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Examining affinities of the Taung child by developmental simulation
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Abstract

As a well-preserved juvenile and the type specimen of Australopithecus africanus, the Taung child figures prominently in taxonomic,
ontogenetic, and phylogenetic analyses of fossil hominins. Despite general agreement about allocation of Sterkfontein and Makapansgat fossils
to this species, limited morphological comparisons have been possible between these adult specimens and the juvenile Taung. Here, we used
developmental simulation to estimate the adult form of the Taung child, and directly compare its morphology to that of other fossil hominins.
Specimens were represented by 50 three-dimensional landmarks superimposed by generalized Procrustes analysis. The simulation process ap-
plied developmental trajectories from extant hominine species to the Taung fossil in order to generate its adult form. Despite differences found in
the developmental patterns of these modern species, simulations tested on extant juvenilesdtransforming them into ‘‘adults’’ using trajectories
from other speciesdrevealed that these differences have negligible impact on adult morphology. This indicates that morphology already present
by occlusion of the first permanent molar is the primary determinant of adult form, thereby supporting use of extant trajectories to estimate the
morphology of an extinct species. The simulated Taung adult was then compared to other adult fossils. As these comparisons required assump-
tions about the pattern and magnitude of developmental change, additional analyses were performed to evaluate these two parameters separately.
Results of all analyses overwhelmingly rejected the possibility that the Taung child was a juvenile robust australopith, but were consistent with
the hypothesis that the Taung and Sterkfontein fossils are conspecific. Between Sts 5 and Sts 71, the latter is more likely to resemble the adult
form of the Taung child.
� 2006 Elsevier Ltd. All rights reserved.
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For many years, I have pondered the relationship between
Taung and the Sterkfontein hominids.Does the morphology
of the Taung child allow it to be placed in the robust linea-
ge?.As already mentioned, the adult morphology of the Taung
australopithecine is not available (Tobias, 1978: 70e72).

Introduction

Since its discovery early in the last century (Dart, 1925),
the Taung hominin has been a pivotal specimen in the human

* Corresponding author. Tel.: þ1 254 710 7554; fax: þ1 254 710 1393.

E-mail addresses: kieran_mcnulty@baylor.edu (K.P. McNulty), sfrost@

uoregon.edu (S.R. Frost), dstrait@albany.edu (D.S. Strait).
0047-2484/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.jhevol.2006.04.005
evolutionary narrative. In a historical sense, its publication
heralded, if not immediately brought about, a shift in theories
and practices related to the reconstruction of early human evo-
lution. In a taxonomic sense, the Taung child typifies the most
broadly sampled human taxon from the African Pliocene,
Australopithecus, as well as the South African type-species,
A. africanus, making it an important specimen in comparative
analyses. Perhaps most valuable to paleoanthropologists, how-
ever, is the potential ontogenetic information that can be
derived from this juvenile, especially by comparison to its
adult contemporaries. The well-preserved facial, dental,
mandibular, and even cerebral morphology records valuable
information about the growth and development of this
hominin. Coupled with advances in analytical and visualiza-
tion tools (e.g., Conroy and Vannier, 1987; Ponce de León
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and Zollikofer, 2001; Lieberman et al., 2002; Bookstein et al.,
2003; Mitteroecker et al., 2004; Zollikofer and Ponce de León,
2004), the Taung child is an important resource for extracting
increasingly more complex and subtle details about ontoge-
netic processes in Australopithecus.

Many studies of this nature (e.g., Ponce de León and
Zollikofer, 2001; Ackermann and Krovitz, 2002; Cobb and
O’Higgins, 2004; Gunz et al., 2004, 2005) infer ontogenetic
patterns by comparing a juvenile specimen to an adult or by
using an ontogenetic series of fossils. Given the morphological
diversity both within A. africanus (e.g., Clarke, 1988; Kimbel
and Rak, 1993; Moggi-Cecchi et al., 1998; Lockwood and
Tobias, 2002) and among South African hominins as a whole
(e.g., Rak, 1983), however, the choice of adult models in such
analyses will greatly impact the inferred ontogeny. For this
reason, it is important to have comparative morphological or
ontogenetic justification for superimposing a longitudinal rela-
tionship over a cross-sectional sample of fossils (see discus-
sion in German, 2004).

Here we used a method, developmental simulation, for es-
timating the adult morphology of the Taung child in order to
compare it directly to other well-preserved adult hominin
specimens. Using a geometric morphometric approach, we
computed developmental trajectories for each of the four ex-
tant hominine species (i.e., African apes and humans) and ap-
plied these to the Taung child to generate models of its adult
morphology. These served as the basis for morphometric com-
parisons with other australopith specimens, thereby allowing
more direct assessment of the Taung hominin’s morphological
affinities. This approach also provided a unique way to exam-
ine and compare the developmental processes of both living
and fossil hominines.

Historical overview

After an initial period of discovery and description, five
species of australopith were recognized in southern Africa
(e.g., Broom, 1950): A. africanus was known from Taung
(Dart, 1925); A. prometheus from Makapansgat (Dart, 1948);
Plesianthropus transvaalensis from Sterkfontein (Broom, 1936,
1938); Paranthropus robustus from Kromdraai (Broom, 1938);
and Paranthropus crassidens from Swartkrans (Broom, 1949).
Robinson (1954, 1956) subsequently consolidated these, allo-
cating the australopiths from Sterkfontein and Makapansgat
to A. africanus, and the robust australopiths from Swartkrans
to P. robustus. Robinson’s (1954) taxonomy is essentially the
one in use today, although some workers attribute both species
to Australopithecus. Tobias (1973, 1978) raised the principal
challenge to alliance of the Sterkfontein and Makapansgat
specimens with the Taung child, noting that geomorphological
studies suggested the Taung deposits were coeval with
(Butzer, 1974) or younger than (Partridge, 1973) the hominin-
bearing deposits at Swartkrans and Kromdraai. This led
Tobias (1973) to propose that the Taung specimen might be
conspecific with robust australopiths from those caves. While
subsequent biochronological studies (Vrba, 1982; Delson,
1984, 1988; McKee, 1993) did not support a particularly young
age for Taung, lack of a clear association between the fauna and
hominin from Taung (e.g., Grine, 1984; but see discussion in
Partridge, 2000) make it fair to say that the age of the Taung
child is not known with confidence (see White et al., 1981).

Following Tobias’s (1973, 1978) questioning of the species-
level taxonomy of the southern African australopiths, a number
of workers have demonstrated that the Taung specimen lacks
derived traits characteristic of robust australopiths from
Swartkrans and Kromdrai (Grine, 1982, 1984, 1985a,b; Rak,
1983; Clarke, 1988; McCollum et al., 1993; Braga, 1998)
and is morphologically most similar to specimens from Sterk-
fontein and Makapansgat (e.g., Rak, 1983; Grine, 1985b;
Clarke, 1988; Moggi-Cecchi et al., 1998; Lockwood and
Tobias, 2002). Persistent questions about the Taung child’s en-
larged occipital-marginal sinus pattern, the modal condition in
Paranthropus (e.g., Falk and Conroy, 1983), led Falk et al.
(1995; see also Tobias and Falk, 1988) to reassert the idea
that the Taung hominin might be a robust australopith. How-
ever, presence of this condition in at least one Sterkfontein
specimen (Stw 187a; Lockwood and Tobias, 2002; Kimbel
et al., 2004), combined with its developmental plasticity
(Dean, 1995) and variation within other hominin species
(Falk and Conroy, 1983; Kimbel, 1984; Falk, 1986; Tobias
and Symons, 1992; Kimbel et al., 2004), limits the diagnostic
usefulness of this feature (see also Kimbel, 1984).

Nevertheless, Tobias’s (1973, 1978) query is pertinent to
our analysis in three ways. First, it speaks to the general prob-
lem of how to sort juvenile specimens taxonomically when
there is limited comparative material of similar ontogenetic
age. Second, if it were to be demonstrated that an adult Taung
specimen might have differed substantially from those in the
Sterkfontein and Makapansgat samples, then the relationships
between these samples could reasonably be questioned. Fi-
nally, nearly every worker in the field follows Robinson
(1954) and Grine (1985a,b) in placing all or most of the Sterk-
fontein and Makapansgat australopiths in A. africanus. As
a consequence, the ontogeny of these early hominins has
been inferred as those changes necessary to transform the
Taung child into one or another adult specimen from Sterkfon-
tein (e.g., Ackermann and Krovitz, 2002; Weber et al., 2003;
Gunz et al., 2004, 2005). A realistic estimate of the Taung
child’s adult morphology, therefore, would have great bearing
on both the validity of these comparisons, as well as the choice
of appropriate adult specimens.

Ontogeny of African apes and humans

The hypothesized development of the Taung child into
a Sterkfontein adult has recently become part of the broader
debate surrounding the degree of similarity among the onto-
genetic patterns of the extant hominines (Ackermann and
Krovitz, 2002; Weber et al., 2003; Cobb and O’Higgins,
2004; Gunz et al., 2004, 2005). While many morphometric
studies (e.g., Ponce de León and Zollikofer, 2001; Acker-
mann and Krovitz, 2002; Lieberman et al., 2002; Penin
et al., 2002; Strand Viðarsdóttir et al., 2002; Bastir and
Rosas, 2004; Mitteroecker et al., 2004; Zollikofer and Ponce
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de León, 2004) have demonstrated the early appearance of
distinctive features in the ontogeny of hominine species,
there is still debate as to the extent to which later postnatal
developmental trajectories diverge among these species. Dis-
tinct patterns of ontogeny have been demonstrated in some
hominine species based on various aspects of their cranial
morphology (Lieberman and McCarthy, 1999; Strand Viðars-
dóttir et al., 2002; Bastir and Rosas, 2004; Cobb and
O’Higgins, 2004; Mitteroecker et al., 2004; Strand Viðarsdót-
tir and Cobb, 2004). In contrast, several studies (Shea,
1983a,b; Richtsmeier and Walker, 1993; Bruner and Manzi,
2001; Ponce de León and Zollikofer, 2001; Ackermann and
Krovitz, 2002; Penin et al., 2002; Williams et al., 2002;
Zollikofer and Ponce de León, 2004) have emphasized
commonalities among species. Thus, there is no agreement
as to whether postnatal ontogenetic trajectories among the
hominines are parallel or divergent. Notably, Gunz et al.
(2005) have demonstrated that different answers may result
from analyzing different aspects of the cranium (see also
Bastir and Rosas, 2004).

Richtsmeier et al. (1993) proposed a method for studying
ontogenetic differences by simulating growth and develop-
ment in juveniles using patterns obtained from other spe-
cies. They reasoned that shape differences between actual
and simulated adults reveal information about ontogenetic
differences between the species in question. Ackermann
and Krovitz (2002) used this method to simulate develop-
ment in the Taung child based on patterns in extant homi-
nines. They concluded that shape differences arising from
choice of species trajectory were ‘‘not unlike those seen
within the species A. africanus’’ (Ackermann and Krovitz,
2002: 146).

Cobb and O’Higgins (2004) criticized Ackermann and
Krovitz (2002) based on the paucity of landmarks in their
study, their use of EDMA methodology, and the lack of statis-
tical testing underlying some of their conclusions. Simulations
produced, in turn, by Cobb and O’Higgins (2004) found that
modern human juveniles whose development was simulated
using a bonobo trajectorydand vice versadresulted in adult
forms that exhibited traits of both species. While they made
this assessment visually rather than statistically, this conclu-
sion did corroborate their permutation tests indicating that ex-
tant hominine trajectories are divergent rather than parallel.
Thus, the two prior studies using simulated development in
hominines resulted in apparently mutually exclusive conclu-
sions. As pointed out by Cobb and O’Higgins (2004), how-
ever, such differences may result in part from differences in
methodology.

