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ABSTRACT

Morphometric assessments of the dentition havesplaygnificant roles in hypotheses relating to
taxonomic diversity among extinct hominins. In tregard, emphasis has been placed on the
statistical appraisal of intraspecific variationdentify morphological criteria that convey
maximum discriminatory power. Three-dimensionalrgetysic morphometric (3D GM)
approaches that utilize landmarks and semi-landsnarkjuantify shape variation have enjoyed
increasingly popular use over the past twenty-fi@ars in assessments of the outer enamel
surface (OES) and enamel-dentine junction (EDJysdil molars. Recently developed
diffeomorphic surface matching (DSM) methods thatel the deformation between shapes
have drastically reduced if not altogether elimaagigpotential methodological inconsistencies
associated with the a priori identification of lamarks and delineation of semi-landmarks. As
such, DSM has the potential to better capture doagetric details that describe tooth shape by
accounting for both homologous and non-homologoas (liscrete) features, and permitting the
statistical determination of geometric correspomgeiVe compare the discriminatory power of
3D GM and DSM in the evaluation of the OES and BDhandibular permanent molars
attributed toAustral opithecus africanus, Paranthropus robustus and earlyHomo sp. from the

sites of Sterkfontein and Swartkrans. For all threxdars, classification and clustering scores
demonstrate that DSM performs better at separ#éteg. africanus andP. robustus samples

than does 3D GM. The EDJ provided the best rededianthropus robustus evinces greater
morphological variability tha@. africanus. The DSM assessment of the edilymo molar from
Swartkrans reveals its distinctiveness from eithestralopith sample, and the “unknown”

specimen from Sterkfontein (Stw 151) is notably en@milar toHomo than toA. africanus.



1. Introduction

The sizes and shapes of teeth have been widelytaggherate hypotheses relating to early
hominin taxonomy and phylogeny. Traditionally, thesudies have relied on linear
morphometric variables, such as the mesiodistabaiedolingual diameters of tooth crowns, the
planimetric areas occupied by molar cusps, andubgective assessment of morphological
features that manifest at the outer enamel suffaés) of a tooth (e.g., Robinson, 1956;
Coppens, 1980; Wood and Abbott, 1983; Grine, 19885, 1988; 1993; Wood and
Uytterschaut, 1987; Wood and Engleman, 1988; Sa@@8, 1996; Suwa et al., 1996; Irish and
Guatelli-Steinberg, 2003; Moggi-Cecchi, 2003; Rxadl., 2005; Moggi-Cecchi et al., 2006,
2010; Moggi-Cecchi and Boccone, 2007; Martinon-ésret al., 2008, 2012; Grine et al., 2009,
2013; Irish et al., 2013; Kaifu et al., 2015; Vilhare et al., 2015).

Over the past twenty-five years, such classic ogshave been extended and
supplemented by three-dimensional geometric morgtioen(3D GM) approaches that utilize
landmark and semi-landmark as well as landmarkdega to quantify shape variation (e.g.,
Bookstein, 1991; Rohlf and Marcus, 1993; O’Higgi2800; Adams et al., 2004, 2013; Slice,
2005, 2007; Mitteroecker and Gunz, 2009; Gunz aitteMecker, 2013 andmark-based
approaches entail the statistical analysis of skapation and its covariation with other
variables through the “Procrustes paradigm” whanelinarks are superimposed to a common
coordinate system. This approach has been widglyeabin studies of the OES and enamel-
dentine junction (EDJ) topographies of extant avssil hominid dental samples (e.g., Martinén -
Torres et al., 2006; Gomez-Robles et al., 2007820015; Skinner et al., 2008a, 2009a, 2009b;
Braga et al., 2010; Zanolli et al., 2012; Pan gt28116) and, owing to its relative success, has

come to represent the current mainstream 3D apiproagdental paleoanthropology.



Although 3D GM represents a powerful tool by whiolassess morphological variation,
assessments are based on correspondences betwesestrgefeatures (anatomical landmarks)
that have been specified a priori on the basidetover expertise. As discussed below (see
Methods), the main limitations of GM pertain totlie representation of shape by sets of
homologous points, (ii) the use of a linear transfation for the matching procedure, and (iii)
the definition and statistical analysis of shagéedences that are based on the relative positions
of individual landmark (and semi-landmark) poinsdirect consequence is that 3D GM does
not permit comparisons of differences that areteel#o local, non-homologous morphological
features (e.g., presence versus absence of dis@agteuch as a protostylid). Because non-
homologous dental traits cannot be accounted f@bEM, they are commonly assessed
separately using scoring systems such as the A&taldeference plaques of Turner et al.
(1991) (e.g., Skinner et al., 2008b, 2009c). Té¢masate treatment of homologous and non-
homologous features greatly hinders evaluatiomeif respective contributions to taxonomic
discrimination within a single statistical framewomdeed, it is not always obvious whether
such categorical or quantitative data necessapyasent the best means by which to identify all
relevant morphological information that can be astied from either the OES or the EDJ of a
tooth. Differing reliance on these data feeds titeva debate over early hominin taxonomic
diversity (e.g., Haile-Selassie et al., 2004; 2Q2@rke, 2013; Grine et al., 2013; Fornai et al.,
2015).

As observed by MacLeod et al. (2010), the needdce fully automate morphological
studies to determine geometric correspondence beatgleapes is a critical step that will enhance
taxonomic studies. In their words, this might sexvé&ransform alpha taxonomy from a cottage

industry dependent on the expertise of a few inldials to a testable and verifiable science



accessible to anyone needing to recognize obj€etatLeod et al., 2010: 154). Recent progress
in 3D mathematical modeling and the developmesuoface matching methods (Boyer et al.,
2011; Durrleman et al. 2012; Koehl and Hass, 20%E permitted “the documentation of
anatomical variation and quantitative traits wite\ypously unmatched comprehensiveness and
objectivity” (Boyer et al., 2011: 18226). In largeeasure, this has been through the elimination
of inconsistencies in the prior choices of categgrieatures and landmarks. Diffeomorphisms is
one of the surface matching methods that can aa@idrgeometric details related to the cusps,
basins, grooves, accessory cusps and ridges tfia¢ dee shapes of teeth.

