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a  b  s  t  r  a  c  t

Previous  studies  have  shown  that  ecological  factors  had  a signifi-
cant  role  in  shaping  the patterns  of  craniofacial  variation  among
South  American  populations.  Here,  we  evaluate  whether  tem-
perature  and  diet  contributed  to  facial  diversification  in  small
geographic  areas.  Facial  size  and  shape  of  9 osteological  samples
from  central  Patagonia  (Argentina)  were  described  using  2D  land-
marks  and  semilandmarks.  Data  on  mean  annual  temperature,  diet
composition  (�13C and  �15N values)  and  femoral  head  maximum
breadth, used  as a proxy  of  body  mass,  were  obtained  for each
sample.  We  then  tested  the association  of body  mass  and  the  eco-
logical  variables  with  facial  morphology  using  spatial  regression
techniques  and  a model  selection  approach.  Akaike  Information
Criterion produced  disparate  results  for  both  components  of facial
morphology.  The  best  model  for  facial  size  included  temperature
and  body  mass  proxy,  and  accounted  for more  than  80%  of  varia-
tion  in  size.  Lower  temperatures  were  related  to  larger  facial  sizes.
Body  mass  was  negatively  associated  with  facial  size  and  showed  no
relationship  with  the  temperature.  This  suggests  a relatively  inde-
pendent  variation  of  cranial  traits  and  body  mass  at the  spatial  scale
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studied  here.  Facial  shape  was  not  associated  with  the  tempera-
ture  or  diet  composition,  contrasting  with  the  patterns  observed
at  larger  spatial  scales.  Our  results  point  out that the  effect  of  cli-
matic  variables  on  cranial  traits  might  be a source  of  morphological
differentiation  not  only  at large  scales  but  also  in  small  geographic
areas,  and  that  size  and  shape  display  a differential  preservation  of
environmental  signals.

©  2013  Elsevier  GmbH.  All rights  reserved.

Introduction

The morphological diversification of the southern South American aboriginal populations has been
object of intensive research over the last century (Deniker, 1900; Perez et al., 2007; Pucciarelli et al.,
2006; Rothhammer and Silva, 1990). As a result of these studies a clear pattern of variation at this
geographic scale has emerged. Analyses of craniofacial morphology have shown that human popula-
tions from this region were characterized by exceptionally high levels of variation in size and shape
compared to other areas of the world (Bernal et al., 2006; González-José et al., 2005; Perez et al., 2007;
Sardi et al., 2005), which is thought to have originated in a relative short time, during the peopling
of the region (Perez and Monteiro, 2009). Different ecological factors, such as temperature and diet,
might have contributed to the patterns of craniofacial morphology in this region (Bernal et al., 2010a;
González-José et al., 2005; Perez and Monteiro, 2009).

Accordingly, a strong association between temperature and cranial robusticity, with the most
robust morphologies occurring at the highest latitudes, has been observed (Bernal et al., 2006;
Gonzalez et al., 2010). In addition, remarkable differences in overall cranial size and shape have been
documented between groups with different diets, with the agriculturalist groups possessing smaller
crania and relatively shorter faces compared to the hunter-gatherers from the same region (Perez
et al., 2011). Such differences have also been related to the direct influence of biomechanical stress
produced by muscle forces during mastication (González-José et al., 2005; Sardi et al., 2006), which is
supported by the well-established correlation between the degree of food hardness and muscle and
bone development (Hanken and Hall, 1993; Herring, 1993; Pearson and Lieberman, 2004).

