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Summary. The hypothesis of retarded development is a
classic and controversial issue in human evolution. It de-
pends directly on the understanding of ontogenetic trajec-
tories and their basic constituents: timing, rate and asso-
ciated patterns of maturation. In the present study, we
applied geometric morphometrics to investigate postnatal
ontogeny in human and chimpanzee skulls (N = 302). We
evaluated postnatal ontogenetic rates, based on compari-
sons of properties of size and shape in adults. At different
dental ages the percentage of the adult mean size
(growth) and adult mean shape (development) was used
to quantify patterns of maturation. We found significantly
higher levels of ontogenetic maturity in humans than
chimpanzees during pre-M1 and M1 eruption. However,
during this ontogenetic period the human increments
were lower than those of chimpanzees suggesting lower
rates. During and after M2-eruption species did not differ
in their ontogenetic trajectories. The results indicate that
higher prenatal and lower peri- and postnatal maturation
rates characterize human ontogeny when compared with
chimpanzees. If mandibular ontogeny is considered alone,
a paradox was found. Whereas growth maturation pro-
ceeded in an expected trajectory continuously approxi-
mating 100% adult mean size, developmental maturity
was different. After M1-eruption in both species the mor-
phological distance, which had increased before, became
reduced again, and reached adult mean shape in a second
developmental peak. Such a tendency was found in hu-
mans and chimpanzees. This indicates that both size and
shape maturation must be considered to understand the
complexity of postnatal mandibular ontogeny.
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Introduction

One important component of phylogenetic changes in
morphology is the evolutionary modification of ontoge-
nies (Riedl 1975; Gould 1977; Raff 1996). It is an internal
source for morphological variation upon which natural se-
lection can act (Riedl 1975; Alberch 1990; Raff 1996).
Heterochrony describes the evolution of ontogeny by
modifications in the rate and timing of important consti-
tuents of ontogenetic trajectories, such as onset, offset
and rates of growth and development (Zelditch and Fink
1996; Zelditch et al. 2003). Such parameters are inti-
mately linked to patterns of maturation and the resulting
morphologies (Gould 1977; Alberch et al. 1979; McKin-
ney and McNamara 1991). Heterochrony is thus a key is-
sue in research connecting ontogeny and phylogeny and
led to the current prominent role of evolutionary devel-
opment in evolutionary theory (Arthur 2002).

In buman evolution, a specific case of heterochrony
i.e., the retardation in development, or “neoteny” (Gould
1977), has been postulated. Similarly, its earlier version of
“Fetalisation” sensu Bolk (Gould 1977) has attracted con-
siderable, albeit polemic interest in primatology (Kummer
1952; Biegert 1957; Starck and Kummer 1962; Gould
1977; Shea 1989; Bastir 2004). While some authors found
evidence that favored neoteny (Gould 1977) others have
argued against it (Kummer 1952; Starck and Kummer
1962; Shea 1989).
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This hypothesis of neoteny grounds on the morphologi-
cal similarity between newborn and juvenile chimpanzees
and aduit humans. The juvenile chimpanzee-adult human
similarity was observed early in anthropology, but Gould
(1977) elaborated a theoretical framework for quantita-
tive tests. Based on this he concluded that the rate of hu-
man development is characterized by general retardation
relative to chimpanzees (Gould 1977).

However, recent research has seriously challenged this
hypothesis (Shea 1989; McKinney and McNamara 1991).
The specific biphasic pattern of human ontogeny is char-
acterized by an early acceleration during fetal growth and
development and a prolongation of this period into the
first two years of life, followed by a period of retardation
and slower ontogeny in later postnatal life (McKinney
and McNamara 1991; Godfrey and Sutherland 1996).

Klingenberg (1998) clarified factors of potential confu-
sion in the debate of human heterochrony. His emphasis
is on the word “retardation”, which he considers “respon-
sible for much of confusion” (Klingenberg 1998:94) and
may relate either to the slowing of rate (as a continuous
scalar process) or the delay of development (as a discrete
event) along a given time scale. This definition is rarely
made clear in literature but it is specifically important re-
garding the morphological changes attributed to a given
developmental period.