Project objectives

In order to evaluate the hypothesis that Taung, Sterkfon-
tein, and Makapansgat australopiths are conspecific, we
compared developmental simulations of Taung’s adult mor-
phology to adult specimens of both A. africanus and Para-
nthropus. Adult simulations of Taung were generated using
developmental trajectories derived from Gorilla gorilla,
modern Homo sapiens, Pan paniscus, and P. troglodytes.
If development among these extant homininesdspecifically
that subsequent to occlusion of the first permanent molardis
fairly conservative, then their trajectories can reasonably be
applied to estimate what the Taung child looked like as an
adult. Such conservatism implies that if the developmental
trajectory of species A were applied to a juvenile of species
B, the resulting simulated adult would closely resemble adults
of species B. In this case, a simulated adult Taung hominin
could be meaningfully compared to the morphology of other
fossil adults.

Our primary examination, based on 3D coordinate data
from 50 facial landmarks, compared simulations of the Taung
child’s development to the most complete specimens from
Sterkfontein (Sts 5) and Swartkrans (SK 48). To broaden the
comparison, we also examined additional specimens from
South Africa (Sts 71) and eastern Africa (OH 5, KNM-WT
17000) using a subset of data from 40 landmarks. If adult
models of Taung were found to resemble faces of the well-
preserved specimens from Sterkfontein Member 4 (i.e., Sts
5, Sts 71), then the hypothesis of conspecificity would be sup-
ported. However, if simulated adults differed substantially
from those specimens, then alternative hypotheses may be
warranted. Indeed, if the estimated morphology more closely
resembles that of SK 48, OH 5, or KNM-WT 17000, then
some support would be gained for grouping Taung with the
robust forms, although not for the reasons specified by Tobias
(1978).

Materials

Ontogenetic trajectories of extant hominine species were
based on three-dimensional landmark data collected from
490 adult and juvenile crania using a Microscribe 3DX me-
chanical point digitizer. Only wild-shot ape specimens were
included. Each specimen was classified by developmental
stage according to dental eruption sequence: Stage 1¼ full
occlusion of M1; Stage 2¼ eruption but not occlusion of
M2; Stage 3¼ full occlusion of M2; Stage 4¼ eruption but
not occlusion of M3; Stage 5¼ full dental occlusion. Speci-
mens of a younger developmental stage than the Taung child
(i.e., those in which the first permanent molar is not yet in
occlusion) were excluded from this study. Care was taken
to represent all developmental stages adequately and to bal-
ance the sex composition in stages 4 and 5. Data for the ex-
tant hominines were collected at the American Museum of
Natural History (New York, USA), National Museum of Nat-
ural History (Washington D.C., USA), Museum of Compara-
tive Zoology (Cambridge, USA), Peabody Museum
(Cambridge, USA), Powell-Cotton Museum (Birchington,
UK), Humboldt University Museum für Naturkunde (Berlin,
Germany), Musée Royal de l’Afrique Centrale (Tervuren,
Belgium), and the University of the Witwatersrand (Johan-
nesburg, South Africa).

Sample sizes for each species, listed by sex and develop-
mental stage, are given in Table 1. Multiple subspecies of G.
gorilla and P. troglodytes and several geographic populations
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Table 1

Sample sizes for each species listed by sex and ontogenetic stage

Species Sex Ontogenetic stage* Total

1 2 3 4 5

G. gorilla F 2 4 2 9 43 60

M 5 5 9 64 83

U 1 1 2

Total 8 5 7 18 107 145

H. sapiens F 1 3 3 10 21 38

M 1 2 2 6 22 33

U 8 6 6 1 21

Total 10 11 11 17 43 92

P. paniscus F 2 2 4 4 21 33

M 2 2 3 5 19 31

U 3 3

Total 4 4 7 9 43 67

P. troglodytes F 8 4 7 5 70 94

M 14 5 5 7 52 83

U 5 3 1 9

Total 27 9 12 15 123 186

F¼ female; M¼male; U¼ unknown sex.

* Ontogenetic stages: 1¼ full occlusion of M1; 2¼M2 erupting but not in

occlusion; 3¼ full occlusion of M2; 4¼M3 erupting but not in full occlusion;

5¼ full occlusion of all teeth.
of humans make up the samples used here. While this is a po-
tential confounding factor (e.g., Strand Viðarsdóttir et al.,
2002; Strand Viðarsdóttir and Cobb, 2004), intraspecific
differences in ontogeny are likely to be less significant than
developmental differences among the four species of homi-
nines examined here.

Data for Sts 5, Sts 71, and SK 48 were collected at the
Transvaal Museum (Pretoria, South Africa); the Taung child
was measured at the Department of Anatomy, University of
the Witwatersrand (Johannesburg, South Africa). East African
hominins included in this project were studied at the National
Museums of Kenya, Nairobi (KNM-WT 17000), and the
National Museum of Tanzania, Dar-es-Salaam (OH 5). With
the exception of the latter specimen, measurements of both ex-
tant and fossil specimens were all taken by a single individual
(KM) as part of a larger cranial data set (see McNulty, 2003);
data for OH 5 were generously provided by K. Baab (unpub-
lished data). Landmarks used in this project correspond to the
shared preserved morphology of the Taung, Sts 5, and SK 48
australopiths and are listed and defined in Table 2. Figure 1
provides an illustration of these points. The subset of land-
marks used for broader australopith comparisons is indicated
in Table 2.
Table 2

Landmarks and definitions used in this project

No. Landmark Definition

Midline landmarks
1 Glabella Anterior most midline point on the frontal bone

2 Nasion Junction of naso-frontal and inter-nasal sutures

3 Posterior clivus* Posterior midline point on the subnasal clivus

4 Anterior attachment of nasal septum Anterior insertion of cartilaginous nasal septum

5 Alveolare Inferior midline point on the maxilla

6 Staphylion* Posterior midline point on the hard palate

7 Anterior palatine Midline point in the palato-maxillary suture

8 Incisivion Posterior point of (oral) incisive foramen

Bilateral landmarks

9, 10 Zygomatico-temporal suture superior* Superior point on the suture of the zygomatic arch

11, 12 Jugale Deepest point in the notch between temporal and frontal

processes of the zygomatic bone

13, 14 Frontomalare temporale Junction of fronto-zygomatic suture and temporal line

15, 16 Frontomalare orbitale Junction of fronto-zygomatic suture and orbital rim

17, 18 Mid-orbit inferior Point on the middle of the superior orbital margin

19, 20 Mid-orbit superior Superior point on the supraorbital torus/superciliary arch

projected directly above Mid-orbit inferior

21, 22 Dacryon Junction of lacrimal, frontal, and maxilla

23, 24 Orbitale Inferior point on the inferior orbital margin

25, 26 Malar foramen* Superior margin of the largest malar foramen

27, 28 Infraorbital foramen Superior margin of the largest infraorbital foramen

29, 30 Zygomaxillare Inferior point on the zygo-maxillary suture

31, 32 Malar root origin Maxillary root of the zygomatic process

33, 34 Alare Lateral point on the margin of the nasal aperture

35, 36 I1-I2 contact Inferior point on the maxilla between I1 and I2

37, 38 Premaxillo-maxillary suture inferior* Inferior point on premaxillo-maxillary suture

39, 40 Lingual canine margin Lingual point on the canine alveolar margin

41, 42 Canine-premolar contact Contact projected to the buccal alveolar margin

43, 44 P3-P4 contact Contact projected to the buccal alveolar margin

45, 46 Premolar-molar contact Contact projected to the buccal alveolar margin

47, 48 Distal M1 Distal point projected to the buccal alveolar margin

49, 50 Zygomatico-temporal suture inferior* Inferior point on the suture of the zygomatic arch

Landmark numbers are referred to in the text and figures. Bilateral points were collected on both sides, with odd numbers indicating right-side landmarks.

* Indicates landmarks excluded from the broader fossil comparisons.
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Morphometric methods

All statistical methods were based on a standard Procrustes
approach, whereby landmark configurations for each specimen
were scaled to a unit centroid size and globally oriented using
a least squares criterion (e.g., Gower, 1975; Rohlf and Slice,
1990; Goodall, 1991; Dryden and Mardia, 1998). Superimposi-
tion was accomplished by generalized Procrustes analysis
(GPA) performed in Morpheus et al. (Slice, 1998). A Procrus-
tes-based approach was also used to estimate missing bilateral
landmarks for both extant and fossil specimens. To do this,
reflections of each specimen were created and superimposed to-
gether with the original specimens by GPA. Missing bilateral
points were then replaced by their reflected antimeres; all other
landmarks were averaged with their reflected configurations to
minimize the effects, particularly in fossil specimens, of bilat-
eral asymmetry (Bookstein, 1996).

Independent observations by all three authors concluded
that the maxillary and palatal morphology on the right side
of SK 48 was rotated out of its anatomical position but not oth-
erwise deformed. This lack of deformation was verified by
comparing the closeness of fit between right-side and reflected
left-side landmarks in SK 48 to a similar fit in all extant adult
specimens: the correspondence in SK 48 was well within the
range of the observed undistorted specimens. Simply ignoring

Fig. 1. Diagram of the landmarks used in this study (zygomatico-temporal

suture superior is not visible). For landmark descriptions, see Table 2.
this deformation would have greatly affected our results,
particularly in light of the importance of this specimen to
the study. On the other hand, if the entire region were treated
as missing, then nearly one-third of the landmarks in SK 48
would have required reconstruction. Therefore, since the mor-
phology was dislocated rather than deformed, we used a Pro-
crustean approach to fit it back into place. For this procedure,
SK 48 was split into two separate configurations: one for the
right maxilla and palate, and one for all remaining landmarks.
A reflected configuration was made of the latter set and super-
imposed with the displaced cheek morphology by GPA. In this
case, overlapping landmarks in the reflected configuration
were dropped in preference for the original coordinates. This
newly constructed version was then fit back onto the original
configuration in order to place the rotated maxilla and palate
into a close approximation to the original anatomy. Following
this procedure, bilateral landmark reconstruction proceeded as
with the other specimens.

Subsequent to landmark reconstruction, a final GPA was
performed on the entire data set of fossil and extant specimens
to superimpose them about a mean configuration in one space.
Correspondence between this space and a Euclidean space tan-
gent at the mean configuration was expected to be nearly per-
fect in such closely related taxa (see Marcus et al., 2000). This
was borne out (correlation: r¼ 0.999999) by a comparison of
these spaces using tpsSmall (Rohlf, 2003). Therefore, Procrus-
tes shape coordinates were used for subsequent statistical
analyses.

Error introduced by the data collector was assessed using
ten replicate configurations collected on a single adult female
gorilla cranium. The mean deviation across all replicate land-
marks from the average landmark configuration was 0.35 mm,
with a standard deviation on this mean of 0.18 mm.