Surface matching using diffeomorphisms was fipgilied in evolutionary anthropology
by Durrleman et al. (2012), who provided detailatggions of the most important differences
between diffeomorphic surface matching (DSM) amtitaark-based 3D GM approaches. In
comparison to 3D GM, diffeomorphic surface matchip§M) models deformations between
shapes that are represented as continuous surédhesthan the positions of a relatively
confined number of homologous points, and the niagcprocess is based on anatomically
“plausible” (i.e., smooth without tearing or foldjy non-linear deformations (diffeomorphisms).
While both 3D GM and DSM entail geometric approacteemorphometry, DSM utilizes
geodesic distances, where the length of the gepngesvides a metric that measures the amount
of diffeomorphic deformation. With DSM, shape difaces are both defined by and statistically
analyzed as deformations rather than by point osit and this approach has been employed in
several anthropological investigations (e.g., Kaaid Hass, 2015; Beaudet et al., 2016a, 2016b;
Braga et al., 2016). In the present study, wezatithe DSM method of Durrleman et al. (2012,
2014) to investigate mandibular molar shape diffees among South African Early Pleistocene

hominins.



In order to assess the potential for DSM to recowel data from early hominin teeth,
we compare the results of analyses of dental sblayaéned using both 3D GM and DSM
methods. We also employ DSM to integrate homologomusnon-homologous features in a
single statistical framework so as to evaluatertfespective contributions to intraspecific
variation and taxonomic discrimination. Towardss nd, we examine samples of lower
permanent molars &ustral opithecus africanus andParanthropus robustus at both the OES and
the EDJ. We further utilize these two methods t@stigate the phenetic relationships of one
specimen each from the sites of Swartkrans (SKXZE8) and Sterkfontein (Stw 151) that have

either been attributed or likened to eaflgmo sp. (Grine, 1989; Moggi-Cecchi et al., 1998).

2. Materials

The present study is based on micro-focal X-raymated-tomography (micro-CT) data
obtained for the three permanent lower molarg, (Mb and M) of specimens attributed to
Paranthropus robustus from the site of Swartkrans andAastral opithecus africanus from the
site of Sterkfontein (Table 1). Unworn molars avgl that exhibit minimal occlusal wear were
chosen for study to maximize the number for whiothiihe OES and EDJ could be modeled.

TheP. robustus sample consists of 21 specimens, the majoritylotivderive from the
Member 1 “Hanging Remnant” deposit. While mostragresented at only a single tooth
position, seven are represented by more than oter mte attribution of the specimensRo
robustus by Robinson (1956), Grine (1988, 1989) and Grima& Raegling (1993) has enjoyed
nearly universal acceptance by subsequent workeys Skinner et al., 2008; Pan et al., 2016)
with the sole exception of Schwartz and Tatter@4D3), who assigned SK 843 and SKX 4446

to Homo (“Morph 1”). However, Grine (2005) has demonstdateat the dimensions and shape



of the mandibular corpus and the sizes of tharfel My of SKX 4446 and the Mof SK 843 are
consistent with their attribution f8aranthropus and unlike homologues of eatfomo.

The Swartkrans sample also includes a single sycfrom Member 2 (the SKX
257/258 M antimeres) that has been attribute¢Htmo sp. by Grine (1989: 447) based on their
relative BL narrowness, the presence of a mod@adanetaconulid (i.e., incipient tuberculum
intermedium) and the absence of a tuberculum sex@rme’s (1989) identification of SKX
257/258 has been accepted by all subsequent warkeept Schwartz and Tattersall (2003),
who misidentified the molars as deciduous rathen thrermanent (see Grine, 2005).

TheA. africanus sample comprises 11 specimens from the SterkfoMember 4
deposit, and four of these are represented at thareone molar position. The attribution of
these fossils té. africanus by Robinson (1956) and Moggi-Cecchi et al. (208#9 seemingly
enjoyed universal acceptance by subsequent woNkérde Clarke (1988, 1994, 2008) has
attributed a number of dental specimens from Soertkin to a second australopith specfes,
prometheus, none of the fossils included in the current sthdye been so designated by him.
Rather, Clarke (1988, 1994) has specifically ref@two of the fossils in the current sample (Sts
52 and Stw 404) té. africanus.

The Sterkfontein sample also includes one specii@em 151) that comprises the
associated teeth and skull fragments of a juvendezidual that likely derives from the same
Member 5A deposit that yielded the Stw8mo cranium. The Stw 151 composite was
described by Moggi-Cecchi et al. (1998) as beingenterived towards the eatjomo
condition than the rest of thfe africanus sample. Although Quam et al. (2013) attributed the

specimen ta\. africanus without explanation, Dean and Liversidge (2015ame2016) have



adduced evidence pertaining to dental developnieritis more consistent with its assignation to
Homo thanAustral opithecus.

A total of 24 teeth in the current sample (7slVB Mbs and 9 Ms) exhibit no or minimal
wear and revealed sufficient contrast between dergnd enamel to be used for morphometric
analyses at both the OES and EDJ. Another 24 m(larbts, 7 Ms and 7 Ms) were restricted

to analysis of the EDJ because occlusal wear hesuodd the pristine OES morphology.

3. Methods

All micro-CT (uCT) scans were performed using eitthe X-Tek XT H225L system
(Metris) at the South African Nuclear Energy Cogiam, Pelindaba (NECSA,
www.necsa.co.za), or the XTH 225/320 LC dual sosgstem (Nikon) at the Palaeosciences
Centre, University of the Witwatersrand, Johannagblsometric voxel dimensions ranged from
7.2 to 41um.

The uCT data were first imported into Avizo vA@nw.vsg3d.com/avizo) for

segmentation and the reconstruction of the surfameels (via triangulated “meshes” simplified
to 100,000 faces) of either the EDJ or the OESufeid ). In those instances where antimeres
were present, the better-preserved crown was empldg most cases, molars from the right
side were used; in those instances where onlyethenblar was available, it was mirrored for

subsequent computations using either 3D GM or DSM.

3.1 The3D GM (landmark-based) approach
As noted above, 3D GM encodes shapes as reprddgntiscrete, relatively small

numbers of homologous landmarks and semi-landn@mkgured either as Procrustes residuals



or a matrix of partial warp scores. Although GM huetology currently represents the main 3D
approach to study of dental morphology, there aversl limitations associated with it. These
relate specifically to 1) its restricted represéataof shape, 2) the ability of its model to captu
large deformations when partial warp scores ard tseroject the landmark data into Kendall’s
tangent space, and 3) its ability to define vahighin shape when one or more surfaces
comprise local non-homologous features. Each afetlie briefly discussed below.

1) Shape representation GM represents shapes by means of a relativelydanset of

homologous landmarks, and therefore it “cannot fthdnges within particular regions unless
[there are] dense landmarks within them” (Zeldigttal. 2004: 28). In other words, because GM
cannot capture morphology that is not encoded byldhdmarks and semi-landmarks that have
been selected in advance, its ability to analyzgall/shape is limited.

