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Abstract

It is well known that the human skull achieves adult size through a superior-inferior gradient of maturation.
Because the basicranium matures in size before the face, it has been suggested that the form of the basicranium
might have ontogenetic knock-on effects on that of the face. However, although sequential spatially organized
maturation of size is well described in the cranium, the maturation of skull shape is not. Knowledge of the
maturation of shape is important, nevertheless, because it is claimed that the early determination of the spatial
configuration of basicranial components, where the facial skeleton attaches, is relevant in the spatio-temporal
ontogenetic cascade from basicranium to face. This paper examines the ontogeny of various components of the
human skull in 28 individuals from the longitudinal Denver Growth Study. Sixty-six landmarks and semilandmarks
were digitized on 228 X-rays and analysed using geometric morphometric methods. Bootstrapped confidence
intervals for centroid size support previous studies suggesting a supero-inferior gradient of growth maturation
(size over time), while developmental maturation (shape over time) is more complex. A sequence of shape
maturation is described, in which the earliest structure to mature in shape was the midline cranial base (7-8 years),
followed by the lateral cranial floor (11-12), midline neurocranium (9-10) and facial and mandibular structures
(15-16). The absolute ages of shape maturation of the latter three depended on the criterion of maturity used,
which was not the case for the basicranial components. Additionally, ontogenetic dissociations were found
between the maturation of size and shape of the midline cranial base and lateral floor, possibly underlining its
role as structural ‘interface’ between brain and facial ontogeny. These findings imply potential for bidirectional
developmental influences between the lateral cranial floor and the face until about 11-12 years. The findings are
discussed with regard to their relevance for palaeoanthropology and especially the evolutionary and developmental
bases of skull morphological variation.

Key words basicranium; cranial base; craniofacial ontogeny; Denver Growth Study; modularity; Procrustes; sliding
semilandmarks.

1999; Lieberman et al. 2002). The aim is to understand

Introduction how shifts in the spatial and temporal organization,

Among the most challenging endeavours in current
palaeoanthropology is the unravelling of the morpho-
logical growth interactions between skull components
that underpin the evolution of a large brain, and small
face in modern humans (Lieberman, 1998; Spoor et al.
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magnitudes of change in size and shape, and inter-
actions between the modules that comprise the skull
have led to the evolutionary changes observed in the
hominin radiation. Such understanding has the
potential to improve our ability to make phylogenetic
interpretations of craniofacial variations among fossils.
Traditionally, these issues are addressed through two
complementary approaches. The first uses functional
models to relate the biomechanics of the facial skele-
ton, often in isolation from the cranial base, to its
ontogeny (Rak, 1986; Trinkaus, 1987, 2003; Spencer &

Journal compilation © 2006 Anatomical Society of Great Britain and Ireland



638 Spatiotemporal pattern of cranial ontogeny, M. Bastir et al.

Demes, 1993). The second is the structural approach
in which developmental and spatial hypotheses are
tested. An example of the latter is found in the attempt
by various workers to link the evolution of the brain
with changes in basicranial morphology on the one hand
and of the face on the other (Enlow & Azuma, 1975;
Bromage, 1992; Ross & Ravosa, 1993; Ross & Henneberg,
1995; Spoor, 1997; Lieberman, 1998; Lieberman et al.
20004, 2002; Rosas, 2001; Jeffery & Spoor, 2002; Jef-
fery, 2003; Bastir & Rosas, 2004b; Rosas & Bastir, 2004;
Ross et al. 2004). A current aim of research in this area
is to understand how and to what extent structural or
functional factors interact to produce a given facial
morphology.

Mechanical and spatial growth interactions between
the various components of the human skull during
ontogeny are important in relation to structural
hypotheses of skull ontogeny (Enlow & Hans, 1996;
Lieberman, 1998; Spoor et al. 1999; Lieberman et al.
2000a, 2004; O'Higgins, 2001; Bastir et al. 2002, 2004;
Bastir & Rosas, 2005, 2006). There exists a temporal
sequence of craniofacial skeletal maturation, with
different components achieving morphological adult-
hood at different times (Enlow, 1968; Bastir & Rosas,
2004a) (Fig. 1). Within a given temporal sequence,
slight developmental modifications of maturation of
one cranial component can have marked effects on
the development of other adjacent or more distant
components that mature later (Atchley & Hall, 1991;
Lieberman et al. 2004).

Because of the intermediate position of the basicra-
nium between the brain and the face and the temporal
sequence of skeletal maturation of the various com-
ponents of the human skull, the earlier maturing
basicranium is frequently hypothesized to set spatial
conditions that can influence the slower and longer
growing facial skeleton (Enlow et al. 1969; Buschang
et al. 1983; Bhatia & Leighton, 1993; Enlow & Hans, 1996)
(Fig. 1). This structural concept has a long history
(Dabelow, 1931; De Beer, 1937; Biegert, 1957; Hofer,
1965), and it is encapsulated in what Enlow has termed
‘craniofacial levels’ (Enlow & Hans, 1996, p. 14). This
idea posits a ‘descending cause-and-effect stratigraphic
arrangement of structural levels in the design of the
face’ (Enlow & Hans, 1996, p. 14). The notion of cranio-
facial levels implies a cascade of causal, developmental
mechanisms and has found widespread application in
orthodontics through counterpart analysis (Enlow, 1968;
Enlow et al. 1969; Bhat & Enlow, 1985). Recently, it has
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Fig. 1 Craniofacial levels of skull development. The lines
connecting the origin schematically indicate the hypothesized
(Buschang et al. 1983; Enlow & Hans, 1996) differences in
maturation of the various craniofacial levels; they do not
imply ontogenetic shape trajectories, which would be
multivariate and curvilinear. The temporal sequence of
morphological maturation shows that the neurobasicranial
complex reaches adult shape earlier than the ethmomaxillary
complex and the mandible.

been increasingly employed in palaeoanthropology
(Enlow & Azuma, 1975; Shea, 1985; Bromage, 1992;
Ravosa & Shea, 1994; Lieberman, 1998; McCarthy &
Lieberman, 2001; Bastir et al. 2002, 2004).

The temporal sequence of maturation can also
potentially influence the extent to which morphological
integration is present among diverse skull components
(Fig. 1). Recent investigations have identified a low level
of integration between the midline (i.e. midsagittal)
cranial base and the bilateral middle cranial fossae,
possibly because of differences in the timing of matu-
ration (Bastir et al. 2004; Bastir & Rosas, 2005, 2006).
These interpretations are in line with more general
earlier suggestions by Dabelow (1931), Enlow et al. (1971)
and Lieberman et al. (2000a). The temporal sequencing
of maturation closely relates to the emergence of
modularity and its diagnosis at the morphological level
(Riedl, 1975; Wagner, 1996; Von Dassow & Munro, 1999;
Klingenberg et al. 2003; Bastir & Rosas, 2005, 2006).
However, despite the obvious significance of ‘craniofacial
levels’ in understanding craniofacial development and
evolution there remain some unresolved issues.

