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Abstract 

The juvenile mandible is important in the investigation of ontogenetic and evolutionary changes 

among early hominins. To more accurately describe complex shape variations, for the first time 

advanced methods from computational anatomy, and new fossil evidence are used to revisit the 

ontogeny of the mandibular symphysis in Australopithecus africanus and Paranthropus robustus. We 

assess which features of the mandibular symphysis best discriminate the growing symphysis in these 

fossil species, relative to the intraspecific variation observed among modern humans. When 

compared with more traditional approaches, our results are in line with previous studies and confirm 

that our approach eliminates potential methodological inconsistencies with the a priori definition of 

homologous landmarks and the tacit assumption that anatomical shapes are linear. By enabling 

detailed comparisons of complex shapes in juvenile mandibles, our proposed approach offers new 

perspectives for more detailed comparisons among Australopithecus, Paranthropus and early Homo 

in both southern and eastern Africa. 

 

Keywords: Australopithecus africanus; Early hominins; Juvenile mandibles; Paranthropus robustus; 

Statistical Shape Analysis; Symphyseal morphology. 
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Introduction 

The mandible is one of the best preserved anatomical elements in juvenile and adult early hominins. 

It is therefore often used to compare the ontogenetic patterns among early hominin species and to 

document their evolutionary changes. The juvenile early hominin mandibular morphology has thus 

far been investigated mainly by visual inspection, linear measurements and ratios to identify features 

that conveyed genuine ontogenetic and evolutionary signals [Alemseged et al., 2006; Cofran, 2014; 

Glowacka et al., 2017; Haile-Selassie and Ryan, 2019]. For instance, a temporal trend in the 

morphology of the juvenile symphyseal lateral profile has been observed among Australopithecus 

afarensis [Haile-Selassie and Ryan, 2019, and references therein]. Although conclusive, these 

approaches do not reflect the complete geometric information (e.g., size-independent shape 

differences and allometry) in the anatomical structures.  

Linear landmark-based methods (e.g., Geometric Morphometric Methods or ‘GMM’) have been 

employed to compare detailed 3D aspects of mandibular growth between modern humans and apes 

[Coquerelle et al., 2010, 2013]. Whereas GMM often represent the mainstream methods (at least in 

evolutionary biology) to describe 3D shape differences, this approach has not been used before to 

investigate key aspects of early hominin mandibular growth such as symphyseal changes. Recent 

advances in geometric statistics and computational anatomy (CA) have also been shown to represent 

significant improvements over GMM for assessments of complex non-linear forms such as contours 

and curvatures (e.g., the degree of a receding symphysis) (Pennec, et al., 2019). These deformation-

based methods have been used in evolutionary anthropology and the results have been successfully 

compared with those obtained using GMM [Braga et al., 2019, 2021, and references therein]. As in 

the case of GMM, CA has not been applied yet to comparisons of 3D mandibular growth among 

juvenile early hominins, or even in modern humans.  

The present study aims to use CA to revisit the available fossil evidence on the ontogeny of the 

mandibular symphysis among two southern African australopith species, and to contrast it with the 

intraspecific variation observed among modern humans. We therefore investigate comparative 

samples of African and European modern human juveniles of known age, geographic origin and sex, 

and samples of Australopithecus africanus (n=2, including its holotype, the Taung child) and 

Paranthropus robustus (n=5) juvenile specimens. The latter sample includes one undescribed fossil 

from the new hominin-bearing Kromdraai Unit P (KW 6420) [Braga et al. 2017, 2021]. Therefore, KW 

6420 improves our knowledge of symphyseal morphology within P. robustus early during infancy. 

Our main goal is the statistical appraisal of the features that convey the best discriminatory power 

between the growing mandible of A. africanus and P. robustus, relative to the intraspecific variation 

observed among modern humans. We compare specimens mainly before (infancy) and after 
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(childhood) the second deciduous molar (dm2) functional occlusion, a key event often considered to 

mark the transition between infancy and childhood periods of life [Dean, 2010]. We focus our 

approach on the mandibular symphysis represented either by the 3D surface bounded by the mesial 

faces of the left and right crowns of the deciduous or permanent canines, or a 2D midsagittal profile 

(fig. 1). In order to assess potential differences between GMM and CA, we compare the results of 

analyses of mandibular growth using both methods. In the case of CA, we use two statistical 

methods: “atlas” and “pairwise” (fig. 1) (Materials and Methods). 

 

Materials and methods 

Modern and fossil samples: imaging data 

We used cone beam computed tomography (CBCT) and X-ray micro-computed tomography (µCT) to 

investigate the morphology of the mandibular symphysis in a sample of seven early hominin specimens 

from southern Africa (µCT) (table 1) and 60 modern humans (µCT and CBCT) (table 2). The A. africanus 

sample includes two specimens: the juvenile cranium from Taung (Taung child) [Dart, 1925] and the 

juvenile mandible from Makapansgat (MLD 2) [Dart, 1948] (table 1). Though once considered to share 

derived features with “robust” australopiths [Tobias, 1988], the Taung child features prominently in 

many studies of australopith cranial ontogeny as the type specimen of A. africanus [Dart, 1925]. This 

specimen had completely erupted deciduous incisors, canines and molars with high to severe wear, 

first permanent molars (M1s) approaching functional occlusion and poorly developed second 

permanent molar (M2) crowns. In the older MLD 2 specimen, the M2s were not yet into functional 

occlusion but had erupted, the right second deciduous molar (dm2) shows a high degree of wear and 

replacement of first deciduous molars (dm1s) by first premolars (P3s) has occurred. The P. robustus 

sample includes four specimens from Swartkrans (SK 3978, SK 61, SK 62, SK 63) and one newly 

discovered mandible from Kromdraai (KW 6420) (fig. 2) that is clearly attributable to this species on 

the basis of its overall morphology (see “Results” section) (table 1). The youngest P. robustus juvenile 

mandible (KW 6420) holds the intact dm1. Its loose right dm2 was not yet into functional occlusion. 

