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Sexual dimorphism in the mandible of
indigenous South Africans: A geometric

morphometric approach

D. Franklin”, P. O’Higgins’ and C.E. Oxnard™

We report here on analyses of new landmark data which capture the
range of variation in the expression and magnitude of mandibular
sexual dimorphism in adult South African Bantu-speaking individu-
als. The sample examined, separately and pooled, comprises 225
(120 male and 105 female) individuals of known sex representing
five local populations: Zulu, Swazi, Xhosa, Sotho and Tswana.
Thirty-eight bilateral three-dimensional landmarks were acquired
using a Microscribe G2X digitizer and were analysed using geometric
morphometric methods. Multivariate statistics were applied to visu-
alize the pattern, and assess the significance, of shape variation
between the sexes. All samples demonstrate highly significant size
and shape dimorphism, the condyle and ramus consistently being
the most dimorphic region of the mandible. Our results also indi-
cate that the mandible of individuals from this population is just as
dimorphic, if not more so, than the cranium alone.

Introduction

Much of our understanding of modern human skeletal varia-
tion in southern Africa is derived from anthropological tech-
niques based on the traditional linear metrical system. With
specific reference to either the whole skull or its functional
components, there is a long history of such research (e.g. refs
1-8). Recent research has also focused on using various skeletal
elements to quantify variation related to sexual dimorphism,
both cranial’"* and postcranial,”” " primarily because the deter-
mination of sex in unknown skeletal remains is one of the key
biological characteristics (alongside age, ethnicity and stature)
used to facilitate forensic identification.' The need for research
of this nature is driven by the increasing incidence of violent
activities resulting in large numbers of unidentified bodies being
referred to the forensic investigator.*”

Among the largest and most comprehensive of the anthropo-
logical studies carried out on southern African populations was
that of de Villiers,> who examined 745 (586 male, 159 female)
South African crania, 648 associated mandibles, and published
data on more than 2000 other African male individuals. The data
were analysed without computer assistance using the relatively
simple uni- and multivariate statistics then available. This work
was regarded as having established a new set of anthropological
norms, which changed the “...purely morphological study of
anthropology to a discipline involving not only morphology, but
also computerized statistics and genetics” (ref. 18, p. ix). Her
research demonstrated that sexual dimorphism in the skull of
indigenous South Africans appeared to be ‘associated mainly
with the mandible’ (ref. 19, p. 122).
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Innovative analytical techniques, such as those drawn from
the discipline of geometric morphometrics, are now commonly
used in physical anthropology.*®* Geometric morphometric
methods use anatomical landmark data for the quantitative
analysis of biological form.>* They are statistically powerful
and offer great potential in visualization of results in terms of
anatomy; as such they prompt re-investigation of material that
may have been studied many years ago using techniques
appropriate to that era. In the search for new perspectives, we
recently applied geometric morphometric methods to the study
of variation in the crania of indigenous southern Africans** and
were able to both clarify the nature of previously identified
anatomical variations and identify additional features of sexual
dimorphism and population variation. These studies proved
useful in understanding past population movements and
interactions better, and also highlighted new criteria for the
identification of sex, able to be easily applied by forensic and
medical practitioners alike.

The focus of the present study is to use geometric morphometric
methods to investigate sexual dimorphism in the mandibles of
a documented series of adult South African Bantu-speaking
peoples. To appreciate better the range of variation in the expres-
sion and magnitude of sexual dimorphism in this population,
the material was examined at two levels—the pooled sample
and the individual local populations separately; the analyses
relating to those studies are referred to as steps 1 and 2, respec-
tively. Although some degree of apparent morphological varia-
tion has been demonstrated between these local populations,”
we validated the pooling of groups by performing a series of
regression analyses designed to assess the significance of sexual
dimorphism and population variation in the sample; no signifi-
cant interaction effects were found.