Analytical methods

Several analyses based on developmental simulation were
undertaken in order to reveal differences in hominine develop-
mental patterns and to examine the affinities of the Taung
child. Note that, with all of the specimens scaled to a unit cen-
troid size, the analyses presented here assess development
(changes in shape during ontogeny) rather than growth
(changes in size during ontogeny; cf. Ponce de León and
Zollikofer, 2001; Strand Viðarsdóttir et al., 2002; Bastir and
Rosas, 2004). The first step was to estimate developmental tra-
jectories for each extant hominine species and test them for
differences in angle (i.e., the pattern of shape change) and
magnitude (i.e., the amount of change during development).
Next, we assessed the impact of these differences by simulat-
ing the development of extant juveniles using both the correct
and incorrect hominine trajectories, and then studying the
resulting ‘‘adults.’’ If ‘‘adults’’ simulated from a juvenile spec-
imen resemble actual adults from the same species, regardless
of the trajectory used in development, then it is reasonable to
conclude that adult hominine morphology can be reliably esti-
mated from morphology already present by M1 occlusion.
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Informed by results from the extant simulations, we pro-
duced four simulations of the adult Taung morphology based
on developmental patterns from each of the extant species.
These models were compared statistically to assess the impact
of using different trajectories and visually to reveal patterns of
developmental change in extant species. Simulated adult
Taung configurations were then compared statistically to Sts
5 and SK 48. Two additional analyses assessed similarities
among these fossils by separately examining trajectory angles
and magnitudes. All of these comparisons were interpreted
within the framework of diversity among extant hominine spe-
cies. Given the small number of fossil specimens preserving
all 50 landmarks, we repeated these analyses using a reduced
landmark set so that Sts 71, KNM-WT 17000, and OH 5 could
be incorporated.

Computation of developmental trajectories

The first step was to estimate developmental trajectories for
the extant hominines. These were computed separately for
each species by multivariate regression of Procrustes aligned
coordinates onto the covariate of developmental stage. Pro-
crustes aligned coordinates represent the shape data for each
specimen optimally superimposed to the best least squares
fit across all specimens (e.g., Gower, 1975; Rohlf and Slice,
1990; Goodall, 1991; Dryden and Mardia, 1998). Multivariate
regression of these shape coordinates produces a vector of co-
efficients that describes the shape change correlated with the
independent variable (Frost et al., 2003). In this case, the coef-
ficients indicate changes at each coordinate that are correlated
with the change in developmental stage (i.e., a trajectory of
developmental shape change).

These developmental trajectories are linear approximations
of the pattern and magnitude of shape change between Stage 1
juveniles and Stage 5 adults. Figure 2 illustrates the relation-
ship between this postnatal approximation and a curvilinear
pattern of total ontogenetic shape change (see, e.g., Cobb,
2001; Ponce de León and Zollikofer, 2001; Cobb and
O’Higgins, 2002). Despite what is likely to be a curved devel-
opmental trajectory for the entire ontogeny of an organism,
later stages of postnatal craniofacial development may be rea-
sonably characterized by a more linear model (Cobb, 2001;
O’Higgins et al., 2001; Ponce de León and Zollikofer, 2001;
O’Higgins and Collard, 2002; Cobb and O’Higgins, 2004).
As a potential source of error, however, the appropriateness
of using a single-order linear approximation to represent
post-M1 development of facial morphology was tested directly
by estimating adult morphology from extant juveniles using
these trajectories (see below).

While similar analyses (e.g., Shea, 1983a,b; McCollum,
1997; O’Higgins et al., 2001; O’Higgins and Collard, 2002;
Bastir and Rosas, 2004; Berge and Penin, 2004; Mitteroecker
et al., 2004; Cobb and O’Higgins, 2004) have used size vari-
ables as surrogates for chronological age, we chose dental
eruption stages as our covariate. The primary reason for this
was to estimate adult Taung morphology using models of
development rather than growth. Chronological age may not
always be equivalent with regard to the timing of developmen-
tal stages among species or even populations (e.g., Harrison
et al., 1988; Molnar, 2001; see also Cock, 1966), whereas den-
tal eruption records specific markers in the development of an
organism. Given the questions addressed in this project, three
additional considerations dictated the choice of dental stage
over a size variable: (1) the best known models for the adult
size of the Taung child are the very fossil specimens that we
are testing; (2) the sex of the Taung child is unknown, neces-
sitating the use of ontogenetic categories rather than size in or-
der to appropriately represent developmental variation at each
stage (in sexually dimorphic species, a size variable would
equate the morphology of younger males with that of older
females; see Cock, 1966); and (3) use of ontogenetic stages
allowed us to ensure that each developmental stage was
adequately represented in all analyses.

Comparison of developmental trajectories

Having obtained developmental trajectories for each extant
species, we then tested for statistical differences in the angle
and magnitude of these vectors using permutation tests. If
there are no differences among species trajectories (i.e., if ex-
tant hominines retain a conservative development subsequent
to first molar eruption), then any extant trajectory, or
a mean-centered combination of all trajectories, would be ad-
equate for estimating the Taung child’s adult morphology. If,
however, differences in angle or magnitude are found, then
the impact of these divergent ontogenies on adult morphology
must be assessed.

Fig. 2. Schematic representation of a complete developmental shape trajectory.

The x-axis shows dental stages used in the text, while the y-axis represents

change in shape. The curve describes a hypothetical species trajectory over

an organism’s life and the straight line represents the trajectory as modeled

here, which includes a magnitude (distance on y-axis) and an orientation

(not illustrated, but see Fig. 5). Note that the trajectories used in this study in-

clude shape change only after M1 reaches occlusion, and are linear approxima-

tions of possibly curvilinear developmental patterns. Also note that many

differences in shape among species may already be present by the beginning

of the modeled period of development.
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Angular differences. Differences in patterns of hominine
development were represented by the angle between species
trajectories, calculated as the arccosine of their vector correla-
tion (dot product; e.g., Cobb and O’Higgins, 2004). The angles
were tested for significance using permutation tests (see Good,
2000) based on the null hypothesis that there is no angular
difference between pairs of trajectories. The permutation test
began with the calculation of a benchmark difference metric
between two a priori groups (i.e., species). Specimens were
then randomly assigned to two new groups (each comprising
specimens from both a priori groups) and the new difference
was calculated. Repeating this randomization procedure
many times generated an empirical probability distribution
that was used to calculate the likelihood of obtaining the orig-
inal difference by sampling a single population. Assuming
a standard a-value, if 95% or more of the permutations yielded
a difference less than the benchmark difference, then one can
conclude that the difference is significant, that is, it is unlikely
that the two a priori groups were sampled from a single pop-
ulation (in the statistical sense). For this analysis, the differ-
ence metric was the angle between vectors. If that angle
exceeded those generated by 95% of the randomly permuted
groups, then the trajectories were considered significantly
different (e.g., Good, 2000).
The straightforward, nonparametric permutation test out-
lined above becomes more complicated when unequal sample
sizes are involved (Good, 2000). Indeed, the greater the dispar-
ity between sample sizes, the greater the probability of finding
significant differences, as the larger of the groups is dispro-
portionately represented in both permuted groups, thereby
increasing their overall similarity. This difficulty is com-
pounded in ontogenetic studies, which typically incorporate
samples strongly biased toward adult specimens and unbal-
anced across age classes.

Given these factors, especially the unequal sample sizes
used in this project (see Table 1), we employed three separate
permutation designs to test for differences between trajectory
angles. Figure 3 shows a schematic of these design variations
as described below. The first permutation test incorporated the
most stringent controls, with sample sizes at every ontogenetic
stage held equal between the groups, and specimens con-
strained to remain within their developmental stages. In other
words, permuted groups contained equal numbers of speci-
mens for each developmental stage, but those specimens could
have originated from either taxon (Fig. 3a). A second test al-
lowed unequal sample sizes but still restricted specimens to
their age classes (Fig. 3b). The final permutation was the
most basic, ignoring developmental stage entirely and simply
Fig. 3. Schematic representation of the three permutation designs used here. For each diagram, bar lengths indicate sample size at each developmental stage, while

the color (gray or white) of the bar indicates the taxon. The left column represents the original groups being tested. The right column illustrates different designs: a)

permuted groups comprise equal numbers of specimens at every developmental stage; b) permuted groups reflect original sample sizes for each stage; c) permuted

groups are formed randomly without consideration of representing each stage.
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placing specimens randomly into two groups (Fig. 3c). All
permutation tests in this project were based on distributions
from 10,000 replicates. Since the original angles between spe-
cies trajectories remain the same regardless of the test design
(i.e., the difference between the known, a priori groups does
not change), differences in the p-values among the three per-
mutation tests provided an assessment of how the test design
impacted these statistical outcomes. Results that were coinci-
dent across the three permutation designs were interpreted as
strongly supported. Points of disparity were interpreted more
cautiously and are discussed in detail.

Differences in magnitude. The length of a developmental
trajectory provides a measure of the shape change exhibited
in a species between M1 occlusion and full dental occlusion.
Here, it was calculated as the distance between a juvenile
specimen and an ‘‘adult’’ simulated by that species’ trajectory.
Note that the choice of juvenile is irrelevant because the sim-
ulated adult includes identical landmark coordinates plus a de-
velopmental vector. The difference between them, then, is
precisely the magnitude of that added vector. Differences in
magnitude between species trajectories were tested for signif-
icance using the same permutation designs outline above (see
also Fig. 3). The metric of comparison was the absolute value
of one magnitude subtracted from the other.

Developmental simulation

Estimating adult morphology. Developmental trajectories
derived from extant species were applied to juvenile-
specimen configurations in order to estimate their adult
morphology. Each trajectory is a vector of regression coeffi-
cients generated by multivariate regression of coordinate data
onto dental stage (Frost et al., 2003). Thus, each coefficient
represents change along the trajectory for a single coordinate;
the vector of coefficients describes change for all coordinates
and hence represents the pattern of shape change along that de-
velopmental trajectory (Frost et al., 2003). Transformation of
a specimen’s configuration according to a multivariate vector
(here, the developmental trajectory) is accomplished by adding
that vector to the vector of the specimen’s coordinates (Frost
et al., 2003). In this project, multivariate regression of 150
coordinates (i.e., 50 landmarks� 3 dimensions) onto five de-
velopmental stages yielded developmental trajectories consist-
ing of 150 regression coefficients. To simulate development
along a trajectory, these 150 coefficients were added to the
150 specimen coordinates to create a new specimen configura-
tion. However, these regression coefficients only summarize
a magnitude of change from one stage to the next. Therefore,
in order to estimate adult (Stage 5) morphology from a Stage
1 juvenile, the developmental vector was first multiplied by
a factor of four, representing the number of stages between
Stage 1 and Stage 5. Adding this augmented vector to the co-
ordinates of a Stage 1 juvenile transforms the configuration
into an estimated adult form according to the pattern and mag-
nitude of the developmental trajectory.

Testing developmental simulations. Developmental simula-
tion was initially applied to all extant Stage 1 juvenile
specimens in order to provide two assessments of its utility.
Four adult configurations were estimated from each juvenile
using each of the four extant species trajectories (G. gorilla,
H. sapiens, P. paniscus, and P. troglodytes). Thus, the 48
Stage 1 juveniles in this study produced 192 estimated adults,
each generated from a juvenile-specimen configuration and
a developmental trajectory. Affinities of these simulated adults
were assessed visually by plotting the first two principal-
component scores from a combined sample of these and the
true adult specimens.

We then evaluated simulated adults statistically by comput-
ing Procrustes distances between them and each true species
mean, and comparing these to Procrustes distances between
true adults and their species means. Hence, the variation of ac-
tual adults around a species mean was used to classify each
simulated adult based on the posterior probability that the sim-
ulation could derive from this species sample. Two criteria
were used to classify a simulated adult with an extant species:
1) its Procrustes distance to that species mean was shorter than
to any other species mean, and 2) its Procrustes distance to that
species mean fell within 95% of the range of Procrustes dis-
tances between actual adults of that species and the mean.
Each simulated adult was compared to all four species; simu-
lations that did not meet both classification criteria were clas-
sified into a fifth category, ‘‘other.’’ A modified version of this
procedure was also performed in which the second classifica-
tion criterion was broadened to include 100% of the distribu-
tion of real adults around the mean.

