggested that the molars are more
Homo-like, but did not assign the specimen to a species. Here, the P; groups with the A. africanus
and A. afarensis specimens in the EDJ+CEJ analysis; however, it also falls close to some South African
Early Homo specimens. The early Homo sample in this analysis is relatively fragmentary, so for
specimens such as this one, a sample of Homo habilis would be helpful for comparison. Futhermore,
the transverse crest in this specimen is different to other hominin in our sample; the crest appears
to flatten before reaching the metaconid (type 2). Ultimately, the inclusion of all available tooth

positions in the KNM-ER 5431 sample will be required to confidently assess its taxonomic affiliation.

The Cave of Hearths mandible is from Makapansgat, South Africa, found in a layer with late Achulean
industry tools. The specimen has been frequently compared to Neanderthals (Dart, 1948; Tobias,

1971), and this is mirrored in the results here. In the EDJ+CEJ analysis, the specimen falls close to,
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but not within, the Neanderthal range of shape variation (Fig. 6). This result would suggest that, on
the basis of the P; morphology, the Cave of Hearths mandible likely represents late-Pleistocene
Homo which is distinct from H. sapiens. Future analyses should compare this specimen to other

African late-Pleistocene mandibular specimens such as those from Thomas Quarry.

SK 96 consists of a mandibular fragment, lower canine and lower first molar from Member 1 at
Swartkrans, and has typically been assigned to P. robustus (Robinson, 1956). The P; was singled out
by Robinson (1956) as having an unusual morphology; however this was attributed to the
specimen’s incomplete crown development. With the benefit of micro-CT imaging, it is clear that the
specimen is in fact crown complete, so this cannot be the reason for its unusual morphology. In the
geometric morphometric analyses, the specimen is clearly distinguishable from Paranthropus, and is
smaller than any Paranthropus Ps. Moreover, the P; occupies a similar position in shape space to
both H. naledi and Sangiran H. erectus specimen S6a in the EDJ+CEJ analysis, although the shape of
the EDJ alone is more similar to H. naledi. Visually, the EDJ does appear remarkably similar to H.
naledi, displaying an occlusally symmetrical EDJ, a well-developed mesial marginal ridge and a

prominent transverse crest, although the metaconid is less well-developed than in H. naledi (Fig. 11).

Robinson (1956 — pg. 47) suggested that the canine of this specimen is also modern in appearance,

saying:

“...if this particular specimen had not been in its crypt in a fragment of mandible
bearing a typical australopithecine P; it would probably have been classified as a

Telanthropus tooth”

We therefore suggest that this specimen is better assigned to Homo sp. Further investigation,
including analysis of the canine morphology in this specimen, as well as comparison of the P; to a
wider early Homo sample including H. habilis, would help to further evaluate the taxonomic affinities
of this specimen and whether it is perhaps evidence for the presence of H. naledi in Swartkrans

much earlier than the material from Rising Star.
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STS 151 was suggested by Moggi-Cecci et al. (1998) to display a number of derived features
compared with other Sterkfontein A. africanus. In terms of discrete traits, the mandibular premolar
was said to lack any derived early Homo traits, however the shape clustered with the smaller A.
africanus specimens, towards the range of H. habilis. The present analysis of the P; largely agrees
with this assessment, with the specimen falling outside of the A. africanus range of variation,
particularly in the EDJ+CEJ analysis (Fig. 6). The specimen does not cluster closely with other early
Homo specimens, however a larger sample, particularly of H. habilis, would be required to fully

assess the early Homo affinities of this specimen.

4.3 Major EDJ shape trends

Canine honing. The observed P; morphology of the extant apes is driven largely by its
function in the honing complex in which the upper canine occludes with the broad mesiobuccal face
of the P;. This explains the presence of the tall protoconid, the lack of a metaconid, as well as the
apical extension of the CEJ on the mesiobuccal side. Since the CEJ marks the limit of the tooth’s
enamel coverage, the CEJ likely extends further apically to provide an apicocervically long, as well as
broad, sloping surface along which the upper canine can occlude. This condition is not seen in the
earliest hominin in this study’s sample, A. anamensis, having been presumably lost following the loss

of the canine honing complex.

Since canine honing is observed in all extant catarrhines expect humans, it is very likely that the last
common ancestor of Pan and humans would have had a canine honing complex, and therefore
would have likely had a P; which resembles that of the extant non-human apes (Delezene, 2015).
Canine honing seems to have been lost early in hominin evolution (Brunet et al. 2002; Haile-Selassie
et al. 2004; Suwa et al. 2009), although many of the associated P; features were retained for some
time. For example, the earliest hominin species in the sample, 4.07-4.17Ma A. anamensis (Leakey et
al. 1998, Ward et al. 1999), retains a tall protoconid, a small mesiobuccal expansion of the crown

base, and no strong metaconid development.
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Mastication and molarisation. The loss of the canine honing complex allowed for significant

changes in P; morphology (Delezene and Kimbell 2011). No longer adaptively constrained by a dual
role in canine honing and mastication, the P; was able to be fully adapted for its role in the latter.
The vast majority of hominins have well developed marginal ridges which encircle the anterior and
posterior foveae, creating an enclosed grinding or chewing surface for mastication. This is evident as
early as A. anamensis, for which the distal (but not mesial) marginal ridge is well developed. The first
hominins displaying well-developed mesial and distal marginal ridges appear with A. afarensis, and

this feature is extremely common in later hominin species (although see section on marginal ridge

form). Therein followed a suite of changes often referred to as ‘molarisation’. This includes the
expansion of the talonid region, as well as the addition of extra cusps and/or cuspules. The talonid
region is expanded in A. afarensis and A. africanus relative to A. anamensis (Fig. 5), and the
metaconid is variably present in A. afarensis, and ubiquitous in A. africanus. Furthermore, A.
africanus specimens frequently show accessory cusps. These adaptations served to improve the
masticatory capabilities of the P;, providing a wider chewing surface and greater occlusal relief for

processing food particles.

Paranthropus specimens display a suite of characters across the dentition that have been linked to
forceful mastication using the postcanine dentition including thicker enamel (Conroy, 1991; Grine
and Martin, 1988; Olejniczak et al. 2008), large post-canine teeth (Robinson, 1956; Tobias, 1967),
small anterior teeth (Robinson, 1956; Tobias, 1967; Ungar and Grine, 1991), and robust mandibles
(Robinson, 1956; Tobias, 1967; Wood and Aiello, 1998). These adaptations suggest a unique dietary
scheme for Paranthropus, including increased levels of hard-object-feeding (Grine, 1986; Lucas et al.
1985; Scott et al. 2005) - although this not necessarily indicative dietary specialism (Wood and Strait,
2004). The results of the present study are consistent this interpretation with Paranthropus Pss
exhibiting marked talonid expansion and the highest frequency of distal accessory cusps. (Fig. 5).

Unfortunately, the majority of specimens of P. boisei (considered the most derived with respect to
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Figure 11. The EDJ and OES in oblique view for a number of hominoid species. Two specimens of A.
afarensis are included, highlighting the variation in P; EDJ morphology seen in this species. The protoconid
of AL 266-1 is worn, and was reconstructed here for the purpose of GM analysis. The reconstructed section
is shown in blue.
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these masticatory changes) exhibit little to no tissue contrast, preventing detailed examination of
the EDJ surface. Should it be possible to image this surface using synchrotron based imaging
techniques (e.g., phase contrast) then it would be possible to assess the EDJ manifestation of outer
enamel surface morphology that indicates quite extreme development of, for example, distal

aCCessory cusps.

Early Homo The conclusions of this study with respect to early Homo are limited due to the
limited sample. However, there are a number of specimens which can be discussed. KNM-ER 1802
has typically been suggested to represent early Homo species H. habilis or H. rudolfensis (Leakey,
1974; Groves, 1989; Wood, 1991; Wood, 1992; Spoor et al. 2015), but has also been previously
suggested to share a number of premolar features with Australopithecus and Paranthropus taxa
(Wood and Uytterschaut, 1987), which is supported here in the finding that at the EDJ, the P; of this
specimen displays a well-developed talonid and a tall, mesially placed metaconid, and is close to the
P. robustus range of variation in the EDJ+CEJ PCA (Fig. 6). This result is in contrast to KNM-ER 992,
which displays a reduced talonid, a shorter metaconid approximately level with the protoconid, and
a flattened, oval shaped CEJ. Some of these features are shared with A. africanus, as previously
noted by Wood (1991). Although the specimen is thought to be closely aligned with African H.
erectus (Howell, 1978; Wood, 1991), and was used by Groves and Mazdak (1975) as the type
specimen of H. ergaster, KNM-ER 992 does not here group closely with Sangiran H. erectus specimen
S6a, potentially pointing to differences in P; morphology between African and Asian H. erectus

(although larger samples are needed to better assess this).

SKX 21204 is from Swartkrans Member 1 and was attributed to Homo on the basis of a number of
dental and mandibular features (Grine, 1989), although not on the basis of the P;, which was
unerupted. The EDJ surface morphology of the specimen was analysed by Pan et al. (2016), and was
found to be within the modern human range of variation. Here, the P; is found to display a number

of derived features relative to Australopithecus specimens, however it is also clearly distinct from
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modern humans. This is largely due to the relatively shorter crown height in this specimen, which
appears to be one of the main drivers of the separation between late Homo specimens and earlier
hominins. This can be seen in Supplementary Figure 2, where PC2 is largely driven by crown height.
For PC2, SKX 21204 is within the range of Australopithecus, Paranthropus and other early Homo
specimens, but distinct from later Homo specimens. As may be expected, Sangiran H. erectus
specimen S6a shows a more derived condition than other early Homo specimens, including its
position on PC2 which suggests a relatively taller crown, more similar to that of later Homo

specimens.