Materials and methods

We examined the mandibles of 225 (120 male, 105 female) South
African Bantu-speaking adult individuals drawn from the following
local populations: Zulu [303, 29%], Swazi [203, 119], Xhosa [253, 199],
Sotho [284, 259], and Tswana [173, 21%]. The stated age ranges are: male
18-69 years (mean 37 years); female 18-70 years (mean 36.5 years). All
individuals were derived from the Raymond A. Dart Collection of
Human Skeletons, housed in the School of Anatomical Sciences of the
University of the Witwatersrand, Johannesburg. As this collection is
prepared from dissection hall subjects, the sex, local population (‘tribal
origin’) and a statement of age is documented for each skeleton.”* Only
non-pathological specimens (as assessed on the basis of macroscopic
examination) were included; mandibles presenting significant alveolar
resorption due to excessive tooth loss were also excluded from the study.

Data acquisition

Data were collected in the form of 38 bilateral three-dimensional
landmark coordinates acquired using a Microscribe G2X digitizer
(Immersion Corporation, San Jose, CA). To ensure familiarity of refer-
ence to physical and forensic anthropologists alike, landmarks were
selected to correspond closely to those commonly employed in both
traditional and geometric morphometric studies. In addition, a new
series of mandibular landmarks was designed to characterize the shape
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Table 1. Definitions of the landmarks used in the present study.
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Number Landmark Definition

Bilateral points: 1-17 (right); 22-38 (left)

The most superior point on the coronoid process.

The most inferior point on the mandibular notch.

The most medial point on the mandibular condyle.

The most superior point on the mandibular condyle.

The most lateral point on the mandibular condyle.

A set of three instrumentally determined points (equally spaced between condylion superior and gonion)

taken on the posterior border of the ramus.

The most lateral external point of junction of the horizontal and ascending rami of the lower jaw.
A set of three instrumentally determined points (equally spaced between gonion and lateral gnathion)

taken on the inferior border of the mandibular body.

1&22 Coronion (co)
2&23 Mandibular notch (mn)
3&24 Condylion mediale (cdm)
4825 Condylion superior (cs)
5&26 Condylion laterale (cdl)
6-8 & 2729 Posterior ramus (pr)
9 &30 Gonion (go)
10-12 & 31-33 Mandibular body (mb)
13& 34 Lateral gnathion (Ig)
body.
14 & 35 Lateral Infradentale (lid)
15 & 36 Mentale (ml)
16 & 37 Posterior alveolar (pa)
crypt for tooth).
17 & 38 Anterior ramus (ar)
Midline points
18 Gnathion (gn)
19 Pogonion (pg)
20 Mandibular symphysis (mns)
landmarks).
21 Infradentale (id)

teeth.

Point at which a vertical line from landmarks 14 & 35 intersects with the inferior border of the mandibular

The mid-point of a line tangent to the outer margins of the cavities of the lateral incisor and canine teeth.
The most inferior point on the margin of the mandibular mental foramen.
The most posterior point situated on the labial alveolar surface behind the most posterior erupted tooth (or

Point at which the minimum breadth transects the anterior border of the ramus.

The middle point on the lower border of the mandible in the sagittal plane.
The most projecting point of the chin in the standard sagittal line.
The deepest point at the mandibular symphysis curvature (between the infradentale and pogonion

The mid-point of a line tangent to the outer margins of the cavities of the two mandibular central incisor

of the posterior ramus, lateral body and symphysis; see Table 1 and Fig. 1
for complete description and illustration. Selected landmarks (6-8 &
27-29; 10-12 & 31-33, Table 1) were first determined instrumentally
using vernier calipers; the bone was marked at the appropriate location,
and then following mounting on a stable platform, the coordinate data
were acquired.

Shape analysis

Data were analysed using geometric morphometric methods;”** we
used the shape analysis software morphologika® (www.york.ac.uk/
res/fme) to analyse the three-dimensional coordinates of the landmarks.
This software, which is now well established in the literature 2%~
encompasses standard geometric morphometric procedures for analys-
ing three-dimensional data. Further statistical analyses were carried out
using SPSS 15.0.

The form of each mandible is represented by the Cartesian coordinates
of the three-dimensional configuration of anatomical landmarks described
and illustrated in Table 1 and Fig. 1, respectively. To eliminate the
non-shape variation in the sample, generalized Procrustes analysis
(GPA) was used, whereby differences in landmark coordinates due to
the position of specimens during the digitization process were mini-
mized and size was standardized. This process involved optimally
superimposing landmark configurations based on a least-squares algo-
rithm;* the scaling procedure adjusted the landmark coordinates such
that each mandible had unit centroid size, which was computed as the
square root of the sum of squared distances of all landmarks from the
centroid.

