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ABSTRACT Australopithecus robustus has a distinct
mandibular anatomy, with a broad and deep corpus and
a tall, relatively upright ramus. How this anatomy arose
through development is unknown, as gross mandibular
size and shape change have not been thoroughly exam-
ined quantitatively in this species. Herein, I investigate
A. robustus mandibular growth by comparing its ontoge-
netic series with a sample of recent humans, examining
age-related size variation in 28 linear measurements.
Resampling is used to compare the amount of propor-
tional size change occurring between tooth eruption
stages in the small and fragmentary A. robustus sample,
with that of a more complete human skeletal population.
Ontogenetic allometry of corpus robusticity is also
assessed with least squares regression. Results show
that nearly all measurements experience greater aver-

This study investigates the developmental basis of
mandibular size and shape in Australopithecus robustus.
This anatomy has generally been interpreted in adaptive
terms, as capable of producing and withstanding large
masticatory forces (Robinson, 1954; Rak, 1983; Wolpoff,
1999; Teaford and Ungar, 2000; Grine et al., 2012). Tall
mandibular rami provide a lever advantage to the
medial pterygoid and to the masseter muscles which
close the jaw, facilitating largely vertical chewing forces
(Rak and Hylander, 2008). Tall rami also reduce gape,
resulting in more evenly distributed occlusal forces
throughout the length of the tooth row.

Consistent with powerful chewing capabilities,
mechanical properties of the A. robustus bony mandible
theoretically allow it to withstand such high stresses
(Wolpoff, 1975; White, 1977). For instance, the ramus is
strengthened against vertical bending forces from the
temporalis muscle by a pronounced endocoronoid but-
tress. The mandibular symphysis is buttressed medially
with superior and inferior “tori,” keeping the symphysis
from wishboning during mastication. More distally, the
corpus is resistant to transverse bending and torsion
forces due to the distribution of cortical bone about a rel-
atively broad (“robust”) cross-section (Daegling, 1989;
Daegling and Grine, 1991; Grine and Daegling, 1993).
Indeed, the adult A. robustus corpus is much broader
than expected for a hominoid of its estimated body size
(Wood and Aiello, 1998) and has been described as
“overdesigned” to withstand high masticatory stresses
(Daegling and Hylander, 2000: 548). Whether robust
gross anatomy is present early in life or arises later dur-
ing growth has yet to be determined.

Despite a relatively large ontogenetic series, mandibu-
lar growth and development have not been fully ana-
lyzed for A. robustus (see Lockwood et al., 2007 for
analysis of facial growth after adulthood). At the micro-
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age increase in A. robustus than in humans. Most nota-
bly, A. robustus corpus breadth undergoes a spurt of
growth before eruption of M;, likely due in part to
delayed resorption of the ramus root on the lateral cor-
pus. Between the occlusion of M; and M,, nearly all
dimensions experience greater proportional size change
in A. robustus. Nested resampling analysis affirms that
this pattern of growth differences between species is bio-
logically significant, and not a mere byproduct of the fos-
sil sample size. Some species differences are likely a
function of postcanine megadontia in A. robustus,
although the causes of other differences are less clear.
This study demonstrates an important role of the
postnatal period for mandibular shape development in
this species. Am J Phys Anthropol 000:000-000,
2014. © 2014 Wiley Periodicals, Inc.

scopic level, Bromage (1989) and McCollum (2008; maxil-
lae only) compared the distribution of bony remodeling
fields in the face of fossil hominins, humans and chim-
panzees. These authors found similar patterns of perios-
teal remodeling between A. robustus and modern
humans, shared to the exclusion of “gracile” australo-
piths and early Homo. For example, the anterior surface
of the mandible is usually largely depository throughout
ontogeny in chimpanzees (Johnson et al., 1976) and non-
robust hominins (Bromage, 1989), reflecting progna-
thism and predominantly forward direction of facial
growth in these species. Contrarily, the anterior alveolar
surface is fully resorptive in humans (Enlow and Harris,
1964), and in A. robustus this surface is depository medi-
ally but resorptive laterally (Bromage, 1989). Similarly
reflecting an orthognathic face, humans and A. robustus
share relatively early fusion of the premaxillary suture
to the exclusion of apes and gracile australopiths (Braga,
1998). Such facial similarities between these species,
such as a parabolic dental arch and a short face, may
thus be underlain by similar processes of growth and
development.
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At the same time, however, anatomical differences
between humans and A. robustus have led Bromage
(1989) and McCollum (1997, 1999) to hypothesize differ-
ences in facial growth. During the ontogeny of humans
and apes, the height of the posterior face increases more
than the front, resulting in the apparent rotation of the
mandible relative to the cranial base (Bjork and Skieller,
1972; Wang et al., 2009). Because the adult A. robustus
posterior face (i.e., ascending ramus) is vertically tall,
Bromage (1989) and McCollum (1997, 1999) have rea-
soned that A. robustus likely experienced greater ante-
rior facial rotation during postnatal ontogeny than do
humans. Alternatively, a relatively tall posterior face
may have been established by birth in this species, with
a comparable degree of rotation as found in other apes
postnatally. Similarly, the robust corpus of this species
could be a characteristic that is present in the youngest
infants, or the robust corpus may come about later dur-
ing postnatal growth.