2) Deformation model GM compares shapes by examining residuals afjielr r

matching (translation, rotation) and size scalifigese linear transformations, which are,
orthogonal transformations in a 3D Euclidean spaceglobal in nature. Therefore, even if GM

is performed in a point-wise manner over entirdag@s that have been densely sampled (and no
such study of this nature on teeth has been pwalithdate), the performance of the rigid
matching decreases in the face of non-homologatsres. In other words, when shapes
undergo large non-rigid deformations due to thaugence of non-homologous features, rigid
superimposition will necessarily lead to a pooafid more often to a distortion of the surface.
Furthermore, the measure of shape differencesyat@m-homologous region depends on the
pattern of variation at its neighboring homologawnsas. This limitation has been emphasized in
a number of studies (e.g., Walker, 2000; Zelditcale 2004; von Cramon-Taubadel et al., 2007,

Marquez et al 2012) and is due to computing thieluess based on a quadratic measure of fit.
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Accordingly, differences that would lead to largsiduals are reduced because a squared large
residual will dominate the fitting process. In atleords, least squares superimposition
distributes local shape differences among 3D saga@wvenly across all landmarks. This is
particularly evident when most of the shape diffiess occur at few landmark positions.

The point of note here is that GM requires homyplimgthe sense that there must be
correspondence between points that are considenmegtesent the same morphological
manifestation.

3) Definition of shapevariability The establishment of correspondences among

definable homologous landmarks (as defined in Bmaks1991) is a prerequisite in GM. This
means that any landmark that is identified on &éiqadar form must be associated with its
corresponding landmark on all the other geometnimé in the data set. Therefore, GM cannot
properly compare two surfaces if one or both prekeal non-homologous (i.e., non-
corresponding) features. This represents a potigrdierious limitation in studies of the dentition,
since any number of accessory grooves, pits, ¢ragisulations and/or cusps that define surface
shape may not necessarily be homologous betweesutfaces being compared. Such variable
features have been amply documented as being afidaxic relevance among early hominin
dentitions (e.g., Robinson, 1956; Coppens, 1980pMand Abbott, 1983; Grine, 1984, 1985,
1988; 1993; Wood and Uytterschaut, 1987; Wood amgldtan, 1988; Suwa, 1988; Suwa,
1996; Suwa et al., 1996; Irish and Guatelli-Steigh2003; Moggi-Cecchi, 2003; Prat et al.,
2005; Moggi-Cecchi et al., 2006, 2010; Moggi-Cecatd Boccone, 2007; Skinner et al., 2008b;
Martindn-Torres et al., 2008, 2012; Grine et 8002, 2013; Irish et al., 2013; Kaifu et al., 2015;
Villmoare et al., 2015). Of course, information geged by some of these variable (non-

homologous) structures may be of limited taxonoamd/or phylogenetic utility, but this same
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caveat applies equally to features defined by hoguls sets of landmarks and/or semi-
landmarks.

In the current study, we utilized 3D GM only inngparisons of the EDJ because it was
not possible to reliably locate landmarks and skimiimarks on the OES8Vith reference to the
EDJ, two sets of landmarks and semi-landmarks defieed following the convention
established by previous studies (e.g., Skinnek. ,e2@08a; 2009a; Braga et al., 2010). The first
set included the dentine horn tips of the five gipal cusps - protoconid, metaconid, entoconid,
hypoconid and hypoconulid - as well as semi-landi&rcated along the marginal ridges
between these horn tips (Figure 1). The secondogeprised 30 semi-landmarks that delineated
the cervical margin of the crown, beginning beltw protoconid dentine horn (Figure 1). In
order to assess the influence of the template ®@netdults, two separate GM analyses were
conducted. In the first (‘GML1”), only the first set landmarks and semi-landmarks was
employed. In the second (*GMZ2"), the two sets oidaarks and semi-landmarks were
combined. Three incompletely developed molars (8Wg, SK 63 M, SK 6 M;) were
excluded from the GM2 analysis because the cermeain had not yet been finalized at the
time of death. The pattern of relationships inldr@mark and semi-landmark configurations

among the teeth were studied using principal corapbanalysis (PCA).

Figure1l About Here
PRINT FULL PAGE WIDTH

3.2 TheDSM (mesh-based) approach

The DSM approach establishes correspondences éesuefaces by aligning them using
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local as well as global geometric features, andlifierence between surfaces is interpreted as
the amount of deformation needed to align themdiggudiffeomorphic shape matching
(Durrleman et al., 2012). One of the main advargafehis method is its invariance to the
extent to which non-homologous features are pramsestiserved shapes. Furthermore, it is
symmetric such that the deformation aligning shape shape B is the inverse of the
deformation aligning shape B to shape A. This isgaelationship exists because the
deformations are modelled as diffeomorphisms. As/apwe present a discussion of the same
three parameters as they relate to the applicati@EM, namely 1) its representation of shape,
2) the ability of its model to capture deformatipasd 3) its ability to define variability in shape
when one or more surfaces comprise local non-hogooi® features.

1) Shaperepresentation In DSM, shape is represented as a continuouscgurzach

shape consists of an unordered set of points ¢esiti edges (connections between two vertices)
and faces (closed sets of edges) that jointly sgmtethe surface in an explicit manner.
Correspondences between surfaces are establigioegitha kernel metric that considers all

points on the surface without assuming any poimeimt correspondence (Durrleman, 2010).
Importantly, this kernel metric represents the atefas vector fields and can be made insensitive
to very small-scale surface variations that mayiodeie to segmentation errors or differing
segmentation methods and that are not reproduadstess individuals. Moreover, it does not
depend on how the 3D meshes are sampled (numgyiaali/or simplified by using different
(larger or smaller) numbers of faces (Vaillant &ldunes, 2005; Vaillant et al., 2007). This
approach, which is widely applied in the field gbimputational anatomy” (Vaillant and Glaunés,

2005; Qiu et al., 2007; Vaillant et al., 2007; Lia¢, 2010, Durrleman et al., 2012), has the
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advantage of enabling direct computations of caittirs and smooth deformations between two
(or more) teeth that evince distinct morphologiesreif the local features are not homologous.

2) Defor mation model The deformations between two shapes are matheatiatic

modeled as smooth and invertible functions refetoeas diffeomorphisms. By using such
functions, the topologies of the surfaces are pyveskesuch that any deformation between them is
anatomically “plausible” (i.e., smooth). The aligem of two surfaces using diffeomorphisms is
obtained by optimizing an energy function. Thisqadure consists of maximizing the
superimposition of the source surface onto thectasgrfaceas measured using the metric of
currents, while constraining the deformation tadf&2omorphic. The consequence of the
minimal energy principle and the topology-preseguionstraint is that points belonging to the
surface do not necessarily follow straight linesimty deformation but may instead follow non-
linear trajectories. The resulting diffeomorphisraly on all data points represented on the
continuous 3D surface without utilizing explicitippcorrespondences.

