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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 Ml-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; Raft 1996). It is an internal 
source for morphological variation upon which natural se- 
lection can act (Riedl 1975; Alberch 1990; Raft 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 human 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" s e n s u  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 adult 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 MeNamara 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, 
ntota I = 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 (ntotai = 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 one 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; Vi0arsd6ttir 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 0.1 
M1 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; Vi6arsd6ttir 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 indica ted  that  H1 is sup- 
por ted .  Table 1 shows that  both  ontogenet ic  pa ramete r s  
d isplayed increased values, growth matur i ty  (size) during 
preM1- and M l -e rup t i on ,  deve lopmenta l  ma tura t ion  
(shape) only during M l - e r u p t i o n  (see also Fig. 1 a, b). 
Absence  of significant differences during and after  M2 
erupt ion  suggests that  H2 is not  confirmed.  The morpho-  
logical changes are  dep ic ted  in Figure  2. 

Mandibular maturation. While  mand ibu la r  growth ma-  
tura t ion (Fig. 1 c) showed similari ty 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, (c) 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-ontogenetie 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 Ml-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. i a, 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; 
Raft 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" (Raft 1996: 
289). Raft (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; Raft 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 (Raft 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. 1 d). This may relate either to 
mandibular growth rotations and associated remodeling 
processes (Skieller et al. 1984; Bj6rk 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. 1 d) but with different morphologies (Figs. 2 d). 

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. 
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