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Shifts in social structure and cultural practices can potentially
promote unusual combinations of allele frequencies that drive the
evolution of genetic and phenotypic novelties during human
evolution. These cultural practices act in combination with geo-
graphical and linguistic barriers and can promote faster evolution-
ary changes shaped by gene-culture interactions. However,
specific cases indicative of this interaction are scarce. Here we
show that quantitative genetic parameters obtained from cepha-
lometric data taken on 1,203 individuals analyzed in combination
with genetic, climatic, social, and life-history data belonging to six
South Amerindian populations are compatible with a scenario of
rapid genetic and phenotypic evolution, probably mediated by
cultural shifts. We found that the Xavante experienced a remark-
able pace of evolution: the rate of morphological change is far
greater than expected for its time of split from their sister group,
the Kayapd, which occurred around 1,500 y ago. We also suggest
that this rapid differentiation was possible because of strong so-
cial-organization differences. Our results demonstrate how human
groups deriving from a recent common ancestor can experience
variable paces of phenotypic divergence, probably as a response
to different cultural or social determinants. We suggest that as-
sembling composite databases involving cultural and biological
data will be of key importance to unravel cases of evolution mod-
ulated by the cultural environment.
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lassic hypotheses about modern human evolution frequently

assume that the evolutionary forces acting on the pop-
ulations are triggered mainly by changes in the external (climatic,
geographic, topological) environment. However, recent anthro-
pological studies suggest that shifts in cultural practices can
potentially modify environmental and behavioral conditions,
thus promoting faster evolutionary rates shaped by gene—culture
interactions (1-5). Because humans have lived in small aggre-
gates in most of their evolutionary history, studying the influence
of cultural practices on the demographic and genetic parameters
of small groups can shed more light on modeling the effect of
culture on biological evolution. These cultural practices act in
combination with geographical and linguistic barriers and can
promote faster evolutionary changes shaped by gene-culture
interactions. In this context, Neel and Salzano (6), based on
observations among South American native populations, postu-
lated that bands of endogamous hunter-gatherers may split un-
der social tensions, such as dictates of war, disease, and other
autochthonous conditions. These fissions generally occur along
kinship lines, leading to a highly nonrandom migration. There-
fore, social structure and cultural practices promote demo-
graphic isolation and periodic reshuffling of genetic variation,
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creating unusual combinations of allele frequencies that may
play a role in promoting fast evolution (1-5). However, well-
documented examples regarding cultural shifts and evolutionary
rates involving Native Americans and suggesting some degree of
impact of the former on the genetic, phenotypic, or life-history
trait variability, are inexistent or very scarce (7). Given the
decades of efforts dedicated to collect both cultural, as well as
biological data (8, 9), the Jé-speaking groups from the Brazilian
Central Plateau provide a good framework to compare patterns
of social structure, cultural practices, and subsistence strategies
versus patterns of biological (genetic and phenotypic) variability.

Here we compare patterns of genetic, phenotypic, geographic,
and climatic variation, as well as the amount and pace of phe-
notypic change across a tree depicting the inferred splits among
six populations from the Brazilian Amazon and Central Plateau.
To further evaluate the association among the observed pheno-
typic evolution with several environmental, biological, and cul-
tural factors, we calculated a multiple factor analysis (MFA) (10)
using a set of morphological, climatic, social, and life-history
traits from original data recorded on the seventies by one of us
(F.M.S.) and colleagues with the logistic support of the Brazilian
National Indian Foundation (FUNAI) (11-13). First, eight
cephalometric measurements were explored using principal
component analysis (PCA) and matrix correlation methods were
used to contrast genetic (noncoding mtDNA sequences, the only
genetic data available for the six populations), phenotypic, geo-
graphical, and climatic distances among groups (Fig. 1, and
Datasets S1 and S2). Second, we used the mtDNA and main
quantitative genetics results to reconstruct a population tree. For
this analysis an additional population was included as an out-
group (the Otomi of Mexico), to provide a geographically distant
source of reference (Fig. 2).