This classification of simulated extant ‘‘adults’’ enabled us
to evaluate whether their estimated morphology was primarily
determined by the species of the juvenile, the species of the
developmental trajectory, or both. In cases where the develop-
mental trajectory matched the species of the juvenile, we eval-
uated the simulation procedure itself. Support for the method
was inferred when a simulated adult was classified into its
own species. In other words, if a juvenile gorilla was ‘‘devel-
oped’’ using the gorilla trajectory, the estimated adult config-
uration was deemed acceptable if its distance to the gorilla
mean was within 95% of the distances of actual adult gorillas
to that mean. Classification in a species other than G. gorilla
would indicate a potential problem with the method of devel-
opmental simulation.

Alternatively, in cases where the trajectory was from a dif-
ferent species than the juvenile specimen, we evaluated the
effects of using incorrect developmental patterns to estimate
adult morphology. This assessment was important because
it characterized the scale of variation one might expect
when applying extant trajectories to the Taung child. If an
‘‘adult’’ simulated from juvenile species A and the trajectory
of species B were classifieddbased on criteria described
abovedwith species A, then it suggests that use of the incor-
rect trajectory does not greatly impact the resulting adult
form. Such a result provides support for using extant develop-
mental trajectories to estimate the adult morphology of the
Taung child. Conversely, if this simulated adult were classi-
fied with species B, or indeed any species other than A, it
would constitute evidence that developmental differences
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between these species render such developmental simulations
ineffective.

Assessing the adult morphology of the Taung hominin

All four developmental trajectories were similarly applied
to the Taung child in order to produce four estimates of its
adult morphology. Qualitative comparisons of these models
were used to illustrate the developmental similarities and dif-
ferences represented by these trajectories (see Richtsmeier
et al., 1993). Statistical comparisons between models were
used to quantify the impact of applying different trajectories
to simulate Taung’s adult morphology. Following this, three
statistical analyses were used to evaluate the likelihood that
the Taung child could have developed morphology similar to
that of Sts 5 or SK 48. Qualitative comparisons highlighted
the morphological similarities and differences between the
adult Taung and these fossils.

Comparison of fossils to simulated Taung adults. The first
statistical comparisons were based on Procrustes distances be-
tween the four simulated Taung adults and both Sts 5 and SK
48. These distances were compared to pairwise adult intraspe-
cific distances in each modern hominine species, as well as to
interspecific distances within Pan, intergeneric distances be-
tween Pan and Gorilla, and intergeneric distances between
Homo and either Pan or Gorilla (intergeneric data were not
pooled in this analysis in order to separate out the effects of
the highly autapomorphic modern human crania). Note that
all pairwise distances between adult specimens were used
for this analysis rather than only distances to the species
means. Intraspecific distances were used to evaluate the likeli-
hood that differences between Taung adults and either austral-
opith fossil might be found within any extant hominine
species. Comparisons at higher taxonomic levels provided
a gauge for alternative interpretations of the taxonomic dis-
tinction between these fossils.

Comparison of fossils based on developmental patterns.
This second fossil analysis excluded differences in trajectory
magnitudes by computing the perpendicular distances of Sts
5 and SK 48 to the extant developmental trajectories extended
from the juvenile Taung configuration (Fig. 4). A finite simu-
lation of Taung’s adult morphology required that we assume

Fig. 4. Two-dimensional representation of the perpendicular distance (d) be-

tween an adult fossil and an extant developmental trajectory (arrow) extended

from the Taung child configuration.
both the direction and magnitude of the developmental vector
(i.e., both the change in shape and the amount of that change)
to estimate adult form. If, however, fossil hominin species dif-
fered substantially from extant species in the length of their
trajectories, our method might yield misleading results. There-
fore, in this analysis we extended species trajectories from the
Taung configuration without specifying where that trajectory
should end. We instead calculated the perpendicular distance
of both Sts 5 and SK 48 to the extended trajectories in order
to determine which fossil lies closest to the developmental
pathway. This provided an alternative assessment of which
australopith would more closely resemble an ‘‘adult’’ Taung
hominin without having to assume a finite period of
development.

Comparison of fossils based on magnitude of shape change.
A final statistical comparison was based on Procrustes dis-
tances between the Taung child and the two adult fossils.
Here, rather than looking at developmental pattern, we evalu-
ated whether the magnitude of shape change necessary to
transform the Taung child into either adult fossil might be rea-
sonably expected in the development of a modern species. In
fact, the distance between the Taung configuration and either
Sts 5 or SK 48 can be regarded precisely as the amount of
shape change necessary for the Taung child to ‘‘develop’’
into those adult specimens. While preceding comparisons in-
corporated developmental models from extant species, thereby
precluding us from drawing inferences about the actual ontog-
eny of A. africanus, this third comparison looked at differences
between real fossil specimens. Is it likely that the Taung child
could have developed into either Sts 5 or SK 48? The answer
to this question was assessed by comparing Procrustes dis-
tances between the Taung child and the adult fossils to intra-
specific Procrustes distances between all extant Stage 1 and
Stage 5 specimens. These provided a measure of the magni-
tude of shape change observable within the ontogeny of the
living hominine species.

Additional fossil comparisons

In order to broaden the comparative scope of this project,
the three statistical comparisons described above were also
performed on a subset of landmarks (see Table 2). While
this reduced the amount of shape information available, it al-
lowed for the inclusion of Sts 71, OH 5, and KMN-WT 17000.
The final choice of included landmarks represented a compro-
mise between maximizing the number of australopith speci-
mens and the amount of total facial morphology represented.

Results

Comparison of developmental trajectories

Angular differences. Differences between the developmen-
tal patterns of extant species were calculated as the angle
between pairs of their trajectories. Table 3 records angular dif-
ferences in the upper triangle of the comparison matrix, as
well as results from the permutation tests in the lower triangle.
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Figure 5 shows a two-dimensional schematic of these differ-
ences (after Schaefer et al., 2004), illustrating for each base-
line species the differences in angle and magnitude of the
other species’ trajectories. As one might expect, the two spe-
cies of Pan were most similar in developmental pattern,
with only a 25.2 � difference between them. The greatest angu-
lar differences were found between H. sapiens and the species
of Pan (vs. P. paniscus: 38.1 �; vs. P. troglodytes: 39.0 �), with
modern humans slightly more similar to G. gorilla (35.5 �) in
their pattern of development. Interestingly, G. gorilla was
most similar in its development to P. troglodytes (30.5 �),
but most different from P. paniscus (37.3 �). While these an-
gles summarize the patterns of development in these species,
specific changes in shape that correspond to these angles are
discussed below in reference to estimates of Taung’s adult
morphology.

Four of these six pairwise comparisons were found to be
significantly different in all three of the permutation tests
(Table 3). The angle between P. paniscus and P. troglodytes
was not significantly different in the most constrained permu-
tation model (Table 3a), but it was found to be different in the
other two test designs. None of the permutation tests found
a significant difference between the H. sapiens and P. paniscus
trajectories, although the result from the third permutation
model (Table 3c) was nearly so. Failure to find significant dif-
ferences between human and bonobo trajectories could be
construed as corroborating the developmental similarity in
these species noted by Ackermann and Krovitz (2002). The
large angle between their trajectories, however, suggests that
the lack of differences may result from the smaller sample
of bonobos used here rather than from developmental unity
(see discussion in Cobb and O’Higgins, 2004).

Based on the most conservative design (see Table 3a),
our results indicate significant differences between the

Table 3

Angles between developmental trajectories of species, with significance values

computed using three permutation-test models

G. gorilla H. sapiens P. paniscus P. troglodytes

(a) G. gorilla d 35.5 � 37.3 � 30.5 �

H. sapiens 0.0176 d 38.1 � 39.0 �

P. paniscus 0.0099 0.1727 d 25.2 �

P. troglodytes 0.0022 0.0392 0.1033 d

(b) G. gorilla d
H. sapiens 0.0039 d

P. paniscus 0.0049 0.0948 d

P. troglodytes 0.0019 0.0062 0.0111 d

(c) G. gorilla d

H. sapiens 0.0035 d

P. paniscus 0.0055 0.0517 d

P. troglodytes <0.0001 0.0058 0.0031 d

Angles between species trajectories are shown in the upper triangle of (a). Sig-

nificance values, shown in the lower triangles, were determined using three sep-

arate permutation tests: (a) equal samples held at every ontogenetic stage, with

specimens constrained to remain within their ontogenetic stages; (b) unequal

samples allowed at each stage, but specimens still maintained within the proper

developmental category; (c) specimens assigned randomly into two groups

without regard for ontogenetic stages of the specimens or overall sample size.
developmental patterns of G. gorilla and the other hominines,
as well as between H. sapiens and P. troglodytes. Put another
way, statistical tests indicate that these developmental trajecto-
ries are divergent. As noted above, however, the involvement
of bonobos in both nonsignificant results could stem from
the somewhat smaller sample used here. For this reason, and
because bonobo development was found to be significantly
different from that of gorillas, all four species trajectories
were utilized for simulating adult models of the Taung
hominin.

Differences in magnitude. Figure 5 depicts relative differ-
ences in magnitude scaled in each case to the baseline species.
These vector lengths represent the amount of shape change that
occurs during development. The smallest amount of develop-
mental change was found in H. sapiens (Procrustes dis-
tance¼ 0.07750), while G. gorilla exhibited the most change
(0.10319). Both species of Pan had intermediate lengths,
with that of P. paniscus (0.09347) being somewhat greater
than that of P. troglodytes (0.08982). None of these differences,
however, was found to be significant in any of the three permu-
tation-test designs. This indicates that differences in these
trajectory lengths could reasonably have been sampled from
a single statistical population. Thus, the primary interspecific
differences in developmental change among these landmarks
are in the pattern rather than in the amount of shape change.

Estimating adult morphology

Four developmental trajectories were separately applied to
each extant Stage 1 specimen in order to create four estimates
of its adult morphology. These simulated adults were then

Fig. 5. Two-dimensional representation of differences in angle and magnitude

of developmental trajectories in extant hominines (modeled after Schaefer

et al., 2004). Each plot represents differences relative to the species on the

x-axis. Trajectory lengths are scaled in proportion to that species, representing

the relative amount of shape change during development. Symbols: G¼G. go-
rilla; H¼H. sapiens; B¼ P. paniscus; C¼ P. troglodytes.
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classified into one of the four modern species based on the dis-
tributions of Procrustes distances between real adults and their
species means. Results of these classifications are listed in
Table 4. A visual summary of results is shown in Figure 6 by
way of a scatter plot of real and simulated specimen scores
on the first two eigenvectors of a principal components analysis.