However, cranial features can also be under the influence of correlated responses to processes that
target other characters, due to developmental and functional interactions among traits and pleiotropic
effects during ontogeny (Frankino et al., 2005; Hendrikse et al., 2007; Jamniczky et al., 2010; Perez and
Monteiro, 2009; Shingleton et al., 2007). In particular, a recent study suggests that a significant propor-
tion of facial shape variation among South American populations might have resulted from allometric
changes associated with variation in overall size (Gonzalez et al., 2011). This alternative is supported
by data of body size, which shows a significant increase in size in hunter-gatherers compared to agri-
culturalists (Béguelin, 2011a). The proportion of carbohydrates and proteins consumed was  proposed
as an important factor of morphological diversification; the lower content of proteins of farmer’s diets
was related to a reduction in overall size, which in turn might have resulted in size-correlated shape
changes in cranial traits (Perez et al., 2011).

Most of previous studies have emphasized the analysis of ecological factors at macro-regional
scales, while their influence on morphological differentiation at local or micro-regional scales has
been largely neglected. However, it is widely recognized in ecological and evolutionary studies that
there is a strong dependence of patterns, processes, and their relationships on the spatial and temporal
dimensions analysed (Levin, 1992; Wu  et al., 2006). Consequently, studying the changes in patterns
and their contributing factors across multiple scales is a necessary step towards understanding the
role of ecological factors in driving the morphological evolution of recent human populations. The
aim of this study is to evaluate whether the ecological factors with a known effect on the cranial
variation at macro-regional scales also had an effect on population diversification at micro-regional
scales. Particularly, we analyse the variation in size and shape of facial traits among the human groups
that inhabited center of Patagonia during the late Holocene (ca. 2000–200 years B.P.) and test its
association with variation in diet and temperature.



V. Bernal et al. / HOMO - Journal of Comparative Human Biology 65 (2014) 101–114 103

Fig. 1. Map  showing the geographic location of the osteological samples analysed. Sample abbreviations are listed in Table 1.

The region under study is relevant in the context of Amerindians due to the morphological singular-
ity of the groups that inhabited this region. Particularly, the craniofacial morphology of late Holocene
hunter-gatherers from Patagonia presents characteristics that depart from most of Amerindian sam-
ples and displays a broad range of variation (González-José, 2003; Lahr, 1995; Lalueza et al., 1997;
Perez et al., 2007). Several studies have focused on southernmost and northern groups, while the cen-
tral portion of Patagonia remains scarcely studied. Therefore, this study attempts to contribute to fill
this gap in the knowledge of South American populations.

To test the hypothesis that environmental factors influenced the morphological diversification of
human populations in central Patagonia we  used spatial regression techniques that take into account
the spatial dependence of the samples, and a model selection approach to determine the variables
that better fit craniofacial variation (Diniz-Filho et al., 2009; Johnson and Omland, 2004). The ecolog-
ical variables tested were mean annual temperature and diet composition. Because during the late
Holocene all studied populations had similar food preparation techniques (e.g. use of grinding stone
tools and pottery; Bernal et al., 2010a) the factor that is related to food hardness, and thus biomechan-
ical stress, can be neglected as a source of variation of facial morphology in the region under study.
Finally, the association between facial morphology and body size was also tested in order to evalu-
ate whether a significant proportion of variation in facial size and shape among populations resulted
mainly from changes associated with variation in body size; or alternatively, the ecological variables
might have exerted a direct effect on facial size and shape.

Material and methods

Samples

We  analysed the facial skeleton of nine samples of pooled male and female adults (n = 96) from
archaeological sites from Chubut and Santa Cruz (Patagonia, Argentina). The samples were chronolog-
ically assigned by radiocarbon dates to the later late Holocene (ca. 2000–200 years B.P.; Arrigoni and
Guichón, 2009; Béguelin, 2011b; Bernal and Aguerre, 2009; García Guraieb et al., 2009; Gómez Otero
and Novellino, 2011; Gradin and Aguerre, 1994; Imbelloni, 1923; Tessone et al., 2010; Vignati, 1950)
(Fig. 1 and Table 1). We  limited our study to the facial skeleton because it was  the cranial structure
most well represented in the samples and because it has been frequently used in the study of South
American populations due to the high frequency of cranial deformation in these groups. Previous
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Table 1
Sample composition, with abbreviations used in the figures, sample sizes, predictor variables and facial data used in the analyses.