Late Homo Modern human specimens appear to be highly variable in Figures 6 and 7. This is in
part due to the scale of these figures (modern humans are only compared with Neanderthals, which
are mostly from one site, Krapina). In Supplementary Figure 2, which includes all taxa in the same
PCA, it can be seen that modern humans do show a high level of variation, but this is similar to that
seen in Gorilla and P. robustus. Modern humans are found to be especially variable in the EDJ only
analysis, and this is likely due to the variable presence of interrupted or absent marginal ridges.
Given that the marginal ridge is the structure on which the landmarks are placed, the GM analysis is

likely to be particularly sensitive to variation in the form of this structure.

Whilst Paranthropus specimens display frequent, and sometimes large accessory cusps, a number of
other hominin taxa display cusps in addition to the protoconid and metaconid, including modern
humans. The ASUDAS, a system which aims to characterise the variation in modern human
dentition, scores mandibular premolars based on the number of lingual cusps, a trait which includes
the metaconid, and varies between zero and three cusps (Turner Il et al. 1991). There are no modern
human specimens in the present analysis with two accessory cusps, but some of the ASUDAS
variation may be specific to P,s. However, specimens with single accessory cusps can be found in the
modern human sample, and moreover, since modern human specimens are found to be quite

variable in general it is likely that not all of the variation in modern humans is captured within the
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present sample. Another confounding factor is that, at the OES, specimens with a discontinuous
marginal ridge may appear similar to those with an accessory cusp (Fig. 3), particularly in worn

specimens.

Although modern humans are variable, later Homo can be characterised as displaying reduced
metaconid development, and increased tendency to show discontinuous marginal ridges. In some
ways, this could be viewed as a reversal to the non-human ape and early hominin state of no
metaconid development and poorly developed marginal ridges. However, there is a range of
considerable differences in, for example, crown height, crown base asymmetry, and the form of the
marginal ridge discontinuity (apes and A. anamensis tend to show poorly developed marginal ridges,
whereas late Homo specimens typically show well developed, but interrupted, marginal ridges).
These features do not appear to be associated with the reduction in P; size seen in modern humans
since a similar morphology is seen in the larger Neanderthal Pss, for which no significant size

differences were found with any of the Australopithecus species (Table 3).

CEJ morphology. The shape of the CEJ relates to several features previously discussed in

relation to P; morphology. The occlusal outline, or occlusal crown shape, refers to the 2D shape of
the tooth in occlusal view, and has been discussed extensively for fossil hominin teeth (Wood and
Uytterschaut, 1987; Asfaw et al. 1999; Bailey and Lynch, 2005; Martindn-Torres et al. 2006; Gdmez-
Robles et al. 2008). This feature typically pertains to the outward-most protrusion of the enamel on
all sides of the tooth, which is likely to refer to the occlusal shape above the level of the CEJ,
however the two features are likely to be related. Other studies have referred to the shape of the
crown base, which is likely to be analogous to the shape of the CEJ. Specifically, a mesiobuccal
protrusion in the crown base has been discussed with reference to early hominin taxa such as Ar.

ramidus and A. anamensis (White et al. 1994; Leakey et al. 1995).

It has been suggested that the occlusal outline is a poor discriminator of taxa (Strait et al. 1997

Strait and Grine, 2004). This appears to also be the case for the shape of the crown base/CEJ given
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that there is a large degree of intraspecific variation in CEJ shape within Plio-Pleistocene hominins
(Supplementary Figure 1), as well as a relatively low classification accuracy in the CEJ only analysis
(Table 4). However, broad patterns can be observed. Non-hominin apes typically have the most
strongly asymmetrical CEJ due to the presence of a distinct mesiobuccal expansion of the crown
base which helps to create a broad sloping surface along which the upper canine can be honed. In
hominins, this mesiobuccal expansion is reduced, making the crown more symmetrical. Late
Pleistocene Homo specimens have a more oval shaped CEJ relative to Australopithecus and
Paranthropus specimens, and a number of early Homo and H. erectus specimens also show this oval
form. The shape of the CEJ depends, to a large extent, on root formation, and it is likely that the
single roots of modern human and Neanderthal P5s (Cleghorn et al. 2007; Shields, 2015) contribute
to the oval shape. Earlier hominins, meanwhile, display a larger range of root morphologies; A.
africanus and P. robustus have highly variable root morphologies (Moore et al. 2016), while H. naledi
Pss are typically double-rooted (Berger et al. 2015), and A. afarensis Pss can be single or double
rooted (Ward et al. 1982). Another feature seen in a number of hominin species, in which the CEJ is
raised on the mesial and/or distal sides, also appears to be related to root structure as the CEJ
curves over the base of the roots, sitting highest on the tooth crown when in line with the middle of

the base of the root, and lowest when in line with inter-radicular grooves.

Modern humans and Neanderthals have a largely similar CEJ shape, however there is often a
difference in that Neanderthals more often display an apicocervically flat CEJ, which appears to be a
derived feature given that all included hominin species, including modern humans, show some
degree of raising of the CEJ on the mesial and distal sides. The condition seen in modern humans is
much less pronounced than in A. africanus and P. robustus, and the expression of this trait varies
between specimens, however the difference between modern humans and Neanderthals can be
seen in the wireframe models (Fig. 5). This difference may also relate to differences in root structure
between the two groups; both groups mostly display single rooted Pss, however the expression of
traits such as Tomes’ root may also influence CEJ form. Given that the Neanderthal sample is derived
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mostly from Krapina, it is also possible that an apicocervically flat CEJ is a derived feature of Krapina
Neanderthals, specifically. A detailed study of modern human and Neanderthal root morphology, as

well as its relation to CEJ shape, would help in further evaluating the difference seen here.

A. anamensis to A. afarensis. A. anamensis is thought to be the direct ancestor of A. afarensis,

with the two species representing an anagenetically evolving lineage (Ward et al. 1999; Kimbel et al.
2006, White et al. 2006). The sample only included A. anamensis specimens from ~4.2Ma deposits at
Kanapoi and A. afarensis specimens mostly from Hadar at ~3.2Ma (Johanson et al. 1982; Walter,
1994; Leakey et al. 1998), meaning there is a 1IMyr gap between the samples. Only A. anamensis
specimen KNM- KP 53160A clusters closely with the A. afarensis sample in the EDJ+CEJ analysis (Fig.
6), and given that this is not the case in the EDJ only analysis (Fig. 7), it is likely that this is mostly due
to the taller crown in KNM-KP 53160A, compared with KNM-KP 29281 and KNM-KP 29286A.. In
order to better assess this theory using the method used here, a sample of Allia Bay A. anamensis, as

well as A. afarensis from Laetoli, Dikika and Woranso-Mille would be required.

A. afarensis has a particularly variable hypodigm; for Pss, the crown size, metaconid expression and
mesial marginal ridge development are all variable, often independently of one-another, and these
features even vary within the same site (Leonard and Hegmon, 1987; Suwa, 1990; Delezene and
Kimbel, 2011). Two Hadar A. afarensis specimens are shown in Figure EDJ, demonstrating some of
the variation seen at this site. Moreover, the extent of variation is well demonstrated by the
difference between specimens AL333w-1c and AL333-10, both of which are large specimens from
the AL333 “first family’ collection, but which are well separated in shape space when looking at the
EDJ+CEJ analysis (Fig. 6). As previously noted for AL333 specimens (Delezene and Kimbel, 2011),
both have a well-developed mesial marginal ridge, however AL333w-1c has an anterior fovea which
is much narrower buccolingually than that of AL333w-1c, as well as displaying a well-developed

metaconid. Despite this variability, it is clear that a number of the features which are common in
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later hominins such as A. africanus and P. robustus, (such as a well-developed metaconid, an

increase in talonid size, and a well-developed mesial marginal ridge) do appear first in A. afarensis.

4.4 Discrete Traits

Observer error Inter- and intra-observer error for the transverse crest and marginal ridge
scores is minimal, and is random where present. Error between and within observers is higher for
the scoring of buccal grooves, and this is likely because the variation in this trait is essentially
continuous, so we would expect to find some disagreement when categorising this variation into a
small number of strict grades where the difference between grades may be very minor. It is
important to note that the error observed was always between adjacent grades; in no case was
there a disagreement between absent (0) and marked (2) buccal grooves. Nonetheless, this level of
error is relatively high, and given that the error was present also in the intra-observer error test,
future studies should seek to find more replicable category defnitions for this trait. Alternatively, a

method which directly measures the length and depth of the crest should be used.

Transverse crest form. In the majority of hominin Pss (79%), a single transverse crest extends

lingually from the protoconid to meet the metaconid (or equivalent point on the marginal ridge) (Fig.
2). This is often not the case when looking at non-hominin apes; in Hylobates, Gorilla and Pan, the
transverse crest does not typically reach the weakly developed marginal ridge, either ending mesial
to the ridge, or deflecting distally. Pongo is an exception among the non-hominin apes, and shows
the type 1 form in which the transverse crest extends to the lingual edge of the crown. This feature
causes the EDJ ridge landmarks to be raised in the middle of the lingual face of the tooth, which can
be seen in the wireframes models in Figure 5, and leads to the separation of Pongo from the other
non-hominin apes in PC1 of the EDJ only analysis (Fig. 7). This feature leads to a superficial
resemblance between Pongo and the hominins in the wireframe models, however this is not

matched by the shape of the rest of the crown, and it seems likely that the presence of a type 1
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transverse crest in Pongo and the hominins is homoplasious given its absence in all other non-

hominins studied here.