The simulation process itself, tested here by ‘‘developing’’
extant juveniles with the correct species trajectory, was shown
to be quite successful. In Table 4 these results are indicated by
agreement between the boldface taxon in the first column (rep-
resenting the species of the juvenile) and the taxon indented
beneath it (representing the species trajectory used in simula-
tion). With only one exception, every adult simulated by the
proper developmental vector fell within 95% of the range of

Table 4

Classification of simulated extant adults, listed by species of the juvenile

G. gorilla H. sapiens P. paniscus P. troglodytes Other

G. gorilla (n¼ 28)

G. gorilla 7 0 0 0 0

H. sapiens 7 0 0 0 0

P. paniscus 6 0 0 0 1(0)

P. troglodytes 7 0 0 0 0

Reclassification: 96.4%

Adj. reclassification: 100.0%

H. sapiens (n¼ 40)

G. gorilla 0 7 0 0 3(0)

H. sapiens 0 10 0 0 0

P. paniscus 0 8 0 0 2(0)

P. troglodytes 0 8 0 0 2(0)

Reclassification: 82.5%

Adj. reclassification: 100.0%

P. paniscus (n¼ 16)

G. gorilla 0 0 2 0 2(1)

H. sapiens 0 0 3 0 1(0)

P. paniscus 0 0 4 0 0

P. troglodytes 0 0 4 0 0

Reclassification: 81.3%

Adj. reclassification: 93.8%

P. troglodytes (n¼ 108)

G. gorilla 0 2 0 22 3(0)

H. sapiens 0 1 0 21 5(1)

P. paniscus 0 0 0 25 2(1)

P. troglodytes 0 0 0 26 1(0)

Reclassification: 87.0%

Adj. reclassification: 95.4%

Classification results are reported according to the juvenile taxon (boldface) on

which simulated adults were based. The number of simulated adults for each

species (n) equals the number of Stage 1 individuals multiplied by four for

each extant trajectory. Taxa indented in the first column indicate the trajectory

used to estimate adult morphology. For each trajectory, columns 2e5 report the

number of simulated adults that were classified with each species. Classification

occurred when the distance between a simulated adult and that species’ mean

was both 1) closer than its distance to other species means, and 2) within

95% of the distances computed for real adults. Specimens beyond the 95% dis-

tributions of all species were allocated to ‘‘other’’ (column 6). Numbers in pa-

rentheses indicate specimens that also fell beyond the maximum range of all

species. Reclassification percentage gives the proportion of simulated adults

that were assigned back in the juvenile species. Adjusted reclassification per-

centage also gives the correct reassignment proportion, but based on the maxi-

mum range of intraspecific distances, rather than the 95% range.
Procrustes distances between actual adults of that species
and the species mean. The single aberrant chimpanzee simula-
tion did, nevertheless, fall within the maximum range of P.
troglodytes distances and was beyond the ranges of other
species. This 98% success rate indicates that the procedure
for estimating adult morphology is robust, inasmuch as the
correct developmental trajectory is used.

It is clear from Figure 6 that even simulations based on in-
correct trajectories yielded adult forms largely consistent with
the real adults of the juvenile species. This result is corrobo-
rated by classifications based on Procrustes distance (Table 4).
With only one exception, every simulated adult based on
a juvenile G. gorilla specimen was classified as G. gorilla, re-
gardless of the developmental trajectory used to produce it.
The one exception, though outside of the 95% distribution,
was still within the maximum range of gorilla distances and
beyond the ranges of all other species. Based on these num-
bers, adults simulated from G. gorilla juveniles have a reclas-
sification percentage of 96.4% (27/28). With the classification
criterion broadened to include the entire species range, G. go-
rilla has an adjusted reclassification percentage of 100% (28/
28; see Table 4). Adults simulated from juvenile H. sapiens
were correctly reclassified 82.5% of the time, but the seven
(out of 40) discrepant configurations were all within the max-
imum range of observed H. sapiens and beyond other species
ranges. Thus, the adjusted reclassification was 100%. Note
that none of these ‘‘misclassified’’ specimens fell within the
range of their trajectory species. Pan paniscus juveniles
were simulated with 81.3% accurate reclassification and
93.8% adjusted reclassification. In this case, two of the adult
forms were still within the maximum observed range of the
species, while a third was beyond this range but also beyond
the ranges of other species. In fact, it was closer to the P. pan-
iscus mean than to other species means. Classification of
adults simulated from P. troglodytes juveniles were placed
into this species 87% of the time; only five of these were be-
yond the maximum observed range of the common chimpan-
zee, however, yielding an adjusted reclassification rate of
95.4%. Of those five, two were not within any species range
and were closest to the mean P. troglodytes configuration.
Three simulations (out of 108) were classifed in other species,
however. Of these three, all fell within the 95% distribution of
H. sapiens adults. Interestingly, only one of them was actually
simulated using the H. sapiens trajectory; the other two were
created with the developmental pattern of G. gorilla.

Despite statistically significant differences in the develop-
mental patterns of extant hominine species (see Table 3), re-
sults from these extant simulations indicate that such
differences have little impact on the estimation of adult mor-
phology. The morphology already established by M1 occlu-
sion, rather than subsequent developmental changes, seems
to be the dominant factor in determining species-level differ-
ences (Ackermann and Krovitz, 2002; Zollikofer and Ponce
de León, 2002, 2004; Williams et al., 2002; Bastir and Rosas,
2004). These results indicate that the adult morphology of the
Taung child may be reliably estimated even through the appli-
cation of an incorrect developmental trajectory.
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Fig. 6. Plot of specimen scores on PC 1 (43.2%) and PC 2 (11.8%) of real and simulated extant adults. For clarity, the species scatters of real adults are represented

by convex hulls. Simulated adults are indicated by open symbols corresponding to the shapes used for real adults, but classified according to juvenile species used

in estimation.
Assessing the adult morphology of the Taung hominin

Developmental patterns in extant hominines. Shape differ-
ences in the developmental patterns of hominine species
were visualized by comparing Taung adults that were simu-
lated from each of the extant trajectories (see Richtsmeier
et al., 1993). Figure 7 shows each adult configuration
superimposed over the juvenile Taung configuration for
comparison. Because simulated adults were nearly identical,
the wire frame models shown in Figure 7 were exaggerated
by a factor of 1.6 to better highlight developmental differ-
ences. Note that comparisons of these models cannot be di-
rectly equated to morphological differences between adults
of these species. Rather, these configurations illustrate pat-
terns of developmental change as applied to the juvenile
Taung configuration.
Fig. 7. Estimated models of the Taung hominin’s adult morphology based on the developmental trajectories of (A) G. gorilla, (B) H. sapiens, (C) P. paniscus, and

(D) P. troglodytes. Simulated adults (bold lines), superimposed over the Taung child configuration, are exaggerated by a factor of 1.6 to better illustrate patterns of

developmental change. Right-side morphology is shown in frontal and lateral views, with midline palatal landmarks represented by dotted lines. ‘‘Whiskers’’ hang-

ing from the inferior alveolar margin indicate the mesial and distal boundaries of the canine.
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Based on these simulations, several differences distinguish
the human developmental pattern from those of the other
apes. The relative size of the orbit changes very little in hu-
man development, while it is greatly reduced in G. gorilla

Table 5

(a) Procrustes distance matrix for real and simulated* fossil specimens

Sts 5 SK 48 TG-gg TG-hs TG-pp

SK 48 0.16528

TG-gg 0.13507 0.18257

TG-hs 0.15064 0.18780 0.06025

TG-pp 0.14336 0.19507 0.06349 0.05775

TG-pt 0.14535 0.19163 0.05242 0.05708 0.04013

(b) A summary of intraspecific Procrustes distances between all extant adult

specimen pairs

Intraspecific adult distance statistics

Mean Min Max

G. gorilla 0.10466 0.04853 0.20313

H. sapiens 0.09163 0.05125 0.16870

P. paniscus 0.08343 0.04930 0.15474

P. troglodytes 0.08961 0.04887 0.17143

* Simulated adult Taung specimens are indicated by ‘‘TG-’’ followed by

a two letter designation of the developmental trajectory used in the simulation:

gg¼G. gorilla; hs¼H. sapiens; pp¼ P. paniscus; pt¼ P. troglodytes.
and both species of Pan. Conversely, the shape of the orbit
changes little in African apes, while in H. sapiens the lowest
point on the orbital rim shifts markedly laterally during
development. All four species exhibit a superior shift in the
zygomatic region. In humans, jugale moves markedly superi-
orly, while the temporal process of the zygomatic moves
only modestly in this direction. In the ape species, the supe-
rior shift of jugale is correlated with a similar change in zy-
gomaxillare, maintaining the relative height of the zygomatic
body. The African ape temporal process moves much more
superiorly than that of humans, extending further posteriorly
as well. Expansion of the canine region is noticeable in P.
paniscus and P. troglodytes simulations but surprisingly
slight in the G. gorilla model. This is because both species
of Pan expand this region primarily along a mesiodistal
axis, while the G. gorilla model is instead greatly expanded
lingually, as captured by the lateral margin of the canine bor-
der (not pictured). The H. sapiens pattern displays little ca-
nine expansion in either dimension.

The developmental pattern of H. sapiens subsequent to M1

occlusion was found here to be more similar to that of G. go-
rilla than to P. paniscus or P. troglodytes (Table 3). Note, how-
ever, that this trajectory is significantly different from all three
species, and one must be cautious about inferring additional
Fig. 8. Box-and-whisker plot of pairwise Procrustes distances between adult specimens. The central bar of each box represents the median, while upper and lower

bounds are 75th and 25th percentiles, respectively. Whiskers extend to 1.5 times the box length, and individual points mark distances beyond the whisker range. Col-

umns from left to right show distances for: P. paniscus, intraspecific; P. troglodytes, intraspecific; G. gorilla, intraspecific; H. sapiens, intraspecific; Pan, interspecific;

Pan-Gorilla, intergeneric; HomoeAfrican ape, intergeneric; real and simulated adult fossil specimens. The asterisk (*) marks the shortest TaungeTaung distance

(between simulations using P. paniscus and P. troglodytes trajectories), which is smaller than any intraspecific pair.
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Fig. 9. Wire frame constructions of (A) Sts 5; (B) the mean estimated adult Taung configuration; and (C) SK 48. The left column illustrates configurations from an

oblique perspective while the right shows a superior view. The triangle on each connects orbitale-zygomaxillare-jugale in order to better depict shape differences in

the zygomatic region.
meaning from ordination of these differences. Nevertheless,
there is heuristic value in examining the patterns of change
that underlie some of these angular relationships. Similarities
between the H. sapiens and G. gorilla patterns were found
primarily in the palatal region. Interdental landmarks in both
species shift inferiorly during development, rather than ante-
roinferiorly as in Pan. Palatal depth in gorillas and humans
shows little change during post-M1 development, with midline
palatal landmarks shifting slightly inferiorly. In Pan, however,
those landmarks corresponding to the horizontal plate of the
palatine move markedly superiorly, resulting in a relatively
deeper palate. Beyond the palate, the zygomatic-process root
in G. gorilla and H. sapiens moves posteriorly during develop-
ment, maintaining its anteroposterior relationship with the
orbit. In Pan, especially P. paniscus, this shift is only slight,
leaving the malar root more anteriorly placed. As a final sim-
ilarity, the superior position of the supraorbital region is main-
tained in both humans and gorillas, while in Pan this region
shifts more inferiorly. This resemblance is misleading, how-
ever, as it is accomplished in G. gorilla by thickening of the
supraorbital ridge, whereas in H. sapiens the morphology
results from retention of a large orbit.
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The pattern of shape change in G. gorilla, while signifi-
cantly different from all other trajectories, was most similar
to that of P. troglodytes but most distinct from that of P. pan-
iscus. This interesting relationship is driven primarily by
developmental changes in the zygomatic region and nasal
aperture. The temporal processes in both gorillas and chim-
panzees become substantially longer, while in the bonobo it
lengthens only slightly. The frontal processes of the zygomatic
also develop similarly in G. gorilla and P. troglodytes, rotating
only modestly anteriorly to maintain a relatively vertical lat-
eral orbital pillar. In P. paniscus, this anterior rotation is quite
strong during development, making the orbital pillar more in-
clined and substantially flattening the supraorbital morphology
across the front.