Baughan et al. (1979) have shown three different
ontogenetic schedules of maturation: cranial, facial and
general skeletal patterns. Similarly, a growth gradient
of maturation has been identified for linear measure-
ments of the growing human skull by Buschang et al.
(1983). These authors showed that the size of structures
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close to the basicranium reaches adult percentages
earlier in ontogeny than do maxillary and mandibular
components. These results support Enlow’s model.
However, it is unclear how the developing shape as well
as the size of the earlier maturing basicranium relates
(through ontogenetic interactions) to the shape and
size (form) and spatial relations of other, later matur-
ing facial structures. This is because of the limitations of
incomplete sets of linear measurements in preserving
information about form (Rohlf & Marcus, 1993; Zelditch
et al. 2004). Geometric morphometric analysis of basicra-
nial and facial landmark configurations (Bookstein,
1991; Rohlf & Marcus, 1993; O'Higgins, 2001) can poten-
tially contribute to the clarification of this issue.

A further issue in relation to craniofacial levels is that
the concept principally relates to the maturation of
midline structures as represented in lateral cephalo-
grams. However, recent investigations have shown that
lateral parts of the basicranium are better integrated
with some facial structures (Bastir et al. 2002, 2004;
Bastir & Rosas, 2005, 2006) than are midline structures,
but little is known about their ontogenetic shape
changes and maturation patterns.

Among the most important descriptors of basicranial
morphology is the basicranial angle, between the
spheno-occipital clivus and the sphenoidal plane
(Landzert's angle, CBA 4) (Landzert, 1866; Lieberman &
McCarthy, 1999; McCarthy, 2001; Bastir, 2004).
Although Lieberman & McCarthy (1999) found a rela-
tively early developmental maturation of this angle of
basicranial flexure in humans at approximately 2 years
of age, it should be noted that not only the maturation
of the angle, but also of the pre- and post-sellar pro-
portions and of the spatial relations of the sella (neither
captured by angular measurements) are importantin
the context of craniofacial levels, even though they
are not currently well described. Thus, a detailed
geometric morphometric analysis of the postnatal
ontogeny of the midline basicranium is required to
clarify spatio-temporal patterns of maturation in size
and shape.

Regarding the lateral cranial floor it is thought that
the anterior cranial fossae reach maturity at around 5-
6 years of age, together with the frontal lobes (Enlow
& Hans, 1996; Sgouros et al. 1999; Goodrich, 2005). By
contrast, little seems to be known of the schedule of
maturation of the middle cranial fossae (which are
influenced by the development of the temporal lobes).
Thus, Enlow & Hans (1996, p. 107) indicate only that
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they ‘continue to grow several more years’. Sgouros
et al. (1999) have shown that some linear distances of
the middle cranial fossae indicate maturation between
12 and 15 years, leaving open further details of the
chronology of maturation and, more importantly,
the associated changes in shape that occur during
maturation. This uncertainty is probably related to
the difficulties inherent in the quantitative assessment
of the size or shape of curved structures, such as the
anterior or middle cranial fossae.

Despite these difficulties we ought to know more
detail of the maturation of these structures. Enlow'’s
observations and those of others distinguish embryo-
logically and ontogenetically between the midline
cranial base (‘os tribasilare’ of Virchow) and the
anterior cranial floor (Hofer, 1960; Kummer, 1952;
Starck & Kummer, 1962; McCarthy, 2001), and the
lateral cranial fossae (Bastir et al. 2004; Bastir & Rosas,
2005). However, recently discovered and potentially
important integrative relationships between lateral
cranial floor structures and facial shape have emerged
from recent studies (Bastir et al. 2004; Bastir & Rosas,
2005) that also indicate a degree of developmental
independence between basicranial structures. Thus, to
understand fully how the structures of the midline
cranial base and lateral cranial floor integrate tempo-
rally and spatially and with other parts of the skull it
is now necessary to incorporate all of these into a
reanalysis of Enlow’s hypothesized ‘craniofacial levels’
(Enlow & Hans, 1996).

These considerations lead us to re-examine the
maturation of size and shape in the human skull with
the aim of adding detail to and testing Enlow’s notion
of craniofacial levels. The ontogeny of size over time is
termed ‘growth’, and that of shape is termed ‘develop-
ment’ (Ponce de Ledén & Zollikofer, 2001). Our aim is
to characterize the temporal and spatial sequence
of growth and development of components of the
skull, taking account of off-midline structures and of
subdivisions of the neurobasicranial complex. The first
part of the present study addresses Enlow’s hypothesis
of craniofacial levels with regard to the whole skull.
The second part addresses the maturation patterns of
different regions in the neurobasicranial complex, i.e.
the midline, the non-midline basicranial structures and
the midline vault. Thus, the hypotheses of Enlow’s
craniofacial levels together with those of the previously
discussed traditional morphometric studies lead us to
expect that significant differences in size and shape
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Table 1 Landmarks and semilandmarks (sml = semilandmark). Compare with Fig. 2

Landmark no. Name Landmark no. Name

1 fronto-orbital junction 34 sim

2 posterior sphenoid 35 slm

3 sml (halfway between Im1 and Im2) 36 sim

4 anterior sphenoid 37 slm

5 anterior cribriform plate point 38 slm

6 dorsum sellae basis point 39 slm

7 basion 40 slm

8 intersection MCF-ACF 41 slm

9 slm 42 opisthion

10 slm 43 condylion

1 slm 44 slm

12 slm 45 slm

13 slm 46 slm

14 sim 47 slm

15 slm 48 slm

16 slm 49 sim

17 posterior inferior point at petrosal temporal 50 slm

18 nasion 51 slm

19 slm 52 gnathion

20 slm 53 mention

21 slm 54 B-point

22 sim 55 incision

23 slm 56 mental foramen
24 slm 57 mandibular foramen
25 slm 58 prosthion

26 slm 59 A-point

27 slm 60 ant. nasal spine
28 slm 61 post. nasal spine
29 slm 62 slm

30 sim 63 slm

31 slm 64 slm

32 slm 65 internal prosthion
33 slm 66 orbitale

between adults and non-adults disappear for the
midline cranial base at around 2 years (Lieberman and
McCarthy), the neurocranium around 8 years (Buschang
et al. 1983), the lateral cranial floor (anterior and middle
cranial fossae) between 12 and 15 years (Sgouros et al.
1999), followed sequentially by the ethmomaxillary
complex and the mandible after 15.5 years (Baughan
et al. 1979; Buschang et al. 1983; Enlow & Hans, 1996).