The next developmentally older specimen (SK 3978) had just completed the eruption and occlusion of 

its dm2s (with only light attrition) with no signs of I1/M1 eruption. The SK 61 and SK 62 specimens 

were not infants any more. When compared to SK 3978, the noticeably larger and more robust (i.e. 

thicker corpora) SK 61 and SK 62 mandibles had completely erupted deciduous dentitions with much 

more worn deciduous molars teeth, and with the M1s and I1s in the earliest eruption stages, but not 

yet in full occlusion. In the older P. robustus specimen in our sample (SK 63), the M1 had reached 

functional occlusion, while the M2 crown was incomplete. 
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Symphyseal variation among modern human was assessed within and between samples of known sex 

and age at death originating from Europe (n=29) and South Africa (n=31) (table 2). The European 

sample is from the « Institut d’Anatomie Normale et Pathologique » of the University of Strasbourg 

(France) and represents juveniles ranging in age from 8 months to 6 years and scanned using an Xtreme 

system (Scanco, Switzerland) at the Institut de Médecine et de Physiologie Spatiales, Toulouse, France 

(http://www.medes.fr/) with an isometric voxel size of 0.041 mm. The sample from South Africa 

represents juvenile individuals (ranging in age from newborn to 16 years) from the Dart collection 

(University of the Witwatersrand, Johannesburg, South Africa), and the Pretoria Bone Collection 

(University of Pretoria, South Africa) that were scanned using the X-Tek (Metris) XT H225L industrial 

CT system at the South African Nuclear Energy Corporation (NECSA, www.necsa.co.za) (isometric voxel 

size of c. 0.050 mm), with the exception of 14 individuals (CBCTs) (table 2). 

Data pre-processing 

To analyse relevant variations in shape, the images were fist segmented, and the 3D reconstructions 

(meshes) were globally aligned. In the following, we describe a semi-automatic pipeline for data pre-

processing (illustrated in fig. 3 A), similar as described in Toussaint et al. (2021). The remaining manual 

inference consists in image segmentation correction (if necessary, e.g., for poor quality images) and 

landmark placement for a global alignment of all shapes (10 landmarks per specimen). 

Image segmentation. One challenge of the data used in this study is its diversity. We considered 

specimens from different sources, as detailed in table 2. In the majority of the cases, the mandible has 

been individually scanned because dry skeletons were available (Strasbourg Collection, Pretoria Bone 

Collection and Dart Skeleton Collection). Therefore, the images show a good bone contrast facilitating 

automatic segmentation. However, the sample of modern humans from South Africa also includes 

CBCT scans of children and micro-CT scans of baby cadavers placed into formalin. In these instances, 

the bone structures appeared with less intensity contrast and more artifacts in the images. We applied 

multiple images processing steps sequentially to minimize manual corrections. A thresholding 

operation was performed to extract the bone and teeth structures, followed by a morphological closing 

to remove small holes, the extraction of the largest connected component, and finally a morphological 

opening to remove small remaining noise. In some cases, a manual correction after the closing 

operation was necessary to, e.g., separate the mandible in the dental scans. This was done using the 

open-source software ITK-snap (www.itksnap.org). Finally, we were able to obtain a clean 

segmentation of each mandibular symphysis, including the chin area. We applied the same 

segmentation pipeline to each fossil specimen (without any manual correction necessary). The SK 63 

specimens were scanned in two pieces which were aligned by manually selecting and aligning 

http://www.itksnap.org/
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corresponding landmarks around the fracture (with a perfect fit). We created meshes from the binary 

segmentation masks using marching cubes in the open-source Visualization Toolkit (VTK, 

www.vtk.com). 

Mesh alignment. For meaningful comparisons of deformations between specimens, the meshes were 

globally aligned and each mandibular symphysis was extracted. We manually selected 10 landmarks 

and we obtained a global matching using Procrustes alignment (rotation + translation + scaling 

transformation). This was done separately for the modern human and fossil samples. Both samples 

were finally aligned by manually selecting the corresponding landmarks in the fossil sample and in the 

modern human sample. 

Regions of interest (ROI). We considered the following two ROIs separately. First, we used 3D ROI 

corresponding to the mandibular symphysis bounded by the mesial faces of the left and right crowns 

of the deciduous or permanent canines. This surface around the chin was extracted by converting the 

meshes to binary images, by cropping the images to the same region, and by converting the cropped 

binary images to meshes, as described above. Second, we used a 2D ROI corresponding to the 

midsagittal profile of the symphysis. From the cropped binary images, the slice containing the 

midsagittal profile was extracted and converted to a mesh object to obtain the chin profile. Both ROIs 

are shown in figures 1 and 3, together with the unbiased templates required for the atlas approach. 

The meshes were converted to Ascii PLY format for further processing in MeshLab (www.meshlab.net). 

Several basic filters were applied to clean the meshes (removal of duplicate vertices and faces, removal 

of faces from non-manifold edges), and to smoothen the surfaces (Laplacian smoothing). Finally, the 

number of faces was reduced by 70% yielding around 20,000 vertices. 

Semi-Landmark extraction. For the comparison with GMM, we extracted automatically semi-

landmarks both on the midsagittal profile and the symphyseal surface (compare fig. 3 B). We first 

located the endpoints of the midsagittal profile. Then, we selected 𝑁𝑁𝐿𝐿 equidistantly distributed vertices 

as semi-landmarks with distances 𝑑𝑑𝑁𝑁𝐿𝐿 ≈ 𝑐𝑐𝑁𝑁𝐿𝐿−1, where 𝑐𝑐 is the length of the curve. For the symphyseal 

surface, we placed a 𝑁𝑁𝐿𝐿1 × 𝑁𝑁𝐿𝐿2 grid of semi-landmarks on the 2D surface. First, we located the 𝑁𝑁𝐿𝐿1 

border vertices along the sagittal orientation, and then we connected the border points by the 

geodesic path sampled on 𝑁𝑁𝐿𝐿2 equidistantly spaced vertices (with distance 𝑑𝑑𝑁𝑁2 ≈ 𝑔𝑔𝑁𝑁𝐿𝐿2 and 𝑔𝑔 being the 

length of the geodesic path). In our experiments, we chose 𝑁𝑁𝐿𝐿 = 15 and 𝑁𝑁𝐿𝐿 = 30 semi-landmarks for 

the midsagittal profile. For the symphyseal surface, we chose 𝑁𝑁𝐿𝐿1 = 10, 𝑁𝑁𝐿𝐿2 = 6, and 𝑁𝑁𝐿𝐿1 = 15, 𝑁𝑁𝐿𝐿2 =

8, resulting in total in 60 and 120 semi-landmarks, respectively. 