Comparison of fossils to simulated Taung adults. The first
statistical comparison among fossils calculated the Procrustes
distance between different models of Taung’s adult form, and
between these models and fossil specimens Sts 5 and SK 48
(Table 5a). Affinities between simulated Taung adults and
these fossils were judged against intraspecific adult distances
computed among extant hominines (Table 5b). Figure 8 illus-
trates these distances, as well as interspecific and intergeneric
distances, using standard box-and-whisker plots.

Several important points can be gleaned from these results.
First, distances between the four adult Taung simulations were
quite small, being close to the minimum observed distances in
extant hominine species. In fact, the distance between simula-
tions made from the Pan species trajectories (0.04013) was ac-
tually less than the minimum distance between any two
individual specimens. Second, Sts 5 was, without exception,
more similar to the simulated Taung morphology than was
SK 48 (see Fig. 8: last column). Third, distances between Sts 5
and each simulation were within the maximum range of all ex-
tant species; they were substantially less than the distance be-
tween Sts 5 and SK 48. Conversely, distances between
simulations and SK 48 were beyond three of the four extant
ranges (G. gorilla being the exception), as well as the Sts
5eSK 48 distance. We note, too, that the maximum range re-
corded in G. gorilla results from pairwise comparisons with
a single specimen; removal of this specimen would reduce
this range to the exclusion of all adult TaungeSK 48 distances.
Finally, the adult TaungeSK 48 distances were beyond the
range of interspecific distances in Pan, and at the high end
of the intergeneric PaneGorilla distances (Fig. 8). In fact,
the difference between the simulated Taung adults and SK
48 is similar in magnitude to the median difference between
modern humans and African apes.

Morphological differences between adult Taung simula-
tions and the fossil specimens are illustrated in Figure 9. Be-
cause of the high degree of similarity between Taung
simulations, the adult morphology is illustrated here as the
mean configuration of the four models. Results based on Pro-
crustes distances are evident here in the overall similarity be-
tween the simulated Taung adult and Sts 5 compared to SK 48.
Nevertheless, the Taung simulation is distinct from Sts 5 in
several features. In the palatal region, the Taung adult displays
a shorter subnasal clivus and more superiorly and posteriorly
placed interdental landmarks, resulting in a less prognathic ap-
pearance than in Sts 5. The zygomatic region also differs in the
simulation, with the temporal process of the zygomatic located
more inferiorly relative to the face and becoming longer and
laterally shifted compared to Sts 5. Other landmarks associ-
ated with the zygomatic are also inferiorly and somewhat
anteriorly placed, with a substantial anterior displacement of
the zygomatic-process root (connected in Fig. 9 to the distal
M1 landmark). Differences in the upper face are minor, with
the exception of a better developed glabella in the Taung
configuration.

Shape differences between the simulated Taung adult and
SK 48 are distributed throughout the face. Compared to Taung,
the SK 48 palate is placed well posteriorly, with the greatest
discrepancy in the region of the incisors and canines; the zy-
gomatic, however, is far anterior to that of the Taung adult.
Specimen SK 48 has a much taller zygomatic, as illustrated
by the triangle connecting orbitale-zygomaxillare-jugale
(Fig. 9). The lateral extension of the zygomatic arch, however,
is similar in both the Taung simulation and SK 48. All aspects
of the upper facial morphology are more anteriorly placed in
the Taung adult, with the greatest difference in the glabellar re-
gion. In all, such differences largely correspond to those noted
to distinguish the gracile and robust australopiths from South
Africa (e.g., Robinson, 1954; Rak, 1983).

Comparison of fossils based on developmental patterns. A
second set of comparisons examined the perpendicular dis-
tances of Sts 5 and SK 48 to each of the developmental trajec-
tories extended from the Taung child configuration (see
Fig. 4). These results, given in Table 6, corroborate those
from the first analysis. For every developmental trajectory ex-
tended from the Taung child, Sts 5 was substantially closer to
the pathway than was SK 48. Specimen Sts 5 was closest to the
trajectory of G. gorilla, followed by H. sapiens and then
the two species of Pan. Specimen SK 48 was closest to the ex-
tended trajectory of H. sapiens due to their shared orthog-
nathic midfacial morphology and tall zygomatic (Fig. 7b); it

Table 6

Perpendicular Procrustes distances between fossils and developmental vectors

originating at the (juvenile) Taung configuration

Specimen G. gorilla H. sapiens P. paniscus P. troglodytes

Sts 5 0.11490 0.11626 0.12138 0.12140

SK 48 0.17248 0.16100 0.18816 0.18051

Table 7

Intraspecific developmental distance statistics between extant Stage 1 and

Stage 5 specimens compared to distances between (juvenile) Taung and adult

fossils

Intraspecific statistics: Distances between

Taung and:

Mean Max Sts5 SK48

G. gorilla: 0.10860 0.21704 0.20848 0.23678

H. sapiens: 0.07587 0.17416

P. paniscus: 0.09927 0.17009

P. troglodytes: 0.08874 0.21233
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Table 8

Summary of all Procrustes distance results computed from the reduced data set

(a) Sts 5 SK 48 Sts 71 OH 5 WT 17000 TG-gg TG-hs TG-pp

SK 48 0.17966

Sts 71 0.10638 0.16007

OH 5 0.16778 0.10017 0.15761

WT 17000 0.16763 0.18120 0.15701 0.17348

TG-gg 0.12762 0.18916 0.10005 0.18533 0.21221

TG-hs 0.14033 0.19151 0.11852 0.18731 0.22248 0.06233

TG-pp 0.13810 0.20660 0.12036 0.19303 0.21647 0.06972 0.06202

TG-pt 0.14157 0.20156 0.11019 0.19024 0.21561 0.05588 0.05727 0.04178

(b) Intraspecific adult distance statistics

Mean Min Max

G. gorilla 0.10153 0.04231 0.20853

H. sapiens 0.08890 0.04762 0.16173

P. paniscus 0.08268 0.04479 0.15896

P. troglodytes 0.08817 0.04527 0.17542

(c) G. gorilla H. sapiens P. paniscus P. troglodytes

Sts 5 0.10940 0.11078 0.12004 0.11558

SK 48 0.17889 0.17191 0.20294 0.19104

Sts 71 0.09609 0.11445 0.11857 0.10126

OH 5 0.17952 0.17659 0.18905 0.17998

WT 17000 0.20111 0.20789 0.20447 0.19350

(d) Intraspecific developmental statistics Distances between Taung and:

Mean Max Sts5 SK48 Sts 71 OH 5 WT 17000

G. gorilla: 0.10704 0.20853 0.20167 0.23958 0.16035 0.22875 0.26296

H. sapiens: 0.08145 0.18412

P. paniscus: 0.09485 0.16761

P. troglodytes: 0.08450 0.21432

(a) Distance matrix for real fossil specimens and simulated Taung adults, indicated by ‘‘TG-’’ followed by a two letter designation of the developmental trajectory

used in the simulation: gg¼G. gorilla; hs¼H. sapiens; pp¼ P. paniscus; pt¼ P. troglodytes; (b) summary of intraspecific Procrustes distances between all pairs

of extant adults; (c) perpendicular distances between fossils and developmental vectors originating at the (juvenile) Taung configuration; and (d) intraspecific de-

velopmental distances compared to distances between Taung and adult fossils.
was slightly more distant from the G. gorilla trajectory and
furthest from the Pan vectors. Interestingly, these results sug-
gest that the development of Taung into Sts 5 would not have
followed a pattern especially similar to that of chimpanzees or
bonobosdat least with regard to facial morphology. These re-
sults also do not support the hypothesis suggested by Gunz
et al. (2004) that SK 48 represents an extension of the same
ontogenetic trajectory that produced Sts 5 (see Gunz et al.,
2005, for specific discussion of this issue).

Comparison of fossils based on magnitude of shape change.
A final morphometric comparison examined the developmental
distance between the original Taung configuration and the adult
australopiths. Intraspecific distances between Stage 1 and Stage
5 specimens are summarized in Table 7 along with the Taunge
Sts 5 (0.20848) and TaungeSK 48 (0.23678) distances. Note
that the mean distances between Stage 1 and Stage 5 specimens
are very similar to the trajectory magnitudes calculated above,
but are here based on differences between these two stages only
rather than on a regression summarizing all ontogenetic stages.
While the Taung configuration is more similar in shape to Sts 5
than to SK 48, even this distance is substantially greater than the
mean developmental distance in every extant species; in fact, it
is beyond the observed maximum of both H. sapiens and P.
paniscus, falling just within the ranges of the other two species.
The TaungeSK 48 distance is beyond all four species ranges,
indicating the relative unlikelihood that Taung would have de-
veloped this morphology. These results further support the hy-
pothesis that the Taung child could possibly have developed
into an Sts 5elike adult, although the shape difference between
them is extreme compared to extant hominines.

Additional fossil comparisons

Results of all analyses computed for the reduced set of
landmarks are given in Table 8. In addition to Sts 71, OH 5,
and KNM-WT 17000, new results (based on fewer landmarks)
are also given for Sts 5 and SK 48 for comparison. Distances
among the fossil specimens (Table 8a) are unsurprising. The
Sterkfontein specimens are quite similar (0.10638) and well
within the observed range of extant species (Table 8b). Spec-
imens SK 48 and OH 5, however, are even more similar to
each other in shape (0.10017). Specimen KNM-WT 17000 is
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the most distinct fossil sampled here, but interestingly, it is
closest to specimens from Sterkfontein rather than the other
robust fossils due to similarities in palatal shape and place-
ment. Distances between simulated Taung adults and these
fossils indicate that Sts 71 is most similar to every modeld
substantially closer even than Sts 5. Both Sterkfontein speci-
mens, however, fall well within the observed ranges in extant
species (Table 8b). The distances between the simulated Taung
adults and the robust australopith specimens SK 48 and OH 5
are beyond extant species ranges, excepting that of G. gorilla;
KNM-WT 17000 is well beyond all species ranges in its dis-
tance from the simulated Taung adults.

Perpendicular distances of these fossils to trajectories ex-
tended from Taung (Table 8c) further support previous results.
Specimen Sts 71 was nearer than any other fossil to the ex-
tended vectors of African ape species. Interestingly, Sts 5 was
slightly closer than Sts 71 to the H. sapiens vector. All three ro-
bust specimens were much more distant, with KNM-WT 17000
placed furthest from all trajectories. Specimens OH 5 and SK
48 were nearest to the H. sapiens trajectory, owing to their or-
thognathic faces and tall zygomatics. Specimen KNM-WT
17000 was closest to the chimpanzee vector. Once again, Sterk-
fontein specimens were found to most resemble the morphol-
ogy that we would expect in an adult version of the Taung child.

A final look at developmental distances (Table 8d) demon-
strated that the shape change necessary to transform the Taung
child into any of these specimens is substantially greater than
the observed means in extant species. As with the larger land-
mark set, the distance between Taung and Sts 5 is within the
range of G. gorilla and P. troglodytes, but beyond the human
and bonobo ranges. The distance between Taung and Sts 71,
however, is within all four species ranges. Developmental dis-
tances between Taung and the three robust specimens are beyond
those observed in extant hominines; the distance between Taung
and KNM-WT 17000 is particularly large. These results support
the hypothesis that the Taung child could have developed into
one of the adult Sterkfontein hominins, but make it unlikely
that it would have become a robust australopith adult.

