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Abstract Mosaic evolution describes different rates of
evolutionary change in different body units. Morphologi-
cally these units are described by more relationships within
a unit than between different units which relates mosaic
evolution with morphological integration and modularity.
Recent evidence suggests mosaic evolution at the human
basicranium due to different evolutionary rates of midline
and lateral cranial base morphology but this hypothesis has
not yet been addressed explicitly. We this hypothesis and
explore how mosaic evolution relates to modular devel-
opment. Evolutionary data sets on midline (N = 186) and
lateral (N = 86) basicranial morphology are compared
with 3D data on pre- and postnatal basicranial ontogeny
(N = 71). Our results support the hypothesis of mosaic
evolution and suggest a modular nature of basicranial
development. Different embryological basicranial units
likely became differently modified during evolution, with
relatively stable midline elements and more variable lateral
elements. In addition, developmental data suggests that
modularity patterns change throughout ontogeny. During
prenatal ontogeny lateral basicranial elements (greater
sphenoid wings and petrosal pyramids) change together
compared with the midline base. Close to birth the greater
sphenoid wings keep a spatially stable position, while the
petrosal pyramids become dissociated and shifted posteri-
orly. After birth the greater sphenoid wings and petrosal
pyramids change again jointly and with respect to midline
cranial base elements. This sequential pattern of integration
and modularization and re-integration describes human
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basicranial ontogeny in a way that is potentially important
for the understanding of evolutionary change. Phylogenetic
modifications of this pattern during morphogenesis,
growth, and development may underlie the mosaic evolu-
tion of the hominin basicranium.
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Introduction

Mosaic Evolution and its Relation to Modularity and
Integration

Mosaic evolution describes different rates of evolutionary
change in different units (body structures, or functions) of
an organism/species and is informative about the evolution
of complex morphological structures (Raff 1996; Wagner
1996; Wagner and Altenberg 1996; Klingenberg et al.
2003; Rosas and Bastir 2004).

Mosaic evolution (or mosaicism) of different morpho-
logical units can be closely related with morphological
integration and modularity (Olson and Miller 1958; Cher-
noff and Magwene 1999; Bastir 2008). Morphological
units of evolutionary change are characterised by more
relationships within a unit than between different units,
a definition that has been applied to modularity (Wagner
1996; von Dassow and Munro 1999; Klingenberg
et al. 2003; Klingenberg 2005). In addition, more rela-
tionships within a module than between modules is
equivalent to increased levels of morphological integration
within a module versus weak integration levels between
different modules (Olson and Miller 1958; Chernoff and
Magwene 1999).
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Modularity has been suggested to allow for evolvability
(Riedl 1975; Wagner 1996; Wagner and Altenberg 1996)
because low levels of morphological integration among
different units permit evolutionary change in some units
but not in others. Consequently, also the rate of evolu-
tionary change can be faster in one module and slower in
others leading then to mosaic evolution (Bastir 2008).

Since the work of Cheverud (1982, 1995, 1996) mor-
phological integration and modularity have been addressed
frequently in research on the evolution of primate and
human skull (e.g. Ross and Ravosa 1993; Ackermann and
Cheverud 2000; Marroig et al. 2004; Lieberman et al.
2000; Bookstein et al. 2003; Bastir and Rosas 2005; Bastir
et al. 2005; Mitteroecker and Bookstein 2007, 2008). One
interesting field of research in this context is the relation-
ship of integration and modularity to mosaicism in human
skull evolution. In particular, there is evidence (Ross and
Henneberg 1995; Lieberman et al. 2000; Bastir et al. 2008)
that the evolution of the basicranium might offer an
interesting example for the study of mosaicism and mod-
ularity and its “evo—devo” relationships.

This paper analyses whether there is empirical support
for mosaic evolution in human basicranial evolution. We
further address the question whether and how mosaicism
might relate to modular development. To what degree are
evolutionary basicranial units comparable with develop-
mental ones? Possible answers to this question require a
combined analysis of evolutionary and developmental data.

Mosaic Evolution in the Hominin Basicranium

The extreme flexion of the human cranial base has attracted
the attention of paleoanthropologists since the early days of
anthropology and has classically been related to brain
evolution and encephalisation (Virchow 1857; Dabelow
1931; Ford 1958; Biegert 1963; Ross and Ravosa 1993;
Ross and Henneberg 1995; Lieberman et al. 2000). Ana-
tomically, basicranial flexion is interesting because, due to
its key position between the brain and the face, modifica-
tion of the basicranial angle interacts with the position
of the face (Dabelow 1931; Weidenreich 1941; Hofer
1952; Biegert 1957; Gould 1977; Lieberman et al. 2008;
Bastir 2008).

Main stream ideas in paleoanthropology assert a strong
correlation between encephalisation and cranial base flex-
ion across ontogeny and phylogeny (Biegert 1957; Gould
1977; Ross and Ravosa 1993; Ross and Henneberg 1995;
Spoor 1997; Lieberman et al. 2000; Ross et al. 2004),
despite the fact that purely mechanistic principles assessed
on the basis of prenatal data do not explain the underlying
causal principles (Jeffery 2002a; Jeffery and Spoor 2002).