Materials and methods

The data of this investigation consist of 66 two-
dimensional landmarks (Table 1) of 228 lateral radio-
graphs of 14 females and males of the longitudinal
Denver Growth Study (Maresh & Washburn, 1938;
Maresh, 1948; Lieberman & McCarthy, 1999; Lieberman
et al. 2001). Participants in this study are males and
females of European descent, who were radiographed

between the years of 1931 and 1966. A detailed
description and additional technical information can
be found in Lieberman & McCarthy (1999), Lieberman
et al. (2001) and references therein. The ages of the
sample range from newborn to adulthood, although
in some cases data are missing for particular ages and
in several of the youngest infants the radiographs are
not adequately aligned or detail is obscured by the
restraining hand of a parent or technician. For the
present geometric morphometric study we used X-rays
from 2 years of age to adulthood (18 or more years) at
2-year intervals (Table 2).

An examination of data concerning the velocities of
growth in stature (Leigh, 1996) of these individuals
indicated on average for this sample a velocity of zero
is present by 19 years. This result suggests that 19 years
(G9, Table 2) is a reasonable chronological estimate of
biological maturity and adulthood for these individuals.
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Table 2 Age groups: definitions and numbers of individuals of
the sample

Age groups No. of No. of
(mean age, years) Definition females males Total
G1(2.1) 1.75-3.5 years 8 8 16
G2 (3.9) > G1, <5,5years 12 13 25
G3 (5.7) > G2, <7,5years 14 14 28
G4 (7.7) > G3, £9,5 years 14 14 28
G5 (9.9) >G4,<11,5years 14 14 28
G6 (11.4) > G5,<13,5years 14 13 27
G7 (13.3) > G6, <15,5years 11 13 24
G8 (15.8) >G7,<17,5years 12 14 26
G9 (19.1) > G8 1 14 25

Procrustes-based geometric morphometrics (Rohlf &
Slice, 1990; Bookstein, 1991) are used to analyse the
geometric properties of anatomical structures addressing
the spatial configurations of landmark coordinates.
Information that is unrelated to the shape of the
objects, such as absolute position, orientation and scale
is extracted during the Procrustes superimposition and
the remaining shape variables (Procrustes residuals) are
analysed using thin plate spline (TPS) techniques, par-
tial warps and uniform component scores by multi-
variate statistical procedures (Bookstein, 1991, 1996a;
Rohlf, 1996).

We employ a combination of landmarks and slid
semilandmarks (in the past these have also been called
‘quasilandmarks’ — Bookstein, 1996b, 1997; Bookstein
et al. 1999) that are distributed along outlines of the
skull (Table 1). Landmarks on lateral structures were
digitized by tpsDIG software (Rohlf, 1997) using com-
mon radiographic averaging methods (Enlow & Hans,
1996; Bastir & Rosas, 2005).

The use of slid semilandmarks permits quantification
of curved morphological structures for analysis within
a geometric morphometric framework when no Type |
or Type Il landmarks are available (Bookstein, 1991).
Furthermore, they offer the possibility of powerful
visualizations (detailed diagrams) representing the results
of these analyses (Bookstein, 1991, 1997; Bookstein et al.
2002, 2003; Mitteroecker et al. 2004; Sheets et al. 2004;
Gunz et al. 2005).

Whereas real landmarks contain shape information
in all directions of the coordinate system, slid semilan-
dmarks are uninformative with respect to their exact
location along a curve or outline, and hence they have
reduced degrees of freedom (Bookstein, 1996b; Zelditch
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et al. 2004). The estimation of slid semilandmarks
usually starts with more or less evenly spaced (equidistant
or equiangular) semilandmarks placed along outlines
or curves. Their eventual position along the curve
(which is taken to be due to error) is then determined
such that it minimizes bending energy between speci-
mens in relation to the ‘true’ landmarks. Two principal
approaches to sliding of semilandmarks are currently
described (Zelditch et al. 2004). One of these is the
minimization of bending energy, also called relaxation
(Bookstein, 1997; Bookstein et al. 1999, 2003), and the
other is minimization of Procrustes distance from the
mean shape (Martinén-Torres et al. 2006; F. J. Rohlf,
personal communication). The first criterion results in
the minimization of localized shape differences with
consequent smoothing of the TPS-grid and is of par-
ticular interest when features of the spline are being
interpreted as morphological information (Bookstein,
1991, 1997; Gunz et al. 2005). It applies to the non-affine
part of the TPS-transformation (Bookstein, 1991) and
is the approach taken here. The second criterion, i.e.
minimization of Procrustes distance, minimizes variation
of the affine and non-affine part of the shape trans-
formations. It is of particular interest in systematic
approaches to morphological variation relying on
phenetic distances or other narrowly systematic quan-
tities (Gunz et al. 2005).

In our study, equidistant and equiangular semiland-
marks were digitized using MakeFan6 (Sheets, 2001),
which draws reproducible fans on image files, enabling
the ready digitization of semilandmarks that result
from the intersection of the fan lines and the outlines
of the investigated anatomical structures (Fig. 2). The
tpsDIG software (Rohlf, 1997) was used to digitize the
landmarks and semilandmarks (Fig. 2). TpsUTIL (Rohlf,
1998) was used to define ‘slider-files’ to distinguish
between real landmarks and semilandmarks. This file
determines in tpsRELW software (Rohlf, 1997) which
points will slide until the selected minimization criterion
is fulfilled. The full landmark sets of the digitized
specimens were divided into the configurations that
represented several anatomical subsets of the skull.

In the first analysis the skull was divided into the
neurobasicranial complex [basi- and neurocranium,
landmarks (Im) 1-42], the ethmomaxillary complex (Im
58-66, 4, 5 and 18) and the mandible (Im 43-57). This part
of the study addressed the analysis of morphological
maturation of the whole skull, according to Enlow’s
hypothesis of craniofacial levels (neurobasicranial
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Fig. 2 (A) Lateral radiograph indicating the equiangular fan at the neurocranium and the equidistant combs across the
basicranium and the face. The intersections of the fan/comb lines with the anatomical structures define semilandmarks.
(B) Procrustes fit and slid semilandmarks. (C) Consensus configuration and landmark numbers.

complex, ethmomaxillary complex, mandible). In the
second analysis the temporal sequence of maturation
of the neurobasicranial complex was analysed in more
detail. It was divided into the midline cranial base (Im
2,4, 6,7), the lateral cranial floor (anterior and middle
cranial fossae) (Im 1, 2, 3, 5; 8-17) and the midline
neurocranium (Im 18-42). Because of methodological
reasons related to the use of sliding semilandmarks,
nasion (a ‘true’ landmark needed to fix one endpoint
of the midline series of slid neurocranial semilandmarks)
was included in the neurobasicranial complex and
the midline neurocranium even though from a
developmental perspective nasion and glabella belong
to the upper face. The effect of including glabella will
be to give the impression of lengthened maturation
schedules for the neurobasicranial complex and the
midline neurocranium.