Sample Abbreviation F M Predictor variables Facial data

�13C �15N Lat. Temp. FHMB CS RW1  RW2

Chubut Center East CH-CE 9 7 −16.3 14.8 −43.31 13.0 48.85 21.97 0.001 −0.002
Chubut Center South CH-CS 4 4 −17.9* 12.8* −45.72 11.0 49.93 20.80 −0.012 −0.015
Chubut South East a CH-SEa 2 7 −17.0* 13.9* −45.92 12.0 50.04 20.81 0.011 −0.009
Chubut South East b CH-SEb 3 3 −17.0* 13.7* −45.63 12.5 49.91 20.13 0.017 0.011
Chubut South West CH-SW 7 8 −18.4* 12.7* −45.36 9.0 49.93 21.95 0.008 0.003
Santa Cruz Center North SC-CN 3 5 −18.2* 12.6* −46.93 9.0 49.19 21.88 0.011 0.002
Santa Cruz North East SC-NE 8 3 −15.7 15.8 −47.76 11.0 50.54 20.57 −0.027 0.010
Santa  Cruz North West a SC-NWa 5 9 −18.4 12.7 −47.47 8.0 49.19 22.19 −0.017 0.002
Santa  Cruz North West b SC-NWb 5 4 −18.4 12.6 −46.63 8.0 49.19 22.47 0.008 −0.001

�13C: delta carbon-13‰ based on bone collagen; �15N: delta nitrogen-15‰ based on bone collagen; (*) values estimated by
interpolation; Lat: Latitude; Temp: temperature; FHMB: femoral head anterior–posterior breadth maximum in mm;  CS: centroid
size;  RW:  relative warps.

studies have proved that the effect of artificial deformation on facial shape is negligible in samples
from the studied area (Cocilovo, 1975; González-José, 2003; Perez, 2006).

Because some of the facial features used for sex estimation (Buikstra and Ubelaker, 1994) were
included in morphometric analyses and no sex estimation independent from cranial morphology was
available for most samples, males and females were pooled together for the comparisons. However,
before comparing shapes among samples, the sex of each individual was  estimated to evaluate whether
the sex ratio was similar in all samples. Age estimation from the skull was based on suture closure,
using the antero-lateral region, which is a more reliable predictor of chronological age than the vault
region (Meindl and Lovejoy, 1985). Individuals were considered adults if their crania showed the
basioccipital synchondrosis obliterated (Buikstra and Ubelaker, 1994).

The skeletal samples are housed in the División Antropología of the Museo de La Plata, the Museo
Etnográfico “Juan B. Ambrossetti” (Universidad de Buenos Aires), the Museo Regional de Rada Tilly
(Chubut), the Instituto de Ciencias Antropológicas (Universidad de Buenos Aires), and the Instituto
Nacional de Antropología y Pensamiento Latinoamericano (Buenos Aires).

Morphometric analyses of facial traits

The facial skeleton was photographed with an Olympus SP 350 digital camera, positioning the
skull in the Frankfurt plane, and the camera lens in the coronal plane. The images were taken at
250 mm from the prosthion point. Two-dimensional coordinates corresponding to 17 landmarks and
22 semilandmarks (Fig. 2) were obtained from the facial skeleton. Landmarks were located following
the definitions of Buikstra and Ubelaker (1994) and Howells (1973). Although the reduction of three-
dimensional structures to a 2D representation might bias the analyses, it is accepted that when the
divergence among samples is low, a careful choice of two-dimensional landmarks allows a fairly
accurate description of size and shape variation (Cardini and Thorington, 2006).

