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ABSTRACT Ecological factors can be important to
shape the patterns of morphological variation among
human populations. Particularly, diet plays a fundamen-
tal role in craniofacial variation due to both the effect of
the nutritional status—mostly dependent on the type and
amount of nutrients consumed—on skeletal growth and
the localized effects of masticatory forces. We examine
these two dimensions of diet and evaluate their influence
on morphological diversification of human populations
from southern South America during the late Holocene.
Cranial morphology was measured as 3D coordinates
defining the face, base and vault. Size, form, and shape
variables were obtained for 474 adult individuals coming
from 12 samples. Diet composition was inferred from car-
ious lesions and d13C data, whereas bite forces were esti-
mated using traits of main jaw muscles. The spatial

structure of the morphological and ecological variables
was measured using correlograms. The influence of diet
composition and bite force on morphometric variation
was estimated by a spatial regression model. Cranial var-
iation and diet composition display a geographical struc-
ture, while no geographical pattern was observed in bite
forces. Cranial variation in size and form is significantly
associated with diet composition, suggesting a strong
effect of systemic factors on cranial growth. Conversely,
bite forces do not contribute significantly to the pattern
of morphological variation among the samples analyzed.
Overall, these results show that an association between
diet composition and hardness cannot be assumed, and
highlight the complex relationship between morphological
diversification and diet in human populations. Am J Phys
Anthropol 155:114–127, 2014. VC 2014 Wiley Periodicals, Inc.

Ecological factors can shape the patterns of morpho-
logical variation among populations either because they
act as a selective pressure during the divergence of pop-
ulations spatially localized in specific environmental con-
texts or because organisms respond to environmental
influences during ontogeny (phenotypic plasticity or eco-
phenotypic responses; Schluter, 2000; Roseman, 2004;
Collard and Wood, 2007). In particular, morphological
change among populations with a recent divergence and
occupying heterogeneous environments can result from
directional selection and phenotypic plasticity rather
than processes such as genetic drift and mutation (Car-
roll et al., 2007; Perez and Monteiro, 2009).

Accordingly, patterns of variation in modern humans
at a worldwide scale show that—although the overall
cranial variation is mainly geographically structured
and probably related with random processes—some cra-
nial traits are associated with environmental variables
such as temperature (Harvati and Weaver, 2006; Hubbe
et al., 2009). Several studies at regional scales have also
noted the association of craniofacial variation with
broad and dichotomous diet categories, with hunter-
gatherers having bigger and more robust skulls than
farmers (Carlson and van Gerven, 1977; Stynder et al.,
2007; Perez and Monteiro, 2009; Paschetta et al., 2010).
This has been attributed to differences in masticatory
force or loading due to the consumption of items that
differ in their mechanical properties, with farmers rely-
ing on softer and more processed diets than hunter-

gatherers (e.g., Carlson and van Gerven, 1977;
Paschetta et al., 2010). In this context, a reduction in
the mechanical loading will result in an underdevelop-
ment of masticatory muscles and the associated cranial
structures. Others have stressed the role of diet compo-
sition as a factor with systemic effects on the skull
(Stynder et al., 2007; Perez and Monteiro, 2009).
Because diets poorer in proteins characteristic of farmer
groups (Larsen, 2006) tend to decrease overall growth,
this might also result in cranial differences due to allo-
metric changes (Perez and Monteiro, 2009). The
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influence of these two dimensions of diet on cranial var-
iation is well supported by a large body of experimental
evidence on rodents, hyraxes, and nonhuman primates
(Beecher et al., 1983; Pucciarelli and Oyhenart, 1987;
Dressino and Pucciarelli, 1997; Lieberman et al., 2004).
However, both might have similar effects on cranial
morphology (i.e., reduction in size and robusticity of
malar and maxillar bones with the consumption of arti-
ficially softened foods, as well as with diets poor in pro-
teins), and thus, their role on cranial variation in
particular human populations is difficult to assess based
on morphometric data only.

The lack of comparative studies that explicitly take
into account and quantify independently the multiple
dimensions in which diet can be decomposed, such as
type and amount of nutrients and the physical proper-
ties of food items, have limited the comprehension of the
processes underlying the observed association between
diet and cranial morphology. Southern South America is
an excellent region for investigating the process of cra-
nial diversification at regional scales in relation to die-
tary factors because these populations occupied a wide
range of environments, which differ in the amount and
type of the available resources. This ecological variation
increased during the last 3,000 years as a consequence
of the development of food production (i.e., agriculture)
and processing technologies (i.e., pottery and grinding
tools) leading to changes in diet composition and masti-
catory loads (Harlan, 1971; Pearsall, 1992, 2008). In
addition, the exceptionally high levels of cranial varia-
tion found among South American populations, compara-
ble to geographically larger regions worldwide (Sardi
et al., 2005; Bernal et al., 2006), might have arisen
locally since the molecular evidence suggests that they
descend from a single ancestral population, which colon-
ized the region 13,000 years BP (Garc�ıa-Bour et al.,
2004; de Saint Pierre et al., 2012). Previous studies con-
cerned with the causes of these high levels of cranial
variation among native populations from southern South
America disagree on the influence of carbohydrate/pro-
tein intake and masticatory loads, although these two
dimensions of the diet have not been thoroughly eval-
uated (Gonzalez-Jos�e et al., 2005; Perez and Monteiro,
2009; Perez et al., 2011).

The main objective of this study is to investigate the
contribution of diet composition and bite forces on the
craniofacial diversification of late Holocene human popu-
lations from the southern region of South America. Par-
ticularly, we expect that if the pattern of craniofacial
variation is related to differences in masticatory loading,
the morphometric variation will be correlated with bite
force estimations. Alternatively, if craniofacial variation
is related to diversity in diet composition, the pattern of
morphometric variation among populations should be
correlated with differences in the proportion of carbohy-
drates and proteins consumed. Localized effects in the
skull are expected if the masticatory loading rather than
diet composition was the main factor underlying the cra-
nial diversification in the region under study (Pucciarelli
and Oyhenart, 1987; Lieberman et al., 2004). This was
evaluated by analyzing the whole skull and three previ-
ously hypothesized modules that differ functionally and
developmentally: face, vault, and base (Cheverud, 1995;
Lieberman et al., 2000; Sperber, 2001; Hallgr�ımsson
et al., 2007; Perez and Monteiro, 2009). We quantified
cranial morphometric variation (form, size, and shape)
using coordinates of reference points (i.e., landmarks

and semilandmarks) and geometric morphometric tech-
niques (Adams and Otarola-Castillo, 2013). We meas-
ured diet composition (i.e., relative percentage of
carbohydrate and protein) using dental caries and car-
bon isotopes; and infer masticatory loading using bite
force estimations based on cross-sectional areas of the
main jaw adductor muscles and their respective in-
levers about the temporomandibular joint (TMJ; Kiltie,
1984; Thomason, 1991; Christiansen and Wroe, 2007).
Because cranial variation among neighbor populations
in this geographic region displays spatial structure due
to the effect of neutral processes (Perez et al., 2010,
2011; Bernal et al., 2010; de Saint Pierre et al., 2012),
the association of cranial variation with diet composition
and bite force was tested by using spatial comparative
methods (Legendre and Legendre, 1998; Diniz-Filho
et al., 2007).