Many studies have investigated whether morphologi-
cal differences between hominoid and hominin faces are
the result of either different ontogenetic starting points
(established prenatally) following similar growth trajec-
tories, or more divergent ontogenetic trajectories
between species (e.g., Shea, 1983; Richtsmeier and
Walker, 1993; Ackermann and Krovitz, 2002; Cobb and
O’Higgins, 2004; Zollikofer and Ponce de Ledn, 2004;
McNulty et al., 2006; Gunz, 2012). Such analyses usu-
ally examine multivariate datasets, which can only be
statistically analyzed in samples with no missing data.
As a result, most of these studies have rarely included
more than one non-adult fossil, which both overlooks
many stages of the growth period and underestimates
intraspecific variation at a given developmental stage.

The relatively large A. robustus mandibular sample is
uniquely suited among early hominins to examine the
development of size and shape, and to test the null
hypothesis that this species follows a similar trajectory
of size/shape change as humans. At no stage of develop-
ment do A. robustus and human mandibles look identi-
cal, indicating an important role for early, possibly
prenatal, development in establishing species morphol-
ogy. Indeed, many comparative studies of hominoid
facial development have found that anatomical differen-
ces between adults of different species, or even popula-
tions of the same species, are present at early postnatal
ages (e.g., Daegling, 1996; Ponce de Leon and Zollikofer,
2001; Ackermann and Krovitz, 2002; Strand Vidarsdottir
et al.,, 2002; Mitteroecker et al., 2004; Zollikofer and
Ponce de Ledn, 2004; McNulty et al., 2006; Fukase and
Suwa, 2008). Basicranial variation between extant homi-
noids seems also to be established largely before rather
than after birth (Dean, 1988b).

Rejection of the hypothesis of similar postnatal growth
patterns between humans and A. robustus may also be
expected, however, as dietary consistency has been
shown to influence mandibular development, as bone
responds adaptively to hard versus soft diets (Lieberman
et al., 2004; Holmes and Ruff, 2011). A. robustus likely
had a much harder diet than recent humans (reviewed
in Grine et al., 2012), and so it is also possible that its
distinct anatomy (i.e., corpus robusticity) arose during
postnatal growth. This study therefore seeks to elucidate
how and why the A. robustus mandible assumes its
unique adult shape. It should be noted that the focus
here is on hemi-mandibular rather than on complete
mandibular shape per se, as constrained by fossil preser-
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vation. This necessary focus obfuscates the interesting
similarity in dental arcade shape between humans and
A. robustus at all ages (Skinner, 1978, cited in Dean
et al., 1993). Nevertheless, it is the goal of this study to
ascertain as much about A. robustus mandibular growth
as is possible despite poor preservation.

Herein, I present a computationally intense random-
ization procedure to compare patterns of relative size
change in mandibles of humans and A. robustus. A ran-
domization approach is necessary since it accommodates
the problem of pervasively missing data in the fossil
sample. A heterochronic framework for the comparison
of growth (e.g., Williams et al., 2003) is not employed
here, as heterochrony requires an ancestral growth pat-
tern or trajectory be known or identified (Alberch et al.,
1979; McNulty, 2012); both humans and A. robustus
show quite derived anatomies relative to earlier homi-
nins, and so each is an inappropriate model for the
ancestral condition of development. Although hetero-
chrony is not directly addressed, I do compare corpus
height and breadth ontogenetic allometries at the posi-
tions of P, and M, as these are well represented in both
species. Comparison is only with modern humans for
several reasons: first, humans are the closest living rela-
tives of A. robustus, and the two species share the same
sequence of dental eruption (Smith, 1986). Second,
because hominoid species have been shown to follow
their own patterns of craniofacial size/shape growth
(Cobb and O’Higgins, 2004; Mitteroecker et al., 2004,
2005), simultaneous comparisons of A. robustus with
other ape taxa may not be clearly interpreted, whereas a
single species comparison may more easily contextualize
size and shape change in the fossil species. Finally, other
fossil hominins are not included because their ontoge-
netic sample sizes are inferior to those of A. robustus.

MATERIALS AND METHODS
Samples

The A. robustus mandibular sample utilized here com-
prises 13 individuals from the Early Pleistocene site of
Swartkrans (Pickering et al., 2011), ranging in age from
infancy to late adolescence, with several specimens at
similar stages of dental development (Table 1). This
sample is thus capable of providing some evidence of
variation within and between age groups, avoiding the
challenge posed by many fossil studies of development.
Because of elevated sexual dimorphism in adults of this
species (Lockwood et al.,, 2007), only non-adults (.e.,
before occlusion of Mj3) are considered. The human sam-
ple (n =122) is from the site of Libben in Ohio, dating to
between 800-1100 CE (Lovejoy et al., 1977). This sample
is ideal for comparison with a fossil taxon because it is
large, pre-agricultural and healthy, and temporally
restricted (Meindl et al., 2008).

It is improbable that sex can be reliably determined
from non-adult mandibles, especially for extinct species.
Thus, although sexual dimorphism is a potential source
of variation in this ontogenetic study, each species is
treated as a single, non-sexed sample. Specimens are
assigned to one of five dental eruption stages (Table 1).
Stages distinguishing erupting vs. occluded teeth (e.g.,
McNulty et al., 2006; McNulty, 2012) were selected to
maximize the number of age groups in the fossil dataset.
Although there is a large amount of intra- and interpo-
pulation variation in the chronological ages at which
these stages are attained (Dahlberg and Menegaz-Bock,
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TABLE 1. Definition of eruption stages and specification of samples®

Eruption stage

A. robustus Humans (n)

1: Deciduous my erupting/occluded SK 64, 438, 3978 36
2: M/I; erupting but not in occlusion SK 61, 62 10
3: M; occluded but My unerupted/unoccluded SK 63 32
4: M, occluded but Ms unerupted SK 6, 25, 55b, 843", 1587°, SKX 4446 33
5: M3 erupting but not occluded SKW 5 11
Total 13 122

2 Specimen numbers are given for A. robustus but only sample sizes are given for humans.
P These specimens each preserve only one measurable variable (SK 843 = corpus height at P,/M;, SK 1587 = corpus breadth at M;).