Both landmarks and semilandmarks were digitized by one of us (VC) using tpsDIG 2.12 software
(Rohlf, 2008). To estimate the precision of the data collected, intraobserver error associated with the
placement of landmarks coordinates, and with skull orientation in the Frankfurt horizontal plane
was evaluated (Cobos et al., 2012). The results obtained show low levels of error in the placement of
landmarks as well as in the skull orientation.

Size and shape variables were obtained from the two-dimensional coordinates of landmarks and
semilandmarks. The effects of location, scaling, and orientation in landmark and semilandmark coor-
dinates were removed using generalized Procrustes analysis (Bookstein, 1997; Rohlf and Slice, 1990).
Centroid size (the square root of the summed squared distances from all landmarks and semiland-
marks to the configuration centroid) was used as size measurement (Bookstein, 1991). Semilandmarks
were aligned by means of perpendicular projection or minimum Procrustes distance criteria (Andresen
et al., 2000; Bookstein et al., 2002; Perez et al., 2006; Sheets et al., 2004). This operation extends the
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Fig. 2. Points measured on facial view. Landmarks are represented as squares (�) and semilandmarks as circles (•).

generalized least-squares Procrustes superimposition (Rohlf and Slice, 1990); in addition to optimally
translating, scaling, and rotating landmarks, the semilandmarks are slid along the outline curve to
minimize the Procrustes distance between the subject and the reference specimen until they match
as much as possible the positions of corresponding points along the outline of a reference specimen
(Adams et al., 2004; Perez et al., 2006).

The coordinates obtained after generalized Procrustes analysis (i.e. Procrustes coordinates) are
suitable for statistical analyses. However, because these coordinates are highly correlated, we  used
a principal components (PC) analysis to calculate independent scores that describe major trends in
shape variation (called relative warps in geometric morphometrics; Bookstein, 1991; Rohlf, 1993).
These scores were the variables effectively used in the statistical analyses. The principal component
analysis was conducted based on the consensus shapes of each sample. PCs calculated with mean
values of shape variables give a robust description of shape differences among samples because the
small sample sizes and heterogeneous covariance structures between samples have little influence on
this analysis (Polly, 2003). Previous studies have shown that morphometric means treated this way,
based on at least five individuals are accurate for intraspecific comparisons (Perez, 2006; Polly, 2003,
2005).

Body mass, space and ecological variables estimation

The size of long bones is highly and positively correlated with overall body size, and thus, is fre-
quently used to estimate body size in prehistoric populations (Auerbach and Ruff, 2004; Raxter et al.,
2006). Femoral head is particularly valuable in this regard because it is frequently preserved in human
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Fig. 3. Geographic patterns of values of stable isotopes of �13C (a) and �15N (b). The interpolation maps were created using the
ordinary kriging function in SAGA software, freely available at http://www.saga-gis.org/en/about/software.html.

archaeological samples, and its breadth is an easily taken and highly reproducible measurement. In
addition, several studies of modern humans with known body masses have proved that femoral head
breadth produces reliable body mass estimation formulae (McHenry, 1992; Ruff et al., 1991).

Here, we used the femoral head maximum breadth as a proxy of body mass. The use of the raw
variables as proxies of body size has two main advantages, it increases the sample size and overcomes
the errors associated with estimation methods (Béguelin, 2011b; Stock, 2002). Measurements on left
side were taken by one of us (M.B.) with a digital calliper 0.01 mm,  following the method of Martin
and Saller (1957) and recommendations of Buikstra and Ubelaker (1994). Only individuals with fully
fused epiphyses were included in this study. When the left femur was missing or the femoral head
was damaged, the right side was measured instead. A total of 110 male adult individuals from the
same samples are used for the craniofacial analysis were measured. Females were excluded due to the
small sample sizes for this sex.

