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ABSTRACT

Modifications of ontogenetic allometries play an important role in pat-
terning the shape differentiation among populations. This study evaluates
the influence of size variation on craniofacial shape disparity among human
populations from South America and assesses whether the morphological
disparity observed at the interpopulation level resulted from a variable
extension of the same ontogenetic allometry, or whether it arose as a result
of divergences in the pattern of size-related shape changes. The size and
shape of 282 adult and subadult crania were described by geometric morpho-
metric-based techniques. Multivariate regressions were used to evaluate the
influence of size on shape differentiation between and within populations,
and phylogenetic comparative methods were used to take into account the
shared evolutionary history among populations. The phylogenetic general-
ized least-squares models showed that size accounts for a significant amount
of shape variation among populations for the vault and face but not for the
base, suggesting that the three modules did not exhibit a uniform response
to changes in overall growth. The common slope test indicated that patterns
of evolutionary and ontogenetic allometry for the vault and face were similar
and characterized by a heightening of the face and a lengthening of the vault
with increasing size. The conservation of the same pattern of shape changes
with size suggests that differences in the extent of growth contributed to the
interpopulation cranial shape variation and that certain directions of mor-
phological change were favored by the trait covariation along ontogeny. Anat
Rec, 00:000-000, 2011. © 2011 Wiley-Liss, Inc.
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INTRODUCTION

Variation in morphological traits originates either
from the direct effects of ecological and evolutionary fac-
tors on specific traits or from correlated responses to fac-
tors that affect other traits (Lande, 1979; Cheverud,
1982). Such correlated changes arise as a consequence of
developmental and functional interactions among traits
and pleiotropic effects during organism ontogeny (Frank-
ino et al., 2005; Hendrikse et al., 2007; Shingleton et al.,
2007; Jamniczky et al., 2010). Particularly, variation in
the absolute size of the total organism or specific parts
can generate proportional changes in the dimensions of
particular anatomical traits as well as correlated physio-
logical and behavioral changes, a phenomena referred to
as allometry (Gould, 1966).
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In the last few years, there has been a renewed inter-
est in evaluating the association of shape changes—that
is, changes in the relative spatial position of anatomical
traits—in single or multiple traits with the variation in
overall size across ontogenetic and evolutionary scales
(Klingenberg, 2010). A complex picture emerges from
these studies, since in some cases the shape variation
associated with the evolution of size seems to be chan-
neled in particular directions, resulting from extensions
or truncations along common ontogenetic allometries
(Marroig and Cheverud, 2001; Cardini and Thorington,
2006; Marroig, 2007). In contrast, other studies found
that the pattern of size-related shape changes during on-
togeny is not always conserved, and thus, the direction
of the ontogenetic allometries can be altered resulting in
morphological differences among populations, and in
turn, among species (Strand Vidarsdottir et al., 2002;
Cobb and O’Higgins, 2004; Gerber et al., 2004; Mitter-
oecker et al., 2004; Adams and Nistri, 2010; Willson and
Sanchez Villagra, 2010). Despite their discrepancies,
these studies remark the importance of growth changes
during ontogeny in patterning the shape differentiation
among populations and species, which may be related to
ecological or evolutionary factors (Klingenberg, 2010).