MATERIAL AND METHODS

Samples

For this study, we analyzed skulls with no evidence of
artificial cranial modifications from 12 samples (N indi-
viduals 5 474) of male and female adults. The 12 sam-
ples come from three geographic regions (Fig. 1):
Northwestern Argentina (NW, N 5 183), Southeast
Pampa/Northeastern Patagonia (SP/NP, N 5 127), and
Central Western Argentina (CW, N 5 164). Samples are
deposited in Museo de La Plata, Museo Etnogr�afico “J.B.
Ambrosetti” of Buenos Aires, Museo de Ciencias Natu-
rales y Antropol�ogicas “Juan Cornelio Moyano” in Men-
doza, Museo Regional de Malarg€ue, Museo de Historia
Natural in San Rafael and Instituto de Investigaciones
Arqueol�ogicas y Museo “Prof. Mariano Gambier.” Table 1
shows more details about the samples studied by geo-
graphical region.

Sex and age determinations were done using osteologi-
cal criteria (Buikstra and Ubelaker, 1994). Given that
the samples belong to museum collections, the majority
of individuals were represented by skulls only, and
therefore the determinations were restricted to cranial
traits. Age estimation was based on inspection of
spheno-basilar suture closure and eruption of M3 (Buik-
stra and Ubelaker, 1994). Individuals were assigned to
one of two categories, subadult and adult, considering
adults as those individuals that had M3 erupted and the
spheno-basilar suture already closed. Individuals with
malformations, pathologies or severely reabsorbed alveo-
lar ridge due to ante-mortem tooth loss, among others,
were excluded from this study. Sex estimation was done
through geometric morphometric methods, which proved
to be more useful to describe subtle differences or inter-
mediate morphologies in sexually dimorphic structures
(Gonzalez et al., 2011). Coordinates of landmarks and
semilandmarks were obtained to describe the glabella,
malar, frontal, mastoid, and zygomatic processes. These
structures were chosen because they exhibit high levels
of preservation in archaeological contexts and the fact
that previous studies suggest that these structures are
sexually dimorphic in our region of study (Gonzalez
et al., 2011). The procedure of landmarks digitization
and preliminary data management will be described
later. The software used to analyze sexually dimorphic
structures was Morphologika 2.5 (O’Higgins and Jones,
2009).
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Morphometric analyses

A total of 84 three-dimensional (3D) anatomical points
(42 landmarks and 42 semilandmarks) located over the
whole skull were defined for this study (Fig. 2). Land-
marks were selected according to Howells (1973) and
Buikstra and Ubelaker (1994). Semilandmarks were
placed mainly along craniofacial sutures and contours.
Data were collected employing a MicroScribe G2X digit-
izer. The 3D points for each specimen were aligned using
an extension of the Generalized Procrustes Superimposi-
tion (GPS) method (Bookstein, 1997; Adams et al., 2004).
This method aligns the configurations of landmarks and
semilandmarks using a least square criteria, and mini-
mize the differences tangent to the contours in the case
of semilandmarks (Bookstein, 1997; Perez et al., 2006).
Specifically, semilandmarks were slid along the curves
by minimizing the Procrustes distances between the
points, until they coincided with the positions of the cor-
responding points along the contour in the reference con-
figuration. For the purposes of our study, this procedure
is done because the curves or contours should be homolo-
gous among individuals, although not necessarily their
individual points need to be (Mitteroecker and Gunz,
2009).

We then studied three geometric morphometric prop-
erties: shape, size, and form as defined by Rohlf and
Slice (1990) and Mitteroecker et al. (2004). Shape was
analyzed using Procrustes coordinates, that is, the
Cartesian coordinates after GPS alignment. Size was
measured as the logarithm of centroid size (CS), which
was calculated as the square root of the sum of
squared distances of all points from its center of grav-
ity. Cranial form was described as the Procrustes coor-
dinates plus logCS (Mitteroecker et al., 2004;
Mitteroecker and Gunz, 2009). A principal component
analysis (PCA) was performed over all the Procrustes
coordinates (shape variables), and over Procrustes
coordinates plus logCS (form variables), to obtain low-
dimensional axes of shape and form variation, respec-
tively. All analyses were performed on the mean value
of each sample, using the average of individual CS and
the consensus configuration based on Procrustes
coordinates.

The morphometric analyses were done for the entire
skull and for three modules—face, vault and base—that

TABLE 1. The 12 samples from which the South American human populations were studied, together with their abbreviations,
sample sizes (N), mean14C dates, d13C, CI, and geographic region

Geographic regi�on Sample Abrev. N mean14C d13C CI

Northwestern Argentina (NW) Quebrada de Yacoraite QY 27 700 6 60 11.2 15
Andalgal�a Valley AnV 22 400 6 50 12.4 13.1
Puna Pu 45 700 6 60 15.8 12.16
Calchaqu�ı Valley CalV 46 821 6 40 11.8 9.34
Quebrada de Humahuaca QH 43 910 6 50 11.2 12.5

Central Western Argentina (CW) South San Juan SJ 59 559 6 40 13.3 10
North Mendoza NM 46 1080 6 45 14.8 2.75
South Mendoza SM 59 1766 6 50 16.6 3.87

Southeast Pampa/Northeastern
Patagonia (SP/NP)

San Blas SB 32 1028 6 45 16.85 1.1
Pampa Pa 35 1300 6 40 16.5 9.8
Negro Valley NV 24 523 6 45 17.98 0.9
Chubut Valley ChV 36 1326 6 65 16.6 3.5

Radiocarbon age (AMS) and d13C determination for South San Juan was held at the Arizona Radiocarbon AMS Facility (University
of Arizona) from collagen of a rib bone fragment.

Fig. 1. Southern South America Map depicting the central
geographic location of the 12 samples analyzed (Pu: Puna, QY:
Quebrada de Yacoraite, QH: Quebrada de Humahuaca, CalV:
Calchaqu�ı Valley, AnV: Andalgal�a Valley, SJ: South San Juan,
NM: North Mendoza, SH: South Mendoza, Pa: Pampa, SB: San
Blas, NV: Negro Valley, and ChV: Chubut Valley). More detailed
information of the samples is shown in Table 1.
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represent developmentally and functionally units that
vary with relative independence from one another (Che-
verud, 1995; Lieberman et al., 2000; Perez and Mon-
teiro, 2009). Particularly, the face is related to food
processing and then it is expected to display the closest
association with environmental variables as diet (Che-
verud, 1995; Sperber, 2001; Gonzalez-Jose et al., 2005),
whereas the cranial base would be the structure least
related to these factors (Lieberman et al., 2000; Sperber
2001; Harvati and Weaver, 2006; but see Roseman
et al., 2010).

A subsample of 361 individuals were used for the
analysis of the entire skull, face, vault, and base. Facial
analyses were repeated using the total of 474 individu-
als. This discrepancy in the number of individuals
responds to differences in bones preservation. There was
an attempt to increase the number of individuals
included in the facial analysis due to the importance of
this module for the present study. Morphometric analy-
ses were done with MorphoJ (Klingenberg, 2011) and
package Geomorph of R software (Adams and Otarola-
Castillo, 2013; R Developmental Core Team, 2013).