Fig. 1. Landmarks used to define non-standard measure-
ments defined in Table 2. Scale bar is 1 cm. Top left: SK 64
(eruption Stage 1) viewed medially. Top right: SK 63 (eruption
Stage 3) viewed laterally. Bottom left: SK 63 right and left
halves. Bottom right: SKW 5 (eruption Stage 5). Note that bilat-
eral mandibular breadths (Measurements 23-26) were not
taken from the broken SK 63, and Measurements 24-25 (1-1 and
m-m) were estimated for SKW 5. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

1958; Wolpoff, 1979; Hagg and Taranger, 1981; Eveleth
and Tanner, 1988; Tompkins, 1996; Liversidge, 2003),
eruption sequence is comparable between populations
and arguably more closely related to the growth process
and life history. Thus, these stages may be considered
developmentally homologous between these species,
although they do not necessarily imply the same chrono-
logical ages or time spans between eruptions (see, for
example, LaCruz et al., 2008).

Up to 28 linear measurements that describe mandibu-
lar size and shape (Fig. 1 and Table 2) were taken on
each mandible, depending on individual preservation.
Variables were selected to maximize information obtain-
able from the fossil sample. These traits can be broadly
divided into five categories: 1) breadth and 2) height of
the corpus and symphysis, 3) anteroposterior mandibu-
lar length, 4) anterior, bilateral mandibular breadth,
and 5) ramus height and anteroposterior length. Where
possible, only an individual’s left side was measured,
although data from the right side were used if unavail-
able on the left. In a few instances where a fossil did not
preserve a trait but the measurement could be reliably

and repeatably estimated, this estimate was used (e.g.,
symphysis height for SKW 5).

Measurements were taken to the nearest 0.1 mm
with digital sliding calipers. To assess measurement
error, each of the 28 measurements was taken three
times on each fossil, and on a subset (n=48) of the
humans encompassing all eruption stages. Most meas-
urements differed by 0.0-0.2 mm between replications,
and the difference between the maximum and minimum
triplicates rarely (<1% of the time) exceeded 1.00 mm.
For the fossils and this subset of individuals, the aver-
age value of the replications was used in the analysis.

Comparing patterns of size change

Fossil samples present many challenges to the com-
parative analysis of growth, age-related variation in
size. Most notably, mandibular shape is a multivariate
issue, and multivariate statistics require large samples
without missing data. Fossil samples, however, are gen-
erally small and poorly preserved, and specimens do not
always preserve homologous features (e.g., Figs. 1-2).
The A. robustus mandibular ontogenetic series is large
and complete by fossil standards, and so can potentially
reveal much about growth in this species, but this can-
not be assessed with traditional statistical methods.

Rather than attempting to see whether humans and
A. robustus follow similar trajectories through multivari-
ate space (e.g., Cobb and O’Higgins, 2004), randomized
resampling statistics are used to rephrase the question:
what are the chances of seeing the pattern of variation
observed in the fossil sample, in a larger and better pre-
served cross-sectional sample? Randomization has the
benefit of being free of distributional assumptions
(Manly, 2007; Mattfeldt, 2011), and it alone allows frag-
mentary specimens to be included. The question posed
above is addressed by randomly sampling pairs of
humans and fossils in the same eruption stages, to
assess whether each pair undergoes comparable relative
size change between stages for a given measurement.
Repeated resampling thus creates an empirical estima-
tion of the probability of seeing the same amount of size
change for each trait in both species.

Growth in each trait is measured as the proportional
size change that occurs between different dental stages,
similar to the approach taken in Euclidean Distance
Matrix Analysis (EDMA; Richtsmeier and Lele, 1993).
Whereas EDMA relies on complete specimens and “form
matrices,” the present algorithm simply compares pairs
of specimens for whichever traits they share in common,
individually. A proportion, rather than an absolute dif-
ference, to describe size change between stages in each
species is necessary as the A. robustus mandible ulti-
mately reaches a larger size than human jaws. It should
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TABLE 2. Description of measurements

Trait number

Corpus breadth: buccal-lingual width of the corpus paralleling the vertical long axis at a given position