However, paleontological data have shown that basi-
cranial flexion apparently overlaps within hominins of very
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different cranial capacities (Ross and Henneberg 1995).
This can be assumed because within the evolution of
modern humans comparative anatomical studies have
shown that “modern” midline base morphology, that is, the
cranial base angle between the pre-sphenoid plane and the
spheno-occipital clivus (Fig. 1a) is achieved early in some
fossils of Australopithecus and H. erectus (Fig. 1); (Ross
and Henneberg 1995; Lieberman et al. 2000; Baba et al.
2003). In turn, a modern human pattern of lateral basicra-
nial morphology has appeared late with the appearance of
H. sapiens (Bastir et al. 2008).

These differences in the evolutionary timing of appear-
ance of modern human basicranial features indicate dif-
ferent rates of morphological evolution of midline and
lateral basicranial structures. However, no study has so far
addressed empirically such a hypothesis of evolutionary
mosaicism. Therefore, the first part of this paper analyses
evolutionary patterns of midline and lateral base morphol-
ogy, while the second part relates these data to basicranial
development.

Developmental Modularity in the Basicranium

Embryologically, the basicranium consists of several
developmental units. At the midline prechordal precursors
of the presphenoid and the mesethmoid can be distin-
guished from the chordal basisphenoid and parachordal
basioccipital (Sperber 1989; Larsen 2001). The midline
consists of eight ossification centres, three of the presphe-
noid, four of the postsphenoid, and one of basioccipital
(Sperber 1989). The orbitosphenoid, alisphenoid and otic
capsules are parachordal elements and located at the lateral
floor of the basicranium. Ontogenetic studies suggest dif-
ferences in the onset of ossification as well as the time and
rate of growth and development of different basicranial
elements (O’Rahilly and Gardner 1972; Sperber 1989;
Bach-Petersen and Kjaer 1993; Bach-Petersen et al. 1994;
Bach-Petersen et al. 1995; Nemzek et al. 2000; Larsen
2001). While the lateral ali- and orbitosphenoids appear
around 8 and 9 weeks respectively, of intra-uterine life,
midline elements such as the pre- and post sphenoid start
ossifying much later in the embryo, approximately around
the 16th week (Sperber 1989; Bach-Petersen et al. 1994).
These ossification centres lay the basis for the endochon-
dral bone portions of the basicranium and its morphology
(Sperber 1989; Nemzek et al. 2000).

Analysis of shape changes during fetal ontogeny has
shown flexion followed by retro-flexion of the cranial base
between 10 and 29 gestational weeks and coronal petrosal
re-orientation associated with an increase of supratentorial
brain volume (Jeffery 2002a; Jeffery and Spoor 2002).
Lateral ontogenetic shape changes of the developing pre-
natal basicranium are relatively unknown and documented
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Fig. 1 Midsagittal sections of
fossil and recent specimens
indicating midline cranial base
flexion. a H. sapiens (dashed
lines indicate basicranial
flexion), b P. troglodytes v., ¢
Sts 5, d KMN-ER-3883, e
Kabwe f Gibraltar 1

mainly (although not exclusively) on a descriptive mor-
phological basis (O’Rahilly and Gardner 1972; Bach-
Petersen and Kjaer 1993; Bach-Petersen et al. 1994; Bach-
Petersen et al. 1995; Nemzek et al. 2000). 3D shape
information about human prenatal basicranial growth and
development is scarce (Plavcan and German 1995; Rich-
tsmeier et al. 2006; Morimoto et al. 2008) and no study has
so far addressed the endocranial shape changes of the
prenatal basicranium.

Postnatal ontogeny shows spatio-temporal ontogenetic
differences between midline and lateral basicranial ele-
ments. Adult values of midline base angle are achieved
early in humans (2 years) (Lieberman and McCarthy
1999). Comparisons of non-adult with adults in longitudi-
nal X-ray data show that adult midline base shape can be
documented around 8 years of age (Bastir et al. 2006)
whereas the shape of the lateral basicranial floor starts
being indistinguishable from adults several years later, at
about 12-14 years (Sgouros et al. 1999; Goodrich 2005;
Bastir et al. 2006). On these findings a spatio-temporal
pattern of basicranial ontogenetic modularity has been

suggested implying dissociated ontogenies of midline and
lateral elements (Bastir et al. 2006).

Basicranial ontogenetic modularity fits well with mod-
ularity detected in adult humans in which morphological
semi-independence between variation patterns of midline
and lateral elements (Bastir et al. 2004; Bastir and Rosas
2005) and between the anterior, middle and posterior cra-
nial fossae have been identified (Bruner and Ripani 2008).
However, again, 3D morphology, spatio-temporal pattern-
ing and modularity of the developing lateral basicranium
during pre- and postnatal human ontogeny have not been
addressed so far.