Linguistic data suggest that the genetically sister-groups
Xavante and Kayapd (central and northern Jé-speakers, re-
spectively) can be seen also as linguistic sister groups that di-
verged some 1,500-2,000 y before present (14). Main cultural
differences among Xavante and Kayapé involve marriage prac-
tices, clan and political organization, endogamy and exogamy
patterns, and other social traits (Dataset S1). The topology and
branch lengths of the genetic tree (Fig. 2) were used as the basis
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Fig. 1. First two principal components depicting variation on the sex-standardized cephalometric variables. Ellipses represent the 75% of variation for each
group. Red, Xavante; green, Kaingang; blue, Kayapd; light brown, non-Jé groups, Yanomami, Ticuna, and Baniwa. Neighbor-Joining trees for each of the five
distance matrices are also displayed. The Jé-speaking clade is represented in red. Gray boxes provide Mantel correlation scores and associated P values be-
tween each matrix and the remaining four ones (CLIM, Climatic; GEN, genetic; GEO, Geographic; PHEN, phenotypic; PHENstd, phenotypic standardized).
Statistically significant values are shown in bold. The trees were rooted using the Yanomami.

to compute a series of quantitative genetics parameters aimed to
test if abrupt changes on cultural practices, like those existing
among the Xavante and Kayapd, are congruent with disruptions
in parameters depicting the direction, amount, and pace of evo-
lution. Maximum-likelihood estimates of the ancestral states (15)
in each node of the tree for each variable were used to compare
measures of morphological amount (mA) and pace (mP) of
change. The direction of evolution (Az) across each branch, as
well as the phenotypic and genetic lines of least resistance to
evolutionary change (LLER) (pmax and gmax, respectively) (16)
for each tip and node of the tree were also obtained following
published formulae (17) (Tables S1 and S2). Because the genetic
LLER was unavailable for the samples studied here, we used data
from the Austrian population of Hallstatt (18) as a proxy to gmax.
Finally, we used MFA (10) to analyze simultaneously the re-
lationship among the phenotypic, climatic, social, and life-history
traits compiled in Dataset S1. MFA solves the problem of ana-
lyzing several sets of variables measured in different scales si-
multaneously, balancing the influences of these sets.

Results and Discussion

The exploratory statistical morphological analysis is summarized
in the first two principal components (PCs) (Fig. 1) of the sex-
corrected cephalometric measurements. The PC analysis shows
that Xavénte is the most differentiated group, characterized by
larger head circumferences, longer and narrower vaults, taller
and narrower faces, and broader noses. Phenotypic and genetic
distances were correlated, with = 0.55 (P = 0.069). This P value
should be regarded as borderline significant because the distance

74 | www.pnas.org/cgi/doi/10.1073/pnas. 1118967109

matrix comparison is only based on six samples, which is a small
number for this type of test. However, neither the phenotypic nor
the genetic distances were correlated to matrices depicting
geographic or climatic distinctions among samples (Fig. 1). In
other words, the divergent nature of the Xavante observed on
Fig. 1 is independent of the geographic separation of the samples
and the climate where they lived.

The Neighbor-Joining tree estimated from mtDNA Fgr dis-
tances combined with main results concerning quantitative ge-
netics parameters are presented in Fig. 2 and Tables S3-S6. The
group-specific (Table S3), as well as the node-specific principal
axes of morphological variation were correlated among them and
with gmax, representing equal LLERs (Tables S4 and S5). In
addition, evolutionary changes (Az) were significantly aligned to
the phenotypic and genetic LLERs (Table S6) for most of the
comparisons, including the entire J& group. The most remarkable
result of our study is the Xavante pace of morphological change;
the mP on branch 11-XAV (56.5) is 3.8-times greater in relation to
the average pace (14.89), which included the geographically and
linguistically distant Otomi. The Xavante pace is also distinct in
relation to the morphological change of their sister group (mP 11-
KAY = 14.8). This result suggests that the degree of phenotypic
diversification of the Xavante from the common ancestor with its
genetic and linguistic sister group, the Kayapd, was accelerated by
some mechanism in comparison with the pattern observed in the
remaining branches of the tree. Note that because the effective
population size of mtDNA is one-quarter of that for nuclear
autosomal loci, and that Xavante marriage practices (sororal
polygyny) tend to, by intensifying genetic drift, inflate the
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Fig. 2. Neighbor-Joining tree obtained after HVS-1 mtDNA Fsr distances
and main quantitative genetics results. Red lines indicate the Jé-speaking
clade. Numbers in italics on each branch indicate morphological pace of
change (mP). Numbers within parentheses correspond to vector correlation
values among evolutionary path (Az) and phenotypic (pmax)/genetic (gmax)
LLERs, respectively (Table S2). Significant correlations are shown in bold.
Numbers in nodes represent arbitrary labeling used to present results. OTO
refers to the Mexican Otomi, included here as outside reference.

mitochondrial divergence (branch length) over the overall ge-
netic divergence, then the morphological pace (the ratio between
morphological amount of change and branch length) is somehow
underestimated.