Although the importance of modifications of the rela-
tive growth trajectories in originating population differ-
entiation is recognized, the processes involved in the
origin of morphological variation among modern humans
have been mainly discussed by analyzing adult individu-
als, and thus the ontogenetic basis of such differentia-
tion remains largely untested. In this study, we focused
on the influence of size on cranial shape disparity among
human populations from southern South America and
assesses whether a differential length of ontogenetic tra-
jectories among populations (.e., differential growth)
might have been responsible for the shape variation
observed in this region. The use of American human cra-
nia is advantageous as these populations have a recent
and single origin about 12,500-13,000 years ago-they
share the same haplogroups for mtDNA and Y chromo-
some as well as alleles at specific microsatellite loci that
are not found in any Old World population- and the
genetic diversity is reduced (Goebel et al., 2008; Steele
and Politis, 2009). Additionally, the molecular variation
among these populations is relatively well known, show-
ing a latitudinal gradient with the mitochondrial hap-
logroups A and B decreasing from North to South and
the haplogroups C and D increasing in the same direc-
tion (Moraga et al., 2000). The knowledge about the evo-
lutionary relationships among these populations allows
for a greater control over other factors, such as the envi-
ronmental variables, that might have influenced cranial
size and shape. Previous studies have found large differ-
ences in adult body and cranial size among South Amer-
ican populations, which seem to be highly correlated
with ecological variables, and particularly the diet
(Béguelin, 2009; Perez and Monteiro, 2009; Bernal et al.,
2006, 2010). The broad pattern found suggests that
adults belonging to agriculturalists possessed the small-
est crania, with shorter and less robust faces, compared
with the hunter-gatherers from the same region. More-
over, the influence of environmental factors is supported
by the fact that the level of diversification involved
larger morphological changes than expected based on
genetic drift alone, given the short period of evolutionary

time in which they occurred (Perez and Monteiro, 2009).
These particular characteristics make the region a suita-
ble setting in which to analyse the contribution of allom-
etry to shape differentiation among populations and to
discuss the factors that drove such changes.

To evaluate the role of size in cranial shape differen-
tiation, we first studied the pattern of evolutionary al-
lometry in the cranium by analyzing the relationship
between size and shape variation among populations. In
this sense, evolutionary allometry refers to morphologi-
cal differences associated with divergence in size at dif-
ferent taxonomic levels, intra and interspecific, and
regardless of whether the taxa under study are linked
by ancestor-descendant or sister group relationships
(Klingenberg, 1998; Gustafsson and Lindenfors, 2004).
Because populations might be similar in shape due to
shared evolutionary history, we used comparative meth-
ods that incorporate the evolutionary relatedness struc-
ture to test the association between shape and size
variables (Felsenstein, 1985). Then, we compared the
patterns of size-related shape changes among and within
populations to evaluate whether the morphological vari-
ation observed among populations resulted from a vari-
able extension of the same ontogenetic allometry, or
whether they arose as a result of divergences in the pat-
tern of size-related shape changes during ontogeny.
Because the cranium consists of recognisable parts or
modules that are coherent according to their develop-
mental origins, structure, and function, we performed
these analyses separating the cranium into the three
main modules in which it is usually divided (base, face,
and vault; Sperber, 2001). This is relevant for this study
because the relative independence of the modules can
result in diverse patterns of covariation with size within
the skull (Mitteroecker et al., 2005).

MATERIALS AND METHODS
Samples

We studied 12 samples of adults belonging to prehis-
toric populations from southern South America (ca. 200—
1,500 years BP) that came from different geographic and
ecological regions spread over 3,500 km (Table 1; Fig. 1).
The northernmost samples are composed of two samples
of agriculturalists (i.e., populations that based their diets
mainly on domesticated plants; PG and SJ) and two ter-
restrial hunter—gatherers (Cha and Del), the central
samples are represented by two horticulturalists (i.e.,
populations that incorporated a lower proportion of
domesticated plants along with wild plants and animals,
Smith, 2001; Ar and Pa) and two terrestrial hunter—
gatherers (ChV and SCCh), whereas the south samples
are composed by two terrestrial (SP and TF) and two
maritime hunter—gatherers (Al and BC) (see references
in Perez et al., 2011).

We also analysed ontogenetic series of four of these
populations (ChV, Pa, PG, SP-TF) to compare the pat-
terns of evolutionary and ontogenetic allometries among
them. The ontogenetic series include individuals of both
sexes from 4 years of age to adults. Individuals were
assigned as adults if their crania showed the basioccipi-
tal synchondrosis obliterated, while those crania show-
ing this suture opened were assigned as subadults. The
age of the subadults was estimated on the basis of the
standard of formation and eruption pattern of upper and
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TABLE 1. Sample composition of adult and subadult individuals