Methodological Considerations

Modularity and integration have been analysed using sev-
eral methods, for example, factor analysis, principal
components analysis, matrix correlations, path analysis, or
partial least squares analysis (Zelditch 1987; Wagner 1990;
Cheverud 1995; Chernoff and Magwene 1999; Ackermann
and Cheverud 2000; Bookstein et al. 2003; Bastir et al.
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2005; Mitteroecker and Bookstein 2007, 2008). However,
also analysis of the geometry of ontogenetic trajectories
can reflect patterns of integration and modularity (O’Hig-
gins 2000; Bulygina et al. 2006; O’Higgins et al. 20006);
(Fig. 2). While linear shape trajectories are not necessarily
informative about modularity, curved trajectories appar-
ently contain such information. This is because a linear
ontogenetic shape trajectory describes ontogeny of either
one module that changes shape in a homogenous way
or several modules that change shape simultaneously
(Fig. 2a). In turn, if an ontogenetic shape trajectory appears
curved then modular development can be inferred. This is
due to the fact that shape changes occur in a localized
fashion, that is, during one ontogenetic period in one part
of the analysed structure, and during a different period in a
different part of the structure (Fig. 2b). These differences
are indicated by the curved trajectory in shape space.
Inflection points of the trajectory indicate switching of
ontogenetic change in different anatomical regions. This
regional change corresponds to the definition of modularity
according to Klingenberg (2005) which describes more
relations within that localized area (unit) than between it
and others. Thus, if shape trajectories are analysed together
with their associated changes in landmark configurations
then information about modularity as well as their ana-
tomical basis is provided.

Recent geometric morphometric studies of craniofacial
growth offer some examples how curved ontogenetic tra-
jectories reflect developmental modularity (Bulygina et al.
2006; O’Higgins et al. 2006). These studies analysed shape
data of the ontogeny of basicranial and facial structures
together. Because the basicranium grows earlier than the
face (Enlow 1990), one fraction of the shape trajectory that
represents early ontogeny is influenced by basicranial sig-
nals and shows one “orientation” in shape space while
another fraction of the shape trajectory which represents
later ontogeny shows stronger facial signals and is thus
orientated in a different way in shape space. The inflection

Fig. 2 Relationships between
the geometry of an ontogenetic
trajectory and modularity. a A
linear ontogenetic shape
trajectory may indicate either
integrated development of one
module or simultaneous
development of several

point indicates when the basicranial module stops changing
shape while the facial one, starts, or continues to grow.
This geometry facilitates therefore the recognition of
developmental modules, a basicranial and a facial one,
changing their shape at different ontogenetic periods
(Enlow 1990; Bastir et al. 2006).

The second part of this paper uses 3D Procrustes geo-
metric morphometrics to analyze morphological changes in
pre- and postnatal ontogeny of the ossified cranial base in
humans. The data are interpreted in terms of morphologi-
cal, developmental integration and modularization and
compared with morphological aspects of basicranial
evolution.

Materials and Methods

First, the hypothesis of mosaic evolution was evaluated
comparing separate analyses of midline and lateral basi-
cranial shape data of the evolutionary data set. Midline
base morphology of adult chimpanzees (N = 32) and adult
modern humans (N = 144) and eight fossil hominins (Sts5,
KNM-ER 3733, KNM-ER 3883; Sambungmacan 4, Bodo,
Kabwe, Gibraltar 1, Guattari 1) was analyzed by four
standard 2D landmarks of midline basicranial morphology
(basion, dorsum sellae, anterior and posterior sphenoid)
and compared with fossils of several hominin species. The
landmarks of recent species were digitized on lateral
radiographs of humans from Asia, Africa and Europe (see
Kuroe et al. 2004 and Bastir and Rosas 2005 for details of
orientations and X-ray methods) and of chimpanzees (Dean
and Wood 2003). The landmarks of the fossils were
obtained from midsagittal sections of 3D reconstructions of
CT scans of the virtual anthropological collections of the
MNCN, Madrid, and images published in literature (SM4,
Baba et al. 2003). These data were analyzed by standard
geometric morphometrics and thin-plate splines (Bookstein
1991; Zelditch et al. 2004) and principal components

PC2 b PC2

C

_— \ e

modules. b A curved
ontogenetic shape trajectory
indicates modular (dissociated)
development within a complex a
morphological structure
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analysis of shape data (partial warps) (Rohlf et al. 1996;
Zelditch et al. 2004) to assess the role of basicranial flexion
as principal factor of variation in different recent and fossil
species. Then, the findings of the midline base analysis are
compared with principal components scatter plots of pub-
lished 3D data of lateral basicranial anatomy (middle
cranial fossa) of chimpanzees, hominins and humans (Ba-
stir et al. 2008). In the case of mosaic basicranial evolution
an overlap of fossil hominins and modern humans is
expected for the midline base data which would contrast
with lateral basicranial data, of which a clear separation has
been reported (Bastir et al. 2008).