 

http://www.vtk.com/
http://www.meshlab.net/
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Computational anatomy (CA)  

Instead of analysing the position of landmarks, in CA the morphological variation is modelled by non-

linear deformations between shapes. We employ diffeomorphisms, smooth and invertible 

deformations, which align two shapes by deforming the underlying domain. In the following, we refer 

to the shape alignment as Diffeomorphic Shape Matching (DSM). We compare two approaches for 

DSM: (i) a pairwise approach, analysing the deformations between each pair of specimens, and (ii) an 

atlas-based approach, analysing the deformations of each specimen to an a priori defined template 

shape. With both approaches, we obtain new representations of the shapes in a low dimensional 

space, where further analyses can be carried out (see fig. 1). In addition, we consider two different 

shape representations of the symphyseal morphology. In the following, we will give a brief overview 

of CA using DSM and highlight the main differences to GMM. For a detailed description of DSM as 

employed in this study, we refer to Supplementary texts S1 and S2. 

GMM uses homologous landmarks (assuming point-to-point correspondence between specimens) 

analysed through Procrustes Superimposition [Bookstein, 1991]. Such a methodology has several 

limitations [Toussaint et al., 2021]. First, the landmarks are placed manually, requiring expert 

knowledge and leading to inter- and intra-operator variability. A trade-off has to be made between 

the accuracy of the shape representation, which requires many homologous landmarks, and the 

practicality, which restricts the number of landmarks. Semi-landmarks placed automatically between 

landmarks or placed uniformly on the shape alleviate the problem. However, still gaps remain and 

the semi-landmarks are not necessarily homologous. This approach also has a strong and limiting 

assumption, because it cannot incorporate non-homologous features in comparisons of specimens 

representing very different species. Second, GMM assumes that the space of possible anatomical 

shapes is linear (a Euclidean space). However, this assumption is often violated, and therefore, more 

complex methods defined on non-linear spaces (for instance, Riemannian manifolds) are required. 

Here, we address the aforementioned limitations of GMM by employing methods from geometric 

statistics in which shapes are considered in a non-linear shape space. The shapes are defined 

automatically and no prior correspondences or homologous landmarks between the morphologies of 

individual specimens have to be defined. Instead of analysing the position of landmarks, we model 

the variation of shapes by the action of diffeomorphisms [Durrleman et al., 2014]. A diffeomorphism 

is a smooth and invertible function that aligns two shapes by deforming the underlying domain. The 

group of diffeomorphisms is a differential manifold and this allows, by equipping the manifold with a 

Riemannian metric (a notion of distance), the use of geometric statistics to analyse the variations 

within a set of shape. An illustrative difference between geometric statistics and traditional linear 

statistics is the computation of the mean of two points along a curved surface (a non-linear space). In 
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linear statistics (utilized in GMM), the mean is computed in the Euclidean space and is located at 

mid-linear distance. It therefore lies outside the curve. In geometric statistics, the mean is computed 

on the curved surface and is therefore itself an element of the surface. It is located at equal geodesic 

distances (arc lengths) between the two points. 

The analysis of shapes requires several modelling choices concerning the mathematical representation 

of shapes, the deformation between them, and the definition of shape variability. We employed 

deformetrica, a method and software previously described by Durrleman et al. (2014) to assess the 

complex differences in anatomical shapes. Shape variation is modelled by the deformation between 

shapes, rather than their positions (as is done in GMM by analyzing the position of landmarks). A 

detailed discussion on the modelling differences between GMM and DSM can be found in Braga et al. 

(2019). A shape is represented as a triangulated mesh, consisting of an unordered set of points 

(vertices), connections between the points (edges), and closed sets of edges (faces). Two meshes are 

compared using the metric of currents [Vaillant & Glaunes, 2005] without assuming correspondences 

between the vertices. Instead, all vertices in a local neighborhood are considered, whose weights are 

dependent on a Gaussian kernel. For a detailed description of the method, we refer to Supplementary 

text S1. 

We employed and compared two algorithms implemented in deformetrica: (i) deterministic atlas 

construction, and (ii) pairwise registrations. For the atlas construction, each shape is aligned to an a 

priori defined template shape. We interpreted the deformation between shape and template as 

coordinates in shape space. Using the pairwise registration, we performed pairwise shape matching 

between all pairs of shapes. We interpreted the resulting deformation as a notion of pairwise 

distances.  

Both approaches have their limitations. To construct a deterministic atlas, an unbiased template must 

exist and has to be created (see figs. 1 and 3), which is not a straightforward task. Then, with an 

appropriate template, 𝑁𝑁𝑠𝑠 registrations for a population of 𝑁𝑁𝑠𝑠 shapes are performed. Employing 

pairwise registrations overcomes the difficulty of defining a template shape. 

However, instead of only 𝑁𝑁𝑠𝑠 registrations to construct an atlas, 
𝑁𝑁𝑠𝑠(𝑁𝑁𝑠𝑠−1)2  registrations are necessary to 

align all pairs. This makes the pairwise approach computationally more demanding.  

We used deformetrica 4.0 with python 3.8 and we ran all experiments on an Ubuntu workstation with 

48 cores of 3.80GHz with a GPU Quadro RTX 8000 48GB and CUDA 11.1. 

Dimensionality Reduction 

The deformations provide the most important information for statistical analysis as they describe the 

differences between two shapes, either as deformations of each shape to a template, or pairwise 
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deformations between shapes.   

We applied non-linear Kernel Principal Component Analysis (kPCA) [Schölkopf, 1998] to the 

deformation momenta to identify the principal modes of variation (see Supplementary text S2 for a 

detailed description of kPCA and its application for both the atlas and pairwise approach). The output 

provides new coordinates in a low-dimensional embedding space, which is analysed to find cluster in 

the data with similar shape.  

Using the atlas approach, it is possible to compute mean shapes for any subpopulation. Following 

Toussaint et al. (2021), we interpolated local magnitude of the deformations at template point 

positions to produce deformations between subgroup mean shapes. We created animations from the 

results, allowing qualitative comparison of shape differences between subgroups (Supplementary 

videos S1-12). 