The earliest hominin in the sample, A. anamensis, displays a type 1 transverse crest, suggesting that
this feature evolved early in hominin evolution. Haile-Selassie et al. (2004 — pg. 1505) suggest that

this is also the case in a 5.6-5.8Ma Ar. kadabba P;:

“The transverse crest descends from the tip of the protoconid to the metaconid, which is hardly

expressed as a distinct entity”.

However, this observation would have been made at the OES, rather than the EDJ, meaning that
small differences in the configuration of the transverse crest and marginal ridge may be less

apparent.

Within hominins, there is relatively little variation in the form of the main transverse crest; excluding
those with no transverse crest (type 0), only Neanderthals and KNM-ER 5431E display anything other
than type 1. There is more variation in the expression of accessory crests, however (Fig. 2), which
form in the occlusal basin either mesial or distal to the main transverse crest, and may connect to
the protoconid ridge, marginal ridge, either of the main cusps, or to other accessory crests. In
hominin lower molars, multiple crests may form between the protoconid and metaconid, in a
feature which shows substantial variation but is generally termed trigonid crest patterning (Wu and
Turner Il, 1993; Skinner et al. 2008b; Bailey et al. 2011; Martinez de Pinillos et al. 2014). Given the
location of these crests, it is possible that these features are homologous to the transverse crest
(and accessory crests) discussed here for hominin P3s. Trigonid crests are particularly common in
Neanderthal lower molars (Bailey et al. 2002; Bailey, 2006), which is interesting given the high
frequency of accessory crests found here (and previously noted by Bailey, 2006) for Neanderthal Ps.
Martinez de Pinillos et al. (2014) found substantial trigonid crest variation in the Sima de los Huesos
population at the EDJ, broadly equivalent to that of Neanderthals. Interestingly, Martinén-Torres et

al. (2012) report that a high proportion of Sima de los Huesos P3s show distal accessory crests, as
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well as pronounced transverse crests, when compared with modern humans. This finding could
suggest that the same pattern may exist in the Sima de los Huesos population as found here for

Neanderthals, although this would require comparing the EDJ morphologies of the two samples.

In P3s, the formation of accessory crests seems to be dependent on the space available in the
occlusal basin. Neanderthal P3s have a high protoconid ridge which creates a steep, almost vertical,
lingual facing surface running from the top of the protoconid ridge to the bottom of the occlusal
basin of the tooth. Accessory crests are frequently present on this face in Neanderthals. A. africanus
and P. robustus far more often show accessory crests which connect to the main dentine horns,
which are often particularly large, or to the transverse crest itself, which is also well developed.
Given the level of variation seen in premolar accessory crests, as well as molar trigonid crests, it
seems likely that these traits are not individually determined, but are instead the result of upstream
developmental processes. There are a number of ways in which this could operate. Firstly, the
formation of these crests could be genetically determined, but only able to form where there is
sufficient space for them within the occlusal basin of the tooth. In this case, accessory crests could
develop through some of the same developmental processes as other crests and ridges on the tooth
crown (such as the protoconid crest, transverse crest, and marginal ridges in premolars), but would
presumably form later in development than the main crests, which would explain their variability.
This process would be analogous to the patterning cascade model of cusp development in which
cusps form where there is space for them on the crown, and are prevented from forming too closely
to each other by the presence of inhibitor proteins (Polly, 1998; Jernvall, 2000; Kassai et al. 2005),
with later forming cusps generally smaller and more variable than earlier forming cusps (Kondo and
Townsend, 2006; Skinner and Gunz, 2010). Crests are different to cusps in that they are often found
in association with other crests. In fact, the accessory cusps identified here were invariably found to
be associated with other crests or cusps on the tooth crown. However these features appear to be

common in the relatively large posterior fovea of A. africanus and P.robustus, as well as along the
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tall protoconid crest of H. neanderthalensis, suggesting that the available space on the crown is

important.

Alternatively, these crests could arise as the result of biomechanical forces during the development
of the tooth crown. The EDJ preserves the form of the basement membrane of the inner enamel
epithelium, the morphology of which is determined by folding driven by differential cell division in
structures called enamel knots (Jernvall et al. 1994). Since the accessory crests are most common on
relatively tall crown structures (dentine horns of P. robustus, and the protoconid ridge of
Neanderthals), it is possible that during the formation of these structures, the inner enamel
epithelium is ‘pulled’ in such a way that small buckles and folds form, which go on to become the
accessory ridges seen. It is important to note that no specimens in the sample displayed accessory
crests running parallel to the protoconid ridge or the dentine horn tip; all run towards the
crest/ridge. In this case accessory crests would likely be developmentally distinct from the main

crests and ridges of the tooth crown, which are far less variable within species.

Marginal ridge. This trait was only scored for hominin specimens since non-hominin apes
have poorly developed marginal ridges. Marginal ridge discontinuity is present in the earliest
hominins in our sample, appearing in all three A. anamensis specimens, and 2/4 A. afarensis
specimens. Subsequently, the majority of A. africanus specimens (9/12), and all Paranthropus
specimens display a continuous marginal ridge. If the inferred ancestral condition is considered to be
non-human ape-like in nature, then the ‘discontinuity’ seen in early Australopithecus may in fact
represent the initial stages of the development of the P; occlusal surface for improved mastication.
In this sense, the discontinuity may be more properly interpreted as a lack of complete development
of an enclosing marginal ridge. In later Australopithecus and Paranthropus, the marginal ridge is

well-developed and largely continuous, reflecting the increased masticatory ability of the Ps.

Discontinuity of the marginal ridge appears much more often among Late Pleistocene Homo Pss,

where they are present in nearly half of all specimens (14/30 = 47%). Along with the single Homo
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heidelbergensis P; included here, modern humans are the only hominin species in this sample to
have specimens which display mesial and distal marginal ridge interruption. In this case, this is likely
due to the secondarily reduced metaconid development in these Late Pleistocene Homo species, and

is likely to reflect changing masticatory demands of the P; in these taxa.

Sakai (1976) recorded the presence of a ‘trigonid notch’ when looking at the EDJ of modern human
Pss, a feature which is equivalent to the mesial marginal ridge interruption noted here. They found
the feature in roughly a quarter of specimens in their sample, but did not discuss any presence of a
similar feature on the distal marginal ridge (although this feature is rarer in the present sample). This
trait is much clearer at the EDJ than at the OES as the interruptions can be small, and are often
located immediately next to the metaconid where the enamel of the cusp may obscure visibility of
the interruption at the OES. In fact, Sakai (1976) only found the trigonid notch at the EDJ, and stated

that the feature was entirely absent at the OES in all specimens.

Buccal grooves. Within the sample used here, buccal grooves are universally present (minor
or marked) in all Australopithecus specimens on both the mesial and distal sides of the crown. They
are much less common in non-hominin apes, Paranthropus, and late-Pleistocene Homo Pss, but are
still occasionally seen. It seems that they are more commonly seen in those specimens which show a
straight protoconid ridge, which tends to be a feature of Australopithecus Pss. When the protoconid
ridge is straight, there is a more angled intersection between the protoconid ridge and the
mesial/distal marginal ridge, often marked by a small accessory cusp. The buccal ridge is visible as a
vertical crest on the buccal surface, as well as a slight concavity next to the ridge (towards the centre
of the crown), which could be considered an extension of the marginal ridge on the buccal surface.
Sakai (1967) scored the presence of buccal grooves in modern human P;s at the EDJ, where they
were considered to be a primitive feature. The results support this assumption, with buccal grooves
seen far less in modern humans (as well as other Late-Pleistocene Homo) than in Australopithecus

Pss. Suwa (1996) suggested that weak or absent distal buccal grooves are a unique derived feature of
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early Homo Pss. Only a small number of early Homo P3s were able to be scored for this trait at the
EDJ, however KNM-ER 806E displayed no distal buccal groove,while KNM-ER 992 and KNM-WT
15000 display very little sign of distal buccal grooves at the OES (although this could not be assessed
at the EDJ). SKX 21204, on the other hand, does show a minor distal buccal groove at the EDJ, and

STW 151 displays a marked distal buccal groove.

Based on their analysis of the EDJ of mandibular molars, Skinner and colleagues (2009b) suggested
that crests on the buccal face of the protoconid and hypoconulid should be considered part of the
protostylid dental trait in mandibular molars. It should be considered whether the buccal grooves
present on Pss are developmentally homologous to these features in mandibular molars. For
example, STW 213 (Fig. 4) exhibits strong buccal grooves in addition to protostylid-like crests running
diagonally across the buccal face towards the protoconid. In this case, the buccal groove and
possible protostylid appear to be separate features, but it is interesting to note that this was present
on the P; with the most well defined buccal grooves of any specimen within the sample. Ultimately,

further investigation is required to assess the developmental basis of both of these traits.