Adults

Samples® Abbr. Region n Male (%) Female (%) Subadults Years BP"
Pampa Grande PG Northwest-Chaco 15 46 54 9 500-1500
Chaco Cha Chaco 18 56 44 200-1000
San Juan-North Mendoza SJ Cuyo 15 54 46 400-1500
Delta Del Pampean Region 17 53 47 400-1000
Pampa Pa Pampean Region 20 45 55 21 200-1000
Araucania Ar Araucanian Region 17 53 47 200-1000
Chubut valley ChV Continental Patagonia 23 44 56 15 400-1500
Santa Cruz-Chubut SCCh  Continental Patagonia 21 43 57 300-1500
South Patagonia SP Continental Patagonia 18 61 39 9 200-1500
Tierra del Fuego TF Insular Patagonia 21 57 43 200-1500
Austral Island Al Insular Patagonia 21 57 43 200-1500
Beagle channel BC Insular Patagonia 20 45 55 200-1500
Total 228 - -

2The specimens are housed at Museo de La Plata (La Plata, Argentina), Museo Etnografico “J. B. Ambrosetti” (Buenos
Aires, Argentina), Museo Regional Provincial ‘Padre Manuel Jesus Molina’ (Rio Gallegos, Argentina), Museo del Fin del
Mundo (Usuahia, Argentina), Instituto Nacional de Antropologia y Pensamiento Latinoamericano (Buenos Aires, Argen-

tina), Museo de Historia Natural (Santiago, Chile) and Instituto de la Patagonia Austral (Punta Arenas, Chile).

Approximate sample ages according to radiocarbon dating and contextual information.

lower teeth proposed by Ubelaker (1989) for Amerindian
populations. The four ontogenetic series comprise indi-
viduals aged from 4 to 15 years (Table 2). The age distri-
bution of subadults between samples was compared
using a y? test with Bonferroni correction for multiple
comparisons (P = 0.05/6 = 0.0084). Only the comparison
between Pa and SP-TF samples was significantly differ-
ent (y2 = 24.14; P = 0.0083).

Males and females were pooled for the comparisons
reported herein. To avoid a possible bias due to sexual
dimorphism in size, a similar percentage of adult males
and females were included in each sample (Table 1).
Sexual dimorphism in craniofacial traits in subadults is
non significant, so it is not expected that this factor
biases the analysis of ontogenetic allometries.

Morphometric Analyses

Cranial traits were captured from digital images as
2D coordinates for landmarks and semilandmarks in
frontal, lateral and base views, following the procedure
previously described in Perez and Monteiro (2009) (see
Fig. 2 and Supporting Information S1). Images of the
crania were obtained with an Olympus SP 350 digital
camera. For frontal view images, the crania were posi-
tioned in the Frankfurt plane, and the camera lens was
located in the coronal plane; the images were taken at
250 mm from the prosthion point. For base view images,
the photographs were taken at 250 mm from the occlu-
sal surface, placing the cranium in the perpendicular
plane and the camera lens in the midsagittal plane. For
lateral view images, the crania were positioned in the
Frankfurt plane, and the camera lens was placed paral-
lel to the sagittal plane. The images from lateral views
were taken at a 300 mm distance from the euryon point.
The coordinates used defined the point configurations of
the face (Fig. 2a), vault (Fig. 2b) and cranial base (Fig.
2c¢), which were analysed separately. A scale was placed
in every image to measure the actual size of the struc-
tures analysed. Previous studies have concluded that,
given a careful choice of landmarks, two-dimensional

Fig. 1.
ples analyzed. Abbreviations are shown in Table 1.

Map depicting the central geographic location of the sam-



4 GONZALEZ ET AL.

TABLE 2. Age distribution of the
subadult samples

Sample 4-4.9 yrs 5-9.9 yrs 10-14.9 yrs
PG 2 5 2
Pa 2 22 8
ChV 2 6 7
SP-TF 1 3 5
Total 7 25 22

landmarks are fairly accurate descriptors of the size and
shape variation of inherently three-dimensional struc-
tures, such as the mammalian cranium (Cardini and
Thorington, 2006; Percival et al., 2009). The coordinates
of landmarks and semilandmarks were recorded using
tpsDIG 2.10 software (Rohlf, 2009).