Statistical analysis 

We analysed the new representations of the shapes regarding their ability to distinguish and capture 

different properties of the samples, such as taxon, sex and age (sex and age only for the modern human 

sample).  

To control overfitting and to evaluate the ability of the new representations to cluster shapes according 

to taxon and sex, we performed logistic regression with a leave-one-out cross-validation strategy and 

tested for statistical significance using permutation tests (100 iterations). The performance is further 

quantified using the Area-under-the-curve (AUC) and the balanced Accuracy (bAcc). Additionally, we 

performed ANOVA followed by a simple logistic regression with the most predictive embedding 

coordinate. To compare subgroups (e.g., Male vs. Female, European vs. African), we compared the 

magnitude of subgroup variation using the within-group variation. 

To further analyse the structure of the new embeddings with respect to age and amount of 

deformation, we performed ANOVA, followed by a simple linear regression with the most predictive 

embedding coordinate. 

Results 

Variation within and between modern human samples  

We first used both the CA atlas and pairwise methods to investigate the midsagittal profile and the 

shape of the symphyseal surface in order (i) to compare the two samples of modern humans of 

European and African origins, and (ii) to assess the variation due to sex within each of these two 

samples. To do so, we used principal component (PC) analysis, as well as logistic and linear 

regressions on PCs. The logistic regression was evaluated by using the balanced accuracy (bAcc) and 

the area-under-the-curve (AUC). The p-values were determined with permutation tests and leave-



10 

 

one-out cross-validations. The results are summarized and visualized in figure 4, table 3 and 

Supplementary figure 1 and videos S1-6. By using the atlas approach, over 65% and 85% of the 

variance is captured with the first two and three dimensions, respectively, and by the pairwise 

approach, over 85% and 96%. In all instances, the scores along the first two (fig. 4 B) or three 

(Supplementary videos S1-4) dimensions do not provide a clear visual separation between the two 

samples. However, we obtained an AUC >0.8 and bAcc of >0.7 for most methods with p<0.05, as 

reported in table 3. Corresponding ROC-curves are shown in figure 4 C.1. The best values are here 

achieved by the atlas method. The fourth principal component PC4 was most predictive for the 

separation of the two subgroups in all four embeddings. All these results suggest that a difference 

between the European and African sample can be captured. However, the geographic origin does not 

represent the highest variability in our sample.  

The variation in the shape of the midsagittal profile measured among Europeans is the smallest and 

is nearly totally encompassed within the much larger range representing Africans (fig. 4 B.3-B.4, 

Supplementary videos S3,4). The same result holds true for the symphyseal surface (bounded by the 

mesial faces of the canines) (fig. 4 B.1-B.2, Supplementary videos S1,2). We quantified this pattern by 

using the within-group variation. The African sample showed a higher variation than the European 

sample, with a maximum of 63.1% higher variation with the atlas approach on the symphyseal 

surfaces and a minimum of 41.9% with the pairwise approach on the midsagittal profiles. 

The methods could not distinguish reliably sex-typed differences within the African and European 

samples (see Supplementary fig. S1). Table 3 reports the results using logistic regression. The 

corresponding ROC-curves are shown in figure 4 C.2. Only the pairwise approach on the midsagittal 

profile could separate males and females within the African sample (AUC = 0.672). All methods 

achieved better classification results on the African sample (AUC>0.5) compared to the European 

sample (AUC<0.5). The within-group variation was in all embeddings about 50% higher in males than 

in females. However, due to the small and imbalanced sample size, especially in the African sample 

(18 males and 5 females), and the distinct age distributions between the samples (table 2), further 

investigation is necessary.  

For both African and European samples, there is a trend with increasing scores along PC1 (>38% and 

>57% of variance for atlas and pairwise approach, respectively) pointing out older individuals, with 

the exception of the atlas method for the midsagittal profile. An ANOVA model confirmed the 

significance of this trend for PC1 of each method (p<0.0001). A subsequent linear regression with 

PC1 as independent and the age (transformed to z-score) as dependent variable yielded a significant 

correlation with 𝑅𝑅2>0.5 and Pearson’s r >0.7 (-0.7 for atlas on profile), see figure 4 D and table 3. The 

best 𝑅𝑅2scores are obtained on the midsagittal profile. 
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Even though there is a limited morphological difference between the South African and European 

samples when using CA, the atlas method allows an assessment of the main differences between the 

two mean European and African symphyseal surfaces and midsagittal profiles, as shown in figure 4 A 

and Supplementary videos S5,6. Two areas of the symphysis are most distinctive between these two 

samples: (i) the inferior margin where cortical bone is thicker [Fukase, 2007] and where the 

geniohyoid muscles insert to play an active role in pulling the hyoid bone anteriorly and superiorly 

during deglutition, voice production and swallowing; (ii) the superior half of the anterior face where 

cortical bone is thinner. In the European sample, we observed a more marked convexity of the 

symphyseal anterior face, between the alveolar border and the anteriormost aspect of the 

symphyseal base (i.e., anterior mandibular incurvatio), as seen in antero-lateral view (Supplementary 

videos S5,6). In the European sample, the inferior half of the anterior face slopes slightly more 

forward from the mid-height position to the base, with a swelling of the symphyseal tuber and a 

more forward positioning of the insertions of the geniohyoid muscles. 

We obtain slightly different results when we use GMM with a varying number of semi-landmarks 

(Materials and Methods) (Supplementary fig. 2-4). We obtain similar results when we use 15 or 30 

semi-landmarks to sample the midsagittal profile, and 60 or 120 semi-landmarks to sample the 

symphyseal surface. The variance captured with the first two dimensions ranges between c. 56% (2D 

profile) and 33-36% (symphyseal surface). There is a large overlap between the European and African 

samples, and the two mean configurations of landmarks appear nearly similar (Supplementary figs. 3 

D and 4 D).  

 

A new P. robustus juvenile mandible from Kromdraai Unit P 

We subsequently used the European and African modern human samples to better contrast potential 

differences of the growing mandibular symphysis between A. africanus and P. robustus. We 

therefore investigate a sample of southern African juvenile australopith mandibles (n=7), including 

an undescribed fossil from the site of Kromdraai (KW 6420).  