Fig. 2. Landmarks (L), Semilandmarks (Sl) and muscles registered for the present study by cranial region. (a) Face landmarks:
n: nasion, nf: nasofrontal, ss: subespinal, al: alar, d: dacrion, sf: supraorbital foramen, so: superior orbital, afm: anterior frontoma-
lar, ec: ectoconchion, zo: zigoorbital, pr: prosthion, c: canine, em: ectomolar, p: palatine, alv: alveolon, tfm: temporal frontomalar,
stm: superior temporomalar, itm: inferior temporomalar, iitm: intern inferior temporomalar, azm: anterior zygomaxillar, and pzm:
posterior zygomaxillar; (b) Vault landmarks: g: glabella, f: frontex, b: bregma, l: lambda, op: opistocranion, ft: frontotemporal, stf:
stefanion, fsp: frontosphenoparietal, tsp: temporosphenoparietal, and as: asterion, (c) Base landmarks: o: opisthion, ba: basion, so:
sphenooccpital, lso: lateral sphenooccipital, to: temporooccipital, ts: temporosphenoides, tm: temporomandibular, au: auricular, am:
anterior mastoides, im: inferior mastoides, pm: posterior mastoides. Masseter muscle (gray area) demarcated by landmarks, mass-
eter inlever arm (m), outlever arm (Mo), and centroid of masseter (Mc); (d) Temporal muscle (gray area) demarcated by landmarks
and semilandmarks, temporal inlever arm (t), and centroid of the temporal muscle (Tc).
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Diet variables

Diet composition. Diet composition was measured
using two independent variables widely used in archaeo-
logical and bioarchaeological studies, caries and carbon
isotope data. While caries inform about the amount of
carbohydrates consumed, the isotope data used (collagen
d13C) informs about the protein fraction of the diet. For
this reason, we considered these two variables
separately.

Stable isotopes of the inorganic and organic fractions
of bone provide a good record of dietary intake over at
least the last 5–7 years of an individual’s life, and thus
can be used to infer the average diet in human prehis-
toric populations (Ambrose and Krigbaum, 2003; Tykot,
2006). Particularly, carbon isotope (d13C) values of colla-
gen reflect the origin of the protein component of the
diet and allow to assess the contribution of C3 or C4

plant foods. In this work, stable isotopic values were
obtained from published data as well as data obtained in
this study (Table 1; Bernal et al., 2008; Ber�on et al.,
2009; Gil et al., 2009, 2011; Beguelin, 2011; Gordon,
2011; Killian Galv�an and Samec, 2013). Only d13C colla-
gen values were employed because there is a wider col-
lection of this data available.

Dental caries are the result of a demineralization pro-
cess on tooth tissues due to the production of organic
acids from bacterial fermentation (e.g., Streptococcus
mutans) of carbohydrates (Hillson, 2001). Consequently,
they provide valuable information about the proportion
of carbohydrates, sugar, and sticky nutrients in the diet
of prehistoric populations (Larsen et al., 1991; Lukacs,
1992). In this work, the presence of carious lesions was
recorded by us (V.B., P.N., and L.M) following Buikstra
and Ubelaker (1994). Finally, the Carious Index (CI) was
calculated as a function between the number of carious
teeth and the total number of teeth available (Hillson,
2001).

Dental wear (DW). Given that the prevalence of
caries in a sample could be affected by the degree of DW,
the latter was recorded to get an indirect control of the
quantification of the carious lesions. DW is a continuous
long-lasting process that results from the mutual contact
of opposite crowns as well as from their contact with
food or abrasive material incorporated into food (Smith,
1984), that might remove both fissures of erupting
molars before they became carious and the carious tissue
as soon as a lesion appears (Hillson, 2000). Considering

the natural eruption sequence of permanent molars, in
which there is an approximate 6-year interval between
the eruptions of the first, second and third molars in all
human populations, it is possible to derive age-
independent rates of wear with acceptable confidence
(Scott and Turner, 1988). According to this, rates of wear
were estimated based on the degree of wear following
the ordinal scale proposed by Scott (1979) for M1 and
M2. Molars showing no exposed dentine or total loss of
enamel were excluded from analysis. A principal axis
analysis was applied to estimate wear rates between M1

and M2. The slope obtained was then used as an indica-
tor of the relationship between adjacent molars, and
therefore, wear rate (Scott and Turner, 1988).

We also discriminate DW related to masticatory func-
tion from the wear generated by use teeth as tools (i.e.,
parafunctional use of teeth). We recorded macroscopi-
cally the degree, direction and form of individual tooth
wear as proposed by Smith (1984) for incisors, canines
and premolars, and Scott (1979) for molars. Since the
teeth function as a unit, harmonic DW would be attrib-
utable to the masticatory function, while atypical tooth
wear could indicate the use of teeth as a tool (Larsen,
1997). Therefore, the presence of teeth that are outliers
with respect to adjacent ones were considered as prob-
ably employed in paramasticatory functions (Molnar,
1971) and the individuals were excluded from the follow-
ing analyses.

The relationship between DW and CI was explored
using correlation analyses. These results show two axes
of independent variation given by CI and DW (Table 2),
which means that carious lesions are not related to DW
(r 5 20.28). CI is associated to latitude, with the highest
values occurring in the NW groups and Pampa, interme-
diate values in CW samples and the lowest values in the
SP/NP group. Conversely, DW does not follow a geo-
graphic pattern, presenting the highest values in South
San Juan and South Mendoza samples, and the lowest
values in Chubut Valley, North Mendoza, and Quebrada
Yacoraite.

Bite force (BF). Bite force was estimated using a com-
bination of two models based on cranial anatomy and
lever mechanics, proposed by Kiltie (1984) and Thoma-
son (1991), with some modifications to adapt such mod-
els to human head anatomy, as well as to 3D geometric
morphometrics. By this technique we inferred bite force
using (a) an estimation of the size of the major jaw
adductors, the temporalis and the masseter-medial pter-
ygoideus muscles complexes, (b) approximate measure-
ments of the muscle moment arms about the TMJ, and
(c) moment arms of upper second molar (M2) about TMJ.
The major assumptions made when using these models
are that the true physiological cross-section of muscles,
which have a complex 3D architecture, can be simplified
and that contralateral muscles are assumed to contract
equally forcefully (Ellis et al., 2008). We also assume
that for humans the upward force of the adductor
muscles is balanced by downward forces at three places:
the two condyles and the bite point, which for modern
human is located between M2 and M3. These three
points constitute the triangle of support for mastication
in Homo sapiens (Lieberman, 2011). However, it is
important to remark that different versions of this
method could generate differences in the bite force esti-
mations (Ellis et al., 2008).