To estimate the precision of the data collected, the
intra- and inter-observer error associated with the place-
ment of point coordinates and with cranium orientation
in the Frankfurt horizontal plane were previously eval-
uated (Perez and Monteiro, 2009).

Landmarks and semilandmarks were aligned using a
generalized Procrustes analysis (Rohlf and Slice, 1990).
Additionally, semilandmarks were slid because the
curves or contours that they describe should be homolo-
gous from subject to subject, whereas their individual
points need not be (Bookstein et al., 2002). We employed
the minimum Procrustes distance criterion, which
removes the difference along the curve in semilandmark
positions between the reference form and each specimen
by estimating the direction tangential to the curve and
removing the component of the difference that lies along
this tangent (Perez et al., 2006). The semilandmarks
along a curve are aligned so that the semilandmarks of
each specimen lie along the lines perpendicular to the
curve that passes through the corresponding semiland-
marks on the reference form. In this study, tpsRelw 1.44
(Rohlf, 2009) was used to align the semilandmarks. The
coordinates aligned by this procedure (Procrustes shape
coordinates) were used to evaluate shape differences
between specimens. Additionally, shape differences
between specimens and samples were studied using
principal components analysis (PCA) obtained from the
aligned coordinates (Bookstein, 1991).

The centroid size, defined as the square root of the
summed squared distances from all landmarks and semi-
landmarks to the configuration centroid, was used as a
size measurement (Bookstein, 1991). We estimated an
overall size measure for the cranium as the sum of the
centroid sizes from the face, vault, and base point configu-
rations. We used this measure, instead of the centroid
sizes for each of the three modules, because we were inter-
ested in evaluating whether the shape changes of these
modules were associated with the overall increase in size.
In this sense, the composite measurement used is a better

estimation of overall cranial size.

Statistical Analyses

Allometries are traditionally analysed using plots of
the size of particular traits against the overall body size,
whose relationship is usually modelled through a linear
equation of the log transformed variables if there are
only two variables or through a PCA of the variance—co-

Fig. 2. Allocated reference points are displayed with different sym-
bols. Landmarks are represented as squares, whereas semilandmarks
are represented as circles on the face (a), vault (b),s and base (c). A
list of anatomical landmarks used (numbers 1-30) is provided as Sup-
porting Information (S1).

variance matrix of log-transformed distances for multi-
variate allometry (Klingenberg, 1996). The approach
used within geometric morphometrics differs from the
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traditional one because the shape and size are analyzed
separately, and thus the allometry is usually studied by
multivariate regressions of Procrustes shape coordinates
or relative warps on centroid size (Klingenberg, 1996;
Mitteroecker et al., 2005).

Analysis of evolutionary allometry. To evaluate
the influence of size on shape differentiation between popu-
lations, we first explored the relationship between the con-
sensus or mean shape coordinates and the mean centroid
size of adult individuals using an ordinary least square
(OLS) model. OLS assumes that the error term is the iden-
tity matrix (Rohlf, 2001). The proportion of size-related
shape change (called “degree of allometry”) was measured
as one minus the percent unexplained by the regression
model, computed using the Procrustes distance.

Because the use of outline methods poses difficulties
in regression analysis due to the large number of semi-
landmarks per individual needed to describe outlines
and to the representation of semilandmark points by two
coordinates, the first principal components accounting
for 80% of the explained variation were also used as
shape variables (Sheets et al., 2006). The significance of
the regression models was assessed using the F-statistic.
Visualizations of the pattern of shape changes for evolu-
tionary allometry were performed through deformation
grids obtained from the regression of Procrustes shape
coordinates on cranial size.

In addition, we fitted the consensus shape variation to
the cranial size using a phylogenetic generalized least-
squares model (PGLS) to account for evolutionary non-
independence among populations (Rohlf, 2001). PGLS
assumes that the error term has a covariance matrix (C)
derived from the evolutionary relationships among
groups. We used a covariance matrix based on a neigh-
bour-joining tree assuming a Brownian model (Rohlf,
2001). The neighbour-joining tree was estimated using
Euclidean mtDNA distances between groups (see Sup-
porting Information S2).