The renewed excavations at Kromdraai since 2014 resulted in the in situ recovery of a new fossil 

hominin assemblage from Unit P [Braga et al., 2017, 2021; Harper et al., 2022]. The well preserved, 

though incomplete P. robustus infant mandible (KW 6420) (fig. 2) was discovered in situ within Unit P 

at Kromdraai, in March 2015. The KW 6420 specimen comprises a nearly complete mandibular 

corpus that holds the intact right and incomplete left (roots only) first deciduous molars (dm1) in 

their alveoli, the loose right dm2 and I1 germs. The mandibular corpus is preserved from a break 

through the mesial part of the left dm2 alveolus to the mesial portion of the right M1 crypt. The 

symphysis is fractured through the interalveolar septum between the right di2 and dc. The loose, 
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unerupted and unworn right dm2 and I1 germs are incompletely formed and appear to have 

developed about half of the full length of their roots (dm2) and three quarters of the crown (I1), 

respectively. In the midline through the symphysis, the height from the base of the corpus to 

infradentale is 18.9 mm and the maximal anteroposterior breadth is 12.2 mm. The axis of the 

symphysis inclines downward and backwards (fig. 2C,D). Moreover, the inferior transverse torus is 

low and rounded rather than “shelf” like. Although linear metrics represent only rough estimates, we 

assess the “robusticity” index of the mandibular corpus (corpus breadth divided by height) in KW 

6420a at di1, di2, dc and dm1 levels. In KW 6420a, the robusticity index of the mandibular corpus is 

relatively constant and varies from 0.71 (at the level of dm1) to 0.79 (in the midline). 

 

Differences between australopiths and modern humans  

Here, we used both the atlas and pairwise methods. The results are summarized and visualized in 

figure 5, table 4 and Supplementary videos S7-10. The resulting low dimensional embeddings are 

visualized in figure 5 B. By using the atlas approach, over 66% and 82% of the variance is captured 

with the first two and three dimensions, respectively, and by the pairwise approach, over 79% and 

92%. 

When KW 6420 and the rest of our small australopith sample is added to the analysis of the 

symphyseal shape, the modern human range of variation still appears much larger in Africans than in 

Europeans along both first and second dimensions (fig. 5 B, Supplementary videos S7-10). Therefore, 

the inclusion of the fossil sample did not negatively affect representation of the shapes among 

modern humans. We confirmed this by the within-group variation, which is up to 63% larger (atlas 

approach on symphyseal surface) in the African sample than European sample. The differences 

observed between A. africanus and P. robustus appears very limited and is totally encompassed 

within either the European or the larger African modern human ranges of variation. The first 

dimension provides a clear separation between the modern human and australopith samples, 

indicating that the shape difference between modern humans and australopiths represents the 

source of highest variation in our sample. We obtain an AUC>0.9 for the symphyseal surface and 

AUC>0.8 for the midsagittal profile, compare also figure 5 C and table 4. There is no clear separation 

between the two australopith samples (i.e., between specimens representing Australopithecus and 

Paranthropus). When only the midsagittal profile is considered, for both the atlas and pairwise 

methods, the Taung child falls closer to some modern humans than to most specimens in the 

australopith sample. Therefore, the analysis based on the symphyseal surface better separates 

modern humans from australopiths. 

We also illustrate the main shape differences between the modern human and australopith 
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symphyseal surfaces and midsagittal profile using the atlas approach (fig. 5 A and Supplementary 

videos S11,12). Not surprisingly, when compared to modern humans, the australopith symphysis 

invariably slopes backward from the alveolar process to the base. In modern humans, the post-

incisive planum is moderately concave. The morphology of the superior transverse torus does not 

appear to be much distinctive. 

When we use GMM with a varying number of semi-landmarks (Materials and Methods), the 

separation between the modern human and australopith samples is less clear, with an overlap of the 

scores along PC1 (Supplementary fig. 2). The variance captured with the first two dimensions ranges 

between c. 61-63% (2D profile) and 50-52% (symphyseal surface). When we separate the shape 

differences caused by allometry (CAC) from those that are not (RSC1) [Mitteroecker et al., 2004], we 

find that the differences between modern humans and australopiths are mainly caused by allometric 

scaling (along CAC) (Supplementary figs. 3 F and 4 F). There is a significant (at p < 0.01%) linear 

correlation between CAC and centroid size (Supplementary figs. 3 E and 4 E). The lower CAC values 

observed in modern humans are caused by their smaller centroid size. 

 

Discussion 

We investigated the morphological variation of the mandibular symphysis among modern humans 

and australopiths by employing methods from CA. The main difference to the common GMM is that 

instead of analysing the position of landmarks, in CA the morphological variation is modelled by non-

linear deformations between shapes. We compare four different strategies. We used two different 

anatomical representations: (i) the symphyseal midsagittal profile as a 1D curve, and (ii) the 

symphyseal surface as 2D surface. Then, we analysed both representations with two methods: a 

deterministic atlas, and pairwise registrations. Our analysis yielded similar results for the atlas and 

pairwise approach. However, the atlas approach has the advantage of enabling a qualitative 

assessment of morphological shape changes by inspecting mean shapes, even though an unbiased 

template must be available. Importantly, when more variable morphologies are compared (i.e., 

modern humans versus australopiths), differences are better revealed by using the symphyseal 

surface. In addition, we compared the proposed methods with GMM, and we demonstrated the 

superior performance of CA in distinguishing different subgroups. 

Although our two modern human samples are limited in size, our results suggest that the variation in 

the shape of the symphysis measured in our study is modest among Europeans, when compared to 

the much larger range of variation sampled among Africans. This finding is particularly important in 

regard to the fact that even though populations from Africa are the most genetically diverse, they 
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have been inadequately sampled to investigate the extent of modern human variability in 

symphyseal morphology. All this being said, in our study, we likely did not sample the largest possible 

range of symphyseal variation among modern human populations. Genome-wide association studies 

have shown that at least part of the variable overall degree of chin protrusion observed among 

modern human populations is due to genetic factors. The 1540C allele (SNP, rs3827760) of the 

Ectodysplasin-A (EDAR) gene [Peng et al., 2016], plays an important role in the development of 

ectodermal tissues such as teeth, is implicated in shovelling and double-shovelling grades of upper 

first incisors and tooth crown size [Park et al., 2012], and is associated with a ‘chinless jaw’, or 

retruded chin (i.e., a profile sloping backward from the alveolar process to the base), at the 

symphyseal level. Such a morphology appears common in an admixed population of East Asian and 