The new Cartesian coordinates obtained after the superimposition were
the shape coordinates used for statistical comparisons of individuals and
they can be summarized using a standard principal components analysis
(PCA) on the covariance matrix; mean male and female configurations
were then visualized.”

Statistical comparisons

To assess the significance of sexual dimorphism in mandibular size,
analysis of variance (ANOVA) was used to compare mean male and
female centroid size values. To assess the significance of sexual dimor-
phism in mandibular shape, a series of permutation tests were used, in
which the true difference between means (Procrustes distance) was
compared with the distribution of differences between means obtained
by randomly permuting group membership 1000 times.*® Multivariate
regression analyses were used to assess the significance of sexual dimor-
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Fig. 1. Right lateral view of the mandible showing selected landmarks (see Table 1
for key).

phism in the pooled sample and separately for each of the five local
populations; plots of fitted values against standardized residuals
showed that the assumptions of regression were met. Cross-validated
discriminant functions were then used to assess sex classification accuracy;
to assess size effects on sex classification accuracy, log transformed centroid
size values were also included in a separate series of discriminant
analyses.

Both the regression and discriminant analyses used the PC scores
(PCs) from the GPA/PCA of the sample because, for computational and
statistical reasons, the number of variables is required to be somewhat
less than the number of specimens. Selection of PCs was on the basis of
optimization of discrimination. To achieve optimal group discrimina-
tion, we examined plots of discriminant classification accuracy against
the number of variables used; this approach allowed us to remove
redundant higher order variables.”” As this approach has effectively
reduced the dimensionality of the sample, it was important to test how
well the relative positions of specimens were summarized in a space of
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Female mean

>

Male mean

Fig. 2. Analysis of sex means: lateral view of smooth rendered images shows the variation in mandibular shape between the mean female (A) and mean male (B) configu-

rations.

reduced dimensionality relative to the shape space of all variables.
Euclidean distance matrices were calculated using both the PCs selected
on the basis of discrimination (reduced shape information) and all PCs
(all shape information); the matrices were tested for significance of
correlation using a Mantel test (incorporating 10 000 random permuta-
tions). A large and significant correlation justifies reducing the total
number of shape variables in the analysis without losing relevant
information.

Intra-observer error

As the degree of error in the acquisition of this landmark series has
been fully described elsewhere (see ref. 26), we do not repeat the results
here but state that measurement error was exceedingly small on all
significant PCs.

Results

Step 1 — analysis of the pooled population sample

Mean male and female centroid size values in the pooled sample
were shown by ANOVA to be highly significantly different: P <
0.0001, F = 172.33; 4 349.8 (s.d. 11.1); 2 330.7 (s.d. 10.6). This indi-
cates strong size dimorphism in the mandibles of South African
Bantu-speakers. The permutation test (1000 random permuta-
tions) indicates that the Procrustes distance between sex means
was significantly different (P = 0.018), indicating that males and
females were significantly differentin mean mandibular shape.

Multivariate regressions of shape against sex (performed using
PCs 1-3 [optimal PCs for classification as assessed by discri-
minant function plots — see below]—accounting for 42.9% of the
total variance) indicated significant sexual dimorphism in the
pooled sample (Wilks” A = 0.77, corresponding to an F-statistic
of 22.0 with 3 and 221 d.f. [P < 0.0001]). Classification accuracy of
the cross-validated discriminant analysis (performed using
PCs 1-3) was 73.8% (& 83/120; ? 83/105); when the same analysis
was performed incorporating log transformed values of
centroid size, the accuracy was 83.1% (3 97/120; ¢ 90/105). The
correlation between the reduced and full dimensionality shape
spaces was strong and significant (r = 0.87; P < 0.001), justifying
using the reduced data set.