Analysis of ontogenetic allometry. We estimated
the ontogenetic allometric trajectories of each sample in-
dependently and the pooled within-group allometry
using a multivariate regression (OLS) of shape variables
onto centroid size (Zelditch et al., 2000; Cardini and
Thorington, 2006; Drake and Klingenberg, 2008). Both
the full set of Procrustes shape coordinates and the first
principal components accounting for 80% of explained
variation were used as shape variables. The pattern of
shape variation for ontogenetic allometry was also
depicted by using deformation grids obtained from the
regression of Procrustes shape coordinates on cranial
size.

Differences in independent ontogenetic allometric tra-
jectories among samples were tested using tests for com-
mon slopes through a multivariate regression model
(Mitteroecker et al., 2005; Cardini and Thorington,
2006). We used an analysis of covariance with the shape
variables as dependent variables, populations as group-
ing variables, and centroid size as a covariate. This anal-
ysis allows estimating whether the variation in shape
within two or more populations has the same relation-
ship with size as the independent variable. Significant
differences indicate that the groups being compared do

not share common allometries, and thus, the differences
between them are not only the result of an extension or
truncation of the same ontogenetic trajectory (Klingen-
berg, 1998; Mitteroecker et al., 2005). The multivariate
regressions were done using tpsRegr 1.36 (Rohlf, 2009).

Comparison of Evolutionary and Ontogenetic
Allometries

For comparisons between evolutionary and ontogenetic
allometries, we calculated Pearson’s product-moment
correlation coefficient between the regression vectors.
Then, we calculated the arccosine of the correlation coef-
ficients (i.e., the cosine of the angle) to obtain the angles
between the regression vectors (Blackith and Reyment,
1971). The correlation values were compared to the dis-
tribution of values generated by bootstrap resampling (n
= 999). The regression vector describing the evolution-
ary allometry was estimated from the OLS analysis of
the consensus shape coordinates on the centroid size of
each sample, while the vector describing the ontogenetic
allometry was estimated using a pooled within-group
regression of the four ontogenetic series (Pa, PG, ChV,
SP-TF). Here we assumed that these four samples were
representative of the range of variation among southern
South American populations because they included the
range of morphological and ecological variation in the
region of study (see Ackermann and Cheverud, 2004 for
a similar approach). The sample used to estimate the
pooled within-group ontogenetic allometry included 55
subadults from 4 to 15 years old (Table 2) and 77 adults
from the same four samples.

RESULTS
Evolutionary Allometry

The ordinations of population means calculated over
the shape coordinates of adult crania are shown in Fig-
ure 3. The first two PCs explain more than 50% of total
variation in the face, base and vault. The first PC
mainly describes shape differences among subsistence
groups for cranial vault and face.

Variation in cranial shape among populations was sig-
nificantly related to size differences among them,
although size accounted for less than 50% of shape vari-
ation. The multivariate regression of Procrustes coordi-
nates of population means on centroid size accounted for
20%—-40% of the total shape variation depending on the
cranial unit analysed (Table 3). The highest percentage
(39.86%) was obtained for facial shape, while for the
vault and the base, the percentage was ~ 20%. Similar
results were achieved using the first and the first four
PCs instead of the Procrustes shape coordinates (Table
3). Regression of PC1 (which accounted for 35%—45% of
the total shape variation) on centroid size using PGLS
indicated that the facial and vault shapes were signifi-
cantly associated with size, while the shape of the cra-
nial base showed a low and non-significant association
with size. PGLS analysis of the first four PCs, which
accounted for 80% of total variation, and centroid size
showed that the shape variation in the cranial base was
not significantly related to size, while the other cranial
units exhibited a significant association (Table 3). The
pattern of shape variation for evolutionary allometry
estimated from the regression of the consensus shape of
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each adult sample on centroid size indicated a trend
towards a more robust and taller face and a longer vault
with increasing size (Fig. 4).