1 Breadth at P;
2 Breadth at the P34 septum
3 Breadth at Py
4 Breadth at the P,-M; septum
5 Breadth at M;
6 Breadth at the M;-My septum
7 Breadth at M,
8 Breadth at the symphysis
Corpus height: perpendicular distance from the corpus base to the buccal alveolar margin, at a tooth midpoint
or at the septum between two teeth (9-14)
9 Height at the P54 septum
10 Height at Py
11 Height at the P4-M; septum
12 Height at M,
13 Height at the M., septum
14 Height at M,
15 Height from the center of the mental foramen to the corpus base
16 Distance from the center of the mental foramen to the nearest point on alveolar margin
17 Lingual tuberosity height: perpendicular height from the basal ramus-corpus junction to the lingual
alveolar margin (a-b)*
18 Height from the base of the symphysis to infradentale
Anteroposterior mandibular length
19 Distance from the buccal P4-M; septum to infradentale
20 Maximum distance from the posterior condylar surface to the lingual I,-C septum (i-m)*
21 Distance from the center of the mental foramen to the posteromedial margin of the superior surface of
the lingual tuberosity, before it rises vertically as the endocoronoid ridge or buttress (k-¢)*
22 Distance from the anterior margin of the mandibular foramen to the lingual P,-M; septum (d-h)?
Bilateral anterior mandibular breadth
23 Minimum distance between the mental foramina (k-k)
24 Maximum distance between the buccalcanine alveolus margins (1-1)
25 Minimum distance between the lingual canine alveolus margins (m-m)
26 Distance between the distal-lingual corner of the P3 alveolus margins (n-n)
Ramus height and anteroposterior length
27 Distance from the posterior ramus margin on the alveolar plane to the buccal P34 septum (f-))*
28 Perpendicular distance from the inferior ramus margin to the mandibular foramen (g-e)*

Measurements involving the permanent P34 correspond to the deciduous teeth they replace (dm;i.o, respectively) in juveniles.
@ Lettered landmark coordinates for non-standard measurements are illustrated in Figure 1.

be stressed that this study does not calculate and com-
pare growth rates per se, i.e., as absolute size changes
between specified chronological ages, because such ages
cannot be reliably estimated for the majority of the fossil
sample.

The following algorithm is used to test whether
humans and A. robustus can be distinguished in terms
of patterns of relative size change for each mandibular
measurement:

1. Randomly select two A. robustus mandibles in differ-
ent eruption stages, and then randomly select two
human mandibles matching the fossils’ stages.

2. Randomly select one of the traits these two pairs of
specimens share in common. If no traits are shared
between all four specimens, Step 1 is repeated until a
set of specimens can be compared.

3. Calculate a test statistic, grdif (“growth difference”),
describing the species difference in the amount of rela-
tive change in size between the eruption stages:

grdif=|(RoLper /Ryounger ) — (HoLper /HyouNGer )]
where R and H denote A. robustus and human speci-

mens, respectively. A cross-sectional sample raises
the possibility of sampling older individuals that are
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“unrealistically” smaller than younger ones; here, if
the older individual in a pair is smaller than the
younger, the species’ growth ratio (but not grdif) is
set to 1 indicating no size change. As the absolute dif-
ference between two ratios, grdif = 0 means no differ-
ence in proportional size change, while positive
values indicate that A. robustus underwent greater
relative size change in this comparison, and negative
values the opposite.

4. Repeat this resampling 300,000 times, to obtain a dis-
tribution of grdif values for each trait. This large num-
ber of iterations ensures that as many pairwise
comparisons made are made as possible; to reduce
redundancy, grdif statistics based on the same interspe-
cific comparisons for any trait are included only once.

If grdif =0 is outside the range of the majority of
resampled values, there may be statistically sufficient
grounds to reject the null hypothesis in favor of an
alternate hypothesis of different patterns of size-change
between species. P values are presented in terms of the
proportion of comparisons in which a human pair
undergoes at least as much size change as the A. robus-
tus pair; for instance, if 10% of all comparisons for a
trait indicate more size change in humans, then
P =0.10.
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TABLE 3. Summary of grdif statistics for each trait, for all pairwise eruption stage comparisons

Trait ID n Mean grdif Minimum, maximum 95% quantiles P value
All traits 109,051 0.254 —1.131, 1.833 —-0.290, 0.888 0.189
1 4,509 0.362 —0.402, 0.927 —0.081, 0.927 0.081
2 4,959 0.311 —0.488, 0.793 —0.096, 0.793 0.114
3 11,282 0.277 —0.531, 0.561 —0.069, 0.561 0.082
4 9,761 0.242 —0.370, 0.520 —0.085, 0.520 0.125
5 8,541 0.228 —0.043, 0.648 —0.073, 0.601 0.067
6 896 0.105 —0.382, 0.203 —0.144, 0.203 0.123
7 677 0.102 —0.233, 0.332 —0.123, 0.331 0.440
8 1,297 0.280 —0.354, 0.990 —-0.150, 0.802 0.181
9 7,690 0.201 —0.494, 0.982 —0.259, 0.761 0.252
10 11,904 0.352 —0.681, 1.33 —-0.235, 1.06 0.161
11 10,525 0.269 —0.744, 1.06 —0.291, 0.780 0.205
12 5,398 0.158 —0.760, 0.892 —0.343, 0.636 0.284
13 1,081 -0.111 —-0.676, 0.218 —0.464, 0.218 0.834
14 736 -0.159 —0.739, 0.025 —0.497, 0.025 0.861
15 10,019 0.156 -1.12, 1.09 —0.532, 0.882 0.330
16 5,652 0.202 —1.13, 1.056 —0.494, 0.945 0.332
17 4,556 0.295 —-0.525, 1.00 —0.250, 0.888 0.170
18 282 0.133 —0.290, 0.428 —0.181, 0.376 0.199
19 104 0.022 —0.134, 0.055 —0.113, 0.055 0.173
20 14 0.211 0.070, 0.347 0.084, 0.332 0
21 2,481 0.282 —0.251, 0.767 —0.102, 0.671 0.100
22 5,036 0.401 -1.00, 1.83 —0.378, 1.44 0.152
23 327 0.244 —0.245, 0.585 —0.178, 0.525 0.187
24 84 0.112 —0.261, 0.348 —0.185, 0.238 0.119
25 124 0.259 —0.243, 0.508 —0.115, 0.507 0.065
26 172 0.084 —0.357, 0.236 —0.248, 0.236 0.291
27 258 0.399 —-0.196, 1.06 —-0.151, 1.00 0.127
28 686 0.396 —0.439, 0.899 —0.124, 0.899 0.071