Quantitative genetic theory predicts that the direction of
morphological divergence of closely related groups will be biased
toward the genetic LLER, the leading eigenvector of the matrix
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of genetic variance-covariance matrix (16, 19). Our results sup-
port this notion, because the vectors of morphological di-
versification were ubiquitously aligned with both the phenotypic
and genetic LLERs. Previous analyses on the stability of the P-
matrices on modern humans reinforce this idea (20), as well as
the notion that within-population covariation patterns are stable
across different populations because of the interplay among
both, developmental and functional constraints and selection
(16). However, the direction of divergence between two groups
may correlate with the genetic LLER for a variety of reasons
(16). In the present case, the most evident alternative would be
that gene flow between populations might increase genetic var-
iance within groups along the lines of divergence between pop-
ulations (19). If genotypes are introduced into a population from
another population, then the presence of these new genotypes
will skew the distribution of genetic effects toward the axis of
divergence between populations. However, previous studies in
lowland South Amerindian populations suggest that gene flow
was a restricted force in comparison with genetic drift (21).
Furthermore, ethnographic studies reveal a strong cultural and
reproductive isolation between Xavéante and Kayapd, which
probably triggered the genetic drift experienced by the Xavante,
despite its linguistic affinity and recent divergence (12, 14). In
addition, admixture with non-Europeans is very unlikely because
of the recent dates of such contact (Dataset S1). Note, however,
that the fast evolution (mP) observed in the diversification of
the Xavante is independent of the mechanism invoked to explain
the alignment among divergence and LLERs, because it only
depends on the comparison among morphological and genetic
divergences across the branches of the tree.

MFA global analysis, which balanced the influence of pheno-
typic, climatic, social, and life-history trait datasets, is presented in
Fig. 34, which shows the distribution of individuals (population
means) for the global analysis. This analysis indicated that the first
dimension separates Jé-speaking groups from non-Jé-speakers,
where as Jé groups are separated across the second dimension (Fig.
3 and SI Results and Fig. S1). Specifically, the Xavante were eval-
uated as presenting longer and narrower vaults, along with wider
noses and faces. The Baniwa, occupying the opposite extreme of
the first dimension, can be then characterized by the contrary
pattern of skull shape. The second axis is essentially explained
by differentiation separating two Jé-speaking groups (Xavéante
and Kaingang).
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Fig. 3. MFA results. (A) Plot of populations and sociocultural categories as listed in Dataset S1. (B) “Partial individuals’ superimposed representation” representing
each population viewed by each group of variables and its barycentre. Red, Xavante; green, Kaingang; blue, Kayapo; light brown, non Jé groups, Yanomami, Ticuna,
and Baniwa. The mean population points in A are here joined to their corresponding partial points, depicting the influence of each set of variables.
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Many sociocultural categories, noticeably these involving
marriage-type, are close to the origin of the principal component
map, which means that these categories are not related to skull
shape or climate, and in consequence to the Xavante-Baniwa or
Xavante-Kaingang separation. However, the categories “Bilocal”
(Bil) marital residence, “High endogamy” (H-en), and “Small
extended” (Sm) domestic organization are characteristic of the
Xavante, with high coordinates on the first and second axes.
Moreover, “Patrilineal” (Patrili) descent, “Patrilocal” (Pat) resi-
dence, “Low endogamy” (L-en), “Clan communities” (Clan), and
“Frequent polygyny” (Fpol) are characteristic of Baniwa at the
opposite end of the first axis (Fig. 34). Alternatively, Xavinte and
Kaingang are in opposed positions along the second dimension,
the Kaingang being characterized by “Non-sororal cowives in
same dwelling” (Non) and “Demes, not segmented” (Dem) for
community marriage organization. Conversely, Kayapo is char-
acteristic from the climatic point of view, but this does not induce
a particular phenotypic divergence. In terms of sociocultural
variables they are distinct for “Sororal polygyny” (Pol), “Ex-
tended families” (Ex), and “Quasi-lineages” (Q-in) (Fig. 34).