TABLE 2. Principal Axis results for evaluating the association
between DW and CI

Groups r2 P Intercept Slope Angle

QY 0.89 0 0.089 0.752 36.955
AnvV 0.6 0.01 3.234 0.659 33.407
Pu 0.5 0 3.287 0.554 29.029
CalV 0.27 0.05 9.453 0.338 18.707
QH 0.8 0 26.860 1.170 49.482
Pa 0.52 0 21.685 0.902 42.053
SSJ 0.43 0 26.498 1.172 49.540
NM 0.65 0 0.546 0.685 34.412
SM 0.68 0 210.760 1.121 48.290
SB 0.72 0 22.030 0.860 40.702
NV 0.55 0 219.640 1.485 56.054
ChV 0.44 0.01 3.681 0.617 31.680
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To estimate the muscles size (a), we used a combina-
tion of Kiltie (1984) and Thomason (1991) methods, as
3D landmarks allow us to estimate a global measure-
ment of temporalis (Tcs) and masseter-medial pterygoi-
deus (Mcs) muscles size using CS values (see Fig. 2).
The moment arm of the temporalis and masseter
muscles (b) was estimated following Thomason (1991).
According to this, the direction of each force vector was
assumed to act perpendicularly to the plane of the area,
through its centroid. The in-lever arms of each vector for
temporalis (t) and masster (m), were defined as the dis-
tance between the centroid of temporalis (Tc) and mass-
eter (Mc) muscles and the TMJ. The centroid of each
muscle area was calculated considering the anatomical
points displayed in Figure 2 (Mc, Tc). Finally, the out-
lever arm to the bite location, was defined as the dis-
tance from the TMJ to the junction of M2 on the maxilla
(Mo; Thomason 1991). A factor of 2 was also added on
the assumption that both sides were contracting maxi-
mally (Ellis et al. 2008).

In summary, the bite force (BF) was calculated using
the masseter and temporalis CS (Mcs, Tcs), the in-lever
arms from the centroid of each muscle to the TMJ (m, t)
and the out-lever arm from the TMJ to the M2 (Mo), all
the above doubled to include both sides of the head:

BF 52 Mcs �mð Þ1 Tcs � tð Þ½ �=Mo

The anterior dentition, which was included in Kiltie
(1984) and Thomason (1991) calculations, was used here
with comparative proposes only because in human
beings, its principal function is to cut and tear and not
to masticate as the molars do. Therefore, we
re-calculated BF with an out-lever arm from the TMJ to
the canine (C).

Finally, it was evaluated if there is a linear relation
between bite force and cranial size, because these varia-
bles are usually related (Kiltie, 1984; Christiansen and
Wroe, 2007; Ellis et al., 2009; Herrel et al., 2014). The
results of the linear regression between the bite force
and logCS for our dataset show that there is no associa-
tion between there variables in this sample (R2 5 0.04;
P 5 0.59). Therefore, all subsequent analyses were per-
formed with BF values without size standardization.

Spatial data and analysis

Statistical analyses were performed in order to
describe the spatial structure of morphometric and eco-
logical variables (Diniz-Filho et al., 2007; Dormann
et al., 2007; Perez et al., 2010). Geographic origin of the
samples was obtained from already published data and
then the geographical coordinates of each local sample
were transformed to a geodesic system (decimal degrees
of latitude and longitude).

Firstly, Moran’s I Correlograms were calculated for
the ecological variables (d13C, CI, and BF) and the mor-
phometric data (CS, shape PC, and form PC) for the
entire skull and each of the three modules (face, vault,
and base). A correlogram is a graph in which autocorre-
lation Moran’s I values (i.e., a measurement of data sim-
ilarity based on both data geographic locations and data
values simultaneously), calculated at different distance
classes, are plotted on the ordinate against distance
classes among sampling localities on the abscissa (Sokal
and Oden, 1978; Legendre and Fortin, 1989). Moran’s I
formula behaves mainly like Pearson’s correlation coeffi-

cient, with value near 11.0 indicating geographic clus-
ter of data while a value near 21.0 indicating
geographic dispersion of data. The shape of the correlo-
gram could be related to the type of spatial structure
and evolutionary processes underlying the studied vari-
ables (Sokal, 1979). Sokal and Oden (1978) and Legen-
dre and Fortin (1989) gave a series of typical
correlogram patterns and the corresponding evolution-
ary and ecological interpretation. By example, correlo-
grams display a characteristic asymptotically
decreasing shape when the pattern of morphometric
variation is related to the joint effect of drift and geo-
graphically limited gene flow, that is, isolation by dis-
tance model (Barbujani, 2000). When other factors are
involved, correlograms can show a random pattern, a
cline, or a depression. Particularly, clines affecting the
entire study area, or only a part of it, can be related to
deterministic factors such as natural selection and phe-
notypic plasticity.

As the main objective of the present work is to eval-
uate whether bite force and/or diet composition are
related to cranial morphology, we performed regres-
sion analyses including d13C, CI, and BF as the inde-
pendent variables, and CS, shape PC and form PC as
the dependent variables. Also, because previous stud-
ies pointed out the importance of temperature on cra-
nial variation, this variable was tested in our
analyses. Similar to previous studies in the region, we
found no association between cranial variation and
temperature (r 5 0.00, P 5 0.9). One of the assumptions
of ordinary least-squares regression model is the inde-
pendence of observations. This model can be described
as y5Xb 1E, where y is the vector that describes mor-
phometric variation, X is the matrix of independent
diet variables, b is the vector of regression coefficients,
E is the error term with a covariance matrix C among
residuals C5r2I, where r2 is the variance of the resid-
uals, and I is an identity matrix (Perez et al., 2010).
When data are spatially autocorrelated—that is, obser-
vations that are closer to each other in space have
more similar values— as in our study (see below),
autoregressive models instead of the ordinary regres-
sion should be used (Legendre and Legendre, 1998).
Two autoregressive models were employed here: simul-
taneous autoregressive model (SAR) and conditional
autoregressive model (CAR; Dormann et al., 2007;
Perez et al., 2010). In the SAR model, the covariance
matrix C among residuals is described as

CSAR5r2 I2qWð ÞT
h i21

I2qW½ �21, where W is a weighting

matrix based on the inverse of geographic distance and q
is an autoregressive coefficient for morphometric variable.
The CAR model is a modification of the SAR model,
where the covariance matrix C among residuals is

described as CCAR5 r2Wi1

� �
I

� �
I2qW½ �21. Therefore, these

methods model spatial effects within the error term,
which is predefined from a neighborhood matrix, and
then parameters are estimated using a generalized least-
squares framework (Dormann et al., 2007; Perez et al.,
2010). Here, we used simultaneous autoregressive error
models with all first order neighbors with equal weight-
ing of all neighbors. The fit of the models was compared
by R2 and AIC values for SAR and CAR.

Prior to regression analysis, Pearson’s correlation
analyses were performed to test the association among
the ecological variables. This was done to avoid problems
of multicollinearity. If variables are collinear, or nearly

DIET AND CRANIAL VARIATION IN SOUTH AMERICA 119

American Journal of Physical Anthropology



so (i.e., highly correlated), the results obtained are diffi-
cult to interpret because the independent effect of each
predictor cannot be estimated correctly (Legendre and
Legendre, 1998). Pearson correlations indicated that the
correlation between BF and CI (r 5 20.224) and between
BF and d13C (r 5 0.229) was low. Conversely, the correla-
tion between d13C and CI was high (r 5 20.769). Because
of collinearity between d13C and CI, subsequent regres-
sion analyses were performed separately for the latter
variables. Spatial analyses were done with SAM soft-
ware (Rangel et al., 2010).