After the division of the landmarks sets into anatom-
ical subsets, a Procrustes superimposition was carried

out separately for each subset and the semilandmarks
were accordingly re-slid. These aligned and relaxed
data were then divided into nine age groups (Table 2).
Next, the sizes and shapes of the anatomical substruc-
tures of the non-adult age groups were compared with
the morphology of the corresponding structure of the
adult sample.

It is known that bone shape becomes modified by
remodelling throughout the entire life of an individual
(e.g. because of aging, occlusional adjustments, etc.)
and the same is true of growth (size increase) (Tanner,
1978; Enlow & Hans, 1996). However, it is also known
that both processes slow in rate considerably as chrono-
logical age increases (Tanner, 1978; Enlow & Hans, 1996).
These facts add some arbitrariness to the determination
of maturity. To account for this, maturation of size
and shape was assessed using two approaches. First, we
examined the differences in size and shape between
the oldest group, G9 (mean age 19.1 years), and each
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of the younger groups. Differences in mean shape
between G9 and each non-adult ontogenetic stage
were assessed by Goodall's F-test using bootstrapping
methods (Bookstein, 1997; Sheets, 2001; Gunz et al.
2005) and 95% confidence intervals of significantly
different Procrustes distance were assessed by Two-
Group6 software (Sheets, 2001). Similarly, size variation
was analysed by comparing the bootstrapped 95%
confidence intervals of the G9 mean values with those
of the younger age groups.

We also used a second approach to assessing matu-
ration because shape trajectories might be curvilinear
to some degree and Procrustes distances from each age
class to the adults could even increase during ontogeny.
Within the bounds of measurement error it was not
possible to exclude curvilinearity, and so we also used
cumulative Procrustes distances (i.e. shape trajectory
length) between the youngest and subsequent age
groups to the oldest group and their 95% confidence
limits assessed by bootstrap analysis. In most cases
both methods gave the same results; exceptions are
described below. For reasons of comparability we used
an analogous cumulative computation of centroid size
between age classes and adults to assess maturation of
this quantity. Identical results were obtained using
either approach. Although the results may depend to
some degree of sample size it is important to note that
our sample sizes show only very small variation, expect
for the youngest group (Table 2). Additionally, pro-
blems of sample sizes can be neglected when comparing
maturation of different anatomical systems (e.g. the
midline cranial base and lateral cranial floor) within
the same samples. This is particularly relevant for the
purpose of this study.

Measurement error was assessed by digitizing the
real landmarks (see Table 1) of one individual at all
ages on three different days. These data were then
analysed by principal components analysis (PCA), and
matrix correlations between the Procrustes distance
matrices. The matrix correlations between day 1, day 2
and day 3 ranged from 0.87 to 0.89. Additionally, a
descriptive analysis (PCA) of isolated individuals
revealed that endocranial landmarks on the midline
cranial base were more difficult to digitize accurately
than other landmarks. This problem has been noted
before (Bjork, 1955; Grossman & Zuckerman, 1955;
Buschang et al. 1983). Because of this error we divided
the data into age classes and treated them as if they
were cross-sectional rather than carry out longitudinal
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comparisons of individual maturation patterns. Our study
therefore addresses mean tendencies of age groups,
which have the further advantage that statistical
assessment of maturity by age class is possible. We
approached these assessments of differences between
age classes and adults using permutation methods.

The first part of the study (examining Enlow’s model)
involved comparison of the neurobasicranial, the
ethmomaxillary complex and the mandible of G9 (the
oldest age group) with each of the younger age groups.
The ontogenetic maturation of size was assessed by
comparing the mean centroid size of G9 (the oldest age
group) and bootstrap estimates of its 95% confidence
limits with each mean of the younger age groups as
well as cumulative centroid size. For the analysis of shape
maturation we used bootstrap versions of Goodall’s F-
test and 95% confidence limits of Procrustes (approach
1) as well as the 95% confidence limits of shape tra-
jectory length (approach 2).

The second part of the study used the same statistical
protocol but it addressed in detail the ontogenetic
maturation of the components of the neurobasicranial
complex only, i.e. the midline cranial base, the lateral
cranial floor and the midline neurocranial vault. In
both cases we were concerned to discover if some
components show maturation in either size or shape
at earlier or later ages than expected according to
traditional morphometric findings.

Results

Tables 3 and 4 and Figs 3-5 show the results of the
study of growth (size) maturation. The mean values
indicate a continuous increment over all developmental
stages. Table 3 shows that the size of the neuro-
basicranial complex becomes indistinguishable from
adults in G6 (11.4 years) (Fig. 3A). The ethmomaxillary
complex (Fig. 3B) and the mandible (Fig. 4A) continue
to grow and achieve adult size at age group G8
(15.8 years, Table 3). This supports Enlow’s hypothesis
of craniofacial levels in terms of size. Table 4 shows the
increments of centroid size for the neurobasicranial
components only. The midline cranial base (Fig. 4B,
Table 4) becomes indistinguishable from the adult size
range in G7 (13.3 years) while the cranial lateral floor
(Fig. 5A, Table 4) increases in size until G8 (15.8 years).
This is later than predicted (Sgouros et al. 1999). Adult
size of the midline neurocranial vault (Fig. 5B, Table 4)
is achieved at G6 (11.4 years), also later than predicted.
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Table 3 Craniofacial components. Mean centroid sizes of the age classes and their 95% confidence intervals

Neurobasicranial complex Ethmomaxillary complex Mandible
Age group Years mean 95%-— 95%+ mean 95%-— 95%+ mean 95%-— 95%+
G1 2-3 years 17.25 16.86 17.60 2.92 2.82 3.00 412 3.98 4.24
G2 4-5 years 17.80 17.64 17.97 3.21 3.17 3.26 4.47 4.39 4.55
G3 6-7 years 18.24 18.08 18.41 3.43 3.39 3.48 4.86 4.79 4.94
G4 8-9 years 18.42 18.27 18.59 3.59 3.55 3.63 5.17 5.1 5.23
G5 10-11 years 18.66 18.50 18.82 3.78 3.72 3.83 5.43 5.35 5.52
G6 12-13 years 18.76 18.59 18.94 3.92 3.87 3.98 5.63 5.55 5.70
G7 14-15 years 18.88 18.67 19.07 4.07 4.02 4.1 5.88 5.80 5.95
G8 16-17 years 19.03 18.83 19.23 4.19 4.13 4.24 6.12 6.03 6.21
G9 18 and more 19.11 18.89 19.30 4.26 4.19 4.32 6.23 6.11 6.35
Table 4 Neuro- and basicranial components. Mean centroid sizes of the age classes and their 95% confidence intervals
Midline cranial base lateral cranial floor neurocranium