In the second step, 3D landmark data of modern human
midline and lateral basicranial structures were analyzed
together in a developmental data set. We studied size and
shape changes in the ontogeny of the complete ossified
chondrocranium of a total of 71 CT scans of 21 prenatal

Table 1 3D landmarks and definitions of the developmental data set

fetal crania between 12th and 35th intrauterine weeks (14
of 2nd trimester; 7 of 3rd trimester, Shimada collection,
University of Kagoshima, Japan), and 50 postnatal crania
of 12 perinatal, 10 pre-M1 dental stage, 8 pre-M2 dental
stage, 5 pre-M3 dental stage and 15 adult individuals
(Bastir and Rosas 2004). These data come from the
MNCN-virtual collections, the ORSA-data base, and
NESPOS data base (www.nespos.org).

Amira 4 was used for 3D surface reconstructions, on
which 27 landmarks (Table 1) of the pre-chordal, and
chordal midline base (pre-sphenoid) and floor (mesethm-
oid) and the parachordal lateral basicranial floor (ali-
sphenoid, otic capsule) were digitized. Landmark data were
processed and analyzed by standard Procrustes geometric
morphometrics (Rohlf and Slice 1990; Bookstein 1991;
O’Higgins 2000; Zelditch et al. 2004), using Morpheus
et al. (Slice 1998) and morphologika 2 (O’Higgins 2000)

Count Landmark Definitions

1 Fm. caecum

2 Left anterior cribriform Antero-lateral border of cribriform plate

3 Left posterior cribriform Foramen of posterior sphenoid vessels

4 Posterior midcribriform In the midline

5 Posterior sphenoid At the level of the orbital canals

6 Pituitary

7 Dorsum sellae

8 Basion

9 Ophistion

10 Left spheno-parietal junction (limit between anterior cranial fossa (ACF) In the centre of the triangle of the frontal, greater

and middle cranial fossa (MCF) sphenoid and parietal
11 Left petro-parietal junction (limit between MCF and posterior cranial Pyramidal base (Bruner and Ripani 2008)
fossa (PCF)

12 Left internal acoustic porus Antero-lateral vertex

13 Left petrosal apex

14 Left fm. ovale Medial

15 Left fm. rotundum Medial

16 Left ant MCF point Bastir et al. (2008)

17 Left orbital foramen Antero-lateral vertex

18 Right anterior cribriform Antero-lateral border of cribriform plate

19 Right posterior cribriform Foramen of posterior sphenoid vessels

20 Right spheno-parietal junction (ACF-MCF limit) Centre of fusion between frontal, greater sphenoid
wing and parietal

21 Right petro-parietal junction (MCF-PCF limit) Pyramidal base (Bruner and Ripani 2008)

22 Right internal acoustic porus Antero-lateral vertex

23 Right petrosal apex

24 Right fm. ovale Medial

25 Right fm. rotundum Medial

26 Right ant. MCF point Bastir et al. (2008)

27 Right orbital foramen Antero-lateral vertex
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software. Principal components analysis in Procrustes
Formspace were performed to analyze the size and shape
changes of basicranial ontogeny as well as the geometry of
the ontogenetic shape trajectory (Bookstein 1991; O’Hig-
gins 2000; Mitteroecker et al. 2004; Zelditch et al. 2004;
Bastir et al. 2007). Amira 4.0 was used for producing the
3D surfaces and landmark warps to visualize the shapes
associated to the negative and positive extremes of the
corresponding principal components loadings.

Results

Figure 3a shows the scatter plot of the first two principal
components of the evolutionary data set indicating distri-
bution patterns of midline cranial base shape. Figure 4
shows the shape changes associated to these principal
components. Principal component 1 (Fig. 4b) is impor-
tantly driven by variation of basicranial flexion (positive
loadings) versus retro-flexion (negative loadings). Principal
component 2 (Fig. 4c) reflects variation of spheno-occipital
clivus length and also angulation. PC1 and PC2 account for
approximately 75% of total variance of this sample
(Table 2). Two morphological domains can be identified.
Chimpanzees plot on the negative scores of PC1 (Fig. 3a)
(retro-flexed base, Fig. 4b) and are separate from fossil
hominins, which fully overlap with the modern humans,
both plotting with the positive PC1 scores (Fig. 3a) and
show a higly flexed cranial base (Fig. 4b). The plots in
Fig. 3a clearly indicate that the intraspecific range of
basicranial flexion in modern humans completely encloses
the interspecific range observed in fossil hominins.

Figure 3b shows principal components plots of lateral
base evolution, where three different domains for PC1 can
be identified; one of the chimpanzees, one of the fossil
hominins (except fossil H. sapiens) and another one of the
modern humans.

Comparison of the scatter plots in Fig. 3a, b indicates
thus different evolutionary distributions of midline and
lateral basicranial morphologies. Australopithecines, early,
later Homo and modern humans overlap in main features of
midline base morphology (Fig. 3a), while they are clearly
separated in main features of lateral base morphology
(Fig. 3b). This empirical evidence supports the hypothesis
of mosaic basicranial evolution in Homo.

3D Form Space Analysis of Endocranial Ontogeny

Three principal components were extracted from the
developmental data set, which accounted for approximately
95% of total variance (Table 3). Figure 5 suggests a curved
(non-linear) ontogenetic trajectory which implies that
basicranial morphology changes differently at different
developmental stages.