Data on diet and temperature for each sample were collected to be used as estimators of ecological
variation in the region. Variation in diet was measured using 95 values of �13C and 90 values of �15N
isotopes for adult individuals taken from archaeological literature sources (Ambrústolo, 2011; Arrigoni
and Guichón, 2009; Béguelin, 2011b; Bernal and Aguerre, 2009; Cassiodoro and García Guraieb, 2009;
Castro et al., 2009; Fernández and Panarello, 1994; García Guraieb et al., 2009; Gómez Otero and
Novellino, 2011; Gómez Otero et al., 2000; Goñi et al., 2000–2002; Moreno et al., 2011; Tessone et al.,
2010). For most of the samples there was only one value for the type of isotope. When more than one
value was available for the same geographic location, an average was  used for the spatial analyses. The
values of �13C and �15N analysed here show a strong spatial structure, with values corresponding to
marine and mixed diets in sites near the coast and values consistent with terrestrial resources in the
inland sites (Fig. 3). This is consistent with recent studies showing that human populations from this
region mainly consumed meat of Lama guanicoe, although in areas near the coast they also incorporated
some marine resources to the diet (Tessone et al., 2010). Because data on �13C and �15N were only
available for 4 from the 9 osteological samples studied here, the unknown values were predicted by
spatial interpolation using the observations available for neighbouring areas (data summarized in
Fig. 3). Specifically, these methods work under the assumption that the interpolated values are likely
to resemble known values of the same area, and therefore the values of known points are used to
calculate the unknown ones in the proximity (Legendre and Legendre, 1998). We  applied the kriging
method and used semivariograms to model the autocorrelation in the empirical data, which was  then
used to predict the values for 5 human samples. Gaussian and exponential functions were used to
model the empirical semivariograms for �13C and �15N values, respectively, in SAGA 2.0.8 (Böhner
et al., 2006).

http://www.saga-gis.org/en/about/software.html
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Table 2
Pearson’s r correlation coefficients among the original predictor variables. The correlation greater than 0.8 is shown in bold.
Values in the lower half show the r values, while the corresponding p values are shown in the upper half of the table.

�13C �15N Latitude Temperature FHMB

�13C – <0.001 0.611 0.012 0.299
�15N 0.980 – 0.767 0.050 0.297
Latitude 0.197 0.116 – 0.087 0.392
Temperature 0.788 0.667 0.600 – 0.490
FHMB  0.391 0.392 −0.326 0.266 –

�13C: delta carbon-13‰ based on bone collagen; �15N: delta nitrogen-15‰ based on bone collagen; FBMH: femoral head
anterior-posterior breadth maximum in mm.

Mean annual temperature was used as an indirect estimator of climate, and data were obtained for
each of the 9 samples from climatic databases (SMN, 1961–1990). Values of mean annual temperature
recorded for the sampling areas ranged between 13◦ and 8◦ (Table 1). If temperature had an effect in the
cranial differentiation among these populations, we  would expect a significant correlation between
these two variables.

Finally, the genetic relationships among populations need to be taken into account. While genetic
data on the same archaeological samples analysed here are not publicly available, previous studies
on extant as well as prehistoric populations from Patagonia provide valuable information about the
patterns of genetic markers. mtDNA data show that genetic distances between samples from Patago-
nia are clearly associated with geographical distances in a North–South gradient (Moraga et al., 2000;
Schurr, 2004). Morphometric studies on dental variation also supported a latitudinal gradient con-
cordant with the direction of peopling (Bernal et al., 2010b). Consequently, it is expected that facial
size and shape similarity among populations decreases as the difference in latitude between them
increases. To account for this geographical structure we  incorporated latitude as a predictor variable
in the statistical analyses.

Statistical methods

The correspondence of facial size and shape (represented by the centroid size and the scores of
first RWs  for consensus shapes) with body mass, latitude, temperature and diet was tested by a mul-
tivariate multiple regression approach. Firstly, we  tested for the presence of multicollinearity among
the predictor variables summarized above using Pearson’s correlations. Because some of the variables
used to generate the models measure similar dimensions of the population niche (e.g. �13C and �15N),
they might be highly correlated, affecting the estimation of the regression coefficients (Graham, 2003;
Terribile et al., 2009).