Age group Years mean 95%-— 95%+ mean 95%-— 95%+ mean 95%-— 95%+
G1 2-3 years 1.50 1.46 1.54 437 4.29 4.45 15.09 14.74 15.39
G2 4-5 years 1.58 1.55 1.60 4.62 4.57 4.67 15.55 15.39 15.70
G3 6-7 years 1.69 1.66 1.71 4.71 4.67 4.76 15.93 15.79 16.07
G4 8-9 years 1.70 1.66 1.73 4.72 4.67 4.77 16.10 15.96 16.24
G5 10-11 years 1.77 1.74 1.79 4.84 4.79 4.89 16.31 16.16 16.47
G6 12-13 years 1.82 1.79 1.84 4.91 4.87 4.95 16.41 16.24 16.57
G7 14-15 years 1.90 1.87 1.93 4.97 4.93 5.02 16.51 16.32 16.68
G8 16-17 years 1.93 1.90 1.96 5.04 4.98 5.09 16.64 16.47 16.81
G9 18 and more 1.92 1.88 1.97 5.09 5.04 5.14 16.73 16.54 16.91

In summary, these results support the view that neuro-
cranial structures achieve adult size earlier than facial
structures (Fig. 1).

Developmental (shape) maturation is shown in
Tables 5 and 6 and Figs 3-5. Table 5 indicates that the
differences in shape of the neurobasicranial complex
between non-adults and adults disappear at G6
(11.4 years). The multiple morphological changes are
shown in Fig. 3 and consist of relative anterior pro-
trusion of the glabella, a re-orientation and positioning
of the anterior and middle cranial fossae, together
with an increase in basicranial flexion at the midline
basicranium (Fig. 3A).

The face (i.e. the ethmomaxillary complex and the
mandible) achieves adult shape at G8 (15.7 years,
Table 5) and the morphological changes are shown in
Figs 3B and 4A. The ethmomaxillary complex (Fig. 3B)
becomes relatively vertically taller through a strong
vertical expansion of the midfacial region and relative
forward and upward rotation and projection of the
anterior alveolar process. There is a relative contraction

within the cribriform plate, indicating that this area
has grown relatively little. This is accompanied by an
expansion of the anterior upper facial region (between
anterior cribriform and nasion). Figure 4A shows
mandibular development, which consists of a strong
vertical elongation of the ramus and rotation of the
corpus towards the ramus, increasing the angulation.
Additionally, the chin becomes pronounced.

The adult shape of the midline cranial base is
achieved by G4 (7.7 years, Table 6), much later than
predicted. Figure 4B shows the morphological modifi-
cations. The pre-sellar part becomes relatively elevated,
while the post-sellar part becomes elongated inferiorly
and slightly inferiorly rotated. Both processes produce
basicranial flexion.

The lateral cranial floor attains adult shape by G6
(11.4 years, Table 6), earlier than expected, and the
morphological changes (Fig. 5A) consist of a relative
retraction of the anterior cranial fossae, a relative
forward projection of the middle cranial fossae and a
slight lowering of their anterior poles. The petrosal
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Fig. 3 Maturation patterns of (A) the neurobasicranial and (B) the ethmomaxillary complex. In the inset graphs centroid size and
shape (Procrustes) distances to adults are plotted. The significances of the differences in size and shape between the subadults
and adults are shown on the bars beneath these graphs, in which dashed lines indicate significant differences from adult. These
indicate the immature portions of the ontogenetic trajectories, solid lines the mature ones (absence of significant differences).
The reference and transformation grids for the relevant landmark configurations are shown beneath each graph. Squares
indicate midline basicranial structures while filled dots indicate lateral basicranial structures.

part of the middle cranial fossa becomes moderately
expanded posteriorly at landmarks 12-15. Figures 4
and 5 show that, interestingly, both basicranial com-
ponents achieve their adult shape before adult size.

Finally, the adult shape of the midline vault (Fig. 5B)
is achieved by G6 (11.4 years), later than expected.
Ontogenetic changes include relative anterior pro-
jection of the glabellar region, a slight relative lowering
of the vertex between the bregmatic and lambdoid
region, and a slight relative elevation of the nuchal
area.

The second approach using shape trajectory length
revealed a very similar picture of sequential shape
maturation. However, whereas the ages for shape
maturation of the neurobasicranial complex (G6), the
midline cranial base (G4) and the lateral cranial floor
(G6) did not change, both facial components (G7) and
the neurocranial outline (G5) reached 95% of shape
trajectory length one age group earlier than when
using bootstrapped Goodall’s F-test, and Procrustes
distance from adults. Together, the results indicate
that some aspects of the initial expectations hold,

© 2006 The Authors

whereas others do not. These details are discussed in
the following section.

Discussion

The aim of the present study was to investigate the
spatio-temporal patterning of maturation of human
skull size and shape in order to assess the potential for
basicranial influence on facial shape (Enlow & Hans,
1996). Twenty-eight individuals of the longitudinal
Denver Growth Study (Maresh & Washburn, 1938;
Lieberman et al. 2001) were analysed between 2 years
of age and adulthood (19 years) and the timing of the
achievement of adult size and shape was studied.

The notion of a spatio-temporal ontogenetic gradient
passing from the basi- and neurocranium to the
ethmomaxillary complex and the mandible (Baughan
et al. 1979; Buschang et al. 1983; Enlow & Hans, 1996)
is examined in two steps. In the first we address the
maturation of the whole skull, and in the second,
the maturation of various components of the neuro-
basicranial complex only.
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Fig. 4 Maturation patterns of (A) the mandible and (B) the midline cranial base. The differences in size and shape between the
subadults and the adults are given. In the inset graphs centroid size and shape (Procrustes) distances to adults are plotted. The
significances of the differences in size and shape between the subadults and adults are shown on the bars beneath these graphs
in which dashed lines indicate significant differences from adult. These indicate the immature portions of the ontogenetic
trajectories, solid lines the mature ones (absence of significant differences). The reference and transformation grids for the
relevant landmark configurations are shown beneath each graph. Note the ontogenetic dissociation in the midline cranial base
between the achievement of adult size (by G7) and adult shape (by G4).

The maturation of size

Several studies have shown that craniofacial measure-
ments approach adult sizes along a spatially ordered
gradient, in which basicranial measurements achieve
maturity earlier than facial measurements (Baughan
et al. 1979; Baume et al. 1983; Buschang et al. 1983).
Baughan et al. (1979) established three different
categories, a neurobasicranial, a facial and a skeletal
pattern of ontogenetic maturation. In contrast to these
authors, Buschang et al. (1983) observed in a descriptive
study a somewhat continuous gradient of increasing
linear measurements until adulthood. The first structures
to achieve adult size were head height and basicranial
length, while the last structures were vertical measure-
ments of the maxilla and the mandible (Buschang et al.
1983). Additionally, some overlap of maturation patterns
between different anatomical structures was observed.
Thus, the authors suggested a growth gradient rather
than discrete categories of growth patterns.