3) Definition of shape variability Analyses of the correspondence between two surfaces

are based on the deformations (diffeomorphismsydet shapes rather than the correspondence
between predetermined positions of points astitascase with 3D GM. Vaillant et al. (2007)

have demonstrated that DSM significantly improvegahing in comparison to landmarks with
regard to the measures of distances between ssiifadéR| scans. As such, DSM increases “the

power of statistical testing of shape” (Vaillantaét 2007: 17).

3.3 Statistical Analyses
From the sample at each molar position (i.e., Mb and M), a reference specimen was

chosen at random, and all other specimens werdlyigligned to its surface in position, rotation
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and scale. This was done by minimizing the rootmrszgpuare distance between the points of
each specimen to corresponding points on the retersurface using an iterative closest point
algorithm. The Deformetrica software (www.defornmezrorg) (Durrleman et al., 2014) was then
used to compute the diffeomorphisms separatelthltoEDJ and OES of the VM, and M.

The resulting diffeomorphisms were representedeasov fields describing the deformation at
uniformly spaced control points. We then employed tlistinct statistical approaches to
analyzing the resultant differences among surfabtkea:pairwise approach combined with
multidimensional scaling (MDS), and 2) a statidtai#as approach. Both of these are described
below.

1) Pairwise approach In the pairwise approach, all the possible paiev(S and EDJ

diffeomorphisms were computed separately for tmepdes of the M, M, and Ms. Those
diffeomorphisms are modelled as displacements trobpoints to deform the underlying 3D
space. A (symmetric) distance matrix was compuideire the pairwise deformation between
any two specimens is computed from the averageeotontrol-point displacements between
them.

We employed a honmetric, non-classical multidinname scaling (MDS) (Cox and Cox,
2001), with a dimension of 3 and a stress normdlizethe sum of the squares of the
dissimilarities using Matlab in order to displagtimformation contained in the pairwise distance
matrices obtained for diffeomorphisms on the EDJguyfe 2; SOM1) and the OES (Figure 3;
SOM 2). Indeed, the goal of MDS is to reduce thmatisionality of a dataset (which consists of
the relevant surfaces of all specimens) while pr@se its intrinsic structure. New, low
dimensional coordinates for each sample are bas@doonotonic transformation of the

pairwise distance matrix. In this regard, the aifvi®S is to optimize the location of each
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specimen in n-dimensional space where the dimesgtgpically n=2 or n=3 for purposes of
visualization) are specified a priori. The MDS thresults in a new set of coordinates for each
specimen. The proximity of specimens to one anath#is low-dimensional space reflects how
(dis)similar they are to one another in the origspace of dense (high-dimensional) surfaces. In
other words, the distances between pairs of spe&drhave the strongest possible relation to the
dissimilarities among the pairs of 3D models thrat@mpared using diffeomorphisms.

We present the PCA (for GM) and the MDS (for DSMja using the first three
dimensions (or modes) because this results intartsttistical fit than when two dimensions are
employed. In order to evaluate and compare the G{EEM approaches for morphological
analysis of the EDJ, we analyze the low-dimensigpaktes obtained by PCA and MDS (Figure
2 and SOM 1). Ideally, such low-dimensional spduutd preserve distance structures between
specimens. This means that similar shapes shoybdchoae together in the low-dimensional
space and dissimilar shapes should map farthet. &dbof the minimized stress values are
below 15%, which indicates that the MDS data ol&dinsing the first three dimensions conform
well to the original distance matrices.

For a comparison of the discriminatory powers &\MWand GM, we performed
clustering and classification experiments bothim iigh-dimensional shape spaces and in the
low-dimensional embeddings. In the case of GM stiepe space consists of the landmark
residuals after Procrustes alignment. Using theygse DSM approach, an explicit
representation in shape space is not availablerenslymmetric distance matrix obtained by the
mean deformation was used instead. We performéerarbhical clustering and evaluated the
homogeneity and completeness of the clusters wgpact to taxonomic attributions using the

V-measure (Rosenberg and Hirschberg, 2007). Theessare registers values between 0 (poor
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clustering) and 1 (good quality clusterinly).addition, we performed a k-nearest neighbor
classification in the low-dimensional spaces to@at® how well the class membership (i.e., the
output in k-NN classification) distinguished theespnens according to their a priori taxonomic
affiliation (i.e., eitherA. africanus or P. robustus). This was done using a leave-one-out cross-

validation with k=3, and evaluated with the balaheecuracy to account for class imbalance.

Figure1l About Here
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Figure2 About Here
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The MDS (for DSM) data of the OES for the threelar® types ofP. robustus and A.

africanus are displayed graphically in Figure 3.

Figure3 About Here
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2) Statistical atlas approach The concept of a statistical atlas was introducededical

imaging as a means by which to provide informatamormative (multidimensional)
morphological geometry and its variation in theaigdion of shape (e.g., Chen, 1999; Chen et
al., 1999; Dauber et al., 2002; Wu et al., 2009vddzikos and Verma, 2010; Fonseca et al.,
2011). The statistical atlas represents a smoatbatmility map of the morphology of a given

anatomical structure in a population, where thaicstire is modelled statistically using the
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sample of 3D meshes that represent it. The atlalslesthe images from different individuals to
be integrated in the same coordinate frame in athatypermits the norm and its variation to be
visualized (Davatzikos and Verma, 2010). As sucpravides unique insight into the location(s)
of the deviations from the morphological average.

A statistical atlas is constructed by aligning 8i2meshes into a reference, common
coordinate system by iteratively applying diffeoplosms. This establishes a function that is
equivalent to numerical homology (Jardine and J&,dl967; Gao et al., 2018), which is
equivalent to and has the same logical limitat@s&lliptical Fourier analysis of outline shapes
(Rohlf and Archie, 1984; Rohlf, 1992). The geoneatrivariability within the sample of 3D
meshes is estimated by first computing a mean ci(the “template”). When this mean shape is
deformed onto each surface, the point distributibthe locations of the mesh vertices can be
analyzed statistically. A statistical atlas encoithesgeometrical variation within a sample by
computing a 3D mesh that represents the mean stmabiés principal “modes” of variation
using the equivalent of principal component analyBiCA) (Vaillant and Glaunés, 2005). In
other words, a statistical atlas maps geometriat &tom several individuals into one
anatomical reference (i.e., a mean shape) sohbattatistics of normal variability and
deviations from it (i.e., the modes of variatioande computed.