Figure 5a shows a curved ontogenetic trajectory pro-
jected into PC1-PC2 subspace. PC1 orders chronologically
the developmental stages and PC2 shows two positive and
two negative peaks. One positive in the middle of prenatal
ontogeny (between second and third trimester), one nega-
tive around birth, one positive during the transition of
preM1 to preM2 developmental stages and a negative
towards the adults. Figure 5b illustrates a curved trajectory
in PC1-PC3 subspace with one negative peak on PC3 that
occurs around birth. Finally, Fig. 5¢ shows the projection of
the ontogenetic trajectory into the PC2—-PC3 subspace, and
again, a complex curve can be identified. Early prenatal
ontogeny starts in the upper left quadrant of the plot. Later
prenatal shapes plot in the centre of both lower quadrants
until birth, which is characterised by shapes that plot in the
lower left quadrant. Postnatal immature shapes are then
found in the centre of right quadrants until adult shapes are
achieved which plot again within the upper left quadrant.

These peaks mark inflection points along a 3D curved
ontogenetic shape trajectory instead of a linear and straight

Fig. 3 a Scatter plot of

principal components analysis a midline base b lateral base

of midline cranial base. PC1

versus PC2. Note the overlap of pC2 pC2
humans and hominins. b Scatter . '“ o

plot of principal components of * 2 g OHsﬁs'..'i.' “’:"f
lateral base (data from Bastir S5 : ::::556;;%%

et al. 2008). PC1 versus PC2. s L - > . Guattari, | “Gibraltar

Note the separation of humans,
hominins and chimpanzees
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a Table 2 Evolutionary data set
PC Eigenvalue % Of Cumulative
variance variance
PC1 4.63E-03 0.521 0.521
PC2 2.08E-03 0.234 0.755
PC3 1.41E-03 0.159 0.914
PC4 7.65E-04 0.086 1.000
PC5 —1.00E-12 0.000 1.000
PC6 —1.00E-12 0.000 1.000
Principal components analysis of midline basicranium (Eigenvalues,
percentage of variance, cumulative percentage are given)
b Table 3 Developmental data set
PC1 PC Eigenvalue % Of Cumulative
variance variance
PC1 9.96E-02 0.921 0.921
PC2 1.37E-03 0.013 0.934
PC3 1.27E-03 0.012 0.946
PC4 7.40E-04 0.007 0.952
PC5 5.99E-04 0.006 0.958
PC6 5.76E-04 0.005 0.963
negative positive PC7 4.25E-04 0.004 0.967
PC8 3.88E-04 0.004 0.971
PC9 2.94E-04 0.003 0.974
c PCI10 2.31E-04 0.002 0.976
PC2
Principal components analysis in Procrustes form space (Eigenvalues,
percentage of variance, cumulative percentage, first 10 PCs are given)
Anatomical Evidence for Modularity
The basicranial shape changes associated with the principal
components are shown as transparent 3D surfaces together
with the corresponding landmark configurations of the
reference shape (dark-red landmarks, most negative PC
negative positive score) and target shape (light-blue landmarks, most posi-
tive PC-score) in Fig. 6. The most significant shape

Fig. 4 a Midline cranial base landmarks on sagittal section of a
modern humans. b Midline base landmarks and TPS splines
indicating the shapes associated to the extremes of PCI. ¢ Midline
base landmarks and TPS splines indicating the shapes associated to
the extremes of PC2. Note that basicranial flexion is a key feature of
these principal components (see scatter plot of Fig. 3a)

shape trajectory and imply complex modular development.
There are at least four morphologically different ontoge-
netic phases, which are statistically distinguished by
different combinations of principal components loadings
(Table 4) and anatomically by their corresponding changes
of landmark configurations.

differences between these surfaces (and landmark config-
urations) together with the curved shape trajectory of Fig. 5
inform anatomically about modular development.

Principal component 1 (Fig. 6a, d) reflects homogenous
shape changes due to overall growth allometry, which
occur simultaneously at many parts of the entire cranial
base. The top view shows a relative increase of breadth of
the cranial base. The lateral views indicate forwards shift
of the greater sphenoid wings and an increase of cranial
base flexion. The middle cranial fossa becomes relatively
longer and posterior cranial fossa deeper.

The second principal component (Fig. 6b, e) describes
local changes that are concentrated mainly at the lateral
part of the basicranium. Towards the positive loadings the
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Fig. 5 Geometry of the ontogenetic shape trajectories. Scatterplot of
a PC1 vs. PC2 (note the positive peaks on PC2 between 2nd and 3rd
prenatal trimester and between preM1 and preM2), and the negative
peaks during perinatal and adult periods), b PC1 vs. PC3 (note the

Table 4 Combination of loadings and their changes along principal
components in developmental data set

2nd Trimester 3rd Trimester Birth-M1 MI1-Adults
PCl1 + + + +
PC2 + - + -
PC3  No change - + No change

greater sphenoid wings together with the petrosals are
shifted forwards and laterally with respect to midline cra-
nial base structures, which decreases the basicranial angle
and the relative spheno-occipital clivus length.

negative peak on PC3 during the perinatal period) and ¢ PC2 vs. PC3.
These peaks mark inflection points along curved ontogenetic trajec-
tories and indicate modular development

Principal component 3 (Fig. 6¢, f) describes a relative
elongation of the middle cranial fossa towards the negative
scores which is due to a relatively stable antero-posterior
position of the middle cranial fossa poles and marked
changes at the petrosals. The latter become elongated and
expanded postero-laterally. The floor of the posterior cra-
nial fossa becomes shallow and the basicranial angle
slightly retro-flexed.