Although in our data (Tables 3 and 4) similar ten-
dencies to those of Buschang et al. (1983) were found,

statistical tests of adult (G9) and non-adult mean values
revealed similar temporal patterns of size maturation
for the maxilla and the mandible. No significant differ-
ence was observed between developmental stage
G8 and adults in the size of the mandible and maxilla
(Table 3, Fig. 4A). This leads us to conclude that both
parts of the facial skeleton achieve adult size at a similar
time, around the age of 16 years. This contrasts with
the results of Buschang et al. (1983), which indicate
the mandible achieves adult morphology later than the
maxilla. However, in line with previous findings
(Biegert, 1957; Baughan et al. 1979; Enlow & Hans, 1996),
distinct neural and facial patterns of size maturation
have been identified.

Interestingly, within the cranium another gradient of
size maturation has been detected. The first structure
to achieve adult size is the neurocranium (G6), then the
midline cranial base (G7) and finally the lateral cranial
floor (G8) together with the facial compartments. As
the neurocranium is directly related to the growth of
the brain (Moss & Young, 1960; Enlow & Hans, 1996) it
is not surprising that it achieves adulthood at a similar
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Fig. 5 Maturation patterns of (A) the lateral cranial floor and (B) the midline neurocranium. In the inset graphs centroid size and
shape (Procrustes) distances to adults are plotted. The significances of the differences in size and shape between the subadults
and adults are shown on the bars beneath these graphs in which dashed lines indicate significant differences from adult. These
indicate the immature portions of the ontogenetic trajectories, solid lines the mature ones (absence of significant differences).
The reference and transformation grids for the relevant landmark configurations are shown beneath each graph. Note the
ontogenetic dissociation in the lateral cranial floor between the achievement of adult size (in G8) and adult shape (in G6).

ontogenetic age. The midline cranial base reaches
mature size at G7 (13.3 years), which is roughly when
the spheno-occipital suture ceases growth activity
(Enlow & Hans, 1996; Scheuer & Black, 2000).

The lateral cranial floor seems to manifest similar
growth dynamics to the face. These components
achieve mature size at G8 (15.8 years; Table 4). This
finding can be interpreted as a further indication of
highly integrated growth between lateral basicranial
and facial structures (Bastir et al. 2004; Bastir & Rosas,
2005, 2006).

With respect to the anterior cranial floor (Table 4,
Fig. 5) it seems that the ethmoid relates strongly to the
growth of the face rather than that of the brain, in
which growth has ceased much earlier. The inclusion of
the ethmoid in the face on comparative embryological
grounds has been suggested earlier by several workers
(Kummer, 1952; Biegert, 1957; Hofer, 1965; Enlow, 1968;
McCarthy, 2001; Bastir, 2004). The anterior cranial
floor might therefore be considered as an ‘interface’
establishing a structural connection between the facial
and the basicranial structures, which accommodates

© 2006 The Authors

morphological modifications of the organ systems on
either side.

In addition, it is interesting to note that the midline
and lateral basicranial structures follow different
growth dynamics. This has been suggested in other
studies (Sgouros et al. 1999; Goodrich, 2005). With
regard to these findings some caution might be
required when referring to the neurobasicranial
complex as a morphologically consistent unit. Although
in the analysis of adult variation patterns the notion of
a neurobasicranial complex (Lieberman et al. 2000b)
may be justified, in comparative ontogenetic studies no
morphologically or developmentally integrated ‘unit’
can be expected.

At first sight, it seems surprising that the neuro-
basicranial complex as a whole (Table 3, Fig, 3) achieves
size maturity earlier (G6) than some of its components,
i.e. the midline cranial base (G7) and the lateral cranial
floor (G8) (Table 4, Figs 4B and 5A,B). However, the
landmarks of the whole neurobasicranial complex span
several anatomical structures. As mentioned before,
these landmarks include structures that share close
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Table 5 Craniofacial components, shape differences from adults measured as Procrustes distance d, 95% confidence intervals for significant distances, Goodall’s F-test and P values

Neurobasicranial complex Ethmomaxillary complex Mandible

Age group Years d 95%-  95%+ Goodall'sF P d 95%-  95%+ Goodall'sF P d 95%-  95%+ Goodall's F P

G1 2-3 years 0.042  0.030  0.050 11.810 0.000 0.148  0.134 0.164 42.23 0.001 0.076  0.062 0.087 18.81 0.000
G2 4-5 years 0.039 0.035 0.045 14.120 0.000 0.129 0.120 0.142 44.59 0.001 0.070 0.060 0.080 20.77 0.000
G3 6-7 years 0.033 0.030 0.039 9.980 0.000 0.097 0.087 0.108 27.28 0.001 0.056 0.049 0.064 18.81 0.000
G4 8-9 years 0.026  0.023 0.032 5.690 0.000 0.070  0.061 0.085 11.15 0.000 0.044  0.037 0.055 9.23 0.000
G5 10-11years  0.020 0.018  0.028 3.580 0.010  0.051 0.043 0.067 7.38 0.001 0.038  0.032 0.050 7.51 0.001
G6 12-13 years 0.014 1.770 0.070 0.042 0.035 0.057 4.84 0.001 0.037 0.028 0.050 7.31 0.001
G7 14-15 years 0.012 1.240 0.231 0.028 0.023 0.044 2.15 0.023 0.027 0.019 0.042 3.20 0.008
G8 16-17 years ~ 0.008 0.490 0.909 0.013 0.41 0.939  0.020 1.70 0.123

Table 6 Neuro- and basicranial components. Shape differences from adults measured as Procrustes distance d, 95% confidence intervals for significant distances, Goodall’s F-test
and P values

Midline cranial base Lateral cranial floor Neurocranium

Age group  Years d 95%-— 95%+ Goodall's F P d 95%-— 95%+ Goodall's F P d 95%-— 95%+ Goodall's F P

G1 2-3 years 0.060 0.043 0.081 10.620 0.000 0.070  0.064 0.084 10.66 0.000 0.039 0.033 0.046 16.46 0.000
G2 4-5 years 0.041 0.029 0.058 7.930 0.000 0.063 0.057 0.074 12.19 0.000  0.037 0.032 0.042 20.56 0.000
G3 6-7 years 0.032 0.019 0.051 3.600 0.011 0.051 0.044 0.062 8.91 0.000 0.032 0.026 0.039 14.78 0.000
G4 8-9 years 0.015 0.810 0.508 0.043 0.036 0.055 5.28 0.000 0.021 0.017 0.028 6.43 0.000
G5 10-11 years 0.018 1.260 0.310 0.033 0.028 0.048 3.18 0.001 0.017 0.015 0.025 4.24 0.002
G6 12-13 years 0.021 1.860 0.118 0.023 1.37 0.213 0.011 1.76 0.128
G7 14-15 years 0.010 0.430 0.756 0.018 0.84 0.553 0.009 1.13 0.341
G8 16-17 years 0.016 0.850 0.437 0.016 0.64 0.717 0.006 0.55 0.725
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relationships to the brain, such as most of the semi-
landmarks of the neurocranial vault outline, some
landmarks which are part of the upper face (nasion,
glabella), and some landmarks of the midline cranial
base and lateral cranial floor with possible intermediate
relationships to the brain and the face. Thus, a pooled
analysis of these structures effectively presents a
developmentally ‘blurred’ picture, while analysis of
several of the components in isolation may give a more
detailed picture that better differentiates the various
influences on craniofacial spatio-temporal relationships.