RESULTS

Shape, size, and form

The distribution of samples along shape PC1 follows a
geographic pattern, with NW and SP/NP samples on the
opposite extremes and CW samples in an intermediate
position (Fig. 3). Shape PC2 also separates CW samples
from the others. When the entire skull is considered
(Fig. 3a), SP/NP samples locate in the positive extreme
of shape PC1, NW samples in the negative shape PC1
extreme, while CW samples stay in the middle and differ

Fig. 3. The results of the distribution of the 12 sample along the first two principal shape PCA axes by cranial region: (a) entire
skull, (b) face, (c) vault, and (d) base. In brackets is shown the percentage of variation explained by each principal component.
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from the other samples along the PC2. The dispersion of
the samples in the shape PCA for the facial and vault
modules is similar (Fig. 3b,c). The PCA of cranial base
(Fig. 3d) displays the highest superposition between NW
and CW samples. NW and CW samples locate on the
positive extreme of shape PC1, while SP/NP group on
the negative one.

The wireframes shown in Supporting Information Fig-
ure S1 illustrate the main trend of shape changes along
PC 1 axis. Most important changes in the face are
related to nasal bones, orbit, and maxilla (Supporting
Information Fig. S1a). Skulls located at the negative
extreme, from the SP/NP group, display a relative
increase along the supero-inferior axis in orbits and
nasal bones, and along antero-posterior dimensions in
the maxilla. Vault configurations at the positive extreme,
from the NW samples, show an increase in the supero-
inferior axis and a decrease in the antero-posterior
dimensions compared with the samples at the negative
extreme (Supporting Information Fig. S1b). The base is
the module with fewer changes: in general terms, cra-
nial bases at the negative extreme show a relative
increase in antero-posterior dimensions (Supporting
Information Fig. S1c).

Variation in cranial size among samples shows a simi-
lar geographical pattern as shape (Fig. 4). NW and CW

samples have on average the smallest skulls, while the
NP samples display the largest CS values. Form PC also
displays a spatial pattern, but the samples are not clus-
tered as strong as in shape PCA (Supporting Informa-
tion Fig. S2). CW samples are closer together when the
entire skull, face and vault were analyzed, and as in
shape plots, they tend to locate in an intermediate posi-
tion between NW and SP/NP samples. In the form PCA
for the cranial base, the samples from NW and CW are
mixed, different to the shape PCA of cranial base.

The spatial correlograms of size and shape variation
are shown in the Figure 5. The Supporting Information
Figure 3 depicts the correlogram of form variation.
These correlograms show a monotonic decrease in Mor-
an’s I coefficient with geographic distance, suggesting a
clinal pattern in the spatial distribution of the studied
samples. Neighbor samples are more similar than the
distant ones, showing a strong morphometric similarity
at small geographic scales. This pattern is stronger for
the entire skull, vault, and face shape data. Moran’s I
values are high but not significant, which might be due
to the number of samples studied.

Diet variation

CI and d13C were plotted with the objective of explor-
ing their relationship to each other. As can be seen from

Fig. 4. Boxplots showing variation in CS and BF per sample, which are grouped according to geographical region.

DIET AND CRANIAL VARIATION IN SOUTH AMERICA 121

American Journal of Physical Anthropology



Figure 6, in general terms, these variables show a linear
relationship. In the extremes of the distribution, North
Patagonian samples (NV, SB, and ChV) have the lowest
d13C and CI values while North West samples (QY, QH,
AnV, and CalV) have the highest d13C and CI values.
CW samples are distributed between these two groups.
An exception of this association constitutes Pa and Pu
samples, with both having high CI and low d13C values.
Because d13C and CI values probably describe different
diet properties, we decided to analyze both variables
independently in the subsequent analyses in order to
prevent the loss of information.

Bite force boxplot (Fig. 4) shows great variation
between extreme values and does not display the same
geographical pattern as other variables measured. In
general, samples from NW have the lowest values and

CW samples have the highest values. However, SP/NP
samples display a range of values that includes the
extreme values of NW and CW samples (Fig. 4). Partic-
ularly, SM, SJ, and NV have the highest values, while
ChV, NM, and QH have the lowest ones. In addition, Pa
sample has similar bite force values to NW samples.
CW samples have the greatest dispersion. Among NW
samples, there are slight differences between the
extreme values, with CalV having the highest bite force
values and QH the lowest ones. However, a great differ-
ence exists between extreme values of SP/NP with NV
having the highest values and ChV the lowest ones.
Correlograms showed that, contrary to BF, d13C, and CI
display a clinal geographical pattern (Fig. 7), but this
pattern is not as strong as for morphometric shape
data.

Fig. 5. Morphological Correlograms for CS and Shape by cranial region. Each correlogram mapped a morphological variable to
explore its spatial structure and assess spatial autocorrelation. Distance units (geodesic) are shown in the horizontal axes and
increase to the right side. Moran’s I (autocorrelation coefficient) values are shown on the vertical axes.
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Regression models

The regression results (Supporting Information Table
S1) are ordered by cranial module and the predictors
according to AIC values from the lowest (best fit and
simple model) to the highest one. The R2 values (fit
degree) are also displayed. Overall, our results indicate
that size (CS) is significantly associated with the ecologi-
cal variables analyzed here. When the entire skull is
considered, diet composition (measured as CI) is the
variable that best predicts size variation. Particularly,
CI explains 59% of variation in skull size. The same
association was found for form variation, displaying
58.9% of fit for entire skull. Similar results were
obtained for facial and vault variation, CI being the vari-
able that best predicts their variation in form and size
(with values ranging from 30 to 55%). The percentages
of variation in the entire skull, facial, and vault shape
accounted for the ecological variables were much lower
(between 0 and 28%) and nonsignificant. Finally, varia-
tion in cranial base size and form was better explained
by CI, which accounted for 40 and 30% of total variation,
respectively. Conversely, none of the ecological variables
accounted for a large amount of variation in cranial base
shape. Overall, the samples with highest CI values are
more gracile and display the smallest skulls, while the
samples with lower CI values are more robust and have
the largest skulls. BF alone explains a very low propor-
tion of size, form and shape variation (ca. 0%) when bite
forces are estimated based either on canine or second
molar (Supporting Information Table S1).

DISCUSSION

The main objective of this study was to evaluate the
contribution of diet composition and masticatory loading
on craniofacial diversification of late Holocene human
populations from the southern region of South America.
Particularly, we tested whether bite forces, inferred by
cross-sectional areas for the major jaw adductors, were
associated with variation in size, shape, and form of
both the whole skull and the three main functional and
developmental modules in which this structure is usu-
ally divided. Our results point out that, contrary to the
expectation set forth by the biomechanical hypothesis,
morphometric variation in cranial traits in the region
under study is not correlated with bite forces (Support-
ing Information Table S1). It is important to remark
that the results of this work do not indicate that masti-
catory loading has no effect on craniofacial morphology,
but this was not the most important factor in modeling
the pattern of variation among southern South Ameri-
can populations.