The construction of statistical atlases for #aafricanus or P. robustus samples followed
this approach. In the first instance, mean shapge somputed for th&. africanus andP.

robustus samples at each of the three molar positions (Eigi

Figure4 About Here
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The clustering and classification results of thdX& and DSM analyses were
subsequently employed to ascertain whether thelsartipat were used to compute the statistical
atlases were appropriate.

The atlases were also used to measure and disi@aeometrical variability among the
surfaces for the first two modes of variation (iddmensions 1 and 2;Miller, 2004, Bossa et al.,
2007). This was illustrated by variability mapsttbambined the EDJ mean shape and its two
associated extreme shapes at a@d + & for modes 1 and 2, and the OES mean shape and its
two associated extreme shapes at ad + 2 for modes 1 and 2 (Figure 5). For each of the 12
means (i.e., for each australopith species sar@pteeans correspond to the EDJs and 3 means
correspond to the OESs of thg,M, and M), the ‘shape index’ (Koenderink and van Doorn,
1992) was mapped on a color scale (convex mininvehite; convex maxima in orange-brown,
as shown in Figure 5). The shape index was cakxilaith Avizo (‘GetCurvature’ module) in
order to measure locally the concave and convexmaimnd maxima. This measure is scale
invariant and is represented by a number in thga4, +1] (a zero value indicates a saddle-

like local structure;(see Braga et al., 2010 fatitonal illustrations).

Figure5 About Here
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We compared the variability maps represenfingfricanus or P. robustus samples to
determine whether they showed the same pattervariation. Shape differences between means
and variation (Figure 5) were illustrated with aqohoaps (from dark blue to red illustrating the
lowest and the highest differences, respectivaigtistical atlases were considered separately

for theA. africanus andP. robustus samples for each molar position {N\,, M3) and for each
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surface (EDJ or OES) in order to better visualizéhe most distinctive morphological features

between the two taxa (Figure 4), and (ii) the nvasiable areas within each (Figure 5).

4. Results

The degree to which the molarsAfafricanus or P. robustus can be differentiated, and
the degree to which the Swartkrathamo (SKX 257/258) and Sterkfontein ¢flomo (Stw 151)
specimens appear to differ from either are coneiér relation to the performances of the 3D

GM and DSM methods.

41 3D GM (landmark-based) versus DSM (mesh-based) Approaches

The representation of the diffeomorphism data WS with scatterplots of dimensions
1 and 2 reveals a clear separation betweeA.thicanus or P. robustus samples with regard to
the EDJs of all three molars (Figure 2). By comgxami the scores obtained from the GM1 and
GM2 analyses along the first two PC axes do natruisnate the EDJs of these two samples as
clearly (Figure 2). According to the 3D GM analysbe species samples are either in close
proximity (M; with GM2, M, with GM1) to one another or they overlap somewNatand M).
With reference to the EDJs of the ind M, the results obtained through the DSM and 3D GM
approaches also differ when the data are represenseatterplots of dimensions 2 and 3
(Supplemental Online Material 1 and 2). Here the,MDS scatterplots discriminate
africanus from P. robustus molars. The scores obtained along the PC2 andaR&€3(SOM 1
and 2) do not discriminate with GM1, and while tipgyform better with GM2, the results are
less clear than those obtained with DSM. The ctirgjeand classification results obtained from

the low-dimensional spaces for both approacheprangded in Table 2. The results from the
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low- and high-dimensional spaces are very simdaiafl methods, which indicates that PCA and
MDS capture the most discriminatory informatiorsbfipe spaces in only 3 dimensions. Below,
we report the results obtained from the high-dinara shape space, but similar conclusions are
achieved with the low-dimensional space results.

It is also noteworthy that the V-measure, whichr&gponds to the strength of clustering,

is higher for DSM than for either GM1 or GM2 fot #iree molars.

Table2 About Here

The results relating to the SKX 257/258 and St fifst molars are noteworthy. In the
first instance, the EDJ shape of SKX 257/258 isrmediate betweeR. robustus andA.
africanus according to DSM, whereas both GM1 and GM2 datddaliscriminate it from the
latter (Figure 2). Secondly, the Stw 151 EDJ sHajie outside the envelope Af africanus
variation and is relatively close to SKX 257/258@rcling to the DSM analysis. On the other
hand, the GM analyses find Stw 151 either situatedfortably within theA. africanus envelope
(GM1), or beyond thé. africanus sample limits but with no particular affinity t&K& 257/258
(GM2) (Figure 2). When compared to most australopli EDJs sampled in this study, both Stw
151 and SKX 257/258 exhibit a notable buccal exjpemnis the middle of the protoconid
cingulum (Figure 1).

Importantly, for both DSM and 3D GM, the best ¢dusg results were obtained when
the number of clusters was set to three. For edktimolars, three clusters in the DSM shape
space separated the Swartkrans sample into tw@gi@upplemental Online Material 3). It is
worth noting that Stw 151 and SKX 257/258 groupetbgr and are separated from the nfain

robustus andA. africanus M; clusters (SOM 3). For all three molars, the clssie the GM
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shape space were more heterogeneous (Table 2¢lads#fication results also indicate a better
separation betweeh africanus andP. robustus when using DSM compared to either GM1 or
GM2. In the GM2 analysis, the Stw 151 and SKX 258/81;s group together but, in contrast to
the DSM space, there is not a clear separatiohed.tafricanus andP. robustus samplesThe
low-dimensional DSM space separated the specimens atcurately (Table 2). In this instance,
a relatively low accuracy for MEDJ classification was obtained using either G\N2§dor GM1,
0.31 for GM2) or DSM (0.45) because Stw 151 and SX%6X/258 were considered to belong to
neitherA. africanus nor P. robustus. When Stw 151 and SKX 257/258 are excluded from
comparison, accuracy increased for both metho&sf¢d.GM1, 0.63 for GM2 and 0.88 for DSM
(Table 2).

The mean GM2 configurations of tAeafricanus andP. robustus M; EDJ semi-
landmark Procrustes residuals attest to the hidéetine horns of the former (Figure 6).
Moreover, the entoconid and hypoconulid horns hy@oconulid-hypoconid ridge, the
mesiolingual and distobuccal angles of the cerwexmore centrally placed, the mesial and distal
marginal ridge is markedly lower (also on thes) and the buccal extremity of the mesial
marginal ridge is more squarely angled. With redarthe M, and M, the protoconid-hypoconid
ridge projects more buccally, and the cervix isasqed between the mesial and distal roos in
africanus. The mesial half of the metaconid-entoconid rigggects more lingually on th&.
africanus M3, while on the M of P. robustus, the distal marginal ridge and the distal moidty o

the cervix are markedly expanded distally.