The maturation of shape

The analyses of shape data also lend support to the
concept of craniofacial levels with spatio-temporally
ordered maturation. This finding is independent of the
approach we use to assess maturity. The shape of neu-
robasicranial structures (Tables 5 and 6) achieves adult
morphology much earlier than the facial components
of the skull. Again, and similar to the maturation of
size, within the face no evidence has been found that
the ethmomaxillary complex matures earlier in shape
than the mandible. However, using shape trajectory
length it should be noted that the mandible at G7 is
much closer to the lower 95% confidence limit of shape
trajectory length in the oldest group than is the
ethmomaxillary complex. Although this might suggest
a longer developmental trajectory for the mandible,
both achieve 95% shape maturity in stage G7.

It is possible that the pooling of males and females
may influence the results of maturation of facial
structures. It is known that facial dimorphism in
humans mainly relates to slightly prolonged growth
and development of males compared with females
(Bhatia & Leighton, 1993; Enlow & Hans, 1996; Rosas &
Bastir, 2002). Therefore, it is likely that females are
increasingly represented in the lower range of the 95%
confidence limits with males in the higher. Our results
thus give the average age ranges of skull maturation.
However, in this study, owing to the fact that there are
slightly more males at G7 and G8 (Table 2), there may
be a slight bias towards the male maturation pattern.
An ontogenetic study addressing maturation of facial
sexual dimorphism should consider this.

As mentioned above it is difficult to determine which
criterion of shape maturity should be used. Although
the confidence intervals of Procrustes distance to
the oldest group depend on sample size, the shape

© 2006 The Authors

Spatiotemporal pattern of cranial ontogeny, M. Bastir et al. 649

trajectory length depends on sample composition; the
inclusion of more specimens would improve the
reliability of the confidence intervals of the oldest
group whereas inclusion of younger or older specimens
would increase shape trajectory length by increasing
the variation within the sample. Shape trajectory
length accounts for curvilinearity, but, by contrast, it is
more sensitive to the influence of cumulative measure-
ment error (a problem when working with X-ray data)
than are the confidence intervals of the oldest group.
Certainly, a geometric morphometric analysis of longi-
tudinal three-dimensional data (MRI, CT reconstructions)
with less measurement error would be desirable in
confirming our findings. However, despite these
problems and the fact that the issue of facial maturity
in terms of absolute years cannot be resolved here, the
key aspect of this study, i.e. the elucidation of the
spatio-temporal pattern of skull maturation, is not
affected by the arbitrariness of the criterion of maturity
nor does it affect our assessment of the maturation
sequence of the analysed anatomical structures.

Within the cranium, a gradient of shape maturation
has been identified (Figs 4B and 5). The midline cranial
base first displays adult shape at 7.7 years whereas the
lateral cranial floor and the neurocranial outline
mature later: the lateral cranial floor at 11.7 years and the
neurocranial vault either at 11.7 (assessment approach
1) or at 9.9 years (assessment approach 2). Thus, a key
finding of this study is that the two basicranial com-
ponents, the midline cranial base and the lateral cranial
floor, show a temporal dissociation from each other in
the maturation of shape irrespective of the maturation
criterion used. Our results show that the midline cranial
base attains adult shape at about the time at which
Enlow (1968) and Ranly (1988) indicate that the frontal
lobes mature. We also show that the lateral cranial
floor and midline neurocranial vault mature when the
growth of the complete brain is nearly completed
(Ranly, 1988). This is close to the time of cessation of
medio-lateral growth of the middle cranial fossa
(Sgouros et al., 1999; Goodrich, 2005) and may point to
the lateral cranial floor being influenced by the ontogeny
of the temporal lobes. It should be borne in mind that
in the case of the neurobasicranial complex as well as
the neurocranial vault the maturation pattern we
observe might be affected (prolonged) by the inclusion
of upper facial parts such as nasion and glabella.

The establishment of adult shape of the midline
basicranium by 7.7 years is interesting. It is known that
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the basicranial angle attains mature values at around
2 years (Lieberman & McCarthy, 1999; Lieberman et al.
2004). Hence, this discrepancy between angular and
shape data points to complex morphological modi-
fications, which are not completely reflected by the
midline basicranial angle (O’'Higgins, 2001; Bastir,
2004). It may be fruitful in future studies to concentrate
on the size and shape of this key basicranial structure
using more complete morphological descriptions than
the angle. Although Fig. 4B shows that morphological
changes in midline cranial base ontogeny do involve
modifications of its angle, it can also be seen that these
modifications are produced by changing the spatial
position of the posterior sphenoid (Im 2), which
becomes elevated with respect to the spheno-occipital
clivus. This is in line with earlier observations (Kummer,
1952; Bjork, 1955; Starck & Kummer, 1962). Additionally,
the spheno-occipital clivus becomes elongated in a
downward direction by growth at the spheno-occipital
synchondrosis (Enlow, 1968; Sperber, 1989; Enlow &
Hans, 1996; Scheuer & Black, 2000). When analysed in
terms of angles the ontogeny of the midline cranial
base might be wrongly imagined as comprising a
hinge-like rotation of pre-sellar and post-sellar parts of
the midline cranial base about a common centre
(Lieberman et al. 2000a; McCarthy & Lieberman, 2001).
The TPS grid (Fig. 4B), nevertheless, indicates additional
positional shifts of these parts, which do not share a
common centre of rotation, as would be seen in a
hinge. That the morphological details of changing
position of the ‘rotation centres’ are not captured by
the midline basicranial angle has caused some dispute
in questions of heterochrony in human evolution
(Kummer, 1952; Starck & Kummer, 1962; contra Gould,
1977). While angular values can be identical, the spatial
relationships of structures producing these angles can
be different (Bastir, 2004). Figure 4B shows a shearing
of the TPS grid that indicates configurational changes
of basicranial elements producing the flexion classically
measured by angles (for a review see Lieberman &
McCarthy, 1999).