GONZALEZ ET AL.

TABLE 3. Evolutionary allometry. Regression of
shape on centroid size (CS) between populations

PGLS regression

model Face Vault Base
PC1 versus CS % predicted 85 39 14
F 57.10°  6.46°  1.61
PC1% 45.04 36.81 43.22
PCs1-4 versus CS F 3.17° 4.47% 2.18
Procrustes shape % predicted  39.86 24.15 19.54
coordinates
versus CS

Shape was extracted from the Procrustes shape coordinates,
the first principal component (PC1) and the first four princi-
pal components that account for 80% of total variation
(PCs1-4). PGLS: Phylogenetic Generalized Least-Squares
model. % predicted: shape variation explained by size in the
regression model.

2P < 0.01

PP < 0.05

Ontogenetic Allometry

Within each population, the multivariate regression of
Procrustes shape coordinates on centroid size indicated
that between 15% and 30% of the total shape variation
in the face and vault is related to size during postnatal
ontogeny (Table 4). For the cranial base the percentage
of shape variation accounted by size was lower, ranging
from 8% to 13% (Table 4). Regressions of PC1 and the
first PCs accounting for 80% of shape variation on cent-
roid size were significant for the three cranial units (Ta-
ble 4). Thus, there was a significant association between
shape and size in the ontogenetic series analyzed. It is
interesting to note that size variation accounted for 50%
to 70% of the shape variation along the first PC for the
facial component (Table 4), while this percentage was
considerably lower for the cranial base (from 4% to 40%,
Table 4).

The slopes of the ontogenetic allometric trajectories
were similar in the populations analyzed. The test of
common slopes performed on the first 8 principal compo-
nents, which accounted for 80% of sample variation,
indicated that differences in slope among samples were
not significant (Face: F = 0.886, P > 0.01; Vault: F =
0.979, P > 0.01; Base: F = 1.448, P > 0.01).

The multivariate pooled within-group regressions of
the ontogenetic sample showed that size-related shape
changes along ontogeny were similar to those observed
for evolutionary allometry (Fig. 5). A clear trend towards
a relatively taller and narrower face and a longer vault
with increasing size was also observed (Fig. 5). The
regressions of Procrustes coordinates on log centroid size
indicated that size accounted for 18.48% of shape varia-
tion in the face, 5.16% in the vault and 9.21% in the
base along the pooled ontogenetic sample.

Comparison of Evolutionary and
Ontogenetic Allometries

The correlation between the regression vectors for evo-
lutionary and ontogenetic (pooled within-group) allome-
tries was high for the face (r = 0.847; 95.0% confidence
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Size

evolutionary allometry, estimated from the regression of shape on log
centroid size in the adult samples. Each pair of grids shows the defor-
mation in shape from the reference to the lowest and the highest values
of centroid size for the face (d), base (e), and vault (f).
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TABLE 4. Ontogenetic allometry. Regression of shape on centroid size (CS) within populations

Ontogenetic series

Component Regression model Pa ChV PG SP-TF
FACE PC1 versus CS % predicted 63 49 66 70
F 67.99% 34.77% 40.49* 61.86
PC1% 34.12 35.24 21.36 30.44
PCs (80%) versus CS F 24.75% 9.45% 6.65% 2.53%
Procrustes shape coordinates versus CS % predicted 24.14 19.6 15.77 22.67
VAULT PC1 versus CS % predicted 61 72 38 15
F 61.79% 91.33% 12.90* 4.87°
PC1% 42.92 36.38 32.73 28.31
PCs (80%) versus CS F 12.43% 17.222 4.50% 11.18*
Procrustes shape coordinates versus CS % predicted 27.42 27.18 16.6 16.03
BASE PC1 versus CS % predicted 4 22 20 39
F 1.48 10.26* 5.18" 17.60°
PC1% 29.70 30.92 24.46 30.07
PCs (80%) versus CS F 14.717 8.64% 2.18" 5.14%
Procrustes shape coordinates versus CS % predicted 10.62 11.72 7.86 13.2