Figure6 About Here
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However, these differences betweenAhafricanus andP. robustus lower molar EDJs
as computed with diffeomorphisms do not corresporitiose illustrated by the landmark
configurations (Figure 4). For the;Mhe most important DSM differences are not logatethe
dentine horns or at the marginal ridges, but rathénree locations not sampled by landmarks
and semi-landmarks in the GM approach (Figure AgsE relate to i) a more bulging distobuccal
slope of the hypoconid that is often associatet witmarked distal protoconid ridgefn
robustus (the distobuccal corner of ti#e africanus EDJ is more hollowed), (ii) a deeper
mesiobuccal groove iA. africanus, and (iii) a more prominent distal marginal ridpat is
commonly associated with one or two tuberculumwaxhorns irP. robustus. However, these
observations do not hold for the EDJ of the&nd M;, where the most important differences
betweenA. africanus andP. robustus are limited to the occlusal basins.

With reference to the OES of the molars, the sgaltits of dimensions 1 and 2 obtained
from a MDS of DSM data show clear separatiododfricanus from P. robustus at all three
molar positions (Figure 3). When we compare themsdmpes of tha. africanus andP.
robustus OES for all three molars, the most distinctivdeténce relates to the expanded
mesiolingual slope of the metaconid in the forntegyre 4). In addition, the Mof A. africanus
is also rather distinct from that Bf robustus in the greater protrusion of the mesial slopéenef t

protoconid (Figure 4).

4.2 Statistical Atlases

M ean and extreme (-/+ 26) shapes Comparisons of the mean shapes among the different
molar positions reveals greater metameric variadtotme EDJ than the OES in b&hafricanus

andP. robustus. This is particularly evident iR. robustus, where the EDJ of the dbecomes
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nearly triangular. Indeed, comparison of the exegewf variation for each molar and for modes
(or dimensions) 1 and 2, reveals tRatobustus M3s show the most extreme shape differences
for mode 1 at both the EDJ and OES, becoming néaalygular at - 2 for the OES and at +c62
for the EDJ due to mesially expanded surfaces.

The variation between the two extremes is alsewoithy forA. africanus M3s, but in
this species, while the trigonid is buccolinguakpanded at both the EDJ and the OES (for both
modes 1 and 2), the talonid is less tapered th&narnabustus.

Patterns of variation The variability maps obtained féx. africanus andP. robustus

(Figure 5) can be examined separately for eachmmidetermine whether they reveal similar or
dissimilar patterns at the EDJ and the OES. Inralélustrate the most and least variable areas
for the two modes (or dimensions) obtained for eagface, we employ different color-coded
scales to avoid the less variable areas (i.e.ethaih shorter scales) appearing completely
uniform when compared to more variable surfaces, hose with longer scales).

Overall, the extremes (at s 2and + 2 ) obtained for the first and second modes of
variation reveal less variation at the EDJ thath@tOES in both taxa (Figure 5). Mrobustus,
little variation is seen for the first mode complfer the EDJ at any of the three molar positions.
This applies also to the second mode except teaduiace computed for the; Mt - 2 (higher
variation mainly in the occlusal basin) and thed#lboth - 3 and + & (higher variation mainly
on the hypoconid-hypoconulid ridge). When compadode. robustus, the degree of EDJ
variation observed foA. africanus is lower at all three molar positions (Figure \Bjithin A.
africanus, the first mode of variation shows that the masiable areas are located at the
metaconid and hypoconulid dentine horns on theavid along the protoconid-hypoconid ridge

on the M.



24

The variability maps obtained for the OES showy\distinct patterns betweek
africanus andP. robustus at each molar positioin the first mode of variatiorA. africanus
displays less variability tha. robustus in the Ms. The greatest variability iR. robustus is
observed i) in the central part of the protoconidyalum (for both the Mand the M), ii) in the
main fissures of the occlusal basin of thg Bhd iii) in the mesial and distal foveae of the M
A. africanus, for the second mode of variation, the ®ES appears most variable mainly at the
protoconid and in the distal fovea.Mrobustus, for the first mode of variation, there is less
OES variability relating to the fovea anterior @hd hypoconulid of the Mand to the
protostylid and the fissures of the occlusal bas$ithe M, whereas the hypoconid and

hypoconulid of the Mare highly variable.

5. Discussion

51 Comparing 3D GM and DSM

Because landmarks and semi-landmarks cannotibélgelocated on the OES, it was not
possible to evaluate the ability of GM1 and GM2raghes to distinguish between e
robustus andA. africanus molar samples. Thus, comparisons of the efficd€yM1/GM2 and
DSM are restricted to the consideration of the BMilh reference to all three molar positions
and both statistical approaches (i.e., the V-meaand the k-nearest neighbor classification),
DSM resulted in clearer separation of thefricanus andP. robustus samples when three
groups were recognized (Supplemental Online Mdt8)ia

Compared to the GM1/GM2 analyses, DSM appliedh¢oEDJ of both the Mand M
did not mixA. africanus andP. robustus specimens into the same cluster, but insteadlglear

separated the two species. Here, allAhafricanus specimens were classified into a single
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cluster, while thd>. robustus teeth were allocated to two other distinct clus{&OM 3). The
DSM allocation of the SK 63 Mo an “orphan” cluster (i.e., this tooth represemtluster by
itself) is very likely owing to its incomplete ddepment at the cervical margin.

When applied to the EDJ of the;MDSM also separated most of theafricanus andP.
robustus specimens into two distinct clusters, but thislgsia mixed SK 64, SK 6 and STS 24
into the same cluster with SKX 257/258 and Stw Mhile the DSM grouping of SKX 257/258
and Stw 151 with SK 64 may be due to the incompleteveloped crown of the latter, the
allocation of STS 24 and SK 6 to this cluster nsefiirther attention. When applied to the M
EDJ, the GM1/GM2 approaches resulted in weakesifieations than DSM. Thus, GM1
separated SKX 257/258 and Stw 151 into two distthedters rather than one, and while GM2
grouped SKX 257/258 and Stw 151 with STS 24 (a8d1), it failed to separat@. africanus
andP. robustusinto distinct clusters.

In contrast to the results of the GM1 and GM2 gsed, DSM (using both MDS and
classifications) demonstrated unequivocally that$tw 151 M EDJ is significantly closer to
the earlyHomo condition as represented by SKX 257/258 thanéadist of the\. africanus
sample from Sterkfontein Member 4 (Figure 2 and SE)M

Koehl and Hass (2015) used three different anataindiatasets (including teeth) to
compare clustering classifications using a DSM epdoce and GM methods, and in all instances
DSM was found to outperform GM. They ascribed thisthe difficulties in defining consistent
landmarks on anatomical surfaces even for expeztenwrphometricians” (Koehl and Hass,
2015: 8). Even if one were to argue that EDJ pitsseasily identifiable landmarks (e.g., sharp
dentine horns), it is noteworthy that the mostideive differences betweeh africanus andP.

robustus EDJs that were defined by DSM (Figure 4) couldimotdentified by GM methods. For
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example, the expansion of the distobuccal fac@einP. robustus M;s contributes significantly
to the high statistical accuracy of their distinatfromA. africanus homologues. Another
important difference between GM and DSM lies inltteer’s visualization of morphological
variability within a sample, and the ability to cpute statistical atlases using DSM. Importantly,
the MDS and the classifications obtained in thislgtconfirmed the a priori taxonomic

attributions (Table 1).