Secondly, the models were investigated by using ordinary least squares multiple regressions (OLS),
in which facial size and shape variables were regressed against the predictors. Particularly, we used the
spatial eigenvector mapping (SEVM; for details, see Diniz-Filho et al., 2008; Perez et al., 2010) model
to take into account the spatial structure in the dataset. Then, we used an Akaike’s-based approach
(Akaike information criteria; AIC) for model selection (Burnham and Anderson, 2004; Diniz-Filho et al.,
2008). Specifically, we calculated the Akaike information criteria of each model corrected by sample
size (AICc; Burnham and Anderson, 2004). The statistical analyses were performed using R 2.13.0 (R
Development CoreTeam, 2011) and SAM 4.0 (Rangel et al., 2006).

Results

The results of relative warp analysis for facial shape indicated low levels of differentiation among
samples (Fig. 4). Fig. 4 displays the first two  relative warps calculated from facial landmarks and semi-
landmarks, which account for 64.6% of total shape variation among sample means. The first relative
warp explains 48.48% of total variance, and summarizes variation in shape of the zygomatic bone.
Facial size, as represented by centroid size, is shown in Table 2. The two samples from NW Santa Cruz
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Fig. 4. Relative warps (RW) of the face calculated with sample means, and deformation grids depicting shape variation along
the  first RW.  Sample abbreviations are listed in Table 1.
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Table 3
Results for the ordinary least squares model selection procedure, sorted by Akaike information criterion (AICc).

Response variable Model % Predicted AICc

CS Temperature, FHMB 83.6 23.055
FHMB 58.7 24.159
Temperature, Latitude 79.5 25.052
Temperature 46.9 26.427

RW1 Latitude 18.0 −42.232
�13C 8.3 −41.234
FHMB 7.4 −41.138
Temperature 1.3 −40.568

RW2 Latitude 8.5 −51.281
�13C 7.5 −51.186
FHMB 2.2 −50.682
Temperature 0.3 −50.509

RW1  and RW2(*) Latitude 26.5 10.697
�13C 15.9 11.909
FHMB 9.6 12.560
Temperature 1.6 13.318

FHMB: femoral head maximum breadth in mm;  CS: centroid size; RW:  relative warps. Only the models with the lowest AICc
values are shown, ranked from the most to the least important variable according to their respective regression coefficients.
%  Predicted represents the models’ coefficients of determination (R2) for univariate models and Pillai trace value for the
multivariate model (*).

display the highest values, while the samples from SE Chubut and NE Santa Cruz have the smallest
faces.

The Pearson’s correlations (r) performed across the predictor variables revealed a value higher than
0.8 between �13C and �15N data (Table 2). Even though the two isotopic values reflect distinct dietary
categories, in the region under study both are highly correlated and thus for statistical purposes either
�13C or �15N can be used as a continuous variable summarizing diet composition. To avoid the effect of
multicollinearity, we only included one of the highly correlated variables for each regression model.
As a result, four predictors were used for the OLS models: mean annual temperature, �13C values,
latitude and body mass.

The OLS model selection procedure, sorted by Akaike information criterion (AICc), yielded disparate
results for the size and shape of the face. The model that included CS as a response variable and the four
predictor variables (mean annual temperature, �13C values, body mass and latitude) was  significant
(F = 31.617, P = 0.003; r2 adj = 0.951), indicating that the global model provides a reasonable fit to the
data and accounts for 95% of variation in size among samples. Then, the analysis proceeded by fitting
each of the models in the candidate set to the observed data. According to the AIC values the best model
for facial size included the temperature and the body mass proxy (Table 3). This model not only had
the best support but also explained more than 80% of facial size variation in the region under study.
The next model with high support comprised only the variable used as a proxy of body mass (Table 3).
This single variable explains almost 60% of centroid size. The diet did not seem to be an important
factor in shaping the variation of facial size since the models including �13C as an explanatory variable
had the lowest support.