These findings might be seen as contradicting previous
studies that hypothesized that a reduction in the masti-
catory muscles’ activity and a concomitant decrease in
mechanical loading of the skull induce a reduction in
muscle size, as well as morphometric changes among
human populations (Carlson and van Gerven, 1977;
Gonzalez-Jose et al., 2005; Paschetta et al., 2010; von
Cramon-Taubadel, 2011). However, most of these studies
were based on the assumption that farmers relied on
softer diets because of the type of items consumed and
the food processing techniques used. The main argument
used is that consistency of food produces a mechanical
stress that acts differentially on the masticatory com-
plex, so that hunter-gatherers are expected to have

Fig. 6. Scatterplot for evaluating the association between CI
and d13C.

Fig. 7. Ecological Correlograms for d13C, CI, and BF. Each
correlogram maps an ecological variable to explore its spatial
structure and assess spatial autocorrelation. Distance units
(geodesic) are shown in the horizontal axes and increase toward
the right. Moran’s I (autocorrelation coefficient) values are
shown on the vertical axes.
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larger facial structures. The approach usually followed
to test this hypothesis was to compare morphological
traits among populations previously assigned to one
broad category that describes its subsistence (e.g., Carl-
son and van Gerven, 1977; Gonzalez-Jose et al., 2005;
Sardi et al., 2006; Paschetta et al., 2010). Nevertheless,
differences in masticatory forces were rarely measured
directly, and thus this factor was not tested independ-
ently from other confounding factors such as food compo-
sition. Here, we showed that the magnitude of bite
forces and the type of subsistence (farmers vs. hunter-
gatherers) is not related in the region under study. Sam-
ples from Northwest Argentina, previously described as
farmers (Gonzalez Jose et al., 2005; Perez and Monteiro,
2009), exhibited low bite forces, while hunter-gatherers
from Patagonia were characterized by a large variation
ranging from very low values comparable to those of
farmers to high values not found in other samples. This
is particularly striking in the sample of hunter-
gatherers from Chubut, which displays the lowest BF
values despite having large and robust skulls (Fig. 6).
Several studies have shown that the use of food process-
ing and cooking techniques, particularly grinding stone
tools and pottery, was a widespread strategy across the
geographical region during the late Holocene (ca. 2,000
years ago; Bernal et al., 2007, 2010). These practices
could have led to the consumption of softer diets, inde-
pendent of whether the resources were domesticated or
not.

We also tested for the association of diet composition
and craniometric variation using two independent varia-
bles; the CI as a measure of the proportion of carbohy-
drates consumed and d13C values as a measure of the
source of proteins. Our results support the hypothesis
that variation in overall cranial size and form among
populations in the region under study is related to the
variation in diet composition. Around 60% of variation
in whole cranial size and form was explained by the
variable that measure the proportion of carbohydrates
consumed. The association between this ecological
dimension and morphology was still significant after
accounting for the geographic structure of both types of
data. Particularly, samples with lower CI display bigger
skulls, meaning that diets with a reduced proportion of
carbohydrates are associated with skulls of larger size.
Conversely, populations that incorporated a higher
amount of carbohydrates in their diets have smaller
skulls. Experimental and comparative data demonstrate
that the consumption of diets with a relatively larger
proportion of carbohydrates than proteins induce a
decrease in body and skull size with the correlated allo-
metric shape changes (Pucciarelli and Oyhenart, 1987;
Stynder et al., 2007; Frisancho, 2009; Stock et al., 2011;
Auerbach, 2011). This effect of nutrient intake on bone
growth is mediated by the regulation of the GH-IGF
axis, which has a central role in stimulating the prolifer-
ation and differentiation of chondrocytes and bone for-
mation (Thissen et al., 1991; Bonjour et al., 2001;
Nijhout, 2003). Particularly, diets with a lower propor-
tion of proteins impair both the production and action of
IGF-I and induce GH resistance that in turn cause
growth arrest of skeletal structures.

When the three cranial modules were analyzed sepa-
rately, we found that size and form variation of face and
vault were also associated with CI, although the per-
centage of variation accounted by this ecological variable
was lower than the value obtained for the whole skull.

For the cranial base, the only association found was
between size and CI (Supporting Information Table S1).
The fact that the size of cranial structures not directly
related to masticatory function is also associated with
diet composition suggests the effect of systemic factors
on skeletal growth. Similarly, a significant relationship
between diet and dental size variation among South
American populations has been reported in previous
studies (Bernal et al., 2010). Populations that relied on
diets rich in carbohydrates have the smallest teeth,
while terrestrial hunter-gatherers are characterized by
larger dental size. In the context of population studies,
the association between morphological characteristics
and ecological variables is commonly viewed as the
result of nonrandom factors such as selection and pheno-
typic plasticity (Hendry and Kinnison, 1999). Given the
recent divergence of groups with markedly different
diets (50–100 generations; Harlan, 1971; Pearsall, 1992,
2008; Perez and Monteiro, 2009) and the relatively high
population density in the Late Holocene, natural selec-
tion does not seem to be the most probable factor behind
morphological diversification among these populations.
In large populations, natural selection can influence phe-
notypic changes only when the environmental factors
(representing selective pressures) have acted through
long periods of time, and thus, several generations have
been exposed to them. Selection can act over short time-
scales when population size is small and thus adaptive
peaks can be reached by chance (Wade and Goodnight,
1998; Hendry and Kinnison, 1999). Conversely, pheno-
typic plasticity that occurs at the ontogenetic time scale
can be though as the most plausible factor driving mor-
phological diversification at short evolutionary time-
scales in large populations (Carroll et al., 2007; Perez
and Monteiro, 2009).

The results obtained in this work show that 3D cranio-
facial shape variation among southern South American
populations, unlike size and form variation, is independ-
ent from the ecological dimensions analyzed here and
exhibits a strong spatial structure (as is depicted by cor-
relograms with asymptotically decreasing autocorrela-
tion values; Fig. 5). Consequently, evolutionary neutral
or random factors (e.g., genetic drift) may be central for
understanding shape variation in the region under
study. This is in agreement with the strong adjustment
to geographical distance of dental shape and molecular
variation observed in the region of study (Moraga et al.
2000; Schurr, 2004; Bernal et al., 2010). Moraga et al.
(2000) and Bernal et al. (2010) suggested that the spa-
tial pattern of molecular and morphological shape varia-
tion in South America might have resulted either from
gene flow restricted by geographical distance (i.e., isola-
tion by distance model; Barbujani, 2000; Hey and
Machado, 2003) or from a serial founder effect (Hey and
Machado, 2003). The geographical structure of human
populations generates more gene flow between nearby
populations, leading to high phenotypic and genetic sim-
ilarities between populations that are geographically
close and differences between geographically distant
populations by genetic drift. A similar pattern can
emerge as the result of the colonization of an area
through successive dispersion events of populations with
a small number of individuals, which leads to several
random sampling or serial founder events (Hey and
Machado, 2003). This second process is highly supported
by molecular and dental data, which show a linear
increase in distances in the main direction of peopling—
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that is, from North to South—(Moraga et al., 2000; Ber-
nal et al., 2010; de Saint Pierre et al., 2012).