This approach essentially tests multiple univariate
hypotheses at once, comparing species for proportional
size change in several traits between many combinations
of dental eruption stages. The question then arises
whether the thousands of resulting grdif statistics reflect
a biologically meaningful pattern of difference between
species. A post hoc “nested resampling” procedure (Van
Arsdale, 2006; Van Arsdale and Lordkipanidze, 2012) is
used to test whether the observed distribution of grdif is
unexpected under the null hypothesis of indistinguish-
able patterns of growth between species. A new test sta-
tistic, “T'4” (calculation described in Results), quantifies
the observed distribution of grdif across subsequent
eruption stages (i.e., 1-2, 2-3, 3-4, and 4-5). Nested
resampling involves repeating the grdif analysis on the
human sample alone, to assess the likelihood of observ-
ing the empirical T4 value. First, divide the human sam-
ple into a subset of 13 specimens matching the fossils in
sample size and eruption stages, and the remaining 109
continuing to represent humans. Next, run the original
grdif algorithm, resampling 5,000 grdif with these sub-
samples, and then calculate the T4 statistic. Sample
division, grdif analysis and T4 calculation are repeated
500 times to create a T4 distribution determining
whether the observed fossil-human comparison is
extreme. All analyses are written in R (R Core Team,
2013), and are available from the author on request.

The randomization test examines individual measure-
ments, and not shapes or ratios. Corpus breadths and
heights are well represented in the A. robustus sample,
allowing a comparison of corpus robusticity between this
hominin and humans. Most hominoid corpora have a rel-
atively circular cross-section in infancy (Dean, 1988a;
personal observation), but the A. robustus mandible
remains relatively broad into adulthood compared with

other hominoids (Daegling and Grine, 1991; Wood and
Aiello, 1998). To investigate the development of robustic-
ity, I also compare the ontogenetic allometry of corpus
height and breadth at the P, and M; positions between
species, with least squares regression.

RESULTS

Most traits undergo greater size change in A. robustus
compared with humans (Table 3). If we consider all
resampled combinations of specimens, all but two traits
have an average grdif greater than 0, indicating greater
size change in A. robustus. None of these is statistically
significant at the P <0.05 level, although a few are sig-
nificant at P <0.10 (Figs. 2—4): corpus breadth at P5 P,
and at M; (traits 1, 3, and 5), length from the mental
foramen to the lingual tuberosity (trait 21), internal
bicanine breadth (Trait 25), and ramus height from the
mandibular foramen (trait 28). Humans never undergo
as much size increase from the posterior condyle to the
lingual I,-C alveolar septum (Trait 20), a rough measure
of overall mandibular length. On the one hand, this
should be viewed with caution since poor sample preser-
vation means this was based on only 14 comparisons, of
specimens in eruption Stages 3-5 only. On the other
hand, this dimension is likely underestimated for SKW
5, whose superior-most ramus and condyle are largely
missing. In short, then, the overall results of the grdif
analysis confirm what is easily discernible with the
naked eye, that although A. robustus and human mandi-
bles are similar in size at early stages, the former
reaches attains a much larger size by adulthood.

The subset of “nearly significant” (P <0.10) traits indi-
cates that major shape differences between human and
A. robustus mandibles arise from postnatal growth
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Fig. 2. Raw data plotted against dental eruption stage for
select measurements. Humans are circles and A. robustus are
triangles. Plots further highlight the problem of missing data
and disparate specimen preservation in the fossil sample.
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differences in corpus breadth, posterior corpus length,
anterior mandibular breadth, and posterior facial height.
These could all be expected from the respective facts
that A. robustus has thicker corpora, a more prognathic
face due in part to longer postcanine teeth, smaller can-
ines, and a taller posterior face. The only traits with a
negative average grdif (i.e., humans usually undergo
more size change) are corpus heights between M;_5 and
at My (Traits 13—-14), but these are not significant and
only comprise individuals in eruption Stages 4-5.
Indeed, the timing of these interspecific growth differen-
ces becomes apparent when examining grdifs between
subsequent age groups (n = 38,264 pairwise compari-
sons; Table 4).

Eruption stages 1-2

Between the earliest eruption stages, mean
grdif = 0.139, and grdif <0 for 19.3% of 10,501 pairwise
comparisons (Table 4): in other words, the majority of
pairwise comparisons indicate greater proportional size
change in A. robustus. Most measures of corpus breadth
and bilateral anterior mandibular breadth undergo sig-
nificantly greater size increase in A. robustus. In addi-
tion, the ramus elongates more in A. robustus, although
this is based on only 48 pairwise comparisons (Trait 27).
In contrast, although A. robustus experiences greater
corpus and ramus height growth on average during this
time, it is not uncommon to see at least as much change
in the human sample. Similarly, although relatively