Discussion

Statistical design and repeatability

One interesting outcome of this paper comes from compar-
ing results of the three permutation designs for testing angular
differences between trajectories (see Fig. 3). Due to the
complexity of what these angles represent (i.e., change in 50
landmarks summarized through five stages of development),
there are several ways in which permutation tests could be
constructed. Since the samples used to compute angles and
test for significance were identical in each permutation test,
and since the large number of replicates (10,000) should stabi-
lize results over multiple iterations of the same test design, dif-
ferences in the results of these tests can be reliably attributed
to differences in the test designs.

When permuted groups were constrained to have equal num-
bers of individuals in each developmental stage, significant
differences were found between four of the six pairwise com-
parisons; the trajectory of P. paniscus was not found to differ
significantly from those of either P. troglodytes or H. sapiens
(see Table 3). However, when these constraints were relaxed
and permuted groups populated in accordance with the original
samples for each stage, the resulting p-values decreased for ev-
ery pairwise comparison. Moreover, the differences between P.
paniscus and P. troglodytes, insignificant in the first test, were
now found to represent significantly different patterns of devel-
opment (according to the standard a-value used here). The last
test formed permuted groups entirely by chance and resulted in
a further decrease in p-values for five of the six comparisons (G.
gorillaeP. paniscus being the exception). It is clear from these
results that the design of a permutation test can influence the
outcome of the analysis. In this case, different designs yielded
different answers to the question of conserved developmental
patterns within Pan. Furthermore, the test design that assigned
specimens randomly to permuted groups was the least conser-
vative, with a demonstrably greater propensity toward yielding
significantly different results than the more constrained
designs.

Yet, permutation tests rely on the randomness of permuted
groups compared through a sufficient number of replicates in
order to generate appropriate distributions for testing hypoth-
eses (Pesarin, 2001). In this case, however, it is important to
consider the hypothesis being tested when formulating the
test design (see Nichols and Holmes, 2002). The permutation
test asks whether a statistic computed between two groups
might be reasonably sampled from one statistical population
(Maritz, 1981; Good, 2000; Pesarin, 2001). Under this null hy-
pothesis, the test assumes that all possible permutations are
equally likely (Good, 2000; Pesarin, 2001; Mukherjee et al.,
2003). In computing developmental trajectories, however,
some combinations are biologically quite unlikely. For exam-
ple, a randomized group populated entirely by adult specimens
is possible in the permutation space, but does not generate
a meaningful biological representation of development. In
this case, the null hypothesis to be tested should be that devel-
opmental trajectories derived from the two groups were
sampled from the developmental pattern of a single statistical
population. Accordingly, the permutation design should assess
whether permuting specimens at each developmental staged
and thereby preserving the ontogenetic component of the
statisticdwould result in similar or greater angles between
trajectories. While this model constrains the ‘‘randomness’’
of the permutations, it better matches the degree of exchange-
ability of specimens, as dictated by the biological process of
ontogeny (see Nichols and Holmes, 2002).

Care must also be taken with unbalanced samples. In a basic
test of differences between two groups, the sample with the
greatest number of individuals will tend to disproportionately
populate both permuted groups, artificially increasing the sim-
ilarity between them. As the permutation test is based on the
frequency with which the differences between permuted groups
equal or surpass the original difference (e.g., Good, 2000), in-
flation of their similarity thereby makes it easier to conclude
that the original difference is significant. In ontogenetic
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studies, this problem extends to every level of sampling. Note
that the use of a continuous size variable as a covariate instead
of developmental stages does not alleviate these difficulties, but
rather makes it more difficult to control for them.

The use of permutation testing is becoming more common
in the physical anthropological literature, with strong advo-
cates among geometric morphometricians (see Bookstein
et al., 1999). It has been used by several authors (e.g.,
O’Higgins et al., 2001; O’Higgins and Collard, 2002; Penin
et al., 2002; Strand Viðarsdóttir et al., 2002; Cobb and
O’Higgins, 2004; Zollikofer and Ponce de León, 2004) to
test for differences between ontogenetic trajectories. It is clear
from this project that the design of a permutation test can
significantly impact any results that derive from it. Yet, such
details of analysis are often either unclear or omitted (as in,
e.g., McNulty, 2004). While we do not impugn the design or
results of any of the studies cited, we strongly advocate a clear
exposition of test design (e.g., Richmond and Jungers, 1995;
Bookstein et al., 1999; Richmond et al., 2002) whenever
publishing results. This should include not only the precise
protocols used for resampling permuted groups, but alsodfor
ontogenetic studies, and even if a continuous size variable is
employed as the covariateda detailed breakdown of sample
sizes at different stages of development. Such transparency is
necessary both to satisfy the scientific criterion of repeatability,
and to help others in developing their own research protocols.

Ultimately, we do not argue that every analysis should be
accompanied by multiple permutation designs. Rather, the
test design should be clearly articulated so that results can
be fairly evaluated.

Conservatism in hominine postnatal facial ontogeny

The debate over conservatism in the ontogeny of hominine
craniofacial morphology is part of a larger effort to compre-
hend the developmental mechanisms that underlie morpholog-
ical variation recorded among fossil specimens and manifest in
extant African apes and humans. On one hand are several au-
thors (Lieberman and McCarthy, 1999; Strand Viðarsdóttir
et al., 2002; Bastir and Rosas, 2004; Cobb and O’Higgins,
2004; Mitteroecker et al., 2004; Strand Viðarsdóttir and
Cobb, 2004) who have identified significant differences in
the developmental pathways of these species. The implication
of these studies is that divergent patterns of ontogeny continue
to accentuate group differences beyond those that are estab-
lished prenatally (e.g., Cobb and O’Higgins, 2004). Alterna-
tively, a number of researchers (Shea, 1983a,b; Richtsmeier
and Walker, 1993; Bruner and Manzi, 2001; Ponce de León
and Zollikofer, 2001; Ackermann and Krovitz, 2002; Penin
et al., 2002; Zollikofer and Ponce de León, 2004) have instead
emphasized conservatism in hominine postnatal development.
This implies that species-level differences arise early in ontog-
eny, and receive little enhancement during later postnatal de-
velopment (e.g., Ackermann and Krovitz, 2002).

This question of conservatism is important to our
application of developmental simulation (but not all such
applications; see Richtsmeier et al., 1993), as widely varying
patterns of development among these species would prevent
reliable estimation of the Taung child’s adult morphology
(Cobb and O’Higgins, 2004). Thus, as a preliminary step,
we tested for differences in the developmental patterns of
hominines subsequent to M1 occlusion. The results (see
Table 3) largely indicated trajectory divergence among these
species, although significant differences were not found
between trajectory magnitudes. Two comparisons, P. paniscuse
P. troglodytes and P. paniscuseH. sapiens, did not show sig-
nificant differences in pattern, but the large angle associated
with the latter pair suggests that this particular result may be
due to sample size (see discussion in Cobb and O’Higgins,
2004); the angular difference between chimpanzee and bonobo
trajectories was significant under two of the three permutation
designs. In any case, it is clear that developmental patterns
among hominines as a whole are divergent rather than parallel;
the manner in which morphology changes between M1 occlu-
sion and adulthood does not seem, based on landmarks studied
here, to be a conservative pattern inherited from an ancestral
hominine species.

These developmental differences were manifest in the four
estimates of Taung’s adult morphology. Shape change along
the human trajectory was characterized by retention of large
orbits but a lateral shift in orbitale, increase in the height of
the zygomatic body, and maintenance of the reduced canine
dimensions. The gorilla trajectory resulted in anterior expan-
sion of the glabellar region and concomitant change along
the supraorbital border, a marked inferior shift in the midline
palatal landmarks, and strong lingual but only weak mesiodis-
tal expansion in the canine region. Developmental patterns in
chimpanzees and bonobos were most similar among homi-
nines, sharing a relative reduction in superior facial height,
anteroinferior expansion of the alveolar region, lengthening
of the hard palate, with a superior shift in the horizontal plate
of the palatine, and a strong mesiodistal but only slight lingual
expansion of the canine region. Changes in P. paniscus, how-
ever, differ from the chimpanzee pattern, resulting in anterior
rotation of the frontal process of the zygomatic, more superior
placement of alare, a posterior shift in zygomaxillare, and cur-
vature in the midline of the hard palate.

Despite these significantly different trajectories describing
distinct patterns of developmental change, actual shape differ-
ences among the Taung adults were quite minor. Procrustes
distances between them (Table 6a) were very small, and
even the visualization of Taung adults (see Fig. 7) had to be
exaggerated in order to highlight the modest variations.
When developmental simulation was tested in extant speci-
mens, nearly every ‘‘adult’’ simulated using the wrong species
trajectory fell within or near the range of variation observed in
actual adults of the juvenile’s species. Thus, while it is clear
from our results that patterns of post-M1 developmental change
in hominines are significantly different (cf. Strand Viðarsdóttir
et al., 2002; Bastir and Rosas, 2004; Cobb and O’Higgins,
2004; Mitteroecker et al., 2004; Strand Viðarsdóttir and
Cobb, 2004), our developmental simulations indicate that these
species-level differences contribute little to the variation in
adult morphology (Ackermann and Krovitz, 2002). This is



292 K.P. McNulty et al. / Journal of Human Evolution 51 (2006) 274e296
strong evidence that the morphology present at the time of M1

occlusion, rather than any subsequent development, is the
primary determinant of adult form (Ackermann and Krovitz,
2002; Zollikofer and Ponce de León, 2002, 2004; Williams
et al., 2002; Bastir and Rosas, 2004). As noted by Cobb and
O’Higgins (2004; and see references therein), differences in
adult morphology arise from two postnatal ontogenetic factors:
divergent patterns of developmental change and differences in
the magnitude of that change. Neither postnatal factor is shown
here to bear much influence after occlusion of the first molar,
indicating that primary differentiation of hominine features
occurs somewhat earlier in ontogeny.

These results (see also Bastir and Rosas, 2004) provide
some degree of resolution to current debate (Ackermann and
Krovitz, 2002; Cobb and O’Higgins, 2004) over hominine
postnatal development: it is possible for significantly different
(i.e., nonparallel) developmental trajectories to have only min-
imal impact on adult morphology. Conversely, the early estab-
lishment of species-level differences may not be indicative of
conservatism in the subsequent developmental change. A fur-
ther implication of these results is that the magnitude of shape
change between M1 occlusion and adulthood is insufficient to
produce species-level variation, given the degree of difference
exhibited among these developmental trajectories.

That being the case, what level of variation is introduced in
these later stages of development by such divergent trajecto-
ries? The classification system used here evaluated simulated
adults against the distribution of real adults within each
species. The same methods, however, with larger, well-
provenanced samples might be similarly employed to test
for differences at the subspecific or population levels, or for
sexual dimorphism in developmental patterns. More impor-
tantly, shape differences produced from developmental simu-
lations can aid in determining whether such variability
corresponds to features that define taxonomic, sex, or even
functional categories. The timing of the ontogenetic appear-
ance of such features can also provide valuable information
about the selective pressures under which they evolved (see
discussion in Bastir and Rosas, 2004).