European ancestry, the Uyghur [Peng et al., 2016], and has not been reported in populations of 

African origin. The SNP rs3827760 is largely absent in present-day Europe (except in Scandinavia), but 

is common in Han people in Central China and Native American populations with allele frequencies of 

up to 90% in some groups [Consortium, 2015]. Ancient DNA analysis also reveals that this mutation 

arose independently in both East Asia and the Americas at c. 30,000 and before 7,500 BP, 

respectively [Posth et al., 2018]. We expect that further analyses of symphyseal morphology (using 

the method presented in this study) in Han and Native American populations (not sampled in the 

present study) will increase its range of variation. Therefore, further assessments of variation in 

symphyseal morphology among modern human populations are needed. Such assessments involve 

not only the overall degree of protrusion of the anterior symphysis, but also its detailed inverted-T-

shaped morphology associated with the presence of a chin. The typical inverted-T-shaped human 

chin is often regarded as the result of differential rates of resorption versus deposition, following the 

pioneering work of D.H. Enlow [Enlow, 1990]. As yet, it is not clear whether the phenotype 

associated with the EDAR SNP rs3827760 phenotype (i.e., the absence of a mental protuberance) 

also implies the absence of the inverted T-shaped morphology. Importantly, it has been shown that 

the external surface morphology of the “normal” face (i.e., in individuals free of congenital anomaly 

or other known syndrome) represents a reliable source for the assessment of internal skeletal shape 

variation, including in the case of the absence of chin protrusion [Young et al., 2016]. 

The use of increasingly reliable morphometric techniques represents another worthy objective in 

order to better quantify the evolutionary history of symphyseal morphology. In our study, the use of 

geometric statistics suggests that we can retrieve new information about: (i) the most salient 

geometrical differences between samples of modern humans from distinct geographic origins, or 

between modern humans and fossil hominins; (ii) the magnitude of variation of symphyseal 

morphology among modern humans during growth. Indeed, PC1 allows us to describe consistent 
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ontogenetic changes in symphyseal morphology in both modern human samples. We observe that 

during early postnatal life, the geniohyoid and anterior muscular belly of the digastric muscle 

insertions displace downward and forward on the inferior border of the symphyseal region.  

Despite the inclusion of one newly discovered P. robustus juvenile mandible from the site of 

Kromdraai (KW 6420) that slightly improves our knowledge of variation in this species, we do not 

observe significant statistical differences in symphyseal shape and growth among southern African 

australopiths. The P. robustus specimen from Kromdraai Unit P (KW 6420) does not differ from its 

conspecifics recovered from the site of Swartkrans (Methods). The absence of clear-cut difference in 

symphyseal shape between A. africanus and P. robustus observed in our study is not in line with 

differences in dental maturation between these taxa, as indicated faster rates [Lacruz et al., 2008] 

and shorter formation times [Smith et al., 2015] in the latter. Instead, our results suggest similar 

early post-natal shapes of the symphysis in P. robustus and A. africanus. This result will need to be 

tested using larger australopith samples representing more species (e.g., Australopithecus afarensis), 

when more specimens will be discovered in the future and when more µCT data will be available.  

More australopith species will also be needed to supplement the present study. In this context, the 

degree of variability of symphyseal shape described in A. afarensis [Alemseged et al., 2006, Glowacka 

et al., 2017, Haile-Selassie and Ryan, 2019] will be important to assess by using the same approach as 

in this study. Within the A. afarensis species, Haile-Selassie and Ryan (2019) observed a trend in 

symphyseal morphological change between the geologically older juvenile mandibles from the sites 

of Woranso-Mille (Ethiopia) and Laetoli (Tanzania) and the younger specimens from Hadar (Ethiopia). 

The comparisons of the A. afarensis symphyseal morphology were mainly based on descriptions of its 

lateral profile, with visual assessments of its anterior convexity and the degree of verticality of its 

long axis. Therefore, detailed comparisons between A. afarensis and southern African australopiths 

will be important to describe more in depth the evolutionary history of the mandibular symphysis in 

juvenile early hominins. 
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Tables 

 

Table 1: Dental developmental stages observed on the A. africanus (Taung and MLD 2) and P. robustus (KW 6420 and specimens from the site of 

Swartkrans) infants and children. The stages were assessed by the authors from µCTs or by visual inspection with the use of a scale indicating the 

proportion of crown (Cr) and root (R) complete or resorbed as follows [Moorrees et al., 1963]: 0, no sign of crypt formation; 1, empty crypt; Ci, cusp(s) 

initiated; Cco, cusps coalescence; Croc, crown outline complete; Cr1/2, crown 1/2; Cr3/4, crown 3/4; Crc, crown complete; Ri, root initiated; Cli, cleft 

initiated; R1/4, root 1/4; R1/2, root 1/2; R3/4, root 3/4; Rc, root complete; A, apex 1/2; Ac, apex complete.. d., deciduous; i., incisor; c., canine; m., molar; I. 

permanent incisor. 

KW dm1 dm2 I1 I2 C P3 P4 M1 M2 

KW 6420 Rc-A1/2  R1/2 Cr1/2-3/4  Cr1/2-3/4  Cr1/2  Cri  0   

SK 3978 Rc-A1/2  R3/4-c Cr1/2-3/4  Cr1/2-3/4  Crco-1/2  Crco 0 Cr3/4-c   

SK 62   R i-1/2  R i-1/2  Ri Ri Cr1/2-3/4  Ri-1/2  

SK 61   Ri Ri Crc Crc Cr3/4 R1/2  

Taung    Crc Crc Cr3/4 Cr3/4 Cr3/4 R3/4 Cr1/2  

SK 63    R1/2 R1/4 Ri Ri Cr3/4-c  R1/2 Cr1/2  

MLD 2        Ri Rc R1/2 

    

 



20 

 

Table 2: Detailed information about the sample of modern humans with origin in Europe (n=29) and South Africa (n=31). 