TABLE 4. Grdif statistics for each trait between successive eruption stages

Period 1-2 Period 2-3 Period 3—4 Period 4-5
Trait Mean® P (n) Mean P (n) Mean P (n) Mean P (n)
All traits 0.139 0.193 (10,501) —0.053 0.558 (3,647) 0.244 0.085 (13,221) —0.048 0.728 (10,895)
1 0.304 0 (930) —-0.021 0.368 (365) 0.261 0.011 (281) —0.053 1(191)
2 0.247 0.007 (907) —0.040 0.725 (411) 0.258 0.012 (396) —0.052 1(213)
3 0.112 0.073 (1,675) —0.022 0.353 (476) 0.231 0.023 (863) —-0.048 1 (489)
4 0.062 0.275 (1,438) -0.025 1 (767)
5 0.147 0.030 (436) 0.043 0.190 (210) 0.029 0.270 (1,342) 0.120 0.053 (756)
6 0.105 0.123 (896)
7 0.101 0.440 (677)
8 0.315 0.021 (291) —-0.052 1 (146)
9 0.048 0.392 (564) -0.070 0.651 (281) 0.248 0.080 (1,126) —0.083 0.846 (729)
10 0.095 0.317 (1,006) —0.045 0.588 (362) 0.319 0.020 (1,372) -0.131 0.962 (679)
11 -0.070 0.629 (642) —0.001 0.411 (387) 0.333 0.026 (1,823) -0.127 0.946 (905)
12 -0.051 0.519 (376) 0.251 0.105 (1,644) —0.095 0.733 (1,004)
13 -0.111 0.834 (1,081)
14 -0.159 0.861 (736)
15 0.120 0.317 (961) —0.182 0.837 (484) 0.274 0.119 (1,330) 0.028 0.489 (767)
16 0.222 0.230 (513) -0.141 1 (638)
17 0.181 0.101 (328) -0.128 1(134) 0.346 0.055 (488) 0.063 0.356 (407)
18 0.127 0.171 (117)
19 0.019 0.209 (43)
20
21 0.126 0.162 (284) —0.042 0.553 (132) 0.270 0.005 (219) 0.002 0.333 (198)
22 0.264 0.068 (1,225) 0.045 0.330 (512)
23 0.361 0 (163)
24 0.121 0(31)
25 0.188 0.137 (51)
26 0.181 0 (73)
27 0.251 0 (48) —0.094 0.897 (29)
28 0.276 0.083 (216)

2Empty cells mean no comparisons could be resampled for a given trait between successive eruption stages. Bold values indicate
that less than 5% the resampled distribution is less than or equal to 0 (i.e., P <0.05, A. robustus undergoes greater size change), or
conversely that less than 5% of the distribution is greater than or equal to 0 (i.e., P> 0.95, humans undergo greater size change).
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Fig. 3. Raw data (left) and the boxplots of the associated
grdif statistics (right) for corpus breadth (top) and height (bot-
tom) at P4. In the data plots, humans are circles and A. robus-
tus are triangles. In the grdif plots, thick black bars in each box
indicate the median, boxes comprise the 50% quantiles, lines
extend to the minima and maxima, and the dashed line indi-
cates grdif=0 (no difference in proportional size change
between species). Note that grdif for breadth at P, between
eruption Stages 4-5 has a median of 0: this is because Stage 5
individuals are always (A. robustus) or often (humans) smaller
than those in Stage 4, resulting in each species’ growth ratio
being set to 1. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

scantly sampled, growth in anteroposterior corpus
lengths (Traits 19 and 21) cannot be distinguished
between species. In sum, compared with humans, the
A. robustus corpus and anterior jaw broaden, and the
ascending ramus elongates, more between occlusion of
the deciduous dentition and the beginning of M/I;
eruption.

Eruption stages 2-3

In contrast to the preceding eruption period, all
dimensions undergo greater change in humans on aver-
age between M; eruption and occlusion, though the spe-
cies differences are not great. The only trait significantly
different is corpus height at the lingual tuberosity (Trait
17, mean grdif = —0.128), for which none of the 134 A.
robustus pairs show as great proportional size difference
as humans. It should be noted that the only A. robustus
specimen in Stage 3, SK 63, has only slightly advanced
states of crown and root formation compared to the two
fossils in Stage 2, SK 61 and 62 (Conroy and Vannier,
1991).

Eruption stages 3-4

Growth is the most distinct between humans and A.
robustus between the eruptions of M;_5. Mean grdif is a
relatively high 0.244, and humans match A. robustus in
size change in fewer than 9% of the 13,221 pairwise
comparisons. Fourteen of the 28 traits can be examined
between stages 3—4 and P <0.10 for all but four (Traits
5, 6, 12, and 15). Unlike the species difference between

Stages 1-2 in which the main species difference was
anterior corpus broadening in A. robustus, Period 3—4
sees nearly every part of the A. robustus mandible
increase relatively more, including corpus and ramus
height. Thus, A. robustus undergoes greater global size,
rather than strictly shape, change than humans during
this time.

Eruption stages 4-5

Finally, between occlusion of My and before full occlu-
sion of Mg, there is relatively little difference between
species in size and shape change. As between eruption
Stages 2-3, overall average grdif is negative, but not
notably so. Corpus breadths at the symphysis and pre-
molars increase more in humans than A. robustus ever
does, but the species difference is not great. Posteriorly,
however, corpus breadth at the M; and M, increases
more in A. robustus; the difference is not significant but
is nearly so at M;. Three corpus height measures (Traits
10, 11, and 16), undergo a notably greater amount of
size change in humans. Most other measures of corpus
height have negative average grdifs, but the chance of
finding such great size change in A. robustus is not as
low. Results from this time period must be tempered by
the fact that A. robustus is represented in eruption
Stage 5 only by the relatively short and broad SKW 5
(Grine and Daegling, 1993).