Protoconid form. The transversely expanded dentine horn seen in ULAC 58 may be related to

the ‘internally placed cusps’ identified at the OES of Neanderthal molars (Tattersall and Schwartz,
1999; Bailey, 2004), as well as the ‘centrally placed dentine horn tips’ identified by Martin et al.
(2017) for Neanderthal and modern human molars at the EDJ. In fact, the modern human mandible,
ULAC 58, for which the present study observed the longitudinally expanded dentine horn tip (Fig.
10D), was also included in the sample for Martin et al. (2017), where they found that the M; and M;

displayed a centrally placed entoconid dentine horn.

Martin et al. (2017) found that centrally located dentine horns were common in Neanderthals.
Although this study did not find any longitudinally expanded dentine horns in Neanderthal
specimens, it was found that in a number of Neanderthal P;s, the apex of the protoconid ridge and

the tip of the protoconid are angled lingually, resulting in a more centrally located protoconid. This
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can be seen in the occlusal view of the Neanderthal wireframe model (Fig. 5). This condition has
been previously suggested to be distinctive of the P3s of both Neanderthals and H. heidelbergensis,
and may also be related to the centrally placed molar dentine horns identified by Martin et al.

(2017).

Another trait discussed here, namely the longitudinally expanded dentine horn (Fig. 10C), also
relates to a feature discussed by Martin et al. (2017); twinned dentine horns. This study did not find
this trait in any modern human or Neanderthal specimens, but it was found in a high proportion of
H. naledi Pss, as well as a single Pan specimen. In some cases, the H. naledi P; protoconid appears to
be simply expanded, rather than twinned, although it is possible that the separate apices of the
twinned dentine horns are too small to be visible in the scans. Martin et al. (2017) also found
specimens which showed ‘unusually wide’ dentine horns, and suggested this may be a diminutive
form of the twinned dentine horn trait. These traits are particularly interesting since they are
difficult to reconcile with the currently well-accepted patterning cascade model of cuspal
development (Polly, 1998; Jernvall 2000; Kondo and Townsend, 2006; Skinner and Gunz, 2010), in
which cusps develop iteratively across the crown, and that a zone of inhibition during crown
development prevents the formation of cusps in close proximity to one-another. Neither of the
protoconid traits described here were seen on P; metaconids, although this may be due a
combination of the rarity of the features, and the reduced number of specimens displaying a well-

developed metaconid.

5. Conclusion

This study suggests that mandibular third premolars hold a wealth of taxonomically important
information, and that geometric morphometric analysis of P; EDJ shape is able to accurately

distinguish between hominoid taxa.

The non-hominin apes have a P; morphology which is specialised for its role in honing the large

upper canine. The wireframe models show a tall crown, and a mesiobuccally expanded CEJ which is
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lowered, apically, in order to provide a long, broad sloping surface for the upper canine. Features
related to mastication, such as the presence of strong marginal ridges and additional cusps, are
mostly absent. Early hominin evolution can be characterised by the gradual loss of features relating
to canine honing such as reduction of the protoconid and the mesiobuccal expansion of the crown
base. Moreover, we see the gradual accumulation of features related to improved masticatory
abilities such as the enclosing of the occlusal surface of the tooth through the development of a
continuous marginal ridge, and the development of a large metaconid. The earliest members of
Homo appear to have a morphology largely similar to that of a number of Australopithecus
specimens, although there are differences, which require further investigation though looking at the
EDJ of a larger sample of early Homo specimens. Late-Pleistocene Homo taxa have a distinct
morphology which includes a tall crown and increased frequency of marginal ridge discontinuity
associated with a reduction of the metaconid. The morphology of the P; in these taxa likely reflects
the altered dietary adaptations in late-Homo taxa related to their increased geographical range,

differing climates and increased dietary specialisms.

Studies of the EDJ in fossil hominins remain important in improving the amount of morphological
information that can be gained from worn dental specimens. This allows the study of larger samples
and the utilisation of as much fossil material as possible. It also allows us to study aspects of dental
morphology which may not be obvious at the OES, such as the presence of discontinuous marginal
ridges, which may point to important details on tooth development and assist in our understanding

of dental homology.
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Supplementary Table 1. Detailed study sample, including which analyses each specimen is included in.

Supplementary information

Specimen
ZMB 7814
ZMB 7826

ZMB 7828

ZMB 85368

ZMB 6948

ZMB 6957
ZMB 12209
ZMB 38607
ZMB 83509
ZMB 83511
ZMB 17963
ZMB 30940
ZMB 30941
ZMB 31435
ZMB 83561
ZMB 11776
ZMB 11800
ZMB 11903
ZMB 13430

ZMB 13437

KNM-KP 29281

KNM-KP 29286Ai

Side

Site/Origin
Borneo
Borneo
Borneo

Indonesia/ Malaysia/
Thailand

Borneo
Unknown
Sumatra, Indonesia
Sumatra, Indonesia
Sumatra, Indonesia
Sumatra, Indonesia
Cameroon
Cameroon
Congo
Cameroon
Cameroon
Tai, Cote d'Ivoire
Tai, Cote d'Ivoire
Tai, Cote d'Ivoire
Tai, Cote d'Ivoire

Tai, Cote d'Ivoire
Kanapoi, Kenya

Kanapoi, Kenya

Taxonomy
Hylobates muelleri
Hylobates muelleri

Hylobates muelleri

Hylobates agilis

Pongo pygmaeus
Pongo pygmaeus
Pongo pygmaeus
Pongo pygmaeus
Pongo pygmaeus
Pongo pygmaeus
Gorilla gorilla
Gorilla gorilla
Gorilla gorilla
Gorilla gorilla
Gorilla gorilla
Pan troglodytes verus
Pan troglodytes verus
Pan troglodytes verus
Pan troglodytes verus

Pan troglodytes verus

Australopithecus anamensis

Australopithecus anamensis

Source
ZMB records
ZMB records

ZMB records

ZMB records

ZMB records
ZMB records
ZMB records
ZMB records
ZMB records
ZMB records
ZMB records
ZMB records
ZMB records
ZMB records
ZMB records
ZMB records
ZMB records
ZMB records
ZMB records
ZMB records

Ward et al.
2001

Ward et al.
2001

Position
basis

1

1

Position
source

ZMB records
ZMB records

ZMB records

ZMB records

ZMB records
ZMB records
ZMB records
ZMB records
ZMB records
ZMB records
ZMB records
ZMB records
ZMB records
ZMB records
ZMB records
ZMB records
ZMB records
ZMB records
ZMB records
ZMB records

Ward et al.
2001

Ward et al.
2001

EDJ+
CEJ

Y

CEJ +
Med

Y

CEJ
only

Y

Y

EDJ
only

Y

Y

Ln(CS)
3.1940
3.2979

3.2650
3.2979

4.0452
3.9166
4.0985
3.7796
4.0523
4.2039
4.3722
4.3418
4.2935
4.1017
4.3066
3.7974
3.7896
3.8208
3.8817

3.8255

3.7852

3.8698

Reconstructed?

Prd

Prd

Prd

Prd

Prd

Prd

Prd
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KNM-KP 53160

AL128-23

AL266-1

AL277-1

AL333-10

AL333w-1c

AL400-1a

AL417-1a

AL655-1

AL1045

W8-978

KNM-WT 8556

STW7

STW 104

STW 142

STW 193

STW 213

STW 401

Kanapoi, Kenya

Hadar, Ethiopia

Hadar, Ethiopia

Hadar, Ethiopia

Hadar, Ethiopia

Hadar, Ethiopia

Hadar, Ethiopia

Hadar, Ethiopia

Hadar, Ethiopia

Hadar, Ethiopia

Omo, Ethiopia

West Turkana, Kenya

Sterkfontein, South Africa

Sterkfontein, South Africa

Sterkfontein, South Africa

Sterkfontein, South Africa

Sterkfontein, South Africa

Sterkfontein, South Africa

Australopithecus anamensis

Australopithecus afarensis

Australopithecus afarensis

Australopithecus afarensis

Australopithecus afarensis

Australopithecus afarensis

Australopithecus afarensis

Australopithecus afarensis

Australopithecus afarensis

Australopithecus afarensis

Australopithecus afarensis

Indet

Australopithecus africanus

Australopithecus africanus

Australopithecus africanus

Australopithecus africanus

Australopithecus africanus

Australopithecus africanus

Ward et al.
2017

Johanson et al.
1982

Johanson et al.
1982

Johanson et al.
1982

Johanson et al.
1982

Johanson et al.
1982

Johanson et al.
1982

Kimbel et al.
1994

Kimbel pers
comm

Kimbel and
Delezene, 2009

Suwa, 1990

Brown et al.
2001

Moggi-Cecchi et
al. 2006

Moggi-Cecchi et
al. 2006

Moggi-Cecchi et
al. 2006

Moggi-Cecchi et
al. 2006

Moggi-Cecchi et
al. 2006

Moggi-Cecchi et
al. 2006

Ward et al.
2017

Johanson et al.
1982

Johanson et al.
1982

Johanson et al.
1982

Johanson et al.
1982

Johanson et al.
1982

Johanson et al.
1982

Kimbel et al.
1994

Kimbel pers
comm

Kimbel and
Delezene, 2009

Suwa, 1990

Brown et al.
2001

Moggi-Cecchi et
al. 2006

Moggi-Cecchi et
al. 2006

Moggi-Cecchi et
al. 2006

Moggi-Cecchi et
al. 2006

Moggi-Cecchi et
al. 2006

Moggi-Cecchi et
al. 2006

3.8141

3.7928

3.8866

3.8739

3.8223

3.7729

3.9038

3.8498

3.7376

Prd

Prd

Prd

Med
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STW 404

STW 420B

STW 498c

STS 24
STS51
STS 52b

Taungl

DNH8

DNH46

DNH51

DNH107

SK23

SK30

SK61

SK62

SK63

SK100

SK857

SKW5
KNM-ER 1820

KNM-ER 6082

KNM-ER 15951H

KNM-WT 16005

Sterkfontein, South Africa

Sterkfontein, South Africa

Sterkfontein, South Africa

Sterkfontein, South Africa
Sterkfontein, South Africa
Sterkfontein, South Africa

Taung, South Africa

Drimolen, South Africa

Drimolen, South Africa

Drimolen, South Africa

Drimolen, South Africa

Swartkrans, South Africa
Swartkrans, South Africa
Swartkrans, South Africa
Swartkrans, South Africa
Swartkrans, South Africa
Swartkrans, South Africa
Swartkrans, South Africa
Swartkrans, South Africa
Koobi Fora, Kenya