Comparative morphology of the Taung ‘‘adult’’

Qualitative comparisons of the simulated Taung adult, Sts 5,
and SK 48 (see Fig. 9) make apparent the affinity between the
Sterkfontein and Taung specimens. Both share a prognathic
face with a long nasoalveolar clivus and anteriorly placed palate,
a well-developed, forward projecting glabellar region, and
a short, obliquely oriented zygomatic. In contrast, SK 48 is
much more orthognathic, with the palate placed posteriorly un-
derneath the midface. The glabella in SK 48 is also well-
developed, as in the simulated Taung adult, but placed rather
posteriorly by comparison. Finally, the SK 48 zygomatic
is much taller and anteriorly shifted than in the simulation. Over-
all, the morphology of Sts 5 and the simulated Taung adult are
remarkably similar, while both differ dramatically from SK 48.

Three statistical comparisons of real and simulated fossil
specimens also demonstrated the unlikelihood that the Taung
child could have developed into an adult robust australopith.
Differences between simulated Taung adults and SK 48 were
beyond the ranges of variation exhibited by three of the four
extant hominines; similar results were also obtained for OH
5 and KNM-WT 17000, with the latter found to be quite dis-
tinct. In contrast, the estimated Taung morphology compared
favorably to specimens from Sterkfontein in all three analyses.
Distances between Taung ‘‘adults’’ and both Sts 5 and Sts 71
were well within the ranges of modern hominines, with the lat-
ter distances approaching extant species means. Separate anal-
yses of developmental pattern and developmental distance also
favored the gracile australopiths, and in particular Sts 71. Var-
iation in extant taxa may not always be the final arbiter for de-
limiting fossil species variability (see discussion in Kelley,
1993), but, barring evidence to the contrary, it is a reasonable
starting point for discussion. As such, we find no support for
allying the Taung child with robust specimens from either
southern or eastern Africa.

These results corroborate previous studies (e.g., Robinson,
1954; Rak, 1983; Grine, 1985a,b; Clarke, 1988) suggesting
that the Taung and Sterkfontein hominins are conspecific.
One must use caution when making the assumption that
post-M1 development in A. africanus had as little impact on
adult morphology as shown here among extant hominines.
To invalidate this assumption, however, would require that
the developmental pattern of A. africanus be substantially
more dissimilar from that of every extant hominine than are,
for example, the patterns of H. sapiens and G. gorilla. Given
that our simulated Taung adults did indeed resemble crania
from Sterkfontein (see Table 8a,b), corroborating previous
work (e.g., Robinson, 1954; Rak, 1983; Grine, 1985a,b;
Clarke, 1988), as well as the consensus taxonomy, we regard
this as highly improbable. Thus, while it is unlikely that any
simulation can accurately predict the adult form of the Taung
individual, we are confident that we have estimated, within
a reasonable margin of error, what an adult of the same popu-
lation might have looked like.

There is a great deal of diversity exhibited in the cranioden-
tal morphology of Sterkfontein fossils (e.g., Clarke, 1988;
Kimbel and Rak, 1993; Moggi-Cecchi et al., 1998; Lockwood
and Tobias, 2002). In this project, both the Taung child and the
simulated Taung adults were more similar to Sts 71 than to
Sts 5. While it is tempting to interpret this in terms of sexual
dimorphism, both the samples and analyses used here were not
adequate to make such determinations. Moreover, assignment
of sex to adult specimens of A. africanus is not necessarily
straightforward. Early assessments of the Sterkfontein speci-
mens concluded that Sts 5 (‘‘Mrs. Ples’’) was likely female,
while the more robust features of Sts 71 indicated male status.
These designations have not gone unchallenged, however. Rak
(1983) argued that both specimens were male, while Lock-
wood (1999) concluded that Sts 71 is female and Sts 5 is in-
determinate. Indeed, the morphology preserved in Stw 505
suggests a typically hominine suite of male characteristics
compared to Sts 71 (Lockwood and Tobias, 1999). Given the
results of our analyses, however, broader comparisons within
A. africanus that include developmental simulations reflecting
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subspecific and sex differences might offer new insights into
the patterns of variability within this species.

The ontogeny of A. africanus

The affinities of the Taung hominin take on far greater
significance due to its central role in studies of hominin
growth and development. Inferences about the ontogenetic
patterns of A. africanus rest entirely on the assumption that
the Taung child could have ‘‘grown up’’ to be something sim-
ilar to Sts 5 or Sts 71. With new methods of comprehensive
morphological analysis becoming more widely used (e.g.,
Ponce de León and Zollikofer, 2001; Ackermann and Krovitz,
2002; Penin et al., 2002; Strand Viðarsdóttir et al., 2002;
Weber et al., 2003; Bastir and Rosas, 2004; Cobb and
O’Higgins, 2004; Gunz et al., 2004, 2005; Mitteroecker
et al., 2004), the number of conclusions derived from this
foundational assumption is growing. Our results endorse the
Taung child as an appropriate starting point for inferring
ontogeny among the Sterkfontein australopiths. Yet, it is also
apparent that among well-preserved A. africanus adults, Sts
71 may be the specimen that most closely resembles the adult
that Taung would have become. Given that the developmental
distance between Taung and Sts 5 is beyond the ranges
exhibited by two extant hominines, this pairing may be less
useful for inferring the ontogenetic pattern of A. africanus.

Obviously, the incorporation of extant trajectories into our
developmental models prohibits discussion of the true ontog-
eny of A. africanus based on simulation. However, if one
assumes a specific trajectory between the Taung child and
a specimen from Sterkfontein (based, for example, on evi-
dence of developmental distance), then it would seem that
the pattern of facial development is more like that of a gorilla
than those of humans, chimpanzees, or bonobos (see Table
8c). However, we caution the reader against inferring too
much from this apparent similarity. Perpendicular distances
between Sterkfontein specimens and all four trajectories are
similar in length, and while both Sts 5 and Sts 71 are closer
to the gorilla trajectory, there is no indication here of whether
they are significantly closer to this than to the other vectors. In
a statistical sense, it is uncertain whether the differential
among these apes results from a genuine affinity to the gorilla
developmental pattern or from this particular sample of spec-
imens. Indeed, comparing the ordination of perpendicular
distances (see Table 8c) for Sts 5 and Sts 71 reveals that these
small differences (cf. results for SK 48) may not have straight-
forward interpretations. That Sts 5 should have its secondary
affinity to the H. sapiens trajectory, while Sts 71 is more sim-
ilar to that of P. troglodytes, suggests, for specimens of the
same species (but see Clarke, 1988, 1994), that differences
at that level may be stochastic.

Developmental simulation

The idea of using a known pattern of change to estimate an
unknown quantity has a long history in morphometrics and, in-
deed, in statistics. Richtsmeier et al. (1993) expanded on this
concept, developing a method for studying ontogenetic shape
differences by simulating the growth and development of one
species using the ontogenetic pattern of another (see also
Richtsmeier and Walker, 1993, for a similar application).
Here, we draw on these concepts but use different methods
in order to estimate the adult morphology of the Taung child.
It is worth noting that developmental simulation is an effective
tool for examining the affinities of other juvenile fossils.
While one cannot simply assume that divergent trajectories
will minimally influence adult estimation in every species,
our methodology provides guidelines and testable criteria for
evaluating this impact. Namely, developmental trajectories
should ideally be calculated for extant taxa that phylogeneti-
cally bracket the extinct forms of interest. Those trajectories
are then compared to determine whether or not they differ
significantly from each other. If they do not, then the trajecto-
ries can be applied to the juvenile fossil. If they do differ, then
it must be determined whether the application of an incorrect
trajectory substantially impacts classification. Minimal
impactdjudged against a range of variation appropriate to
the research questiondsuggests that simulated morphology
can reliably be used in comparative analyses.

Developmental simulation, as applied here, is also a useful
tool for comparing developmental patterns, not only for their
shape differences (Richtsmeier et al., 1993), but for other as-
pects of biological significance. Computing angles between
multivariate developmental trajectories provides a useful
means for quantifying the similarities and differences between
such patterns. However, developmental simulation extends this
idea, measuring the effect of these differences on the formation
of adult morphology. Importantly, this impact is tested within
the context of real adult variation, the same measure against
which we typically test for differences among specimens; sig-
nificance tests (here, permutation tests) between regression
lines, on the other hand, cannot be easily interpreted in this
same framework.

Finally, the approach of developmental simulation could
creatively be applied to examine other morphological issues
related to ontogeny (see Richtsmeier et al., 1993). Differences
in the timing of morphogenetic events can reveal the processes
by which evolutionary change has occurred and may even hint
at the selective pressures that caused such transformations
(e.g., Gould, 1977; Lieberman et al., 2000, 2004; Bastir and
Rosas, 2004). Likewise, the timing and correlated structural
changes that accompany the formation of distinctive traits
may provide important clues about morphological integration
and potential homology with similar features in other taxa
(e.g., Lieberman et al., 2004). While species-level differences
were the focus of this study, appropriate samples could be used
to examine other taxonomic units, the appearance of sexually
dimorphic features, and even the morphogenesis of function-
ally linked traits.

Conclusions and summary

In this paper we reexamined the morphological affinities of
the Taung child using developmental simulations in order to
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produce estimates of its adult morphology for comparison with
other adult fossil specimens. As simulations were based on the
developmental trajectories from extant hominine species (G.
gorilla, H. sapiens, P. paniscus, and P. troglodytes), we first
tested these trajectories to determine whether they were signif-
icantly different from each other. Differences in the magnitude
(i.e., the amount of shape change during development) of
hominine trajectories were not found to be significant. Differ-
ences in the angles between trajectories, or patterns of shape
change, were statistically significant for all pairwise compari-
sons except P. paniscuseH. sapiens and P. paniscuseP.
troglodytes.

We tested the impact of these differences by simulating the
development of every extant juvenile using each of the four de-
velopmental trajectories. Resulting ‘‘adults’’ were consistently
classified with adults from the juvenile’s species rather than
with adults from the trajectory (or other) species. This indicated
that morphology already present by M1 occlusiondnot the sub-
sequent pattern of developmentdis the primary factor in deter-
mining species-level differences in adult cranial form. Angular
differences in these developmental trajectories, then, do not sig-
nificantly impact the estimation of adult morphology.

Simulated morphology of the adult Taung hominin was
compared to several fairly complete specimens of robust and
gracile australopiths: Sts 5, SK 48, Sts 71, OH 5, and KNM-
WT 17000. Additional comparisons were made to examine
fossil affinities based separately on both the pattern and mag-
nitude of developmental change. All results were consistent
with the conspecificity of the Sterkfontein specimens and the
Taung child, while reducing the probability to near zero that
Taung was a robust australopith. Indeed, for the Taung child
to be allied with SK 48 or OH 5 would require that its devel-
opmental pattern and magnitude be vastly different from those
exhibited in all extant hominine species. Of the Sterkfontein
specimens, Taung showed a closer affinity to Sts 71. These re-
sults support the use of Taung for inferring A. africanus ontog-
eny, but favor Sts 71 over Sts 5 as the adult representative.

In 1978, Tobias wondered whether the Taung specimen
might be a robust australopith, and lamented that the adult
form of Taung was ‘‘not available’’ for study. The method of
developmental simulation now enables estimates of this adult
morphology to be generated, tested, and compared to other
adult specimens. Moreover, this type of approach provides
a unique avenue for studying differences in developmental pat-
terns (Richtsmeier et al., 1993) and for examining the emer-
gence during ontogeny of group-specific morphology. Thus,
estimation of the Taung child’s adult morphology, while valu-
able for answering Tobias’s concerns, is but one example of
the potential applications of developmental simulation toward
our understanding of the complex processes of ontogeny.
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