In an ontogenetic sequence “A-B—C”, in which “A” is
related to brain growth and “B” to facial growth (see Bie-
gert 1957; Enlow and Hans 1996), any effect yielding an
increased morphogenetic net effect (higher rates, but also
sequentially delayed — and thus prolonged — morphogen-
esis) in phase “A” will produce skull morphologies, basi-
cally characterized by brain growth. The result may be
considered peramorphic, as the earlier effect becomes
over-expressed, or paedomorphic as the important mor-
phological influence simply occurs “early” with respect to
later ontogeny (“B”).

In the light of the human biphasic ontogeny the precise
heterochronic diagnosis “Neoteny” versus “Hypermor-
phosis” becomes thus relative. Depending on the ontoge-
netic phase taken, humans are either 1) accelerated (high-
er rate) compared to chimpanzees during fetal ontogeny
or 2) retarded (slower rate) relative to chimpanzees in
postnatal ontogeny (Klingenberg 1998).

Both aspects of this hypothesis will be tested in Hy-
pothesis 1 (H1) that predicts higher maturity rates in
humans than chimpanzees in early postnatal ontogeny.
There is, however, another aspect in Gould’s (1977) hy-
pothesis of neoteny, which is not relative. It postulates
dissociation of size and shape, with retarded shape during
sexual maturation. This hypothesis predicts that, during
the time of sexual maturation (a precise ontogenetic
stage), decreased values of maturity resulting from de-
creased rates should be expected for neotenic humans as
a consequence of their retarded (sensu Gould 1977) rates.
This is the second hypothesis (H2) tested in this study.

Both hypotheses will be tested on cranio-mandibular
data. However, ontogenetic morphological relationships

will be explored also for mandibles alone. This is of gen-
eral interest because heterochrony is also relevant in an-
other aspect of human evolution. It has been suggested
that hypermorphosis (i. e., the extension of common onto-
genetic trajectories beyond ancestral adults in either time
or rate; Shea 1989) of Middle Pleistocene mandibles
could be involved to some degree in the evolution of
Neandertals (Rosas 2000; Rosas and Bastir in press).

Material and Methods

The major part of the human sample (adults and juveniles,
Ngota = 215) is housed at the Institute of Anthropology, Univer-
sity of Coimbra, Portugal (Rocha 1995) and in part (juveniles) at
the Anthropological Department of the Natural History Mu-
seum, London (Spitalfields collection; Molleson et al. 1993). The
age at death and sex is known for the complete human sample.

The chimpanzee sample (nyo, = 87) is housed at the Depart-
ment of Mammals, Natural History Museum, London. Sex of the
adult specimens and age at death was evaluated by craniodental
criteria by onc of us (MB) and the juvenile chimpanzees were
treated without sexual attribution. The human and chimpanzee
data were divided into five age-classes based on the criteria of
Shea (1989). The human sample consisted thus of eight indivi-
duals of the Pre-M1 group, thirteen of M1, nine of M2, and nine
of M3 group and 177 adults and the chimpanzees comprised
fourteen individuals of the Pre-M1 group, thirteen of M1, eight
of M2, three of M3 group and 48 adults.

Three-dimensional coordinates of 29 common cranio-mandib-
ular landmarks were digitized using a Microscribe 3DX® digiti-
zer. Definitions of the landmarks and details about data acquisi-
tion, 3D-2D data conversion and missing data treatment for
geometric morphometrics have been described elsewhere (Rosas
and Bastir 2002).

Geometric morphometric methods. Procrustes based geometric
morphometrics of landmark data are based on the separation of
shape and size. These two essentially different kinds of variables
are obtained by Procrustes superimposition, in which effects of
specimen orientation are minimized and scale factors are seques-
tered (Rohlf and Slice 1990; Bookstein 1991). The 2D coordinate
data of each species were converted into a partial warp and uni-
form component scores matrix (Bookstein 1991; Rohlf 1996).
These shape descriptors are derived from thin plate spline (TPS)
analysis and contain the full-coverage shape information,
whereas size (centroid size) is documented as a common scaling
factor (Bookstein 1991). Centroid size is the square root of the
sum of squares of the distances between each landmark and the
centroid of the form (Bookstein 1991).

Patterns of maturation rates. Recent geometric morphometric
studies in primatology improved our morphological understand-
ing of postnatal growth and development (O’Higgins et al. 2001,
Ponce de Leon and Zollikofer 2001; Vidarsdéttir et al. 2002).
Growth is defined by the ontogeny of size, whereas development
is defined by the ontogeny of shape (Gould 1977; Hingst-Zaher
et al. 2000; Zelditch et al. 2003).