Koobi Fora, Kenya

Koobi Fora, Kenya

West Turkana, Kenya

Australopithecus africanus

Australopithecus africanus

Australopithecus africanus

Australopithecus africanus
Australopithecus africanus
Australopithecus africanus

Australopithecus africanus

Paranthropus robustus

Paranthropus robustus

Paranthropus robustus

Paranthropus robustus

Paranthropus robustus
Paranthropus robustus
Paranthropus robustus
Paranthropus robustus
Paranthropus robustus
Paranthropus robustus
Paranthropus robustus
Paranthropus robustus
Paranthropus boisei

Paranthropus boisei

Paranthropus boisei

Paranthropus boisei

Moggi-Cecchi et
al. 2006

Moggi-Cecchi et
al. 2006

Moggi-Cecchi et
al. 2006

Brain, 1981
Brain, 1981
Dart, 1954
Dart, 1925

Moggi-Cecchi et
al. 2010

Moggi-Cecchi et
al. 2010

Moggi-Cecchi et
al. 2010

Moggi-Cecchi et
al. 2010

Robinson, 1956
Robinson, 1956
Robinson, 1956
Robinson, 1956
Robinson, 1956
Robinson, 1956
Robinson, 1956
Grine, 2004
Wood, 1991
Wood, 1991

Wood and
Leakey, 2011

Leakey and
Walker, 1988

Moggi-Cecchi et
al. 2006

Moggi-Cecchi et
al. 2006

Moggi-Cecchi et
al. 2006

Brain, 1981
Brain, 1981
Dart, 1954
Dart, 1925

Moggi-Cecchi et
al. 2010

Moggi-Cecchi et
al. 2010

Moggi-Cecchi et
al. 2010

Moggi-Cecchi et
al. 2010

Robinson, 1956
Robinson, 1956
Robinson, 1956
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Robinson, 1956
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Grine, 2004
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Leakey and
Walker, 1988

=<

=z

=z

Y

Y

Y

Y

Y

Y

Y

3.7995

3.8290

3.8690

3.8965

3.8126

3.9081

3.9203

3.8375

4.0496

Prd

Prd



98

L427-7

HCRP-UR 501

KNM-BK 8518A

KNM-ER 806E

KNM-ER 992A

KNM-ER 1507

KNM-ER 1802

KNM-ER 5431E

KNM-WT 150008

SK 18a

SK 96

SKX 21204

STW 151

S 6a

SMF S7 25

U.W. 101-0010

U.W.101-0144

U.W. 101-298

U.W.101-377

U.W. 101-506

U.W. 101-0850

Omo, Ethiopia

Uraha, Malawi

Baringo, Kenya

Koobi Fora, Kenya

Koobi Fora, Kenya

Koobi Fora, Kenya

Koobi Fora, Kenya

Koobi Fora, Kenya

West Turkana, Kenya

Swartkrans, South Africa
Swartkrans, South Africa

Swartkrans, South Africa

Sterkfontein, South Africa

Sangiran, Indonesia

Sangiran, Indonesia

Rising Star, South Africa

Rising Star, South Africa

Rising Star, South Africa

Rising Star, South Africa

Rising Star, South Africa

Rising Star, South Africa

Paranthropus boisei

Homo rudolfensis

Homo sp.

Homo ergaster

Homo sp.

Homo sp.

Homo sp.

Indet

Homo ergaster

Homo sp.
Indet — originally P. robustus

Homo sp.

Indet

Homo erectus

Homo erectus

Homo naledi

Homo naledi

Homo naledi

Homo naledi

Homo naledi

Homo naledi

Suwa et al. 1996

Schrenk et al.
1993

Wood and van
Noten, 1986

Wood, 1991
Wood, 1991

Leakey and
Wood, 2005

Wood, 1991
Wood, 1991

Walker and
Leakey, 1993

Brain, 1981
Robinson, 1956
Grine, 1989

Moggi-Cecchi et
al. 1998

Grine and
Franzen, 1994

Grine and
Franzen, 1994

Berger et al.
2015

Berger et al.
2015

Berger et al.
2015

Berger et al.
2015

Berger et al.
2015

Berger et al.

Suwa et al. 1996

Schrenk et al.
1993

Wood and van
Noten, 1986

Wood, 1991
Wood, 1991

Leakey and
Wood, 2005

Wood, 1991
Wood, 1991

Walker and
Leakey, 1993

Brain, 1981
Robinson, 1956
Grine, 1989

Moggi-Cecchi et
al. 1998

Grine and
Franzen, 1994

Grine and
Franzen, 1994

Berger et al.
2015

Berger et al.
2015

Berger et al.
2015

Berger et al.
2015

Berger et al.
2015

Berger et al.
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3.9166

3.8847

3.9426

3.9228

3.7833

3.6766

3.7794

3.9230

3.7228
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U.W. 101-0889

U.W. 101-1261-
1283-1371

U.W. 101-1565

U.W. 102-0023

U.W. 102-0240

Cave of hearths

Mauer 1

Combe-Grenal |

Combe-Grenal XV

KRP 51

KRP 52

KRP 54

KRP 55

KRP 58

KRP D27

KRP D28

KRP D29

KRP D33

KRP D34

KRP D111

Rising Star, South Africa

Rising Star, South Africa

Rising Star, South Africa

Rising Star, South Africa

Rising Star, South Africa

Cave of hearths, South
Africa

Mauer, Germany

Combe Grenal, France

Combe Grenal, France

Krapina, Croatia
Krapina, Croatia
Krapina, Croatia
Krapina, Croatia
Krapina, Croatia
Krapina, Croatia
Krapina, Croatia
Krapina, Croatia
Krapina, Croatia
Krapina, Croatia

Krapina, Croatia

Homo naledi

Homo naledi

Homo naledi

Homo naledi

Homo naledi

Indet

Homo heidelbergensis

Homo neanderthalensis

Homo neanderthalensis

Homo neanderthalensis
Homo neanderthalensis
Homo neanderthalensis
Homo neanderthalensis
Homo neanderthalensis
Homo neanderthalensis
Homo neanderthalensis
Homo neanderthalensis
Homo neanderthalensis
Homo neanderthalensis

Homo neanderthalensis

2015

Bergeret al.
2015

Berger et al.
2015

Berger et al.
2015

Hawks et al.
2017

Hawks et al.
2017

Tobias, 1971

Schoetensack,
1908

Garralda and
Vandermeersch,
2000

Garralda and
Vandermeersch,
2000

Radovci¢, 1988
Radovci¢, 1988
Radovci¢, 1988
Radovci¢, 1988
Radovci¢, 1988
Radovci¢, 1988
Radovci¢, 1988
Radovci¢, 1988
Radovci¢, 1988
Radovci¢, 1988

Radovci¢, 1988

1

2015

Bergeret al.
2015

Berger et al.
2015

Berger et al.
2015

Hawks et al.
2017

Hawks et al.
2017

Tobias, 1971

Schoetensack,
1908

Garralda and
Vandermeersch,
2000

Garralda and
Vandermeersch,
2000

Radovci¢, 1988
Radovci¢, 1988
Radovci¢, 1988
Radovci¢, 1988
Radovci¢, 1988
Radovci¢, 1988
Radovci¢, 1988
Radovci¢, 1988
Radovci¢, 1988
Radovci¢, 1988

Radovci¢, 1988

3.7221

3.7298

3.7509

3.6712

3.8256

3.7241

3.7228

3.7017

3.7657

3.8083

3.7947

3.8778

Prd

Prd



KRP D114 L Krapina, Croatia Homo neanderthalensis Radovci¢, 1988 2 Radovci¢, 1988 Y Y Y Y 3.7901 -