Because two of the samples were not completely sex balanced, we  repeated the previous analyses
using the males only. The global model including male centroid size as independent variable was also
significant (F = 11.623; P = 0.018) and explained more than 80% of size variation (r2 = 0.873). The results
for the model selection procedure were similar to those based on pooled sexes. Models including
temperature and body size had the lowest AIC values and accounted for a large percentage of variation
in facial size (from 30% to 70%).

Conversely, none of the models tested explained an important percentage of variation in facial
shape (Table 3). The best model for the RW1, as indicated by its AICc value included the variable
latitude, but it only explained 18% of the shape variation summarized by this component. The second
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best model included �13C, which explained 8.3% of shape variation in RW1. In addition, the global
model fit to the RW1  was not statistically significant (F = 0.715; P = 0.623; r2 adj = 0.067). Similar results
were obtained for the RW2, for which the first two  models included latitude and �13C (Table 3). When
the RW1  and RW2  were analysed together, the best models for facial shape also included latitude and
�13C (Table 3). However, the low percentages of shape variation explained by these models, indicate
that both environmental variables and body mass are poorly associated with facial shape in Central
Patagonian populations.

Discussion

One interesting finding of this study was the significant association between temperature and
facial size variation among populations, particularly given the small range of variation in tempera-
ture across the region. We  found a negative association between temperature and facial size at the
micro-regional spatial scale analysed. Previous studies of size-related metrics of craniofacial traits in
South American as well as worldwide samples have detected signatures of significant associations
between morphology and climate. For example, strong correlations with climate were found for facial
breadth, dimensions of the orbits, nasal aperture, zygomatic height, facial robusticity and some dimen-
sions of the cranial vault (Bernal et al., 2006; Betti et al., 2010; Franciscus and Long, 1991; Harvati and
Weaver, 2006a,b; Hubbe et al., 2009; Roseman, 2004). Even though the magnitude of these correlations
decreases when populations from extremely cold regions are excluded from the analyses, the corre-
lations between some facial traits and temperature are still similar to those obtained with geographic
or genetic distances. This suggests that both neutral processes and climate adaptation contributed to
the pattern of cranial morphological variation observed in modern humans. It must be noted though,
that most of these studies have not explicitly incorporated the effect of diet into the analyses due
to the lack of information about the items consumed and the techniques of food preparation used.
Consequently, the effects of food composition and hardness, which are known to affect craniofacial
morphology (Lieberman et al., 2004), cannot be separated from the effect of temperature.

Here, we explicitly evaluated the effect of diet composition by incorporating the proportion of �15N
and �13C obtained from human remains into the models. Because these isotopes inform about the type
and proportion of items consumed, the lack of association between these variables and cranial size
suggests that diet composition can be ruled out as a significant factor in Central Patagonia. While the
available evidence suggests that diet played an important role in the diversification of South Ameri-
can populations (Perez et al., 2011) it does not seem to have contributed to facial variation in the area
under study. Overall, our results point out that climatic variables might be an important source of cra-
nial size differentiation in small geographic areas. Independent evidence coming from technological,
bioarchaeological and radiocarbon studies, as well as stable isotope (13C and 15N) analyses, suggests
that Central Patagonia was inhabited by relatively mobile and low-density hunter-gatherer groups,
whose home ranges were not very large (Borrero and Barberena, 2006; Gómez Otero and Novellino,
2011; Tessone et al., 2010). The mobility of these groups was  spatially restricted to small areas, for
instance, the maximum dispersion of individuals with a marine dietary component was  90 km away
from the coast, which suggests that individuals lived in a rather constant environment throughout their
lives. Whether the observed association between temperature and cranial size resulted from adaptive
responses via natural selection or from developmental plasticity cannot be determined based solely
on the analysis of morphological traits (Losos, 2000; Perez and Monteiro, 2009).