Taking together shape trajectories and associated
morphological changes clearly indicates modular devel-
opment according to which different developmental stages
are characterised by different morphologies and, more

Fig. 6 Upper part: 3D surfaces as they correspond to the shapes
represented by the negative and positive extremes of a PC1, b PC2,
and ¢ PC3. Lower part shows the Procrustes registered landmarks of
negative (dark/red) and positive (light/blue) PC scores and the
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transparent surface that corresponds to them. d PC1, e PC2 (the oval
line indicates area of common displacement of lateral base landmarks
relative to midline landmarks, f PC3 (the small oval indicates local
displacement of petrosal landmarks relative to other landmarks)
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importantly,
changes.

different ontogenetic patterns of shape

Discussion

This paper investigated mosaic evolution of the basicrani-
um in the genus Homo. In addition we looked at
developmental modularity and integration during pre- and
postnatal basicranial ontogeny to assess their potential
implications in basicranial mosaicism.

Mosaic evolution was assumed on the hypothesis of Ross
and Henneberg (1995) who reported relatively stable mid-
line basicranial angles in human evolution since Austra-
lopithecus and early Homo. This hypothesized “stability” of
basicranial flexion is interesting because relative cranial
capacities - the main correlate of basicranial flexion in pri-
mate evolution (Ross and Ravosa 1993; Lieberman et al.
2000; Ross et al. 2004)—have increased considerably dur-
ing human evolution (Ruff et al. 1997; Bruner et al. 2003;
Rightmire 2004). This fact requires alternative processes
leading to basicranial morphologies that are capable of
spatially packing, supporting and protecting bigger brains
within the neurobasicranial complex (Dabelow 1931; Hofer
1952; Biegert 1957; Gould 1977; Ross and Ravosa 1993;
Ross and Henneberg 1995). Such alternative processes
would then require a morphological dissociation (modular-
ization) of basicranial flexion from other features of
basicranial morphology (Bastir and Rosas 2005). Basicra-
nial modularization could provide an example according to
which modularity allows for evolvability (Cheverud 1982;
Cheverud 1996; Wagner 1996; Wagner and Altenberg 1996;
Winther 2001; Ackermann 2005; Klingenberg 2005).

However, so far mosaic evolution has not been addressed
explicitly in this context and broadening of the comparative
hominin context is necessary. Ross and Henneberg (1995)
and Baba et al. (2003) have shown that values of midline
basicranial flexion of some selected hominin fossils (Sts5,
OH-9, SM4) are within the range of modern human varia-
tion. We added more fossil hominins (H. ergaster, H.
heidelbergensis, s.l.; H. neanderthalensis) to this existing
evidence. Our data show that basicranial flexion in evolution
is indeed a key feature of midline cranial base variation
because it appears as the most prominent feature of the first
two principal components which explain about 75% of
variance in the total sample (Fig. 4, Table 2). We also show
that the range of basicranial flexion in modern humans
encloses that of fossil hominins (Fig. 3a). While fossil
hominins and modern humans completely overlap in the
midline the lateral basicranial data suggests a clear evolu-
tionary patterning in which fossil hominins differ from
modern humans and both from chimpanzees (Fig. 3b). It has
been shown elsewhere that this difference consists

morphologically of a forward projection of the lateral mid-
dle cranial fossa poles beyond midline basicranial structures
(Bastir et al. 2008) and has recently been added to other
modern human autapomorphies (Stringer 2001; Lieberman
et al. 2002; Bastir et al. 2008). Therefore, it is likely that
basicranial modularity has facilitated relatively independent
evolution of midline and lateral structures (Bastir et al. 2004;
Bastir and Rosas 2005). This assumption becomes evident
comparing evolutionary patterns of midline and lateral
basicranial structures.

A second research question of this paper was: What is
the 3D ontogenetic context of evolutionary processes of the
midline and lateral basicranium? Is there evidence for
corresponding developmental integration and modularity?
We addressed this question looking at pre- and postnatal
ontogeny of ossified basicrania of 71 human cranial bases.
Modularity and integration were assessed on the combined
evaluation of ontogenetic shape trajectories in principal
component space and its associated shape changes in the
landmark configurations (Cobb and O’Higgins 2004; Mit-
teroecker et al. 2005; Bulygina et al. 2006; O’Higgins et al.
2006).