Fig. 3B shows the “partial individuals’ superimposed repre-
sentation” and depicts each population as viewed from each
group of variables and its barycenter. Interpretation is analogous
to a generalized procrustes analysis, where the homologous
points (the variables referring to the same population) are shown
as close one to the other as possible. This interpretation suggests
that the Xavante are highly characteristic from a phenotypic and
cultural point of view, differentiating this population along the
first and second axis, respectively, but not from a climatic point
of view (note that the climate axis drags the Xavéante barycenter
to the origin of coordinates). Conversely, its sister group, the
Kayap6, is characteristic from the climatic point of view but does
not display a particular phenotypic differentiation.

Departing from the classic view that human evolution is the
sole result of adaptation to the external environment, the rapid
pace of evolution exhibited by the Xavante could be interpreted
as a pattern more likely tied to cultural rather than to non-
cultural environmental differences, promoting isolation and
leading to a rapid phenotypic differentiation. Sexual selection
could be the culture-generated force that would explain our
results and cause such divergence. For example, the reproductive
success of some of the Xavénte chiefs is well documented on the
ethnographic missions of the 1970s. When familiar data were
collected on the Sao Domingo village, 25% of the inhabitants
were sons of the Xavéante chief Apoena, who had five wives and
a vast array of alliances (12). Thus, sexual selection favoring
wealthy and well-positioned men in socioeconomic terms, rather
than men carrying desirable phenotypic attributes, could have
been a solid mechanism driving rapid micro evolution in the
Xavéante society and other similar groups.

Conclusions

The interpretation of the biological evidence regarding modern
human origins depends, among other things, on assessments of
the structure and the variation of ancient populations (22). Be-
cause we lack observational data from the cultural patterns op-
erating when the first anatomically modern humans appeared,
between 200,000 and 120,000 y ago, we can instead exploit the
cultural and biological data collected on contemporary groups to
test if strong shifts on sociocultural patterns are paralleled with
some marker of rapid divergence. Our results support previous
assertions that genes and culture plausibly coevolve, often re-
vealing patterns and rates of change that are uncharacteristic of
more traditional population genetic theory. Gene—culture dy-
namics are typically faster, stronger and operate over a broader
range of conditions than conventional evolutionary dynamics,
suggesting that gene-culture coevolution could be the dominant
mode of human evolution (1-5, 23). Previous empirical studies
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(5) demonstrated that culture-specific traits are important to
understand biological parameters like fitness. Our findings ex-
pand this notion to the detail that some phenotypes can also
evolve rapidly as a response to culture-mediated processes. The
potential coevolution among genes, phenotypes and culture,
especially after the onset of the Neolithic, deserves more atten-
tion in the modern human evolution discussions.

Materials and Methods

Samples. Table S7 shows the sample composition, sample sizes, linguistic
affiliation, and geographic location of the populations considered. Previous
research and fieldwork details can be found in refs. 6, 8, 9, 11, and 12.

PCA, Matrix Correlation, and Population Trees. Eight cephalometric variables
(HC, head circumference; NGH, facial height; NLH, nasal height; NLB, nasal
breadth; GOL, glabello-occipital length; XCB, cranial breadth; ZYB, zygomatic
breadth; GOB, bigonial diameter) were recorded using conventional an-
thropometric tools on 1,203 individuals from the six populations listed in
Table S7. Sex-standardized form and shape (size-corrected) data were used
to compute PCA and squared Mahalanobis distances, following ref. 24. The
Darroch Mosimann (25) method was used to remove size effects, whereas
sex-differences were corrected by adding the difference between male
and female means to each female. The matrices of sex-standardized form,
and sex-standardized size-corrected shape distances were labeled PHEN
and PHENstd, respectively. Phenotypic Mahalanobis distances were obtained
using an average heritability value (h? = 0.37) for the eight traits, derived
from Martinez-Abadias et al. (18). Therefore, these distances can be con-
sidered as a proxy to genetic distances (24).