Nested resampling

An intriguing result is that there is a high average
grdif when examining all traits in both Periods 1-2 and
3—4, and a negative but less notable average in the other
stages (i.e., first line of Table 4). Many of these individ-
ual traits with high average grdifs in Periods 1-2 and 3—
4 show low P values but are not quite significant at the
traditional threshold. Nevertheless, the clustering of
positive and negative grdifs by eruption stage suggests
important species differences in patterns of size and
shape change, the significance of which can be assessed
using nested resampling. The observed pattern is quan-
tified as T4: the sum of mean grdifs for Periods 1-2 and
3—4, minus the sum of the average grdifs for Periods 2—-3
and 4-5:

T4={/mean(grdif;_s)+mean(grdifs_,)]
—[mean(grdif;_3)+mean(grdify 5)|}

The empirical human-fossil T4=0.484. This statistic
nicely quantifies the observed pattern, since there are
high averages being summed and negative averages
being subtracted (i.e., the absolute value added), result-
ing in a characteristically high value.

The nested resampling analysis results in a normal
distribution (W =0.996, P = 0.266) of T4 with a mean of
—0.005. Only 4/500 resampled test statistics exceed the
observed A. robustus-human value (P = 0.008). Thus, the
high average grdifs between humans and A. robustus in
Periods 1-2 and 3—4, with little or no difference in the
other periods, most likely reflects real differences in size
and shape change between these species, contributing to
their adult mandibular shapes.

Allometry of corpus robusticity

Plots of corpus breadth against height (Fig. 4) show
that species overlap in height at early ages, but older
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extremely broad SKW 5.

TABLE 5. Summary of regression analyses for corpus breadth against corpus height at P, and M;

Position Species Slope Intercept RSE R? P value
Py Human 0.003 11.3 1.04 0.0002 0.892

A. robustus 0.397 7.89 0.408 0.985 1.13 x 1077
M, Human 0.112 10.8 0.951 0.147 0.0002

A. robustus 0.302 13.0 1.44 0.646 0.054

A. robustus (no SKW5) 0.235 14.5 0.685 0.855 0.025

Because SKW 5 is extremely broad at the position of M;, the regression of breadth against height was computed both with and

without this specimen. RSE = Residual standard error.

adolescent A. robustus exceed the human range. A.
robustus corpus breadth, however, is always above the
human range, so that at a given age and corpus height,
the A. robustus corpus is always relatively broader than
humans. In humans, breadth is essentially constant (at
P,) or increases modestly (M;) throughout ontogeny,
whereas in A. robustus it is always steadily increasing
(Table 5). Although robusticity decreases with age and
corpus height in each species (i.e., slope<1), the
decrease is slower in A. robustus than in humans. Thus,
species can be distinguished in robusticity from the ear-
liest ages, and the broad adult A. robustus corpus is
achieved by relatively slower loss of robusticity com-
pared with humans. In addition, whereas there is great
overlap in height and breadth between eruption stages
in humans, in A. robustus there is a notable size
increase in both (especially height) between eruption
Stages 3—4.

DISCUSSION

This study examined how the unique size and shape
of the A. robustus mandible came about through growth
and development. This study focused on relative size
change, the proportional size difference between differ-
ent eruption stages, rather than on growth rates per se
(i.e., mm per year). Histological studies of crown forma-
tion times suggest more rapid development in australo-
piths than in humans (Beynon and Dean, 1988; Dean
et al.,, 1993; LaCruz et al., 2006, 2008), implying that
the eruption stages used in this study would have been
reached at younger ages in A. robustus. Thus, actual
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absolute growth rates for most dimensions would likely
have been greater in A. robustus than they are in mod-
ern humans, helping the former attain a massive overall
size (Figs. 2-5).

Although some aspects of the A. robustus mandibular
shape were probably established prenatally, the present
results highlight the importance of postnatal growth in
creating characteristic A. robustus mandibular anatomy.
Both the resampling and allometric analyses reveal the
development of corpus robusticity. In humans, there is
much overlap in breadth between different eruption
stages, whereas older stages are generally elevated over
earlier ones in A. robustus (Figs. 3 and 4). This breadth
increase is most notable between eruption Stages 1-2
and 3—4. One mechanism for this difference is the per-
sistence of the ramus root on the lateral corpus as the
jaw grows anteriorly in A. robustus. In eruption Stage 1,
the root flanks the dmy in both species. By Stage 2 the
root is usually positioned more posteriorly in humans to
flank the erupting M;, and then the distal M; by Stage
3. However, in A. robustus the root contributes to corpus
breadth at the dmy up to Stage 3. Not only is the A.
robustus ramus root generally more anteriorly posi-
tioned than in humans of comparable dental eruption
but it is also mediolaterally broader, reflected by a wide
extramolar sulcus even at young ages (Bromage, 1989;
White, 1977).

Some aspects of the species differences in mandibular
growth may be due at least in part to disparate tooth
sizes. On the one hand, significantly greater corpus
breadth growth in A. robustus around P4-M; in early
stages likely reflects the development of megadont
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postcanine teeth. The premolar crowns either have only
begun to form (P3) or are absent (P,) in Stage 1, but are
more fully formed in Stage 2 (Conroy and Vannier,
1991). On the other hand, the corpus continues to
broaden throughout ontogeny, even at more anterior
positions where tooth crowns and roots are already
formed. A possible explanation for this discrepancy is
that this anterior corpus broadening may be residual to
thickening occurring posteriorly to accommodate the
later developing My_s.