Our findings reveal a clear evidence of a non-linear
ontogenetic trajectory, the geometry of which—in a sub-
space of PC1, PC2 and PC3—appears similar to a “handle-
bar” as indicated in Fig. 7. The shape of this ontogenetic
trajectory implies four different developmental periods
(Table 4, Fig. 7a). Non-linearity can be interpreted as evi-
dence for modular basicranial development, an
interpretation that is in line with other studies that addressed
specific aspects of growth and development of the human
cranial base (Sperber 1989; Enlow 1990; Bach-Petersen and
Kjaer 1993; Bach-Petersen et al. 1995; Lieberman and
McCarthy 1999; Jeffery and Spoor 2002; Bastir et al. 2006).

In the first (smaller) half of the prenatal period, which
corresponds roughly to the second prenatal trimester, the
basicranium experiences integrated changes (Fig. 7b), in
which all regions become simultaneously modified in size
and shape. The lateral limits of the anterior and middle
cranial fossae (ACF, MCF) and of the middle and posterior
cranial fossae (PCF) become shifted anteriorly, while the
midline base is retracted posteriorly. This produces a
rounded basicranial outline in top view (Fig. 4b) similar to
the findings of Plavcan and German (1995).

In the second (larger) half of the prenatal period, which
corresponds approximately to the third prenatal trimester,
modularization is observed within the lateral cranial floor
(Fig. 6¢). The link between the greater sphenoid wings and
the petrosals becomes dissociated (Figs. 6c, f and 7c). The
former become stabilized in position, while the petrosal
pyramids experiment an elongation and backwards shift.
This process enlarges the relative proportions of the middle
and posterior cranial fossae. It is one ontogenetic process
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PC2

PC3
PC1

Integration Modularity

‘ay

Integration Modularity

Fig. 7 a Left: Schemes of shape trajectories as they indicate four
different ontogenetic periods. PC1-PC2, PC1-PC3; the grey dash-
dotted lines separate these different ontogenetic periods. Right: A 3D
scheme of PCI1, PC2, and PC3 together is drawn (note the “handle-
bar” shape of the ontogenetic trajectory. Lower box: sequential
pattern of integrated and modular growth and development. The four
different periods are shown. The arrows on the 3D reconstructions
indicate relative shifts of anatomical areas along ontogeny during the
specific ontogenetic period. The schematic drawings below the 3D

that may be involved in relative enlargement of the middle
cranial fossa (Spoor et al. 1999; Lieberman et al. 2002;
Bastir et al. 2008). This increase also fits with other
observations, which assert that the overall effect of prenatal
ontogeny produces more increase of antero-posterior
dimensions than medio-lateral ones (Jeffery 2002b; Zum-
pano and Richtsmeier 2003; Morimoto et al. 2008).

The third phase between birth and M1 eruption can be
considered a developmentally integrated period (Fig. 7d)
because both midline cranial base and lateral cranial floor
change shape simultaneously. The lateral floor is shifted
forwards relative to the midline base (Figs. 6b and 7c),
which flexes early and changes shape until about 8 years
(Lieberman and McCarthy 1999; Bastir et al. 2006). The
common shift of the lateral floor implies a re-integration
of the greater sphenoid wings and the petrosals (previ-
ously dissociated) relative to the midline base. In
addition, during this step an enormous size increase is
observed (Fig. 5a, b), which is likely related to the fast
brain growth in this period (Enlow 1990; Pefia 2000;
Richtsmeier et al. 2006). The consequence of this onto-
genetic period is again a more rounded shape of the
basicranial outline.
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reconstructions illustrate the sequence of integration and modularity
between the sphenoid (empty circle), petrosal pyramid (grey circle),
lateral base (oval outline), midline base (rectangular outline). The
grey lines indicate connectivity (solid lines — integration; dashed
lines — modularity). b Integration (common development of all
components), ¢ modular development of petrosal, d integrated
development of all components; e modular development of the lateral
basicranium

Another final change of the integrative pattern is indi-
cated by a curve of the ontogenetic trajectory (Fig. 5a)
after M1 eruption that initiates the fourth phase of basi-
cranial ontogeny (Fig. 7a, e) characterised by a changes at
the lateral basicranium relative to the midline. It is known
that around M1 eruption midline base shape has become
stable (Sperber 1989; Bastir et al. 2006) while the lateral
basicranium continues ontogenetic change (Enlow 1990;
Bastir et al. 2006).

Ontogenetic change of integration patterns have been
detected in other regions of the hominoid skull (Acker-
mann 2005). This study shows evidence for the hypothesis
of repeated (sequential) integration and modularisation of
the human cranial base (Fig. 7b—d). Future study should
test this hypothesis with complementary methods
addressing quantitatively differences in patterns and degree
of covariation (Bastir et al. 2005).