In summary, the results obtained in this study point
out the complexity of the relationship between morpho-
logical diversification and environment. Traditionally,
studies intended to elucidate the factors driving the evo-
lution of human populations have been conducted under
the assumption that variation in craniometric data
mainly reflects neutral processes. Even though the effect
of environmental factors has been recognized, only in
recent years they have been incorporated to the study of
human diversification (Roseman, 2004; Gonzalez-Jose
et al., 2005; Stynder et al., 2007; Perez et. al., 2011).
This article is, to the best of our knowledge, the first
work that has systematically quantified two relevant
variables associated with diet, masticatory loading, and
food composition, for disentangling their contribution to
craniofacial variation among populations at short tempo-
ral scales. Our results suggest that food production
increased the availability of carbohydrate enriched diets
creating novel environmental conditions that in turn
contributed to changes in morphology among popula-
tions from southern South America. Further studies that
explicitly incorporate quantitative data of multiple eco-
logical dimensions into the analyses will continue to
shed light on the factors that shape morphological
changes at different temporal and geographic scales and
environmental settings in human populations.
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Schurr FM, Wilson R. 2007. Methods to account for spatial
autocorrelation in the analysis of distributional species data:
a review. Ecography 30:609–628.

Dressino V, Pucciarelli HM. 1997. Cranial growth in Saimiri
sciureus (Cebidae) and its alteration by nutritional factors: a
longitudinal study. Am J Phys Anthropol 102:545–554.

Ellis JL, Thomason JJ, Kebreab E, France J. 2008. Calibrating
of estimated biting forces in domestic canids: comparison of
post-mortem and in vivo measurements. J Anat 212:769–780.

Ellis JL, Thomason JJ, Kebreab E, Zubair K, France J. 2009.
Cranial dimensions and forces of biting in the domestic dog.
J Anat 214:362–373.

Frisancho RA. 2009. Developmental adaptation: Where we go
from here. Am J Hum Biol 21:694–703.

Garc�ıa-Bour J, P�erez-P�erez A, �Alvarez S, Fern�andez E, L�opez-
Parra AM, Arroyo-Pardo E, Turb�on, D. 2004. Early
population differentiation in extinct aborigines from Tierra
del Fuego Patagonia: ancient mtDNA sequences and
Y-chromosome STR characterization. Am J Phys Anthropol
123:361–370.

DIET AND CRANIAL VARIATION IN SOUTH AMERICA 125

American Journal of Physical Anthropology



Gil A, Neme G, Tykot RH. 2011. Stable isotopes and human
diet in central western Argentina. J Archaeol Sci 38:1395–
1404.

Gil AF, Neme GA, Tykot RH, Novellino P, Cortegoso V, Dur�an
V. 2009. Stable isotopes and maize consumption in Central
Western Argentina. Int J Osteoarchaeol 19:215–236.

Gonzalez PN, Perez SI, Bernal V. 2011. Ontogenetic allometry
and cranial shape diversification among human populations
from South America. Anat Rec 294:1864–1874.

Gonz�alez-Jos�e R, Ram�ırez-Rozzi F, Sardi M, Mart�ınez-Abad�ıas
N, Hern�andez M, Pucciarelli HM. 2005. A functional-cranial
approach to the influence of economic strategy on skull mor-
phology. Am J Phys Anthropol 128:757–771.

Gordon F. 2011. Din�amica poblacional, Conflicto y Violencia en
el Norte de Patagonia durante el Holoceno Tard�ıo: un estudio
arqueol�ogico. Universidad Nacional de La Plata, Argentina.
Unpublished PhD Thesis.

Hallgr�ımsson D, Lieberman DE, Liu W, Ford-Hutchinson AF,
Jirik FR. 2007. Epigenetic Interactions and the structure of
phenotypic variation in the cranium. Evol Dev 9:76–91.

Harlan JR. 1971. Agricultural origins: centers and noncenters.
Science 174:468–474.

Harvati K, Weaver TD. 2006. Human cranial anatomy and the
differential preservation of population history and climate sig-
natures. Anat Rec A 288:1225–1233.

Hendry AP, Kinnison MT. 1999. The pace of modern life: meas-
uring rates of contemporary microevolution. Evolution 53:
1637–1653.

Herrel A, Castilla AM, Al-Sulaiti MK, Wessels JJ. 2014. Does
large body size relax constraints on bite-force generation in
lizards of the genus Uromastyx? J Zool 292:170–174.

Hey J, Machado CA. 2003. The study of structured popula-
tions–new hope for a difficult and divided science. Nat Rev
Genet 4:535–543.

Hillson S. 2000. Dental pathology. In: Katzenberg MA, Saun-
ders SR, editors. Biological anthropology of the human skele-
ton. New York: Alan R. Liss. p 249–286.

Hillson S. 2001. Recording dental caries in archaeological
human remains. Int J Osteoarchaeol 11:249–289.

Howells WW. 1973. Cranial variation in man: a study by multi-
variate analysis of patterns of difference among recent
human populations. Papers of the Peabody Museum of
Archaeology and Ethnology. Cambridge: Peabody Museum.

Hubbe M, Hanihara T, Harvati K. 2009. Climate signatures in
the morphological differentiation of worldwide modern human
populations. Anat Rec 292:1720–1733.

Killian Galv�an VA, Samec CT. 2013. A cada uno su verdad culi-
naria: patrones paleodietarios y variables ambientales en el
NOA. In: Kuperszmit N, Lagos M�armol T, Mucciolo L, Sacchi
M, editors. Entre Pasados y Presentes III: Estudios Contem-
poraneos en Ciencias Antropol�ogicas. Buenos Aires: Mnemo-
syne. Colecci�on Investigaci�on y Tesis. p 487–508.

Kiltie RA. 1984. Size ratios among sympatric neotropical cats.
Oecologia (Berl) 61:411–416.

Klingenberg CP. 2011. MorphoJ: an integrated software pack-
age for geometric morphometrics. Mol Ecol Resour 11:353–
357.

Larsen CL. 1997. Bioarchaeology: Interpreting behavior from
the human skeleton. New York: Cambridge University Press.

Larsen CS. 2006. The agricultural revolution as environmental
catastrophe: implications for health and lifestyle in the Holo-
cene. Quatern Int 150:12–20.

Larsen CS, Shavit R, Griffin MC. 1991. Dental caries evidence
for dietary change: An archaeological context. In: Kelly M,
Larsen CS, editors. Advances in Dental Anthropology. Nueva
York: Wiley-Liss. p 179–202.

Legendre P, Fortin MJ. 1989. Spatial pattern and ecological
analysis. Vegetatio 80:107–138.

Legendre P, Legendre L. 1998. Numerical Ecology. Develop-
ments in Environmental Modelling 20. Second English Edi-
tion. Amsterdam: Elsevier.

Lieberman DE. 2011. The evolution of the human head. Cam-
bridge, MA: Harvard University Press.

Lieberman DE, Ross CF, Ravosa MJ. 2000. The primate cranial
base: ontogeny, function, and integration. Am J Phys Anthro-
pol Suppl 31:117–169.

Lieberman DL, Krovitz GL, Yates FW, Devlin M, St. Claire M.
2004. Effects of food processing on masticatory strain and cra-
niofacial growth in a retrognathic face. J Hum Evol 46:655–
677.