The main shape differences visualized by warping between
the mean male and female configurations are shown in Fig. 2.
It is evident from the lateral rendered images that the male
mandible (Fig. 2B) has a relatively more acute gonial angle; this is
associated with, in the male compared with the female, anterior
relocation of the condyle relative to other parts of the mandible
(Fig. 2A). Relative to the condyle, the coronoid process is dis-
placed anteriorly and inferiorly in the female mandible; this
appears to be associated with a relatively broader and shallower
sigmoid notch (Fig. 2A). In the male mandible there is also an
increase in relative ramus height and breadth, and also the
height of the posterior corpus (Fig. 2B). In viewing the mandible

from its superior aspect (not shown), itis apparent that the heads
of the condyles are relatively (but not absolutely) more medially
relocated in the male; this shape feature appears to be associated
with an acute gonial angle (see above). The opposite configura-
tion is evident in the female mandible.

Step 2 — analysis of the individual local populations

For brevity of description, results pertaining to the statistical
significance of sexual dimorphism in mandibular size and shape,
in each of the local populations, are summarized in Table 2.
ANOVA and permutation tests demonstrated that each of the
local populations exhibited significant size and shape dimor-
phism (Table 2). Multivariate regressions of shape against sex
similarly demonstrated significant sexual dimorphism in each of
the local populations. Classification accuracy of cross-validated
discriminant functions of shape ranged from 83.1% in the Zulu
to 68.2% in the Xhosa. Discriminant analyses incorporating log
centroid size showed an improvement in classification accuracy
across all populations, although relative improvements were
considerably variable: +16.1% in the Swazi to only +1.9% in the
Sotho (Table 2). The PCs used in the regression and discriminant
analyses are listed in Table 2; matrix correlations of shape
distances in the full and reduced shape spaces are high in each
instance (0.91 to 0.95; all P < 0.001).

With regard to the quantification of sexually dimorphic shape
features, it was found that the individual populations generally
expressed the same features observed in the pooled population
sample (see above); thus further visualizations are not presented.
It was evident, however, that there was some variation in the
degree to which some dimorphic features are expressed. For
example, each population showed a relatively more acute gonial
angle in the mean male configuration, but in the Swazi this
difference was the least pronounced. Further, the Swazi males
expressed considerable bilateral gonial eversion compared with
the females of the same population; this feature was not observed
in any other group.

Discussion

In this study we have used a documented skeletal collection to
investigate mandibular sexual dimorphism in adult Bantu-
speaking South Africans. The techniques applied were drawn
from the discipline of geometric morphometrics, by which
highly significant size and shape dimorphism were shown both
in the pooled and in the individual local populations. With
regard to the pooled population sample, the following discussion
considers the sex-based variation in mandibular morphology in
relation to developmental and functional requirements. The sex
classification accuracy achieved using the geometric morpho-
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Table 2. Statistical significance of sexual dimorphism in mandibular size and shape for the pooled and individual local population(s).

Local population Centroid size (cs) Permuted significance of

shape difference (P)

Regression* Discrimination*

Shape only Shape & log cs

Pooled 3349.8;9330.7 0.018
F=172.33

Wilks’ A = 0.770 383/120; 9 83/105 397/120; ? 90/105

Zulu

Swazi

Xhosa

Sotho

Tswana

P < 0.0001

3352.7;9 333.4
F=702
P < 0.0001

3351.7;9 326.9
F=56.3
P < 0.0001

3346.7;9 328.8
F=223
P < 0.0001

3347.6; % 330.5
F=314
P < 0.0001

3350.1; 9 330.9
F=223

<0.001

0.038

0.015

0.011

0.018

F=220;3,221 d.f 73.8% 83.1%

P < 0.0001

Wilks’ A = 0.541 3 24/30; ? 25/29 329/30; ? 29/29
F=115;5,54 d.f 83.1% 98.3%

P <0.0001

Wilks’ A = 0.671 316/20; @ 7/11 318/20; 2 10/11
F=2.45;525d.f. 74.2% 90.3%

P =0.062

Wilks’ A = 0.716 318/25;2 12/19 318/25;2 17/19
F=3.86;4,39 d.f 68.2% 79.5%
P=0.010

Wilks’ A = 0.683
F=7.57;3,49 d.f
P < 0.0001

Wilks’ A = 0.687
F=23.75;4,33 d.f

322/28; 2 18/25
75.5%

312/17;2 17/21
76.3%

323/28; % 18/25
77.4%

314/17;2 17/21
81.6%

P <0.0001

P=0.013

*Pooled — PCs 1-3, 42.9% total variance; Zulu — PCs 1-4, 57.1%; Swazi — PCs 1-5, 64.2%; Xhosa — PCs 1-4, 54.4%; Sotho — PCs 1-3, 46.6%; Xhosa — PCs 1-4, 54.4%; Sotho — PCs 1-3, 46.6%;

Tswana — PCs 1-4, 55.0%.

metric technique was also considered and compared with
traditional morphometric approaches. Aspects of sexual varia-
tion in the mandibular morphology of the individual local
populations are also discussed.