As maturity is reached in the adult developmental stage, ma-
turity degrees of size at a given dental age group can be calcu-
lated as a percentage of the mean centroid size of the adult sub-
sample (which is set to 100% in the adults). Rates of growth are
thus measured as the ontogenetic increment of the percentage of
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Table 1. Non-parametric mean comparisons of maturation percentages (Mann Whitney U-test; Sokal and Rohlf 1998)

Category System Dental ages humans chimpanzees difference (p)
Growth Skull Pre-M1 77.89 66.68 0.00006
M1 88.8 78.89 0.0004
M2 92.01 90.36 0.2
M3 97.46 95.1 0.1
Mandible Pre-M1 91.14 87.29 0.00014
M1 95.79 92.86 0.00043
M2 97.17 97.27 0.9
M3 99.6 97.98 0.3
Development Skull Pre-M1 40.14 27.94 01
Ml 66.49 53.86 0.019
M2 72.95 70.53 0.6
M3 95.72 90.4 0.5
Mandible Pre-M1 58.01 51.8 0.4
M1 80.01 83.88 0.8
M2 69.75 68.15 0.7
M3 100.1 85.56 0.3

adult mean centroid size for each species. As both species will
terminate their ontogenetic trajectories at 100% of adult size,
species differences in the percentage of adult size at a given den-
tal age group can be interpreted as the result of differences in
their growth maturation rate.

The same principle is applied to the evaluation of the rates of
maturity of shape, which is, however, more difficult to measure.
In a recent paper, Zelditch and colleagues (2003) have proposed
a method in which shape maturity was measured as the Pro-
crustes distance from the mean of the youngest group to the
mean of the adults. Procrustes distance is the metric that defines
Kendall’s shape space (i. e., the conventional distance measure in
Procrustes geometric morphometrics; Bookstein 1996). Pro-
crustes distance can be imagined as the geodesic (angular) dis-
tance in curved shape space between two Procrustes superim-
posed landmark configurations, which correspond to two points
at the surface of the hyperhemispherical shape space of Kendall
(Bookstein 1996; Slice 2001). In a given set of Procrustes super-
imposed data this distance is correspondingly smaller the closer
the specimens are located to the reference configuration, where
the distance is zero. All configurations that plot along a circum-
ference whose center is the reference configuration will show
identical Procrustes distances. These configurations have been
termed “shape-manifolds” (Bookstein 1991:181). If the reference
is the mean of the youngest specimens, Procrustes distance in-
creases as shape differentiates away from the least developed
age toward the adults, where this distance is largest (Zelditch et
al. 2003). Thus, the mean value of Procrustes distance in the
adult sample indicates maturity of shape, whereas its ontogenetic
increase is the result of the rates of maturation in shape (devel-
opmental, skeletal maturation) (Zelditch et al. 2003).

In geometric morphometric theory there have been important
comments regarding the choice of the reference configuration
(Rohlf 1998). It is generally recommended to use the grand
mean shape of a sample resulting from a generalized least square
Procrustes superimposition (Rohlf and Slice 1990) in order to
“minimize the errors in the approximation of shape space”
(Rohlf 1998: 149) to tangent space. However, if the correlations
between the distances in shape space and the corresponding
distances in Euclidean tangent space (where multivariate statis-
tics are carried out) are high, the use of an alternative reference
is justified. This was tested by Regress 6 + Beta (Sheets 2001).

The high correlations [in chimpanzees: r=0.999989 (skull),
r=0.999998 (mandible); in humans r=0.9999915 (skull),
r =0.999995 (mandible)] support our approach.

The maturation patterns in both size and shape are analyzed
as the ontogenetic trajectory described by the percentage of
group specific means of the adult mean values. Linear postnatal
ontogenies are assumed (O’Higgins et al. 2001; Ponce de Leon
and Zollikofer 2001; Vidarsdéttir et al. 2002) and thus least
square regressions were used to calculate the Procrustes dis-
tances from the mean shape of the smallest five individuals of
the youngest group. These distances were calculated separately
for each species by Regress6 software (Sheets 2001). Then, the
mean value of Procrustes distance of the adults was set to 100%
and for each specimen its percentage of the adult mean was cal-
culated. The ontogenetic modification of this percentage across
the dental age groups reflects thus the patterns of maturation.