Basicranial Relations to Brain Evolution and
Development

It is attractive to speculate that basicranial changes in
evolution and ontogeny are related to changes in brain
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organization. With respect to human evolution two brain
factors have been suggested: the evolution of the temporal
lobes (Rilling and Seligman 2002; Rilling 2006) and of the
parietal lobes (Holloway 1981, Holloway 1995; Bruner
et al. 2003; Bruner 2004). While increase of the parietal
lobes may spatially influence the position of the temporal
lobes as well as of the basicranial flexure, the temporal
lobes can theoretically expand without modifying basicra-
nial flexure. Thus, joint consideration of the comparative
anatomical evidence of stable midline and evolving MCF-
anatomy (Fig. 3a, b) points to temporal lobe evolution as
factor underlying mosaic changes at the lateral base (Spoor
et al. 1999; Lieberman et al. 2002; Bastir et al. 2008). It is
interesting to note that apparently a mosaic evolution of the
human brain (parietal, temporal lobes) parallels a mosaic of
the human basicranium (midline, lateral elements).

The interpretation of developmental shape changes of
the basicranium and its relation to the ontogeny of the brain
is more complex (Jeffery 2002a, b; Jeffery and Spoor
2002). Particularly cranial base flexion in the midline
cannot be easily explained by brain expansion, at least in
the second and third prenatal trimester (Jeffery and Spoor
2002). These authors found retro-flexion to accompany
relative and absolute increase of brain size instead of the
expected flexion. However, the unfused neurocranium of
the fetus does not provide the spatial constraining neuro-
basicranial context, on which the idea of brain increase and
basicranial flexion as spatial packing mechanism has
originally been developed (Hofer 1952; Biegert 1957;
Gould 1977; Ross et al. 2004).

From a developmental point of view the correspondence
of morphologies of the lateral basicranial floor and the
inferior surface of the brain is explained by shared tissues
and their origins (Sperber 1989; Richtsmeier et al. 2006).
The developing ectomeninx consists of two layers, the
inner of which differentiates in the dura mater, which
covers the brain, while the outer layer gives rise to con-
nective tissue, which ossifies into the precursors of the
lateral basicranial floor (Sperber 1989). Definitively, more
research is necessary to understand the underlying factors
of midline and off-midline basicranial morphology in
relation to development and evolution of the brain.

Finally, some aspects should be mentioned that may
limit the present interpretations. One limiting factor is that
the prenatal period is covered by fetuses of exclusively
Asian origin. There is clear evidence for different basi-
cranial architecture among adult populations from different
geographic origin which is likely also present to some
(unknown) degree in prenatal and immature data (Kuroe
et al. 2004; Bastir and Rosas 2006; Rosas et al. 2008).
However, there is no reason to assume different integration
patterns among different populations of the same species
although this is a question that needs to be tested. Also,

comparison of the postnatal ontogenetic data of European
origin and the adult sample, which is composed of similar
numbers of Asian, African and European basicrania does
not apparently reveal a bias on PC2 or PC3, which would
invalidate our interpretations. In any case, inclusion of fetal
data from other geographic regions should be analysed to
clarify this problem.

A second limiting factor may be related to the medical
imaging technique and reconstructions applied to obtain the
prenatal shape data. 3D reconstructions of CT data of pre-
natal specimens that illustrate hard tissue morphology will
not give information on cartilage morphologies due to
threshold issues (Jeffery 2002b; Morimoto et al. 2008).
Therefore, calculations of absolute dimensions on such
reconstructions are biased. In our study the quantitative
evaluation of absolute dimensions is not relevant. It is
important, however, to note that ossification is likely a factor
that influences the integration and modularization patterns
discussed here. This should be borne in mind in the under-
standing of the relative increase of the posterior cranial fossa
observed during the end of the prenatal period. Assuming
that cartilage is not visualized in our 3D reconstructions it is
possible that part of the posterior cranial fossa increase
during the second phase is ossification of existing cartilage
rather than growth. In terms of shape however, our findings
are compatible to those obtained by hMRI (Jeffery 2002b)
supporting our interpretation. Shape analysis of 3D recon-
structions of hMRI could further refine the hypothesis of
sequential integration and modularity.

Conclusions

The evolution of the human basicranium is characterized
by a mosaic of midline and lateral basicranial elements and
processes (Bastir and Rosas 2008). This mosaic is possibly
based on the evolutionary modifications of modular struc-
ture of the basicranium which is known from postnatal
ontogenetic (Enlow 1990; Sgouros et al. 1999; Bastir et al.
2006) and adult covariation patterns (Bastir and Rosas
2005; Bruner and Ripani 2008). In addition, the present 3D
analysis of pre-and postnatal ontogeny suggests that mod-
ularity changes during development but this hypothesis
requires further testing. Thus our results together with
previous studies on basicranial growth and integration
suggest that a sequential pattern of integration and modu-
larisation describes human basicranial ontogeny in a way
that is potentially important for the understanding of evo-
lution in the genus Homo. Different phylogenetic
modifications of this spatio-temporal pattern, morphogen-
esis, growth, and development of midline and lateral
basicranial elements seem to underlie the mosaic evolution
of the cranial base in hominins. They might relate to
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mosaic evolution of the brain (Holloway 1995; Bruner
2004). Future studies should focus on the causal relations
between brain and basicranial prenatal ontogeny.
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