Pooled population sample

In considering shape variation between the sexes, it was
evident that the most dimorphic regions of the mandible were
the condyle and ramus, and to a lesser extent the lateral body
(Fig. 2). The aetiology of such variation is likely attributable to
differential growth trajectories and functional adaptations
(see refs 41-43). For example, it has been shown that the male
mandible continues to grow steadily after puberty (relative to
the maxilla and nasion), whereas the female mandible tends not
to exhibit the same growth pattern.* This was demonstrated in
the morphometric study of Hunter & Garn,” who showed the
male ramus to be on average 14% longer that that of the female,
whereas other facial dimensions approximated only an 8%
difference.

In a more recent morphometric study of variation in great ape
and modern human mandibles, Humphrey et al.** found that
almost any site of mandibular bone deposition, or resorption,
appeared to have the potential to become sexually dimorphic. In
that study it was concluded that ...the sites associated with the
greatest morphological changes in size and remodelling during
growth, those thatinvolve the mandibular condyle and ramusin
particular, are generally the most sexually dimorphic in the
species examined here’ (ref. 46, p. 510). In this respect, the results
of the present study appear to support previous research; in
particular that sexual dimorphism in this bone is differentially
expressed across its functional units, and mostly apparent in the
condyle and ramus.

In this study the mandibular angles were also quite dimorphic,
with the female configuration being more obtuse, and vice versa
for the male (Fig. 2). The functional significance of the mandibular
angle has been shown in animal models to be directly related to
the functions of the muscles of mastication (e.g. masseter and
pterygoid) which attach to its surface.” When those muscles were
excised in male rats, the angular process was reduced in all
dimensions;*” a similar relationship was demonstrated for the

temporalis muscle.® Comparable results expressed quantitatively
came from the less invasive dietary difference experiments of
Moore.” It would thus appear plausible to suggest that sex-
specific mechanical forces involving the masticatory apparatus
(e.g. whether cultural or dietary in origin) could directly
influence the development of the muscles of the lower jaw and
by consequence their underlying skeletal structures (see also
Ricketts,” Petrovic et al.”"). This is expected to be population
specific (see below).

Cross-validated sex classification accuracy in the pooled
sample was a respectable 83.1%; this figure is almost identical to
the accuracy we achieved using nine linear measurements on
the same sample.”” We also previously applied geometric
morphometric methods to a large documented sample of south-
ern African crania; we correctly assigned 87% of individuals
according to sex.* With subsequent cross-validation of those
data, however, the figure falls to 81.3%. In general, the classifica-
tion accuracy of the present study was similar to results obtained
using traditional morphometric approaches on a variety of
different populations; e.g. Steyn & Iscan’ 81.5%; Giles™ 83-87%;
Hanihara™ 85%. Our results, however, offer anatomically infor-
mative visualizations of sexual dimorphism as well as statistical
findings.

The above statistics, in addition to a plethora of similar studies
available in the literature, demonstrate that different populations
generally show some variation in the level of sex classification
accuracy achieved. This is related to populational variability in
the magnitude of the expression of sexual dimorphism, which
is inherently influenced by the complex inter-relationship of
numerous factors, including, but not limited to, access to
adequate nutrition, sexual division of labour, and underlying
geneticadaptations and selective forces.* Sex-specific functional
requirements and adaptations similarly affect the sex discrimi-
natory power of individual skeletal elements. For example, there
is good evidence in the literature that the hip bone (os coxa) is a
very reliable element for sex determination,” an obvious conse-
quence of female adaptations for parturition.”