Shape was extracted from the Procrustes shape coordinates, the first principal component (PC1), and the first principal
components that account for 80% of total variation [PCs (80%)]. PC1%: percentage of total shape variation explained by the
first principal component. % predicted: percentage of shape variation explained by size in the regression model. Abbrevia-

tions of sample names are shown in Table 1.
2P < 0.01
P < 0.05.

interval = 0.762-0.905) and vault (r = 0.651; 95.0% con-
fidence interval = 0.452—0.800). Conversely, the correla-
tion between the regression vectors describing the
evolutionary and ontogenetic allometries for the cranial
base was low and non-significant (r = 0.364; 95.0% confi-
dence interval = —0.010-0.640). The results obtained
indicate that only the regression vectors for the cranial
base are independent, exhibiting an angle of 68.65°,
while the facial unit was characterized by the smallest
angle (32.11°), followed by the vault (49.38°).

DISCUSSION

The human populations from southern South America
diverged extensively in overall body and cranial size
(Beguelin, 2009; Perez and Monteiro, 2009). Accordingly,
our study showed that a significant amount of cranial
shape disparity among these populations was due to
allometric shape changes. This is particularly striking
for the face and vault, for which between 20% and 40%
of the shape variation represented by the Procrustes
shape coordinates was explained by cranial size differen-
ces among samples. The PGLS analysis further con-
firmed the association between shape and size,
independently of the shared evolutionary history among
populations (Table 3).

The facial and vault shape changes associated with ev-
olutionary allometry and ontogenetic allometry (Figs. 4
and 5) were characterized by a heightening of the face
and a lengthening of the vault with increasing size. This
indicates a common pattern of size-related shape
changes, regardless of whether the increase in cranial
size was due to factors affecting the mean size among
populations or to ontogenetic growth within populations.
The similarity between ontogenetic and evolutionary al-
lometry, which was also supported by the common slope
test, suggests that differences in the extent of growth
could have greatly contributed to the cranial shape vari-
ation among human populations from the region under

study. According to these results, the processes that gen-
erate covariation among traits during individual growth
could have channelled the shape variation of the face
and vault related to size differences among populations
(Klingenberg, 2005; Shingleton et al., 2007).

However, it is important to note that even though it is
clear that the shape variation among South American
populations was related to size, a large percentage of
shape changes were independent of size and were prob-
ably related to other factors. This is evident from the
regression results, which show that although the model
explains a large amount of the shape variation among
(20%—40%) and within (8%—-30%) samples, there is a sig-
nificant percentage of the original variation unaccounted
by size. Similar proportions of observed variation
described by allometry have been obtained for other
groups of organisms based on landmark coordinate data
(Swiderski, 2003; Cardini and Thorington, 2006), in con-
trast to the dominant allometric pattern usually found
in traditional distance measurements. The differences
between the results obtained through these two
approaches may be related to the limitation of tradi-
tional morphometrics to convey information about the
geometric structure of morphological traits (Zelditch
et al., 2004). This presents an important consequence for
evolutionary studies, as was addressed by Swiderski
(2003), who suggested that given the smaller amount of
shape variation explained by allometric patterns, they
might not be as important as was previously thought in
directing evolutionary change.

A different pattern was found for the cranial base, for
which size accounted for a smaller and non-significant
percentage of the shape variation among populations
(Table 3). Within ontogenetic series, the percentage of
shape variation related to size was also lower than for
the face and vault, although it was significant in the
regression model between the principal components and
centroid size (Table 4). Differences between cranial mod-
ules are expected because complex morphological
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Fig. 5. Ontogenetic allometry of South American human popula-
tions. (a-c) The shape scores, obtained from the multivariate pooled
withing-group regression of superimposed Procrustes coordinates on
log centroid size, as a function of size. Deformation grids represent
the shape changes associated with ontogenetic allometry, estimated