 Individual Sex Age Collection 

Europe (n=29) Embr 321 Male 8 months Strasbourg, Micro-CTs (41 microns) 

 Embr 544 Male 8 months  

 Embr 180 Female 10 months  

 Embr 476 Female 10 months, 15 days  

 Embr 388 Male 12 months  

 Embr 590 Unknown 1 year, 2 months  

 Embr 318 Female 1 year, 2 months  

 Embr 479 Male 1 year, 3 months  

 Embr 578 Female 1 year, 6 months  

 Embr 384 Female 2 years, 1 month  

 Embr 213 Male 2 years, 6 months  

 Embr 214 Male 2 years, 6 months  

 Embr 599 Female 3 years  

 Embr 211 Female 3 years  

 Embr 205 Male 3 years  

 Embr 202 Female 3 years, 6 months  

 Embr 201  Male 3 years, 7 months  

 Embr 319 Female 4 years   

 Embr 448 Female 4 years, 3 months  

 Embr 512 Male 4 years, 6 months  

 Embr 210 Female 4 years, 6 months  

 Embr 121 Female 5 years  

 Embr 207 Male 5 years  

 Embr 212 Female 5 years  

 Embr 383 Male 5 years, 4 months  

 Embr 574 Female 5 years, 4 months  

 Embr 119 Male 6 years   

 Embr 136 Male 6 years   

 Embr 209 Female 7 years 
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South Africa (n=31) 5229 Male Neonate Pretoria Collection Formalin, Micro-CTs 

 6975 Female Neonate Pretoria Collection Formalin, Micro-CTs 

 6693 Female 16 days Pretoria Collection Formalin, Micro-CTs 

 6750 Male 2 months Pretoria Collection Formalin, Micro-CTs 

 5917 Male 2 months Pretoria Collection Formalin, Micro-CTs 

 5979 Female 4 months Pretoria Collection Formalin, Micro-CTs 

 3190 Male 10 months Dart Skeletal Collection, Micro-CTs 

 668 Male 1 year Dart Skeletal Collection, Micro-CTs 

 667 Male 2 year Dart Skeletal Collection, Micro-CTs 

 6006 Female 2 year Pretoria Collection Formalin, Micro-CTs 

 854 Male 3 year Dart Skeletal Collection, Micro-CTs 

 1320 Male 4 year Dart Skeletal Collection, Micro-CTs 

 712 Male 4 year Dart Skeletal Collection, Micro-CTs 

 SUB 6 186 Unknown Before dm2 eruption Pretoria Bone Collection (400 microns) 

 SUB 3 181 Unknown dm2 erupting Pretoria Bone Collection (400 microns) 

 3019 Male 6 years Dart Skeletal Collection, Micro-CTs 

 161 Male 7 years Dart Skeletal Collection, Micro-CTs 

 722 Male 7 years Dart Skeletal Collection, Micro-CTs 

 1235 Male 2 years Dart Skeletal Collection, Micro-CTs 

 SUB 4 182 Unknown Before M1 eruption Pretoria Bone Collection (400 microns) 

 SUB 5 184   Pretoria Bone Collection (400 microns) 

 SUB 2 183 Unknown Before M1 eruption Pretoria Bone Collection (400 microns) 

 SUB 1 185 Unknown Before M1 eruption Pretoria Bone Collection (400 microns) 

 E 5 187 Unknown Before M1 eruption Pretoria Bone Collection (400 microns) 

 E 7 194   Pretoria Bone Collection (400 microns) 

 MDA0058 Male 11 years Pretoria, CBCT (400 microns) 

 MAG0664 Male 12 years Pretoria, CBCT (400 microns) 

 KGA0280 Male 13 years Pretoria, CBCT (400 microns) 

 ROS0299 Female 15 years Pretoria, CBCT (400 microns) 

 CEY0005 Male 16 years Pretoria, CBCT (400 microns) 

 MSH0002 Male 16 years Pretoria, CBCT (400 microns) 
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Table 3: Modern human sample: Logistic and linear regression on principal components obtained 

by the atlas and pairwise approach both for the midsagittal profile and symphyseal surface shapes of 

the modern human sample. Statistical power (p-values) of logistic regression (taxon/group; sex) 

determined with permutation test and leave-one-out cross-validation. Statistical power of linear 

regression (age) obtained by testing for non-correlation. Best performances and statistical 

significance (p<0.05) are indicated in bold. 

   Atlas Pairwise 

   Profile Surface Profile Surface 

Taxon/Group 

 bAcc 0.766 0.766 0.684 0.783 

 AUC 0.855 0.881 0.707 0.856 

 p-val. < 0.01 < 0.01 < 0.05 < 0.01 

Sex 

European 

bAcc 

0.481 0.371 0.332 0.407 

African 0.544 0.544 0.672 0.544 

European 

AUC 

0.501 0.381 0.311 0.319 

African 0.532 0.541 0.691 0.704 

European 

p-val. 

> 0.05 > 0.05 > 0.05 > 0.05 

African > 0.05 > 0.05 < 0.05 > 0.05 

Age 

 𝑅𝑅2 0.587 0.501 0.669 0.558 

 r -0.766 0.708 0.818 0.747 

 p-val. < 0.0001 < 0.0001 < 0.0001 < 0.0001 

bAcc: balanced accuracy; AUC: area-under-the-curve; 𝑅𝑅2: R-squared; r: Pearson’s correlation coefficient. 
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Table 4: Modern human and Australopith sample: Logistic and linear regression on principal 

components obtained by the atlas and pairwise approach both for the midsagittal profile and 

symphyseal surface shapes of the modern human and australopith sample. Statistical power (p-

values) of logistic regression (taxon/group; sex) determined with permutation test and leave-one-

out cross-validation. Statistical power of linear regression (age) obtained by testing for non-

correlation. Best performances and statistical significance (p<0.05) are indicated in bold. 

   Atlas Pairwise 

   Profile Surface Profile Surface 

Taxon/Group 

 bAcc 0.559 0.592 0.584 0.633 

 AUC 0.852 0.915 0.842 0.914 

 p-val. < 0.01 < 0.01 < 0.01 < 0.01 

Sex 

European 

bAcc 

0.519 0.368 0.365 0.371 

African 0.572 0.572 0.672 0.544 

European 

AUC 

0.558 0.279 0.330 0.346 

African 0.606 0.500 0.634 0.683 

European 

p-val. 