5.2 Incorporating Categorical Featuresinto 3D Shape Analyses

In addition to the degree to which the distobustaface of the hypoconid of tie
robustus M1 EDJ is expanded, two other regions of this toothdistinctive betweeA. africanus
andP. robustus, and both correspond to what have been describé&discrete” features. The
first relates to the greater prominence of theatlistarginal ridge on the. robustus M1, which
corresponds to the (variably-sized) tuberculumwaxihat is manifest at the OES in much
higher frequencies in this species thaA.iafricanus (Wood and Abbott 1983; Irish and
Guatelli-Steinberg, 2003; Grine et al., 2012; Iretlal., 2013). The second relates to the
shallower mesiobuccal groove on the ED®.inobustus, and this corresponds to differences in
the expression of the protostylid between it Andfricanus at both OES and EDJ (Robinson,
1956; Sperber, 1974; Hlusko, 2004; Skinner e2809).

Qualitative analyses of discrete dental featareeng early hominins have sometimes
resulted in different interpretations owing to difhg definitions and scoring methods, and to
guestions of homology. This study has demonstridtadDSM enables the 3D quantification of

such discrete, possibly non-homologous entitiesghavide teeth with their individuality. As
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such, DSM may help to overcome the difficultiesoassted with the subjective scoring of

discrete features.

5.3 Future Perspectives

The differences between theafricanus and theP. robustus samples described in this
study, together with the clear and separate clngtef Stw 151 with the SK 257/258 early
Homo M; represent encouraging developments for the emmaywf DSM in taxonomic and
morphologic assessment. However, the samples &rat @mployed here must be augmented
with other specimens that have been attributetdsd taxa to more fully assess the potential of
DSM to address taxonomic issues. Thus, for exanipdepresent study did not entail
investigation of possible differences among Startdm and Makapansgat specimens with
reference to suggestions that they attest to tesepice of more than one species of
Australopithecus (cf.., Clarke, 1988, 1994, 2008; Moggi-Cecchi 200®ggi-Cecchi and
Boccone 2007; Fornai et al., 2015; Grine, 2013n&at al. 2013). Similarly, this study did not
include the important fossils from the sites of Kidraai, Drimolen and Gondolin that are
attributed toP. robustus, but for which there have been suggestions of sophological
differences (e.g., Howell, 1978; Grine, 1985, 19B8)3; Kaszycka, 2002; Braga et al., 2013,
2017).

The confirmation of the distinctiveness of Stw Ifgin theA. africanus sample (Moggi-
Cecchi et al., 1998) and its attributionHomo through the application of DSM techniques has
important implications for the analysis of otherlg&leistocene specimens that have been

purported to be members of our genus. In partic@&M could be applied fruitfully to
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guestions relating to the attribution of fossildHomo habilis andH. rudolfensis and to the
taxonomic relationships of the South Afriddomo specimens (Grine et al., 2019).

Finally, a more comprehensive DSM examination efSmuth African australopith
samples, together with the inclusion of additidiogkils that have been attributed (or at least
likened) to earlf\Homo from these and Pleistocene sites in South Afries help clarify
guestions that have been raised concerning thatedé of recently described forms such as
Australopithecus sediba (e.g., Berger et al., 2010; Wood and Harrison 12@erger, 2013; Been
and Rak, 2014; Rak and Been, 2014; Ritzman e2@16; Kimbel and Rak, 2017) aktbmo

naledi (Berger et al., 2015, 2017; Hawks et al., 201A4ddect al., 2017; Schroeder et al., 2017).
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TABLES

Table 1. Mandibular permanent molars from Sterkfontein 8mdartkrans included in this study.

*, incompletely developed crown near the cervicakgm.

Table 2. Clustering and classification results obtainemhirthe low-dimensional spaces using
geometric morphometric (GM) methods and diffeomarpburface matching (DSM) with

subsequent MDS analysis.

FIGURE LEGENDS

Figure 1. EDJ and OES surface models of selegs Mom Swartkrans attributed B robustus
(orange) or to earlidomo (SKX 257/258) (green), and from Sterkfontein atitéx toA.

africanus or of debated affinity (Stw 151) (yellow). Stw 18/As treated as an unknown in the
analyses. Note that the images are not to the saate, but the relative sizes of EDJ to OES for

any given tooth are to scale. The grey model abtiemm illustrates the placement of the
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landmarks at the tips of the dentine horns of tivecgpal cusps (Me — metaconid, Pr —
protoconid, En — entoconid, Hy — hypoconid, Hp pdgonulid) (in blue), the semilandmarks on

the ridges that course between them (in yellow)alodg the cervix (in red).

Figure 2. Results of multidimensional scaling (MDS) of DSMaléleft column), principal
components analysis (PCA) for GM1 data (middle ool and PCA for GM2 data (right
column) obtained for the EDJ of &l (top row), Ms (middle row) and N6 (bottom row).
Horizontal axis = mode 1; vertical axis = mode R. robustus (green circles)A. africanus (red
triangles). For visualization purposes, the SKW/258 earlyHomo M; (yellow square) and
STW 151 M (black star) are here projected onto the shapeedpadentify their closest
neighbours. The minimized stress values are: 13M% MDS), 10.4% (M2, MDS) and 12.9%
(M3, MDS). The percentages of variances for modasdL2 respectively are: 25.1% and 17.7%
(M1, GM1), 31.4% and 13.5% (MGM2), 30.2% and 21.6% (MGM1), 41.5% and 15.4% (I

GM2), 22.8% and 19.9% (MGM1), and 30.0% and 24.4% gMEM?2).

Figure 3. Results of multidimensional scaling (MDS) of DSMaléor the OES of N5 (top),
Mss (middle) and Ms (bottom). Horizontal axis = mode 1; vertical aximode 2P. robustus
specimens (green circles) aAdafricanus specimens (red triangles). The minimized stress

values are: 7.7% (M1), 4.8% (M2) and 5.3% (M3).