Additionally, it seems that important modifications
occur at landmark 2, which is posterior to the attachment
of the facial block (Lieberman et al. 2000a). It remains
to be determined to what degree the vertical elevation
of landmark 2 affects the position of the face. However,
as landmark 2 is on the cerebral surface of the midline
cranial base and the face is attached at its external part,
this important question should be examined in a more

detailed investigation using three-dimensional land-
marks from both sides of the cranial base and floor.

With respect to potential base—face interactions,
changes of the midline cranial base (Fig. 4B) have to be
considered together with developmental modifica-
tions of the lateral cranial floor, which develops over a
longer period of ontogeny (Table 5, Fig. 5A) (Enlow &
Hans, 1996; Sgouros et al. 1999; Goodrich, 2005). In
both components ontogenetic shape change produces
a vertical increase of the posterior face and the
nasopharyngeal space (Rosas & Bastir, 2002), accom-
panied by an increase of the height of the posterior
face at the maxilla and the mandible (Bastir & Rosas,
2004b) (Figs 3B and 4A).

The present findings indicate that the definitive
adult shape of the whole basicranium (midline cranial
base and lateral cranial floor) is attained at around
12 years (Tables 3 and 4; Figs 4B and 5A). It is at this
final stage that the morphological configuration is
attained that has been suggested to set specific spatial
conditions in the area where the facial block (McCarthy
& Lieberman, 2001) attaches. Therefore, the superior
and posterior dimensions of the facial block of necessity
become fixed at that age. This temporal information
taken together with the hypothetical spatial growth
boundaries suggested in relation to counterparts
(Enlow et al. 1969; Bhat & Enlow, 1985) and which
define the anterior limits of growth fields (Enlow &
Azuma, 1975; Bromage, 1992) support the hypothesis
that from this age onwards ongoing growth of facial
organ systems (Baume et al. 1983; Buschang et al. 1983)
can only proceed in an inferior direction in humans.

Implications for development and evolution

Hallgrimsson et al. (2002, p. 133) have discussed how
developmental systems ‘structure the production of
phenotypic variation’. From the present data it seems
that the temporal sequence of ontogenetic maturation
relates in specific ways to the hierarchical nature of
morphological variation and integration that can be
identified in adults. A recent study has found that
the midline base and the middle cranial fossae are
characterized by low levels of shape covariation (Bastir
& Rosas, 2005). This low level of morphological inte-
gration was hypothesized to be, at least in part, a result
of differential maturation of these structures. The exact
timing of these temporal developmental dissociations
has not been completely clear (Enlow, 1968; Enlow &
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Hans, 1996; Sgouros et al. 1999; Goodrich, 2005). This
study shows that while the midline cranial base has
finished development at 7.7 years (G4), the lateral
middle cranial fossae still proceed for 3-4 years later
(G6) with anterior expansion and lowering of their
position with respect to the anterior cranial fossae
(Figs 4 and 5). Any co-ordinated (or integrated) develop-
ment between midline cranial base and the lateral
cranial floor structures must thus occur before the
midline cranial base achieves adult shape, i.e. prior to
8 years of age. In other words, both structures share
approximately half of the developmental time prior to
adulthood and their divergent maturation patterns may
explain their surprisingly low level of morphological
covariation (Bastir & Rosas, 2005).

Such an interpretation adds a temporal aspect to the
investigation of modularity (Wagner, 1996; Von Dassow
& Munro, 1999; Klingenberg et al. 2003). Thus, struc-
tures that appear morphologically integrated are
characterized by their own, specific temporal patterns
of ontogeny, and possibly evolution. These possibilities
were recently discussed with regard to the basicranial
evolution of Pleistocene hominids from Java (Baba
et al. 2003), and different patterns of evolution of the
midline cranial base and lateral cranial floor structures
have been suggested (Baba et al. 2003; Bastir, 2004;
Bastir et al. 2006). The present findings of dissociated
ontogeny of size and shape (Tables 3-6) together with
those of decreased levels of morphological integration
(Bastir & Rosas, 2005) provide developmental support
for the evolutionary hypothesis of Baba et al. (2003). A
preliminary study using two-dimensional data from
fossils seems to support this view (Bastir et al. 2006) but
more investigation in fossil hominids is needed. How-
ever, a temporal mosaic of development theoretically
facilitates a morphological mosaic in evolution.

Basicranial-facial interactions

As mentioned in the introduction, Enlow & Hans (1996,
p. 14) have suggested a ‘descending cause-and-effect
stratigraphic arrangement of structural levels in the
design of the face’ (emphasis added). Our findings
imply that the ‘descending cause-and-effect’ relation
may only occur once basicranial morphology has settled
on its adult form, which is rather late in ontogeny. Prior
to 12-13 years, both stratigraphic levels are still prone
to morphological modifications. Thus, bidirectional
(i.e. descending as well as ascending) developmental
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interactions between the face and the basicranium
cannot be ruled out during these earlier ontogenetic
periods. Regarding ascending influences, functional,
biomechanical approaches to explaining facial
morphology (Preuschoft, 1989; Spencer & Demes, 1993;
Kupczik et al. 2006) are relevant here although the
potential for the direct influence of biomechanical
forces in the masticatory apparatus and face on lateral
cranial floor structures needs to be investigated in
further detail. However, experimental work in rats
suggests that removal of temporal muscles significantly
influences the external height, length and the width
of the braincase (Moore, 1959), which points to the
possibility of facial functional influence on basicranial
variation, and especially of the anterior and lateral
cranial floor, given the temporal sequences of matura-
tion identified in the current study.

Summary

The present findings support the existence of cranio-
facial developmental levels (Enlow & Hans, 1996). In
addition, our results specify the age ranges at which each
of the skull compartments attains mature morphology
(size and shape) and add a spatial dimension (midline
vs. off-midline) to basicranial morphological matura-
tion. Procrustes distance to the oldest age group (G9)
(approach 1) as well shape trajectory length (approach
2) were both used to assess maturation. The latter was
more robust if shape trajectories are curvilinear but
was less robust in terms of cumulative measurement
error. The skeletal maturation of skull shape follows a
gradient that starts at the midline cranial base
(7.7 years), extends to the lateral cranial floor and neu-
rocranial outline (11.7 years), and then to the face,
which matures at 15.7 years. Using approach 2 the
neurocranial outline and both facial structures appear
to mature one age group earlier. The maturation of
size again shows a supero-inferior gradient, known
from previous studies (Buschang et al. 1983). Within
the cranium the neurocranial outline in the midline is
the first structure to attain adult size (11.4 years),
followed by the midline cranial base (13.6 years), and
the lateral cranial floor together with the face at
15.7 years. The study indicates that the size and shape
of basicranial elements can become dissociated during
ontogeny. Future investigations should address the
temporal and morphological pattern of shape matura-
tion in non-human primates and fossil hominids. These
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findings will complement the results and interpretations
of the present investigation and add to our under-
standing of the organization of morphological variation
in the human skull.
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