Additionally, genetic, geographic, and climatic 6 x 6 distance matrices
were obtained. A sample of 435 hypervariable segment (HVS)-1 mtDNA
sequences (Dataset S2) were used to obtain the “GEN" matrix of mtDNA Fst
distances. The among-group geographic distances matrix (GEO) was calcu-
lated using Haversine great-circle distances in kilometers (26). Climatic var-
iables were obtained from http:/www.worldclim.org, which offers a set of
global climate layers (climate grids) (27) with a spatial resolution of a square
kilometer. Then, the matrix of climatic distances (CLIM) was formed by Eu-
clidean distances using six variables (listed in Dataset S1) calculated after
standardizing them to mean zero and SD one.

The five resulting matrices, PHEN, PHENstd, GEN, GEO, and CLIM, were
then compared for proportionality using Mantel tests (28), and Neighbor-
Joining trees (29) were obtained to visualize similarities and differences
among patterns of variation (Fig. 1).

Quantitative Genetics Parameters. The topology and branch lengths of the
mtDNA tree were used to compute a series of quantitative genetics
parameters. First, maximum-likelihood estimates of quantitative ancestral
states were used to compare measures of morphological amount (mA) and
pace (mP) of change (definitions in Tables S1 and S2) using the cephalometric
data together with the genetic tree (15) as implemented in the ANCML
program. All quantitative genetic parameters were obtained and handled as
suggested in ref. 17. The direction of evolution (Az) within each branch was
estimated as the difference vector in the eight averages of each population
pair. The amount and pattern of variation and covariation within a group
was estimated as the pooled within-group variance/covariance matrix (W).
Its first principal component is the linear combination of measurements
accounting for the largest portion of phenotypic variance within a group,
and can be considered as the phenotypic line of least resistance to evolu-
tionary change (16). Additionally, we have also used a pmaxamerindian COM-
puted on the eight variables derived from 3D coordinates recorded on
a sample of 408 skulls from 11 North and South American populations. Al-
though the genetic line of least evolutionary resistance (gmax), computed as
the first principal component of the G matrix of additive genetic variances
and covariances among the eight cephalometric traits is unavailable for the
samples studied here, we have used an estimate based on the pedigreed-
structured skull collection from Hallstat (Austria) studied by Martinez-Abadias
et al. (18). This collection furnishes a unique chance to compute quantitative
genetic parameters for skull shape because skulls were individually identified
and church records could be used to reconstruct genealogical relationships
(18, 30), providing a crucial advantage over previous studies of human evo-
lution that have used phenotypic covariance as a proxy for genetic data.
Finally, with both Az and pmax (or pmaXamerindian @nd gmax) estimated,
we obtained the angle (g) formed between them as a measure of how
closely morphological diversification follows the LLER. When evolutionary
change occurs primarily along the LLER, o will approach zero and,
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conversely, as Az deviates from gmax, @ will increase. We used the cosine of
o (vector correlation) to measure the relationship between Az and gmax or
pmax; the smaller the angle the larger the correlation between vectors (see
Table S1 for definitions). Vector correlation was used as a measure of the sim-
ilarity of any two vectors, as used in ref. 17. The brokenstick model was used to
obtain 1,000 random eight-element vectors from a uniform distribution and
then correlate each random vector to a fixed isometric vector (all elements
equal to 0.3). Our sample showed an average correlation of 0.326 and a SD of
0.188, both values being the same no matter which fixed vector was used for
comparisons with the random vectors. These two statistics allowed us to test
whether the correlation of any two observed vectors is significantly different
from the correlation between two vectors expected by chance.

Multiple Factor Analysis. The MFA method (10) is useful to analyze datasets
where variables are structured into groups. The analysis is carried out in two
steps. First, a PCA is performed on each dataset, which is then “normalized”
(to make these groups of variables comparable) by dividing all its elements
by the square root of the first eigenvalue obtained from its PCA. Second, the
normalized datasets are merged to form a unique matrix and a global PCA is
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performed on this matrix. The individual datasets are then projected onto
the global analysis to analyze communalities and discrepancies.

MFA was used to simultaneously study the relationship among phenotypic,
climatic, sociocultural, and life-history traits (listed in Dataset S1). We per-
formed the analysis using R 2.7.0 (31) and the FactoMineR package for the R-
system, available from the Comprehensive R Archive Network at http:/
CRAN.Rproject.org/. See Tables S8 and S9 for eigenvalues and percentage of
variance explained by the axes from separate PCA and from MFA (global)
analysis and correlations between variables and each global factor of MFA
analysis, respectively.
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