A Kolmogorov Smirnov test (Sokal and Rohlf 1998) indicated
that a normal distribution could not be assumed. Therefore non-
parametric statistical analyses were necessary that do not make
any assumptions on a given (e.g., normal) distribution. We used
Mann-Whitney U-tests (Sokal and Rohlf 1998) for mean compar-
isons to test the hypotheses of species differences in maturity le-
vels in corresponding dental age groups, which is the non-para-
metric analogue to Student’s t-test (Sokal and Rohlf 1998).
Means shapes were compared by Two-Group6 (Sheets 2001).

Results

Skull maturation. The results indicated that H1 is sup-
ported. Table 1 shows that both ontogenetic parameters
displayed increased values, growth maturity (size) during
preM1- and Ml-eruption, developmental maturation
(shape) only during Ml-eruption (see also Fig.1a,b).
Absence of significant differences during and after M2
eruption suggests that H2 is not confirmed. The morpho-
logical changes are depicted in Figure 2.

Mandibular maturation. While mandibular growth ma-
turation (Fig. 1 c) showed similarity to the skull (Fig. 1 a)
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Fig. 1. Species-specific postnatal trajectories of maturation patterns. (a) skull growth, (b) skull development, (c) mandibular growth,
(similar to skull growth) (d) mandibular development (paradox). Human skull maturation is characterized by increased levels of
growth and development before M2-eruption. Afterwards no differences exist. Mandibular growth is similar to skull growth while
mandibular development is peculiar. In both species shape shows decreased maturity levels during sexual maturation.
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Fig. 2. Age-specific ontogenetic shape changes as TPS deformations of the younger into the next older developmental stage. (a) hu-
mans skulls, (b) chimpanzee skulls, (¢) human mandibles, (d) chimpanzee mandibles. Each developmental stage is characterized by
significant specific morphological changes, which in sum add to the adult morphological picture (additive morphogenesis). Note how-
ever, that stage-specific difference are also influenced by individual non-ontogenetic variation within each group.
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the patterns of developmental maturation were different
to skull development and remarkably similar between
both species (Table 1, Fig. 1 d).

Discussion

The present study investigated patterns of maturation by
comparing corresponding dental age stages of skull onto-
genies of humans and chimpanzees. Specifically, we tested
heterochronic hypotheses of the early (fetal) acceleration
of humans with respect to chimpanzees (H1) (McKinney
and McNamara 1991) and later postnatal (neotenic) retar-
dation of human shape with respect to size, compared
with chimpanzees (H2) (Gould 1977). Further, we ex-
plored specific geometric morphometric techniques for
future application in skulls and mandibles of hominid fos-
sils.

The increased maturity levels of both growth (pre-M1,
M1) and development (M1) in humans are compatible
with the hypothesized fetal and early postnatal ontoge-
netic acceleration as suggested by McKinney and McNa-
mara (1991). However, when percentages of the adult va-
lue are measured (which, in humans, in the case of
neoteny, were decreased) it would be still possible that
the increased earlier maturity levels arose from retarded
late postnatal growth. Nevertheless, Table 2 shows that
this is not the case, because later developmental stages at
M2 and M3 are indistinguishable between humans and
chimpanzees. These findings lend thus support to the in-
terpretation that the differences in skull maturation pat-
terns prior and during M1 eruption, a period that is mark-
edly influenced by brain maturation (Smith 1989), is a
consequence of early acceleration related to brain growth
(Biegert 1957; Shea 1989; McKinney and McNamara
1991, and references therein).

Figures 1 a and b indicate also that human growth and
developmental rates decrease in early postnatal ontogeny
compared to chimpanzees particularly between M1 and
M2 dental age. While humans during M1-eruption were
significantly more mature than chimpanzees, during M2-
eruption no such difference existed anymore, which is a
result of increased slopes in chimpanzees during these
stages. From a biological view, such ontogenetic patterns
reflect general mammal life history patterns that contrast
altricial (humans) and precocial (chimpanzees) character-
istics (Zelditch et al. 2003).