Species differences in the growth of anteroposterior
dimensions are also likely related to the large postcanine
teeth of A. robustus. Between Stages 3—4 A. robustus
shows markedly greater increase in the distance from
the mental foramen to the end of the lingual tuberosity
(Trait 21). The lingual tuberosity of the only A. robustus
in stage 3 (SK 63) encloses a partially developed M,
crown, and there is no hint of M3 crown formation dis-
tally (Mann, 1975; Conroy and Vannier, 1991). By erup-
tion Stage 4, the A. robustus lingual tuberosity has
extended posteriorly to surround a developing M3 crown
in all but one specimen (SK 25, the smallest, least
mature, and presumably youngest in stage 4). This
dimension also increases more in A. robustus between
Stages 1-2, concomitant with the beginning of My crown
formation (Conroy and Vannier, 1991), although the spe-
cies difference is neither significant nor as marked as
between Stages 3-4. These results are consistent with
the findings of Boughner and Dean (2004) in Pan and
Papio mandibles, that the length of the corpus always
provided “excess” crypt space distal to the mineralizing
molar crowns, and that posterior corpus length increased
most when the M3 crown began to mineralize.

The development of teeth of different sizes is one
mechanism at least partially responsible for the species
differences in mandibular growth identified here. An
additional explanation, not necessarily mutually exclu-
sive, is that extreme corpus breadth growth in A. robus-
tus may be an adaptive response to processing a hard
diet (i.e., Grine et al., 2012) during the growth period.
However, biomechanical inferences, especially related to
ontogeny, must be made cautiously. Daegling (1989,
1996) warned that anatomical differences between Afri-
can apes do not necessarily correspond to significant bio-
mechanical differences. Taylor (2002) later confirmed
that not all differences in shape (and ontogenetic shape
change) between African apes were fully predictable
from their dietary differences. Daegling (1989, 2007) has
also shown that raw corpus breadth measures and the
“robusticity index” (breadth/height) are poor predictors
of strength against torsion and bending, stressing that
the distribution of cortical bone about a cross-section is
key to determining strength. Thus, direct assessment of
corpus cross-sections and cortical bone distributions for
this sample are necessary to test the hypothesis that
extreme and rapid corpus breadth increase was an
adaptive response to masticatory loading during A.
robustus ontogeny.

It has also been hypothesized that the tall vertical
ramus and posterior face in A. robustus was a result of
more extreme facial growth rotation than in other homi-
noids (Bromage, 1989; McCollum, 1997, 1999). A corol-
lary of such rotation is greater increase in posterior
than anterior facial height (Bjork and Skieller, 1972;
Karlsen, 1997; Wang et al., 2009), and the fact that
mean grdif is greater for ramus (Trait 28) than symphy-
sis height (Trait 18) across all possible comparisons is

consistent with this hypothesis. While the present
results are suggestive, angular data describing corpus-
ramus relationships may be more appropriate to test the
hypothesis of greater facial rotation in A. robustus.

Results also hint that A. robustus lacked an adolescent
growth spurt in height, something argued to be unique
to modern humans among living hominoids (Bogin,
1999). Whether such a spurt was present in early homi-
nins is debatable (e.g., Antéon and Leigh, 2003). In
humans, several measurements of mandibular height or
length have been shown to undergo a growth spurt close
in time and relative intensity as the spurt in stature
(Bergersen, 1972; Franchi et al., 2000). Importantly, the
period in which most height measures experience great-
est size increase in A. robustus is between Stages 3—4.
In contrast, grdif statistics for height are generally more
negative between Stages 4-5, indicating greater size
change (though not significantly) in humans during this
period. Interestingly, in a geometric morphometric study
of skull growth in humans and chimpanzees, Bastir and
Rosas (2004) found a similar species difference in pat-
terns of size change (i.e., their Fig. 1C). Chimpanzee
mandibular size increased most between the occlusion of
M; and M, (Stages 3—4 here) whereas human mandibu-
lar size increased more between occlusion of My and Ms
(Stages 4-5 here). While the present findings are sugges-
tive about growth and life history in A. robustus, further
analysis of the mandibular correlates of body size growth
in humans and other hominoids (e.g., Cofran, 2014) is
necessary to definitively rule out a growth spurt in stat-
ure for this fossil species.

The present study identified how A. robustus mandib-
ular size and shape came about through growth.
Because of the small size and fragmentary nature of the
fossil sample, a resampling procedure was introduced to
facilitate understanding of ontogenetic variation in the
A. robustus mandible, by comparison with a larger sam-
ple of modern humans. Species differences in the
amount of size growth are consistent with expectations
based on anatomical differences between adults. The
timing of major differences coincides first with the begin-
ning of permanent tooth eruption (between Stages 1-2)
and second with the eruption of M, (between Stages 3—
4). Greater size increase for many dimensions in A.
robustus can be attributed to the development of their
large postcanine teeth. However, not all species differen-
ces in growth can be so easily attributed, and may relate
to biomechanical adaptation or the timing of growth
spurts. While further analyses are required to test these
hypotheses, results presented here point to an important
role for postnatal growth in establishing the unique
mandibular anatomy of A. robustus, and further provide
a basis for analyzing mandibular ontogeny in other early
hominins with smaller sample sizes.
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