Lukacs JR. 1992. Dental paleopathology and agricultural inten-
sification in South Asia: New evidence from Bronze Age Har-
appa. Am J Phys Anthropol 87:133–150.

Mitteroecker P, Gunz P. 2009. Advances in geometric morpho-
metrics. Evol Biol 36:235–247.

Mitteroecker P, Gunz P, Bernhard M, Schaefer K, Bookstein FL.
2004. Comparison of cranial ontogenetic trajectories among
hominoids. J Hum Evol 46:679–698.

Molnar S. 1971. Human tooth wear, tooth function and cultural
variability. Am J Phys Anthropol 34:175–190.

Moraga ML, Rocco P, Miquel JF, Nervi F, Llop E, Chakraborty
R, Rothhammer F, Carvallo P. 2000. Mitochondrial DNA poly-
morphisms in Chilean Aboriginal Populations: implications
for the peopling of the southern cone of the continent. Am J
Phys Anthropol 113:19–29.

Nijhout HF. 2003. The control of growth. Development 130:
5863–5867.

O’Higgins P, Jones N. 2009. Morphologika, v2.5. Tools for Shape
Analysis. University College London, London, UK.

Paschetta C, de Azevedo S, Castillo L, Martinez-Abad�ıas N,
Hern�andez M, Lieberman DE, Gonz�alez-Jos�e R. 2010. The
influence of masticatory loading on craniofacial morphology: a
test case across technological transitions in the Ohio Valley.
Am J Phys Anthropol 141:297–314.

Pearsall D. 1992. The origins of plant cultivation in South
America. In: Cowan CW, Watson PJ, editors. The origins of
agriculture: an international perspective. Washington DC:
Smithsonian Institution Press. p 173–205.

Pearsall D. 2008. Plant domestication and the shift to agricul-
ture in the Andes. In: Silverman H, Isbell W, editors. The
handbook of South American archaeology. New York:
Springer. p 105–120.

Perez SI, Bernal V, Gonzalez PN. 2006. Differences between
sliding semi-landmarks methods, with an application to
human craniofacial and dental variation. J Anat 208:769–784.

Perez SI, Diniz-Filho JAF, Bernal V, Gonzalez PN. 2010. Spatial
regression techniques for inter-population data: studying the
relationships between morphological and environmental vari-
ation. J Evol Biol 23:237–248.

Perez SI, Lema V, Diniz-Filho JAF, Bernal V, Gonzalez PN,
Gobbo D, Pucciarelli HM. 2011. The role of diet and tempera-
ture in shaping cranial diversification of South American
human populations: an approach based on spatial regression
and rate tests. J Biogeogr 38:148–163.

Perez SI, Monteiro LM. 2009. Nonrandom factors in modern
human morphological diversification: a study of craniofacial
variation in southern South American populations. Evolution
63:978–993.

Pucciarelli HM, Oyhenart EE. 1987. Effects of maternal food
restriction during lactation on craniofacial growth in Wean-
ling Rats. Am J Phys Anthropol 72:67–75.

R Development Core Team. 2013. R: a language and environ-
ment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. Available at: http://www.R-pro-
ject.org.

Rangel TF, Diniz-Filho JAF, Bini LM. 2010. SAM: a comprehen-
sive application for Spatial Analysis in Macroecology. Ecogra-
phy 33:46–50.

Rohlf FJ, Slice DE. 1990. Extensions of the Procrustes method
for the optimal superimposition of landmarks. Syst Zool 39:
40–59.

Roseman CC. 2004. Detection of interregionally diversifying
natural selection on modern human cranial form by using
matched molecular and morphometric data. Proc Natl Acad
Sci USA 101:12824–12829.

Roseman CC, Willmore KE, Rogers J, Hildebolt C, Sadler BE,
Richtsmeier JT, Cheverud JM. 2010. Genetic and

126 L. MEN�ENDEZ ET AL.

American Journal of Physical Anthropology

http://www.R-project.org
http://www.R-project.org


environmental contributions to variation in Baboon cranial
morphology. Am J Phys Anthropol 143:1–12.

Sardi ML, Novellino PN, Pucciarelli HM. 2006. Craniofacial
morphology in the Argentine Center-West: consequences of
the transition to food production. Am J Phys Anthropol 130:
333–343.

Sardi ML, Ram�ırez-Rozzi F, Gonz�alez-Jos�e R, Pucciarelli HM.
2005. South Amerindian craniofacial morphology: diversity
and implications for Amerindian evolution. Am J Phys
Anthropol 128:747–756.

Schluter D. 2000. Ecological character displacement in adapta-
tive radiation. Am Nat 156:4–16.

Schurr TG. 2004. The peopling of the new world: perspectives
from molecular anthropology. Ann Rev Anthropol 33:551–583.

Scott GR. 1979. Dental wear scoring technique. Am J Phys
Anthropol 51:213–218.

Scott GR, Turner II CG. 1988. Dental Anthropology. Ann Rev
Anthropol 17:99–126.

Smith BH. 1984. Patterns of molar wear in hunter-gatherers
and agriculturalists. Am J Phys Anthropol 63:39–56.

Sokal RR. 1979. Testing statistical significance of geographic
variation patterns. Syst Zool 28:227– 231.

Sokal RR, Oden NL. 1978. Spatial autocorrelation in biology.
Biol J Linnean Soc 10:199–228.

Sperber GH. 2001. Craniofacial development. Hamilton: BC
Decker Inc.

Stock JT, Neill MCO, Ruff CB, Zabecki M, Shackelford L, Rose
JC. 2011. Body size, skeletal biomechanics, mobility and

habitual activity from the Late Palaeolithic to the mid-
dynastic Nile valley. In Pinhasi R, Stock JT, editors. Human
Bioarchaeology of the transition to agriculture. London: John
Wiley and Sons. p 347–367.

Stynder DD, Ackermann RR, Sealy JC. 2007. Craniofacial vari-
ation and population continuity during the South African
Holocene. Am J Phys Anthropol 134:489–500.

Thissen J-P, Underwood LE, Maiter D, Maes M, Clemmons DR,
Ketelslegers J-M. 1991. Failure of Insulin-Like Growth
Factor-I (IGF-I) infusion to promote growth in protein-
restricted rats despite normalization of serum IGF-I concen-
trations. Endocrinology 128:885–890.

Thomason JJ. 1991. Cranial strength in relation to estimated
biting forces in some mammals. Can J Zool 69:2326–2333.

Tykot RH. 2006. Isotope Analyses and the Histories of Maize.
In: Staller JE, Tykot RH, Benz BF, editors. Histories of
Maize. Multidisciplinary approaches to the Prehistory, Lin-
guistics, Biogeography, Domestication, and Evolution of
Maize. California: Elsevier. p 131–142.

von Cramon-Taubadel N. 2011. Global human mandibular vari-
ation reflects differences in agricultural and hunter-gatherer
subsistence strategies. Proc Natl Acad Sci USA 108:19546–
19551.

Wade MJ, Goodnight CJ. 1998. Perspective: the theories of
Fisher and Wright in the context of metapopulations: when
nature does many small experiments. Evolution 52:1537–
1553.

DIET AND CRANIAL VARIATION IN SOUTH AMERICA 127

American Journal of Physical Anthropology


	l