If the differential increment of relative maturity in
growth and development from one dental age group to
the subsequent one is taken as representative for the
rates between those dental age groups, our data show that
at least three different periods should be considered com-
paring humans and chimpanzees. During an early stage,
(pre- and perinatal) humans display accelerated ontoge-
netic rates. That is an important aspect, because it was al-
ready mentioned that this life history period is most clo-
sely related to early and intensive cerebral maturation.

Hypotheses of early epigenetic developmental cascades
of craniofacial components and their interactions as out-
lined in the craniofacial levels of Enlow and colleagues
(Enlow et al. 1971; Enlow and McNamara 1973; Enlow
and Hans 1996) receive considerable support in a mor-
phogenetic perspective. These authors suggested a spatio-
temporal sequence of maturation of craniofacial compo-
nents for humans. According to their principles of
growth- counterparts the spatial conditions set by the ma-
ture brain and the basicranium determine the potential
growth fields for nasomaxillary and mandibular struc-
tures, which mature much later. These “craniofacial
levels” are defined by different timings of maturation
(Enlow and Hans 1996: 14; Bastir 2004). However, endo-
cranial data should be studied for an appropriate geo-
metric morphometric evaluation of such hypotheses
(Bastir et al. 2004). A second ontogenetic phase is the ju-
venile period prior to M2 eruption, the time of sexual ma-
turation. During this period humans are characterized by
lower rates compared to chimpanzees, which show ma-
turation rates that appear to make up the difference re-
sulting from human fetal acceleration (Figs. 1a, b). Dur-
ing sexual maturity and somatic maturation (M2 and M3
eruption; Smith, 1989), no further differences are ob-
served in maturation patterns, which implies that H2 does
not receive support (Tab. 1). This period could be consid-
ered a third ontogenetic phase and it may be an interest-
ing detail with some predictive connotations to note that
when this phase starts both species have achieved ap-
proximately 90% of adult skull size and 70% of adult
skull shape.

The fact that at least three different phases in ontoge-
netic trajectories of humans and chimpanzees can be dis-
tinguished is a strong argument against a “generalized”
retardation and in line with other studies (Shea 1989;
Raff 1996). This is relevant because it has been suggested
that explaining morphological changes by “numerous lo-
cal heterochronies is both to lose the elegance of a global
heterochronic explanation and potentially to obfuscate
the causes of the complex changes in pattern” (Raff 1996:
289). Raff (1996) also suggested that more important than
to determine the specific heterochronic category might be
to investigate whether temporal aspects of morphogenesis
are the proximate causal mechanisms of modifications of
the developmental process. This causality, however, is
questionable because craniofacial ontogeny is a 4D pro-
cess and necessarily occurs along a temporal axis. Thus,
most evolutionary modifications of development may
cause some kind of shifts of developmental events along
this axis. But developmental processes others than hetero-
chrony, namely spatial integration, dissociation and con-
straints occur during evolution (Kummer 1952; Raff 1996;
Zelditch and Fink 1996; Bastir 2004; Bastir and Rosas
2004; Bastir et al. 2004; Rosas and Bastir in press).
Viewed from the temporal perspective, they may appear
as heterochronic modifications, but these need not neces-
sarily be the causal origins of the observed morphological
changes (Raff 1996).
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Figure 2 shows that each ontogenetic stage is character-
ized by a typical pattern of morphological modification.
By additive morphogenesis each ontogenetic stage be-
comes successively morphologically integrated into subse-
quent stages with different morphogenetic effects. This
continues until finally maturity of size and shape is
yielded as the sum of all particular morphogenetic events.
If this hypothesis is correct, then representations of onto-
genetic developmental trajectories as linear models may
not reflect all the information. Specific ontogenetic stages
are possibly characterized by specific processes, which
have been reported recently in mammal skull develop-
ment (Zelditch et al. 2003). This needs further investiga-
tion in primate skulls.

Particularly the mandibular ontogenies can be inter-
preted in this non-linear perspective as they show a para-
dox trajectory. In both species after an increase in devel-
opmental maturity from Pre-M1 to M1 a decrease from
M1 to M2 is observed (Fig. 1d). This may relate either to
mandibular growth rotations and associated remodeling
processes (Skieller et al. 1984; Bjork 1991) producing si-
milarities in shape between those stages or to some prop-
erties of Kendall's shape space (Slice 2001). Curvilinear
mandibular ontogeny could produce mandibular “shape-
manifolds” (Bookstein 1991:181) with identical Pro-
crustes distances to the reference (Pre-M1 and M2,
Fig. 1d) but with different morphologies (Figs. 2d).