SCLA4A6 R Scladina, Belgium Homo neanderthalensis Toussla;g;ﬂ al 2 Tousslagigt;t al Y y y Y 37129 -
Irhoud 11 R Jebel Irhoud, Morocco Homo sapiens Hszlig;t al. 1 HUbZH(;];t al. N Y Y N - -
Qafzeh 10 R Qafzeh, Israel Homo sapiens Vandelrgéelersch, 1 Vandelrg;elersch, Y Y Y Y 3.6412 -
Qafzeh11 R Qafzeh, Israel Homo sapiens Va”delrg;iemh‘ 1 Va”delrg;emh‘ v Y Y Y 3.6379 -
ULAC1 R Anatomical collection Homo sapiens ULAC records 1 ULAC records Y Y Y Y 3.5966 -
ULAC 58 L Anatomical collection Homo sapiens ULAC records 1 ULAC records Y Y Y Y 3.6127 -
ULAC 58 R Anatomical collection Homo sapiens ULAC records 1 ULAC records - - - - - -
ULAC 66 L Anatomical collection Homo sapiens ULAC records 1 ULAC records Y Y Y Y 3.5099 Prd
ULAC 74 L Anatomical collection Homo sapiens ULAC records 1 ULAC records N Y Y N - -
ULAC171 L Anatomical collection Homo sapiens ULAC records 1 ULAC records N Y Y N - -
ULAC 522 L Anatomical collection Homo sapiens ULAC records 1 ULAC records N Y Y N - -
ULAC 536 R Anatomical collection Homo sapiens ULAC records 1 ULAC records Y Y Y Y 3.4920 Prd
ULAC 607 R Anatomical collection Homo sapiens ULAC records 1 ULAC records N Y Y N - -
ULAC 790 L Anatomical collection Homo sapiens ULAC records 1 ULAC records Y Y Y Y 3.5646 -
ULAC 797 R Anatomical collection Homo sapiens ULAC records 1 ULAC records Y Y Y Y 3.6305 -
ULAC 801 L Anatomical collection Homo sapiens ULAC records 1 ULAC records Y Y Y Y 3.6896 -
ULAC 806 L Anatomical collection Homo sapiens ULAC records 1 ULAC records Y Y Y Y 3.6265 -

Position basis; 1 = In jaw, 2 = Associated dentition, 3 = Based on morphology. Ln(CS) = Natural logarithm of centroid size; listed for those specimens included in the EDJ+CEJ analysis. Reconstructed? = Specimens with
reconstructed dentine horns; Prd = Protoconid reconstructed, Med = Metaconid reconstructed. TC = Transverse crest form (see Main article for details). MR = Marginal ridge; C = Continuous, M = Mesial marginal
ridge discontinuous, D = Distal marginal ridge discontinuous, MD = Mesial and distal marginal ridges both discontinuous. MBG = Mesial buccal groove, DBG = Distal buccal groove; 0 = absent, 1 = minor, 2 = marked
(see text for details)
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Supplementary Table 2: Additional information on the modern human
sample, as listed in the records of the Anatomical Collection of the
University of Leipzig

Specimen

number Region Age Sex
ULAC_1 “Germany/Rheinland” Adult Male
ULAC_58 “Norway” Adult Male
ULAC_66 “Norway/Sweden” Adult Female
ULAC_74 “Italy (Etruscan, Tarquinii)” Adult Male
ULAC_171 “Italy (Etruscan, Tarquinii)” Adult Male
ULAC 522 “Egypt (Thebes)” Adult Male
ULAC 536 “Egypt (Thebes)” Adult Male
ULAC_607 “Egypt (Thebes)” Adult Male
ULAC 790 “Africa (Americans/New Orleans)”  Adult Male
ULAC_ 797 “Africa (Americans/New Orleans)”  Adult Male
ULAC_801 “Africa (Americans/New Orleans)”  Adult Female

ULAC_806 “Africa (Americans/New Orleans)”  Adult Male




Supplementary Table 3. CVA classification results for the EDJ+CEJ analysis in shape space.
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ULAC 66 0 4 0 0 9 0 0 0 0 0 Hs 0.6923
ULAC 790 0 2 0 0 11 0 0 0 0 0 Hs 0.8462
ULAC 797 0 0 0 0 13 0 0 0 0 0 Hs 1
ULAC 801 1 0 0 0 12 0 0 0 0 0 Hs 0.9231
ULAC 806 0 4 0 0 9 0 0 0 0 0 Hs 0.6923
UW101 1283 0 0 0 0 0 13 0 0 0 0 Hnal 1
UW101 144 0 0 0 0 0 13 0 0 0 0 Hnal 1
UW101 1565 0 0 0 0 0 13 0 0 0 0 Hnal 1
UW101 889 0 0 0 0 0 13 0 0 0 0 Hnal 1
W8-978-LRP3 13 0 0 0 0 0 0 0 0 0 Aafa 1
ZMB 6957 0 0 0 0 0 0 0 0 0 13 Pp 1

Abbreviations: Aafa = Australopithecus afarensis, Hn = Homo neanderthalensis,Pr = Paranthropus robustus, Aafri = Australopithecus
africanus, Hs = Homo sapiens, Hnal = Homo naledi, Ptv = Pan troglodytes verus, Gg = Gorilla gorilla, Hy = Hylobates, Pp = Pongo pygmaeus
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Supplementary Table 4. CVA classification results for the EDJ+CEJ analysis in form space

Aafa Hn Pr Aafri Hs Hnal Ptv Gg Hy Pp Correct class Proportion

Correct

AL333w-1c 12 0 0 1 0 0 0 0 0 0 Aafa 0.9231

AL266-1 13 0 0 0 0 0 0 0 0 0 Aafa 1

AL333-10 4 0 1 8 0 0 0 0 0 0 Aafa 0.3077

AL655-1 13 0 0 0 0 0 0 0 0 0 Aafa 1

Combe Grenal | 0 13 0 0 0 0 0 0 0 0 Hn 1

DNH46 0 0 13 0 0 0 0 0 0 0 Pr 1

DNH8 0 0 13 0 0 0 0 0 0 0 Pr 1

ZMB 17963 0 0 0 0 0 0 0 13 0 0 Gg 1

ZMB 30941 0 0 0 0 0 0 0 13 0 0 Gg 1

ZMB 31435 0 0 0 0 0 0 0 13 0 0 Gg 1

ZMB 83561 0 0 0 0 0 0 0 13 0 0 Gg 1

ZMB 30940 0 0 0 0 0 0 0 13 0 0 Gg 1

ZMB 85368 0 0 0 0 0 0 0 0 13 0 Hy 1

ZMB7814 0 0 0 0 0 0 0 0 13 0 Hy 1

ZMB7826 0 0 0 0 0 0 0 0 13 0 Hy 1

ZMB7828 0 0 0 0 0 0 0 0 13 0 Hy 1

KRP51 0 13 0 0 0 0 0 0 0 0 Hn 1

KRP 52 0 13 0 0 0 0 0 0 0 0 Hn 1

KRP54 0 13 0 0 0 0 0 0 0 0 Hn 1

KRP55 0 13 0 0 0 0 0 0 0 0 Hn 1

KRP D111 0 13 0 0 0 0 0 0 0 0 Hn 1

KRP D114 0 13 0 0 0 0 0 0 0 0 Hn 1

KRP D33 0 13 0 0 0 0 0 0 0 0 Hn 1

KRP D34 0 13 0 0 0 0 0 0 0 0 Hn 1

ZMB 12209 0 0 0 0 0 0 0 0 0 13 Pp 1

ZMB 38607 0 0 0 0 0 0 1 0 0 12 Pp 0.9231

ZMB 6948 0 0 0 0 0 0 0 0 0 13 Pp 1

ZMB 83509 0 0 0 0 0 0 0 0 0 13 Pp 1

ZMB 83511 0 0 0 0 0 0 0 0 0 13 Pp 1

ZMB 11776 0 0 0 0 0 0 13 0 0 0 Ptv 1

ZMB 11800 0 0 0 0 0 0 13 0 0 0 Ptv 1

ZMB 11903 0 0 0 0 0 0 13 0 0 0 Ptv 1

ZMB 13430 0 0 0 0 0 0 13 0 0 0 Ptv 1

ZMB 13437 0 0 0 0 0 0 13 0 0 0 Ptv 1

SCLA4A 6 0 12 0 0 1 0 0 0 0 0 Hn 0.9231

SK100 0 0 13 0 0 0 0 0 0 0 Pr 1

SK857 0 0 13 0 0 0 0 0 0 0 Pr 1

SKW5 2 0 10 1 0 0 0 0 0 0 Pr 0.7692

STS51 0 0 0 13 0 0 0 0 0 0 Aafri 1

STS52b 0 0 1 12 0 0 0 0 0 0 Aafri 0.9231

STW213 4 0 0 8 0 1 0 0 0 0 Aafri 0.6154

STW404 1 0 0 12 0 0 0 0 0 0 Aafri 0.9231

STW7 0 0 0 13 0 0 0 0 0 0 Aafri 1

ULAC1 0 0 0 13 0 0 0 0 0 Hs 1

ULAC 536 0 0 0 13 0 0 0 0 0 Hs 1

ULAC 58 0 2 0 11 0 0 0 0 0 Hs 0.8462
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ULAC 66 0 0 0 0 13 0 0 0 0 0 Hs 1
ULAC 790 0 0 0 0 13 0 0 0 0 0 Hs 1
ULAC 797 0 0 0 0 13 0 0 0 0 0 Hs

ULAC 801 0 0 0 0 11 2 0 0 0 0 Hs 0.8462
ULAC 806 0 0 0 0 13 0 0 0 0 0 Hs 1
UW101 1283 0 0 0 0 0 13 0 0 0 0 Hnal 1
UW101 144 0 0 0 0 0 13 0 0 0 0 Hnal 1
UW101 1565 0 0 0 0 0 13 0 0 0 0 Hnal 1
UW101 889 0 0 0 0 0 13 0 0 0 0 Hnal 1
W8-978-LRP3 13 0 0 0 0 0 0 0 0 0 Aafa 1
ZMB 6957 0 0 0 0 0 0 0 0 0 13 Pp 1