Size

from the regression of shape on log centroid size in the ontogenetic
series. Each pair of grids shows the deformation in shape from the ref-
erence to the lowest and the highest values of centroid size for the
face (d), base (e), and vault (f).
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structures are not only controlled by common develop-
mental processes, such as somatic growth, but also by
local processes (Hallgrimsson and Lieberman, 2008; Mit-
teroecker and Bookstein, 2008). In this sense, the three
cranial components differ in their embryological origin,
mode of ossification and pattern of growth (Morriss-Kay,
2001; McBratney-Owen et al., 2008). Particularly, the
cranial base follows a growth pattern characterized by a
rapid early size increase, whereas the facial skeleton fol-
lows the general pattern of somatic growth and attains
its final size at an older age (Humphrey, 1998; Scheuer
and Black, 2000; Sperber, 2001). The differences in tim-
ing among the modules can explain the discrepancies in
the strength of the ontogentic allometric pattern. The
youngest specimens in the samples studied here are 4
years old, and thus a large amount of growth in the cra-
nial base is not expected beyond that age, contrary to
the face that continues to grow until at least 18 years of
life. The discrepancy between the results obtained for
the evolutionary allometry of the three modules of the
cranium also indicates that they did not exhibit a uni-
form response to changes in overall size among popula-
tions. The large ecological variation displayed by the
region under study might have had an important role
driving the shape differentiation among populations (see
discussion below), which in turn could have a greater
effect on facial bones, more susceptible to differences
among populations in the environment experienced dur-
ing ontogeny due to their extended growth.

The results of this study seem to contrast those
obtained in a previous study aimed at analysing the onto-
genetic development of cranial robusticity in human popu-
lations from South America (Gonzalez et al., 2010). In
that study we evaluated the ontogenetic allometric trajec-
tories of a subset of cranial traits commonly used to com-
pare the level of robusticity and found that their
trajectories were not parallel among all samples, suggest-
ing a divergence in size-related shape changes. Because
we simultaneously analysed traits that correspond to dif-
ferent modules of the cranium, such a divergence in tra-
jectories could result from a combination of ontogenetic
scaling in the relatively independent units that integrate
to make up this complex structure. Thus, it becomes evi-
dent that the selection of a particular set of morphometric
variables will affect the patterns described and, therefore,
the inferences made about the ontogenetic modifications
responsible for morphological differentiation. In this sense,
analyses of allometry should be performed taking into
account the patterns of integration and modularity of the
anatomical structures investigated. A further problem
arising within this approach is the fact that it usually
turns out to be difficult to determine the actual regions
that possess a common evolution of ontogeny for all of
their morphometric variables (Mitteroecker et al., 2005).
This requires studies that combine data about the devel-
opmental basis and functional properties of such struc-
tures with morphometric techniques applied to the
discovery and characterisation of modularity (Hallgrims-
son et al., 2009; Perez et al., 2009). The division of the
cranium into the three modules used here is well sup-
ported by different lines of evidence; though given the
hierarchical structure of modularity, further subdivisions
can be carried out based on different criteria.

In this study, we focused on the influence of size on
the pattern of cranial shape variation among human

populations from South America and evaluated the type
of alterations in the ontogenetic allometric trajectories
that could account for the differences observed at the
among-population level. We found that a significant
amount of shape diversity in the face and vault among
these populations was due to size-related changes and
that the allometric change among populations followed
the pattern of ontogenetic allometry. One question that
remains to be discussed is about the factors driving such
differences in size. Available studies suggest that size
variation in the region under study could be related to
disparities in the nutrient intake, in terms of quantity
and quality, among groups with different subsistence
strategies (Perez and Monteiro, 2009; Bernal et al.,
2010; Perez et al., 2011). Nutritional status is one of the
most important factors that regulate growth and, as a
consequence, the overall adult body size (Nijhout, 2003).
It is well known that developmental plasticity can play a
major role in explaining morphological differentiation of
ecologically diverse organisms (Pigliucci, 2001). Taken
together our results indicate that plasticity of ontoge-
netic trajectories, in the form of extensions or trunca-
tions of growth trajectories, in response to ecological
factors could have been an important source of morpho-
logical differentiation in different cranial structures as a
result of size-related shape changes.
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