So, with regard to dimorphism in the skull (cranium and
mandible) of Bantu-speaking South Africans, we have good
evidence to suggest that we have reached the upper limit of sex
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classification accuracy for the pooled sample, seemingly irre-
spective of our methodological approaches (see above). Clearly,
however, both the present and our previous research efforts'*
have demonstrated that some of the individual local populations
can be classified with even higher accuracy (this point is
discussed in further detail below). This research also highlights
another important point; the mandible of individuals from this
population is just as dimorphic as, if not more so, than the
cranium alone, supporting the much earlier research of de
Villiers.*"”

Individual local populations

This analysis has demonstrated some apparent variation in the
pattern and degree of mandibular sexual dimorphism in the
local populations. It appears that the variation observed is not
due to mandibular features unique to a single population, but
rather to differences in the relative development and expression
of a suite of morphological features common to the five closely
related local populations. The Zulu and Swazi exhibited particu-
larly strong mandibular dimorphism (Table 2); the Sotho
appeared least dimorphic, which supports our previous re-
search using cranial geometric morphometric data.”

The effect of size on discrimination clearly varies among the
five local populations, suggesting some variation in the degree
of mandibular size dimorphism (Table 2). The two populations
with the largest centroid size dimorphism showed the greatest
increase in classification accuracy when log centroid size was
incorporated into the discriminant analyses: Zulu +15.2%;
Swazi +16.1%.

Interestingly, the Xhosa also showed a marked increase in
classification accuracy (+11.3%) despite having one of the
lowest F-values (Table 2). The relatively small increase in the
Tswana (+5.3%) and Sotho (+1.9%) populations implies that
shape parameters (which doubtless include allometric shape)
have the greatest influence on discrimination.

Although the local populations share a close ancestral relation-
ship, the differences observed in the expression and magnitude
of mandibular sexual dimorphism may have been influenced by
several factors, including differential admixture with adjacent
populations (particularly the Khoisan — see Franklin et al.™).
There is also good evidence showing that dietary factors can
influence the expression of sexual dimorphism.” It has been
proposed that males are more susceptible to fluctuations in
nutritional quality, hence growth is reduced to a greater degree
than in females, thus resulting in a more equal body size and
reduced dimorphism.”** Basically, this means that under
conditions of inadequate nutrition, males are achieving a lower
percentage of their genetic growth potential than females.”

Further, it is also known that the nature of the division of
labour and other cultural activities resultin differential mechani-
cal loading and musculoskeletal development, which can
contribute to variation in the pattern and degree of sexual
dimorphism in a population.**"** There is a considerable litera-
ture demonstrating how functional loading affects hominid
mandibular morphology (e.g. refs 63-65). Moss* demonstrated
that hypertrophy of the masseter muscle is associated with
expansion and flaring of the angular process. Cultural activities,
such as daily chewing of a tough material (pine resin), has been
shown to increase facial height, with other flow-on effects to the
mandible, including, but not limited to, increased prognathism
and a reduction in gonial angle.” It is clearly evident that
populational variability in the expression of sexual dimorphism
is likely to be influenced by the complex interaction of many
biological, environmental and cultural factors.
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Lastly, it is well known in the literature that the most accurate
sex determinations are made using population-specific data.'**®
Although we demonstrated a small degree of variation in the
expression of sexually dimorphic features in the local popula-
tions, these differences are unlikely to have great forensic utility,
simply because the subdivisions within South African popula-
tions are rapidly diminishing—the result of increasing admix-
ture and the dissolution of once prohibitive cultural barriers. In
forensic cases, furthermore, the local population of a recovered
individual is generally unknown, thus the pooled sample data
are the most appropriate to consult.

Conclusions

This study further demonstrates that geometric morphometric
methods are a valuable tool for elucidating morphological differ-
ences related to sexual dimorphism. Our analyses showed
highly significant size and shape dimorphism in the samples
examined; the condyle and ramus were consistently the most
dimorphic regions of the mandible. The forensic investigator in
South Africa can use the sex-specific shape features identified in
this study as a potential source of population-specific data useful
for assigning sex in unknown remains. Finally, after reconciling
the results of the present study with our earlier research on
the cranium of individuals from the same South African popula-
tions,'” we can confidently assert that the mandible is an
equally suitable element in terms of potential sex classification
accuracy.
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