Abbreviations: Aafa = Australopithecus afarensis, Hn = Homo neanderthalensis,Pr = Paranthropus robustus, Aafri = Australopithecus africanus,
Hs = Homo sapiens, Hnal = Homo naledi, Ptv = Pan troglodytes verus, Gg = Gorilla gorilla, Hy = Hylobates, Pp = Pongo pygmaeus
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Supplementary Table 5. CVA classification results for the EDJ+CEJ analysis in shape space
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STW4208B 0 0 12 0 0 0 0 0 0 1 Aafri 0.9231
STW7 0 0 13 0 0 0 0 0 0 0 Aafri 1
Taungl 1 0 12 0 0 0 0 0 0 0 Aafri 0.9231
ULAC1 0 0 2 11 0 0 0 0 0 0 Hs 0.8462
ULAC 536 0 0 2 11 0 0 0 0 0 0 Hs 0.8462
ULAC 58 0 0 0 7 0 0 0 0 6 0 Hs 0.5385
ULAC 66 0 0 0 13 0 0 0 0 0 0 Hs 1
ULAC 790 0 0 0 10 0 0 0 0 3 0 Hs 0.7692
ULAC 797 0 0 0 13 0 0 0 0 0 0 Hs 1

Abbreviations: Aafa = Australopithecus afarensis, Hn = Homo neanderthalensis,Pr = Paranthropus robustus, Aafri = Australopithecus africanus,
Hs = Homo sapiens, Hnal = Homo naledi, Ptv = Pan troglodytes verus, Gg = Gorilla gorilla, Hy = Hylobates, Pp = Pongo pygmaeus
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Supplementary Table 6. CVA classification results for the EDJ analysis in form space

Aafa Pr Aafri  Hs Ptv Gg Hy Pp Hn Hnal Correct Proportion

class Correct

AL333w-1c 13 0 0 0 0 0 0 0 0 0 Aafa 1

AL266-1 13 0 0 0 0 0 0 0 0 0 Aafa 1

AL333-10 10 0 3 0 0 0 0 0 0 0 Aafa 0.7692

AL655-1 12 0 0 0 0 0 0 0 0 1 Aafa 0.9231

Combe Grenal | 0 0 0 0 0 0 0 0 13 0 Hn 1

DNH107 0 13 0 0 0 0 0 0 0 0 Pr 1

DNH46 0 13 0 0 0 0 0 0 0 0 Pr 1

DNH8 0 13 0 0 0 0 0 0 0 0 Pr 1

ZMB 17963 0 0 0 0 0 13 0 0 0 0 Gg 1

ZMB 30941 0 0 0 0 0 13 0 0 0 0 Gg 1

ZMB 31435 0 0 0 0 0 13 0 0 0 0 Gg 1

ZMB 83561 0 0 0 0 0 13 0 0 0 0 Gg 1

ZMB 30940 0 0 0 0 0 13 0 0 0 0 Gg 1

ZMB 85368 0 0 0 0 0 0 13 0 0 0 Hy 1

ZMB 7814 0 0 0 0 0 0 13 0 0 0 Hy 1

ZMB 7826 0 0 0 0 0 0 13 0 0 0 Hy 1

ZMB 7828 0 0 0 0 0 0 13 0 0 0 Hy 1

KRP51 0 0 0 0 0 0 0 0 13 0 Hn 1

KRP 52 0 0 0 0 0 0 0 0 13 0 Hn 1

KRP54 0 0 0 0 0 0 0 0 13 0 Hn 1

KRP55 0 0 0 0 0 0 0 0 13 0 Hn 1

KRP D111 0 0 0 0 0 0 0 0 13 0 Hn 1

KRP D114 0 0 0 0 0 0 0 0 13 0 Hn 1

KRP D33 0 0 0 0 0 0 0 0 13 0 Hn 1

KRP D34 0 0 0 0 0 0 0 0 13 0 Hn 1

ZMB 12209 0 0 0 0 0 0 0 13 0 0 Pp 1

ZMB 38607 0 0 0 0 0 0 0 13 0 0 Pp 1

ZMB 6948 0 0 0 0 0 0 0 13 0 0 Pp 1

ZMB 83509 0 0 0 0 0 0 0 13 0 0 Pp 1

ZMB 83511 0 0 0 0 0 0 0 13 0 0 Pp 1

ZMB 11776 0 0 0 0 13 0 0 0 0 0 Ptv 1

ZMB 11800 0 0 0 0 13 0 0 0 0 0 Ptv 1

ZMB 11903 0 0 0 0 13 0 0 0 0 0 Ptv 1

ZMB 13430 0 0 0 0 13 0 0 0 0 0 Ptv 1

ZMB 13437 0 0 0 0 13 0 0 0 0 0 Ptv 1

ZMB 6957 0 0 0 0 0 0 0 13 0 0 Pp 1

SCLA4A6 0 0 0 0 0 0 0 0 13 0 Hn 1

SK100 0 13 0 0 0 0 0 0 0 0 Pr 1

SK61 0 13 0 0 0 0 0 0 0 0 Pr 1

SK62 0 13 0 0 0 0 0 0 0 0 Pr 1

SK63 0 13 0 0 0 0 0 0 0 0 Pr 1

SK857 0 13 0 0 0 0 0 0 0 0 Pr 1

SKW5 0 6 0 0 0 0 0 0 0 7 Pr 0.4615

STS24 1 0 12 0 0 0 0 0 0 0 Aafri 0.9231

STS51 0 0 13 0 0 0 0 0 0 0 Aafri 1

STS52b 0 0 13 0 0 0 0 0 0 0 Aafri 1

STW104 0 4 9 0 0 0 0 0 0 0 Aafri 0.6923
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Abbreviations: Aafa = Australopithecus afarensis, Hn = Homo neanderthalensis,Pr = Paranthropus robustus, Aafri =
Australopithecus africanus, Hs = Homo sapiens, Hnal = Homo naledi, Ptv = Pan troglodytes verus, Gg = Gorilla gorilla, Hy =

Hylobates, Pp = Pongo pygmaeus
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Supplementary Table 7. CVA classification results for the CEJ + Med analysis in shape space
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Abbreviations: Aafa = Australopithecus afarensis, Hn = Homo neanderthalensis,Pr = Paranthropus robustus, Aafri =

Australopithecus africanus, Hs = Homo sapiens, Hnal = Homo naledi, Ptv = Pan troglodytes verus, Gg = Gorilla gorilla, Hy =
Hylobates, Pp = Pongo pygmaeus
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Supplementary Table 8. CVA classification results for the CEJ + Med analysis in form space

Aafa Hn Pr Aafri Hs Hnal Ptv Gg Hy Pp Correct class Proportion

Correct

AL333w-1c 7 0 0 6 0 0 0 0 0 0 Aafa 0.5385

AL128-23 13 0 0 0 0 0 0 0 0 0 Aafa 1

AL266-1 13 0 0 0 0 0 0 0 0 0 Aafa 1

AL333-10 0 3 8 0 0 0 0 0 0 Aafa 0.1538

AlL417-1a 4 0 0 0 0 0 0 0 0 Aafa 0.6923

AL655-1 13 0 0 0 0 0 0 0 0 0 Aafa 1

Combe Grenal | 0 13 0 0 0 0 0 0 0 0 Hn 1

Combe XV 0 0 0 0 13 0 0 0 0 0 Hn 0

DNH46 2 0 9 2 0 0 0 0 0 0 Pr 0.6923

DNH8 0 0 12 1 0 0 0 0 0 0 Pr 0.9231

ZMB 17963 0 0 0 0 0 0 0 13 0 0 Gg 1

ZMB 30941 0 0 0 0 0 0 0 13 0 0 Gg 1

ZMB 31435 0 0 0 0 0 0 0 13 0 0 Gg 1

ZMB 83561 0 0 0 0 0 0 0 13 0 0 Gg 1

ZMB 30940 0 0 0 0 0 0 0 13 0 0 Gg 1

ZMB 85368 0 0 0 0 0 0 0 0 13 0 Hy 1

ZMB ZMB7814 0 0 0 0 0 0 0 0 13 0 Hy 1

ZMB ZMB7826 0 0 0 0 0 0 0 0 13 0 Hy 1

ZMB ZMB7828 0 0 0 0 0 0 0 0 13 0 Hy 1

Krapina58 0 13 0 0 0 0 0 0 0 0 Hn 1

KRP51 0 10 0 0 3 0 0 0 0 0 Hn 0.7692

KRP 52 0 13 0 0 0 0 0 0 0 0 Hn 1

KRP54 0 13 0 0 0 0 0 0 0 0 Hn 1

KRP55 0 13 0 0 0 0 0 0 0 0 Hn 1

KRP D111 0 13 0 0 0 0 0 0 0 0 Hn 1

KRP D114 0 13 0 0 0 0 0 0 0 0 Hn 1

KRP D27 0 13 0 0 0 0 0 0 0 0 Hn 1

KRP D28 0 13 0 0 0 0 0 0 0 0 Hn 1

KRP D29 0 13 0 0 0 0 0 0 0 0 Hn 1

KRP D33 0 13 0 0 0 0 0 0 0 0 Hn 1

KRP D34 0 13 0 0 0 0 0 0 0 0 Hn 1

ZMB 12209 0 0 0 0 0 0 0 0 0 13 Pp 1

ZMB 38607 0 0 0 0 0 0 1 0 0 12 Pp 0.9231

ZMB 6948 0 0 0 0 0 0 0 0 0 13 Pp 1

ZMB 83509 0 0 0 0 0 0 0 0 0 13 Pp 1

ZMB 83511 0 0 0 0 0 0 0 0 0 13 Pp 1

ZMB 11776 0 0 0 0 0 0 13 0 0 0 Ptv 1

ZMB 11800 0 0 0 0 0 0 13 0 0 0 Ptv 1

ZMB 11903 0 0 0 0 0 0 13 0 0 0 Ptv 1

ZMB 13430 0 0 0 0 0 0 13 0 0 0 Ptv 1

ZMB 13437 0 0 0 0 0 0 13 0 0 0 Ptv 1

SCLA4A 6 0 10 0 0 3 0 0 0 0 0 Hn 0.7692

SK100 0 13 0 0 0 0 0 0 0 Pr 1

SK23 7 6 0 0 0 0 0 0 0 Pr 0.4615
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Abbreviations: Aafa = Australopithecus afarensis, Hn = Homo neanderthalensis,Pr = Paranthropus robustus, Aafri =
Australopithecus africanus, Hs = Homo sapiens, Hnal = Homo naledi, Ptv = Pan troglodytes verus, Gg = Gorilla gorilla, Hy