Although more investigation is necessary to shed light
on these problems this study discovered triphasic skull
ontogenies in humans and chimpanzees. While the pre-
sent method can be used to investigate heterochrony in
skulls, its application to hominid mandibles, particularly
the maturation of shape, requires some caution.

Acknowledgements. We are grateful to Miriam Zelditch and
Dave Sheets for discussions and technical support, Jesis Mat-
ugan for discussion and to two anonymous referees for their
helpful comments. We also thank Eugenia Cunha (University of
Coimbra), Louise Humphrey, Robert Kruszynski, Paula Jenkins
and Chris Stringer (all NHM-London) for permissions to study
the material in their charge. This study was partly supported by
the SYS-Ressources (MB) of the NHM-London, the Luso-Espa-
fiol Project, Accién Integrada HP1998-0031 and by the Atapuer-
ca Research Project BXX2000-1258-C03-01. MB is granted by a
FPI pre-doctoral fellowship of the Spanish government (MCyT).

References

Alberch P (1990) Natural selection and developmental con-
straints: External versus internal determinants of order in nat-
ure. In: DeRousseau CJ (Ed) Primate life History and Evolu-
tion. Wiley-Liss, New York, pp 15-35

Alberch P, Gould SJ, Oster GE, Wake D (1979) Size and shape
in ontogeny and phylogeny. Paleobiol 5: 296-317

Arthur W (2002) The emerging conceptual framework of evolu-
tionary developmental biology. Nature 415: 757-764

Bastir M, Rosas A, Kuroe K (2003) Petrosal orientation and man-
dibular ramus breadth: Evidence of a developmental integrated
petroso-mandibular unit. Am J Phys Anthrop123: 340-350

Bastir M (2004) Structural and systemic factors of morphology in
the hominid cranio-facial system. A geometric morphometric
analysis of integrative aspects in the morphological variation
of humans with implications for the Atapuerca SH hominids
and the evolution of Neandertals. PhD dissertation, Autonoma
University of Madrid

Bastir M, Rosas A (2004) Facial heights: Implications of postna-
tal ontogeny and facial orientation for skull morphology in hu-
mans and chimpanzees. Am J Phys Anthropol Supp! 38: 60-61

Bastir M, Rosas A, Sheets DH (2004) The morphological inte-
gration of the hominoid skull: A Partial Least Squares and PC
analysis with morphogenetic implications for European Mid-
Pleistocene mandibles. In: Slice D (Ed) Developments in Pri-
matology: Progress and Prospects: Kluwer Academic/Plenum
(in press)

Biegert J (1957) Der Formwandel des Primatenschiddels und
seine Bezichungen zur ontogenetischen Entwicklung und den
phylogenetischen Spezialisationen der Kopforgane. Gegen-
baurs Morphologisches Jahrbuch 98: 77-199

Bjork A (1991) Facial growth rotation — reflections on definitions
and cause. Proc Finnish Dent Soc 87: 51-58

Bookstein FL (1991) Morphometric tools for landmark data.
Cambridge University Press, Cambridge

Bookstein FL (1996) Combining the tools of geometric morpho-
metrics. In: Marcus LF (Ed) Advances in morphometrics. Ple-
num Press: New York, pp 131-151

Enlow DH, Hans MG (1996) Essentials of facial growth. Saun-
ders: Philadelphia

Enlow DH, McNamara JAJ (1973) The Neurocranial Basis for
Facial Form and Pattern. Am J Orthod 43: 256-270

Enlow DH, Kuroda T, Lewis AB (1971) The morphological and
morphogenetical basis for craniofacial form and pattern. An-
gle Orthod 41: 161-188

Godfrey L, Sutherland M (1996) Paradox of peramorphic paedo-
morphosis: heterochrony and human evolution. Am J Phys
Anthropol 99: 17-42

Gould SJ (1977) Ontogeny and Phylogeny. Harvard University
Press, Cambridge

Hingst-Zaher E, Marcus L, Cerqueira R (2000) Application of
geometric morphometrics to the study of postnatal size and
shape changes in the skull of Calomys expulsus. Hystrix 11:
99-113