Figure 4. Color-coded differences between #heafricanus andP. robustus mean shapes of

M, and My EDJs and OESs computed with diffeomorphisms. €astland most distinct



44

locations are indicated (in blue and red colorspeetively) on thé. robustus mean EDJ and

OES shapes (left, occlusal view; right, obliguemieThe scales are in mm.

Figure5. Statistical atlases wittmean shapes (3D meshes illustrated in orange-bramah)
associated extreme shapes (in the panels at tt@rbof each mean shape) ats-(&ft) and + 2
(right) obtained for the first (top row) and secdbdttom row) modes of variation on the OES
and EDJ of the l¥s, Mbs and Ms of A. africanus andP. robustus. The variability (color-coded
from blue to red) maps of both EDJ and OES illustthe patterns of variations, i.e. the most (in

red) and the least (in blue) variable areas foh sacface. The scales are in mm.

Figure 6. Mean configurations oA. africanus (orange) andP. robustus (blue) Mis, Mxs and Ms.
Left = buccal view; Right = occlusal view. Mesialtp the right in all views. Pr, Protoconid; Hy,

Hypoconid; Hp, Hypoconulid; En, Entoconid; Me, Metaid.

SUPPLEMENTAL ONLINE MATERIAL (SOM)

Supplemental Online Material 1.

Results of multidimensional scaling (MDS) of DSMaléleft column), principal components
analysis (PCA) for GM1 data (middle column), andA¥Gr GM2 data (right column) obtained
for the EDJ of Ms (top row), Ms (middle row) and N (bottom row). Horizontal axis = mode
2; vertical axis = mode 3P. robustus (green circles)A. africanus (red triangles), SKW 257/258

earlyHomo M; (yellow square), and STW 151;Nblack star).
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The minimized stress values are: 13.7% (M1, MD8}4% (M2, MDS) and 12.9% (M3, MDS).
he percentages of variances for modes 2 and 3atesglg are: 17.7% and 13.7% (M1, GM1),
13.5% and 10.8% (M1, GM2), 21.6% and 12.1% (M2, GM5.4% and 11.1% (M2, GM2),

19.9% and 14.7% (M3, GM1), and 24.4% and 9.3% (GI92).

Supplemental Online Material 2.

Results of multidimensional scaling (MDS) of DSMaléor the OES of s (top), Ms (middle)
and Mss (bottom). Horizontal axis = mode 2; vertical axisode 3P. robustus specimens
(green circles) and. africanus specimens (red triangles). The minimized stresseshre: 7.7%

(M1), 4.8% (M2) and 5.3% (M3).

Supplemental Online Material 3.
Results of clustering and classification obtaineaif the low-dimensional spaces using either
the Geometric Morphometric Method (GM1 and GM2)dense surface matching (DSM) using

diffeomorphisms and subsequent MDS analysis.
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Table 1. Mandibular permanent molars from Sterkfontein and Swartkrans included in this study.

Site Specimen Provenience Taxonomy M M, Ms
EDJ OES EDJ OES EDJ OES
Swartkrans  SK 1 Mb. 1 HR P. robustus L L
SK 6 Mb. 1 HR P. robustus L L L L* L*
SK 23 Mb. 1 HR P. robustus L L
SK 25 Mb. 1 HR P. robustus L L L L
SK 61 Mb. 1 HR P. robustus R R
SK 63 Mb. 1 HR P. robustus R R R*
SK 64 Mb. 1 HR P. robustus L*
SK 75 Mb. 1 HR P. robustus L L
SK 104 Mb. 1 HR P. robustus L L
SK 828 Mb. 1 HR P. robustus R
SK 840 Mb. 1 HR P. robustus R
SK 843 Mb. 1 HR P. robustus R R R R
SK 880 Mb. 1 HR P. robustus R
SK 1587 Mb. 1 HR P. robustus R
SK 3974 Mb. 1 HR P. robustus R R
SKW 5 Mb. 1 HR P. robustus R R R R R
SKX 257/258 Mb. 2 Homo sp. R
SKX 4446 Mb. 2 P. robustus L L L

Table 1 continued . Mandibular permanent molars from Sterkfontein and Swartkrans included in this study.



Site Specimen Provenience Taxonomy Ms
EDJ OES

Swartkrans ~ SKX 5002 Mb. 1 LB P. robustus R

SKX 5014 Mb. 1 LB P. robustus L

SKX 10642 Mb.1HR P. robustus R R

SKX 10643 Mb.1HR P. robustus R R
Sterkfontein  Sts 24 Mb. 4 A. africanus

Sts 52 Mb. 4 A. africanus R R

Stw 151 Mb. 5 ? cf. Homo

Stw 309 Mb. 4 A. africanus

Stw 364 Mb. 4 A. africanus

Stw 404 Mb. 4 A. africanus R

Stw 412 Mb. 4 A. africanus

Stw 421 Mb. 4 A. africanus

Stw 491 Mb. 4 A. africanus L

Stw 529 Mb. 4 A. africanus

Stw 537 Mb. 4 A. africanus L L

Stw 560 Mb. 4 A. africanus L L

t specimens erroneously attributed to Homo (“Morph 1”) by Schwartz and Tattersall (2003); see Grine (2005).



* incompletely developed crown near the cervical margin.
Abbreviations: P. = Paranthropus; A. = Australopithecus; Mb = member; EDJ = enamel dentin junction; OES = outer enamel surface;

R =right; L = left.



Table 2. Clustering and classification results obtained from the low-dimensional and high-dimensional spaces using either the geometric

morphometric (GM) methods (GM 1 with only landmarks and semi-landmarks at dentine horns and dentine crests; GM2 with additional semi-

landmarks at cervix) or dense surface matching (DSM) using diffeomorphisms and subsequent MDS analysis.

Hierarchical clustering
Low-dimensional
M M, M3

EDJ OES EDJ OES EDJ OES

GM1 0.353 0.595 0.158

GM2 0.417 0.271 0.489

DSM 0.657 0.406 0.865 0.759 0.755 0.439

High-dimensional
M1 M, M3
EDJ OES EDJ OES EDJ OES

0.387 0.441 0.158

0.448 0.271 0.489

0.576  0.406 0.865 0.759 0.755 0.75



Classification
Low-dimensional High-dimensional
M M, M3 M M; M3
EDJ OES EDJ OES EDJ OES EDJ OES EDJ OES EDJ OES
GM1 0.29(0.5) 0.67 0.35 0.25(0.5) 0,667 0,55
GM2 0.313(0.625) 0.56 0.74 0.25(0.5) 0,771 0,744

DSM 042(0.88 04 092 067 1 05 044(088 04 1 067 1 05

Clustering was evaluated using the V-measure, and classification was evaluated using balanced accuracy.

Abbreviations: EDJ = enamel dentin junction; OES = outer enamel surface.