> 0.05 > 0.05 > 0.05 > 0.05 

African > 0.05 > 0.05 < 0.05 > 0.05 

Age 

 𝑅𝑅2 0.545 0.501 0.587 0.569 

 r -0.738 0.708 -0.766 0.757 

 p-val. < 0.0001 < 0.0001 < 0.0001 < 0.0001 

bAcc: balanced accuracy; AUC: area-under-the-curve; 𝑅𝑅2: R-squared; r: Pearson’s correlation coefficient. 
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Figures 

 

Fig. 1. Illustrative overview of analysis. Diffeomorphic shape matching is performed for the atlas 

approach between each specimen A and the template, and for the pairwise approach between each 

pair of specimen (here A and B), both for the midsagittal profile and the symphyseal surface. A flow 

of deformations is computed, which is indicated here as the intermediate shapes between specimen 

A (red) and specimen B/ template (gray). A statistical analysis is performed on the deformations 

between specimens (and template). 
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Fig. 2. New P. robustus juvenile mandible from Kromdraai Unit P. Superior (A), (B), right and left 

lateral (C and D, respectively), anterior and posterior (E and F, respectively) views of the KW 6420 P. 

robustus juvenile specimen discovered in situ at Kromdraai within Unit P. Scale: 1 cm. 
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Fig. 3. Illustration of data preparation. (A) 1: Image acquisition from different sources; 2: (Semi-) 

automatic image segmentation; 3: Mesh construction; 4: Alignment of meshes (manual Landmark 

placing and Procrustes alignment); 5: Extraction of regions of interest (ROI): symphyseal surface and 

midsagittal profile; 6: unbiased templates for the creation of a deterministic atlas. (B) Two sets of 

semi-landmarks (semi-LMs) extracted both from the midsaggital profile (15 and 30 semi-LMs) and 

symphyseal surface (60 and 120 semi-LMs). The semi-LMs are extracted from a sample from the 

(European) population of modern humans (top row) and from the P. robustus juvenile specimen 

discovered at Kromdraai (bottom row). 
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Fig. 4. Statistical analysis of modern human sample. (A) Visualization of shape differences 

captured in the symphyseal surface (top row) and midsagittal profile (bottom row). In gray: mean 

shapes of group A (samples with origin in Africa) and group B (samples with origin in Europe). 

Heatmaps on global mean shape show the point displacement (in mm) and volume change (in %) 

between groups. (B) Plot of first two principal components obtained by kernel PCA using the atlas 

(B.1/B.3) and pairwise approach (B.2/B.4) on the symphyseal surface (B.1/B.2) and midsagittal 

profile (B.3/B.4). (C) Receiver-operating-characteristic (ROC) curves for the classification of groups 

(African or European origin) in C.1, and separate classification of gender in each group in C.2. (D) 

Linear regression of the first principal component with the age (in days). 
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Fig. 5. Statistical analysis of modern human and australopith sample. (A) Visualization of shape 

differences captured in the symphyseal surface (top row) and midsagittal profile (bottom row). In 

gray: mean shapes of group A (Modern humans) and group B (Australopiths). Heatmaps on global 

mean shape show the point displacement (in mm) and volume change (in %) between groups. (B) 

Plot of first two principal components obtained by kernel PCA using the atlas (B.1/B.3) and pairwise 

approach (B.2/B.4) on the symphyseal surface (B.1/B.2) and midsagittal profile (B.3/B.4). (C) 

Receiver-operating-characteristic (ROC) curves for the classification of groups (modern humans and 

Australopiths). 



Figures

Figure 1

Illustrative overview of analysis. Diffeomorphic shape matching is performed for the atlas approach
between each specimen A and the template, and for the pairwise approach between each pair of
specimen (here A and B), both for the midsagittal pro�le and the symphyseal surface. A �ow of
deformations is computed, which is indicated here as the intermediate shapes between specimen A (red)
and specimen B/ template (gray). A statistical analysis is performed on the deformations between
specimens (and template).

Figure 2

New P. robustus juvenile mandible from Kromdraai Unit P. Superior (A), (B), right and left lateral (C and D,
respectively), anterior and posterior (E and F, respectively) views of the KW 6420 P. robustus juvenile
specimen discovered in situ at Kromdraai within Unit P. Scale: 1 cm.



Figure 3

Illustration of data preparation. (A) 1: Image acquisition from different sources; 2: (Semi-) automatic
image segmentation; 3: Mesh construction; 4: Alignment of meshes (manual Landmark placing and
Procrustes alignment); 5: Extraction of regions of interest (ROI): symphyseal surface and midsagittal
pro�le; 6: unbiased templates for the creation of a deterministic atlas. (B) Two sets of semi-landmarks
(semi-LMs) extracted both from the midsaggital pro�le (15 and 30 semi-LMs) and symphyseal surface
(60 and 120 semi-LMs). The semi-LMs are extracted from a sample from the (European) population of
modern humans (top row) and from the P. robustus juvenile specimen discovered at Kromdraai (bottom
row).

Figure 4

Statistical analysis of modern human sample. (A) Visualization of shape differences captured in the
symphyseal surface (top row) and midsagittal pro�le (bottom row). In gray: mean shapes of group A
(samples with origin in Africa) and group B (samples with origin in Europe). Heatmaps on global mean
shape show the point displacement (in mm) and volume change (in %) between groups. (B) Plot of �rst
two principal components obtained by kernel PCA using the atlas (B.1/B.3) and pairwise approach
(B.2/B.4) on the symphyseal surface (B.1/B.2) and midsagittal pro�le (B.3/B.4). (C) Receiver-operating-
characteristic (ROC) curves for the classi�cation of groups (African or European origin) in C.1, and
separate classi�cation of gender in each group in C.2. (D) Linear regression of the �rst principal
component with the age (in days).

Figure 5

Statistical analysis of modern human and australopith sample. (A) Visualization of shape differences
captured in the symphyseal surface (top row) and midsagittal pro�le (bottom row). In gray: mean shapes
of group A (Modern humans) and group B (Australopiths). Heatmaps on global mean shape show the
point displacement (in mm) and volume change (in %) between groups. (B) Plot of �rst two principal
components obtained by kernel PCA using the atlas (B.1/B.3) and pairwise approach (B.2/B.4) on the
symphyseal surface (B.1/B.2) and midsagittal pro�le (B.3/B.4). (C) Receiver-operating-characteristic
(ROC) curves for the classi�cation of groups (modern humans and Australopiths).
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