It has been previously hypothesized that variation in cranial size among South American popula-
tions might have resulted from correlated responses to changes in overall body size (Gonzalez et al.,
2011; Perez and Monteiro, 2009). Accordingly, a positive association was expected between body mass
and facial centroid size. The results obtained here contrast with such expectation, since we  found a
negative relationship between these two  variables, larger-bodied populations were characterized by
smaller faces compared to those with smaller bodies. Moreover, no association was found between
body mass, estimated by femoral head size, and temperature. In contrast, a North–South gradient was
documented for femoral size among terrestrial hunter-gatherers from Pampa and Patagonia, between
33◦ and 54◦ S (Béguelin, 2011b,c). Larger body sizes were found at higher latitudes, associated with
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a reduction in the mean annual temperature. That pattern fits a model of body size increase with
the consequent reduction in the heat loss due to a decrease in the surface area/volume ratio (Ruff,
1994; Ruff et al., 1997). Consequently, divergence in body size at such macro-regional scale has been
explained as the result of directional selection associated with cold temperatures. In contrast, varia-
tion in mean annual temperature does not seem to have had a significant effect on body size at the
geographical scale studied here. These results suggest a relative independence of cranial and postcra-
nial traits, which can be under the influence of different factors. To the best of our knowledge though,
no study has evaluated the variation in the cranial and postcranial skeleton in the same set of popula-
tions, limiting the discussion of whether the results obtained are particular of the populations under
study.

The geometric morphometric techniques used here allowed us to evaluate the influence of ecolog-
ical variables on facial shape independently from size. Contrary to size, the best model adjusted to the
first RW included the variable latitude, while neither the environmental variables nor the body mass
estimation were associated with facial shape. Although latitude explained less than 20% of the shape
variation summarized by the first RW,  our results suggest that variation in facial shape among Cen-
tral Patagonian populations might have resulted from neutral processes related to the North–South
direction of the peopling of this region. In a previous study we also showed that facial shape variation
among populations belonging to Chaco, Pampa, and Patagonia regions was  congruent with the pat-
tern found using mtDNA from the same populations and thus, we  concluded that evolutionary neutral
factors might account for a large amount of the inter-population variation (Perez et al., 2007). In a com-
parable study in terms of the geometric morphometric methods used, Harvati and Weaver (2006a,b)
analysed populations for which both morphological and genetic data were available. They found that
facial shape was only weakly associated with neutral genetics and was instead related to climatic
variables, as were vault and temporal bone size. One of the likely causes of such discrepancies is the
spatial scale sampled; while the studies on small regions found an association between facial shape
and genetic or geographic distances, those including populations from different continents found a
stronger climatic signature.

In this study, we tested the association of mean annual temperature, diet composition (�13C, �15N)
and body mass with facial morphology at a micro-regional scale. Our results showed that temperature
and body mass were significantly associated with facial size variation, while facial shape was  not
associated neither with the temperature nor with diet composition. Such results contrast with the
patterns observed at larger spatial scales in South America where craniofacial variation is mainly
related to differences in diet among populations. From an ecological point of view a reduction in scale
extent may  lead to lower variation in ecological variables due to averaging or smoothing effects, while
an increase in extent may  lead to higher variation due to the inclusion of more diverse ecological
conditions. Consequently, analysis of a single scale can often result in generalizations and biased
results, such as concluding that temperature had no influence on cranial traits based on the patterns
observed at macro-regional scales, and prevent us from making accurate interpretations as the pattern
of variation will be conditional on the scale of description. Overall, this study highlights the importance
of studying patterns, processes and their relationships at multiple spatial and temporal scales in order
to better understand the process of morphological diversification in human populations. Future studies
that explicitly incorporate the dependence on the scale in their models will result in fruitful ways to
better understand the processes of diversification in humans.
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