= Hylobates, Pp = Pongo pygmaeus
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Supplementary Table 9. CVA classification results for the CEJ analysis in form space
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Abbreviations: Aafa = Australopithecus afarensis, Hn = Homo neanderthalensis,Pr = Paranthropus robustus, Aafri =

Australopithecus africanus, Hs = Homo sapiens, Hnal = Homo naledi, Ptv = Pan troglodytes verus, Gg = Gorilla gorilla, Hy =
Hylobates, Pp = Pongo pygmaeus
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Supplementary Table 10. CVA classification results for the CEJ analysis in shape space
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Australopithecus africanus, Hs = Homo sapiens, Hnal = Homo naledi, Ptv = Pan troglodytes verus, Gg = Gorilla gorilla, Hy =
Hylobates, Pp = Pongo pygmaeus

118



Supplementary Table 11. Discrete trait scores, with inter- and intra-observer error test results. The table displays the scorings for
the discrete traits by two observers. The results used in the main text of the paper are those of the primary observer’s first scores,
unless otherwise stated. Disagreements with the primary observers original scores are marked in red, and percent agreement scores
are shown at the bottom of the table. Obs. 1-1 = First scores by primary observer; Obs. 1-2 = Second scores by primary observer
(used for intra-observer test); Obs. 2-1 = Trait scores by secondary observer (used for inter-observer test)

Transverse Crest Marginal Ridge Mesial Buccal Grooves Distal Buccal Grooves

Obs. Obs Obs Obs. Obs Obs Obs. Obs Obs Obs. Obs Obs

Specimen 1-1 1-2 2-1 1-1 1-2 2-1 1-1 1-2 2-1 1-1 1-2 2-1
ZMB 7814 3 3 3 - - - 0 0 0 0 0 0
ZMB 7826 2 2 2 - - - 1 0 1 0 0 0
ZMB 7828 3 3 3 - - - 0 0 0 0 0 0
ZMB 85368 2 2 1 - - - 0 0 0 0 0 0
ZMB 6948 1 1 1 - - - 0 0 1 0 0 0
ZMB 6957 1 1 1 - - - 0 0 0 0 0 1
ZMB 12209 1 1 1 - - - 0 0 0 0 0 0
ZMB 38607 1 1 1 - - - 0 0 0 0 0 0
ZMB 83509 1 1 1 - - - 0 0 0 0 0 0
ZMB 83511 1 1 1 - - - 0 0 0 0 0 1
ZMB 17963 2 2 2 - - - 1 0 1 1 0 1
ZMB 30940 2 2 2 - - - 0 0 1 1 0 0
ZMB 30941 2 2 2 - - - 0 0 1 1 1 1
ZMB 31435 2 2 2 - - - 1 0 1 1 1 1
ZMB 83561 2 2 1 - - - 0 0 1 1 0 1
ZMB 11776 3 3 3 - - - 1 0 1 1 1 1
ZMB 11800 3 3 3 - - - 1 0 1 1 1 1
ZMB 11903 3 3 3 - - - 1 0 1 1 1 1
ZMB 13430 2 2 2 - - - 0 0 1 1 0 0
ZMB 13437 3 2 3 - - - 0 0 0 1 0 2
KNM-KP 29281 - - - M M M 2 2 1 1 2 2
KNM-KP 29286Ai 1 1 1 M M M 2 2 2 2 2 2
KNM-KP 53160 1 1 1 M M M 2 2 2 1 2 2
AL266-1 1 1 1 M M M 1 1 1 1 1 1
AL333-10 1 1 1 C C C 2 1 2 2 1 2
AL333w-1c 1 1 1 M M M 2 2 2 2 1 2
AL655-1 1 1 1 - - - - - - - - -
W8-978 - - - C C C 2 1 1 1 1 2
KNM-WT 8556 1 1 1 C C C 2 1 1 1 1 1
STW 7 1 1 1 C C C 1 2 2 1 1 1
STW 104 1 1 1 C C C 2 2 2 1 1 1
STW 142 - - - C C C 2 2 2 1 1 2
STW 193 - - - - - - 2 2 2 1 1 2
STW 213 1 1 1 M M M 2 2 2 2 2 2
STW 401 - - - D D D 2 2 2 2 1 2
STW 404 - - - C C C 2 2 1 1 1 2
STW 420B 1 1 1 C C C 2 2 2 2 2 2
STW 498c - - - C C C 2 2 2 1 1 1
STS 24 1 1 1 C C C 1 1 1 1 1 1
STS 51 1 1 1 C C C 2 2 1 1 1 2
STS 52b - - - C C C 2 2 2 2 2 2
Taungl 1 1 1 M M D 2 1 1 1 1 2
DNH8 1 1 4 C C C 0 0 0 1 1 2




DNH46
DNH51

DNH107
SK23
SK30
SK61
SK62
SK63
SK100
SK857
SKW5

KNM-ER 1820
KNM-ER 6082

KNM-ER 15951H
KNM-WT 16005

L427-7

KNM-ER 806E
KNM-ER 992A
KNM-ER 5431E

SK 96

SKX 21204

STW 151
S 6a

U.W. 101-0010
U.W. 101-0144
U.W. 101-0850
U.W. 101-0889
U.w. 101-1261

U.W. 101-1565
U.W. 102-0023

Cave of hearths

Mauer 1

Combe-Grenal |

Combe-Grenal XV

KRP 51

KRP 52

KRP 54

KRP 55

KRP 58

KRP D27
KRP D28
KRP D29
KRP D33
KRP D34
KRP D111
KRP D114

SCLA4A 6

Irhoud 11

Qafzeh 10
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Qafzeh 11 1 1 1 0 0 0 0 0 0
ULAC1 = = = C C C 0 0 0 0 0 0
ULAC 58 1 1 1 0 0 0 0 0 0
ULAC 66 0 0 0 MD MD MD 0 0 0 0 0 0
ULAC 74 - - - C C C 0 0 0 1 0 0
ULAC171 0 0 0 MD MD MD 0 0 0 0 0 0
ULAC 522 - - - C C C 0 0 0 0 0 0
ULAC 536 1 1 1 0 0 0 0 0 0
ULAC 607 - - = C C C 0 1 0 0 0 0
ULAC 790 = = = MD MD MD 0 0 0 0 0 0
ULAC 797 0 0 0 C D C 0 0 0 0 0 0
ULAC 801 1 1 1 D D D 1 1 1 1 1 1
ULAC 806 0 0 0 MD MD MD 0 0 0 0 0 0
% Agreement: 98.6% 90.4% 97.2% 97.2% 75.5% 78.6% 78.6% 74.5%
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Supplementary Table 12. Protoconid form results. Note:
The vast majority of specimens display a simple conic
dentine horn, and therefore only the exceptions are listed
here

Protoconid form Specimens

Flattened protoconid ridge  ULAC 790

UW101-144, UW101-889
Longitudinally expanded (and antimeres UW101-506,
UW101-377)

Transversely expanded ULAC 58
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Supplementary Figure 1. PCA plots of CEJ shape. Percentages in brackets indicate the proportion of the
total variation in the sample which is explained by each principle component. Abbreviations: PC = Principal

Component, Pan t.v = Pan troglodytes verus; A.ana = Australopithecus anamensis; A.afa = Australopithecus
afarensis; A.afr = Australopithecus africanus; H.nal = Homo naledi; = P.rob = Paranthropus robustus; P.boi =
Paranthropus boisei; H.sap = Extant Homo sapiens; H.nea = Homo neanderthalensis
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Supplementary Figure 2. PCA plot of EDJ + CEJ shape for all specimens. Percentages in brackets indicate
the proportion of the total variation in the sample which is explained by each principle component.
Abbreviations: PC = Principal Component, Pan t.v = Pan troglodytes verus; A.ana = Australopithecus
anamentsis; A.afa = Australopithecus afarensis; A.afr = Australopithecus africanus; H.nal = Homo naledi; =
P.rob = Paranthropus robustus; P.boi = Paranthropus boisei; H.sap = Extant Homo sapiens; H.nea = Homo

neanderthalensis
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