Klingenberg CP (1998) Heterochrony and allometry: the analysis
of evolutionary change in ontogeny. Biol Rev 73: 79-123

Kummer B (1952) Untersuchungen iiber die ontogenetische En-
twicklung des menschlichen Schidelbasiswinkels. Z Morpho-
1Anthropol 43: 331-360

McKinney ML, McNamara KJ (1991) Heterochrony. The evolu-
tion of ontogeny. Plenum Press, New York

Molleson T, Cox M, Waldron A, Whittaker DK (1993) The
named sample. In: Molleson T, Cox M, Waldron A, Whitta-
ker DK (Eds) The Spitalfields Project Volume 2: The anthro-
pology: The middling sort, CBA Research report 86. Council
for British Archaeology, York, pp 93-122; 157-166

O’Higgins P, Chadfield P, Jones N (2001) Facial growth and the
ontogeny of morphological variation within and between the
primates Cebus apella and Cercocebus torquatus. J Zool Lond
254: 337-357

Ponce de Leon M, Zollikofer C (2001) Neandertal cranial onto-
geny and its implications for late hominid diversity. Nature
412: 534-538

Raff RA (1996) The shape of life. Gene, development, and the
evolution of animal form. University of Chicago Press, Chi-
cago

508



Riedl R (1975) Die Ordnung des Lebendigen. Systembedingun-
gen der Evolution. Paul Parey, Hamburg

Rocha MA (1995) Les collections ostéologiques humaines identi-
fiées du Musee Anthropologique de I'Université de Coimbra.
Antropologia Portuguesa 13: 7-39

Rohlf FJ (1996) Morphometric spaces, shape components and
the effects of linear transformations. In: Marcus LF (Ed) Ad-
vances in Morphometrics. Plenum Press: New York, pp 117-
128

Rohlf J (1998) On Applications of geometric morphometrics to
studies of ontogeny and phylogeny. Syst Biol 47: 147-158

Rohlf FJ, Slice D (1990) Extensions of the Procrustes method for
the optimal superimposition of landmarks. Syst Zool 39: 4059

Rosas A (2000) Ontogenetic approach to variation in Middle
Pleistocene hominids. Evidence from the Atapuerca-SH
mandibles. Hum Evol 15: 83-98

Rosas A, Bastir M (2002) Thin-plate spline analysis of allometry
and sexual dimorphism in the human craniofacial complex.
Am J Phys Anthropol 117: 236-245

Rosas A, Bastir M (2004) Geometric morphometric analysis of
allometric variation in mandibular morphology from the homi-
nids of Atapuerca, Sima de los Huesos site. Anat Rec (in
press)

Shea BT (1989) Heterochrony in human evolution: The case for
neoteny reconsidered. Yrbk Phys Anthropol 32: 69-101

Sheets DH (2001) IMP, Integrated Morphometric Package.
(http://www.canisius.edu/~sheets/morphsoft.html)

Skieller V, Bjork A, Linde-Hansen T (1984) Prediction of man-
dibular growth rotation evaluated from a longitudinal implant
sample. Am J Orthod 86: 359-370

Slice D (2001) Landmark coordinates aligned by procrustes ana-
lysis do not lie in Kendall’s shape space. Syst Biol 50: 141-149

Smith HB (1989) Dental development as a measure of life his-
tory in primates. Evolution 43: 683-688

Sokal RR, Rohlf FJ (1998) Biometry, 3 ed. Freeman, New York

Starck D, Kummer B (1962) Zur Ontogenese des Schimpan-
senschidels (mit Bemerkungen zur Fetalisationshypothese).
Anthropol Anz 25: 204-215

Vidarsdéttir US, O’Higgins P, Stringer C (2002) A geometric
morphometric study of regional differences in the ontogeny of
the modern human facial skeleton. J Anat 201: 211-229

Zelditch ML, Fink WL (1996) Heterochrony and heterotopy: sta-
bility and innovation in the evolution of form. Paleobiol 22:
241-254

Zelditch ML, Lundrigan BL, David Sheets H, Garland T (2003)
Do precocial mammals develop at a faster rate? A comparison
of rates of skull development in Sigmodon fulviventer and
Mus musculus domesticus. J Evol Biol 16: 708-720

Accepted May, 2004

509



