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ABSTRACT An evolutionary, diachronic approach to
the phenotypic craniofacial pattern arisen in a human
population after high levels of admixture and gene flow
was achieved by means of geometric morphometrics. Ad-
mixture has long been studied after molecular data.
Nevertheless, few efforts have been made to explain the
morphological outcome in human craniofacial samples.
The Spanish-Amerindian contact can be considered a
good scenario for such an analysis. Here we present a
comparative analysis of craniofacial shape changes
observed between two putative ancestor groups, Spanish
and precontact Aztecs, and two diachronic admixed
groups, corresponding to early and late colonial periods
from the Mexico’s Central Valley. Quantitative shape
comparisons of Amerindian, Spanish, and admixed groups
were used to test the expectations of quantitative genetics
for admixture events. In its simplest form, this prediction
states that an admixed group will present phenotypic

The mechanisms by which the shape of a complex
structure, such as the human skull, results from the
integration of morphogenetic rules, plastic responses,
and evolutionary forces are not well-established (Lieber-
man et al., 2000a). One way to further understand the
phenotypic expression of cranial morphological variation
is to explore how the skull responds to the predictions of
classical quantitative genetics. The detection of devia-
tions from such expectations is crucial, since several
models of population genetics are available for quantita-
tive trait data (Konigsberg, 2000; Relethford, 2002;
Sparks and Jantz, 2002; Gonzalez-José et al., 2004). In
this perspective, the Spanish-Amerindian contact can be
considered a good scenario to test the effects of a given
microevolutionary agent, such as admixture, on the phe-
notypic evolution of craniofacial human morphology.

Classical quantitative genetics theory predicts that
whatever model of structure is used, gene flow has the
effect of homogenizing the genetic composition. If gene
flow is the only factor operating, then any two popula-
tions will converge to the same allele frequency, gener-
ally an average of the initial gene frequencies (Futuyma,
1986). Gene flow has the same effects on quantitative
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values falling between those of both parental groups.
Results show that, in general terms, although the
human skull is a complex, integrated structure, the
craniofacial morphology observed fits the theoretical ex-
pectations of quantitative genetics. Thus, it is predictive
of population structure and history. In fact, results
obtained after the craniofacial analysis are in accordance
with previous molecular and historical interpretations,
providing evidence that admixture is a main microevolu-
tionary agent influencing modern Mexican gene pool.
However, expectations are not straightforward when
moderate shape changes are considered. Deviations de-
tected at localized structures, such as the upper and
lower face, highlight the evolution of a craniofacial pat-
tern exclusively inherent to the admixed groups, indicat-
ing that quantitative characters might respond to admix-
ture in a complicated, nondirectional way. Am J Phys
Anthropol 129:387-398, 2006.  ©2005 Wiley-Liss, Inc.

traits as it has on single-locus genes: migration reduces
differences between groups, but increases variances
within demes (Konigsberg, 2000). Therefore, according to
quantitative genetics, an admixed group will present phe-
notypic values falling between those of both parental
groups, in a position determined by the relative con-
tribution of each parental group. For instance, Liu et al.
(1996) demonstrated that the morphology of the posterior
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lobe of the male genital arch in F1 hybrids resulting from
crosses of Drosophila mauritania and D. simulans was
placed directly between the two parental types.

However, when the phenotype analyzed consists of
complex structures, such as the vertebrate skull, the test
for this prediction is not straightforward. Several factors
such as morphological integration (Olson and Miller,
1958; Marroig and Cheverud, 2001; Bookstein et al.,
2003), developmental and functional constraints (Lieber-
man, 1997; Lieberman et al., 2000a, 2004; Pucciarelli
et al., 2000), and different levels of plasticity (Kiliaridis,
1995; Wood and Lieberman, 2001; Giesen et al., 2003)
are thought to interact through ontogeny until the
expression of adult morphology is achieved. As a result
of morphological integration, it is expected that function-
ally and developmentally related characters will be in-
herited together. Environment also plays an important
integrative role, since selection favors functional related
traits, which evolve as a single coordinated wunit
(Cheverud, 1995). The complexity of such mechanisms
makes it difficult to explore the basic phenotypic output
expected under the effect of a given microevolutionary
agent, like gene flow (Chakraborty, 1990). However,
interesting clues can be obtained by studying different
localized skull regions in order to verify which structures
fit well the prediction of quantitative genetics, and which
ones significantly depart from it.

While admixture on human populations has long been
studied by means of serological and molecular markers
(Wijsman and Cavalli-Sforza, 1984; Chakraborty, 1986),
few efforts have been devoted to test levels of admixture
on quantitative traits. Thus, the craniofacial expression
resulting from such admixture events remains largely
unexplored. Jantz (1973) and Key and Jantz (1981)
attempted to explore gene flow between human popula-
tions after craniofacial data. By means of multivariate
analysis, it was shown that temporal change in Arikara
crania could be explained by admixture between Mandan
and white populations with the Arikara population.
More recently, Ross et al. (2004) analyzed the among-
sample morphological variation of modern and precon-
tact Cubans, Spanish, and Africans by means of three-
dimensional (3D) geometric morphometrics in order to
develop forensic identification criteria for hybrid His-
panic populations. These works suggest that multivari-
ate and geometric morphometrics approaches to cranio-
facial variation enable the reconstruction of population
microevolutionary and genetic underlying patterns, even
when these may be obscured by the phenotypic nature of
craniofacial traits.

Furthermore, a systematic approach to admixture on
quantitative traits may yield interesting results: the
gene flow process can be reconstructed from its begin-
ning to its current stage. This can be achieved by study-
ing diachronic series of the admixed population and by
comparing if (given two morphologically divergent ances-
tors) both global and localized craniofacial shapes of the
admixed groups present the morphological outcome
expected under theoretical quantitative genetics. To
carry out such a comparative analysis, samples should
achieve some particularities. First, they should come
from populations with high effective population sizes, in
order to diminish the effect of genetic drift. Second,
parental groups should be morphologically divergent
enough to guarantee the detection of shape changes.
Finally, both parental and admixed groups should share
similar lifestyles and levels of mechanical stress.
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The Spanish colonization of Mexico’s Central Valley
represents a scenario which largely fulfills the above
requirements. Here we present a comparative geometric
morphometric analysis of craniofacial shape changes
observed between two putative ancestral groups, Span-
ish and precontact Aztecs, and two diachronic admixed
groups, corresponding to early and late colonial periods.
Both ancestral populations were large in size, diverged
genetically and morphologically, and practiced extensive
farming. An additional advantage is that Mexican pre-
contact and colonial remains are abundant and well-
dated. Finally, the ultimate result of the admixture pro-
cess can be derived from molecular admixture rates esti-
mated for the modern population (Lisker et al., 1996;
Cerda-Flores et al., 2002). The main goal here is to carry
out a systematic, diachronic, quantitative approach to
evaluate if temporal craniofacial variation in Mexican
and Spanish samples can be explained by admixture and
gene flow among them. We test the hypothesis that the
craniofacial phenotype reflects the admixture process in
Mexico’s Central Valley in a congruent way with molecu-
lar and historical studies. Moreover, we test whether the
picture given by the craniofacial phenotype remains the
same when localized structures, rather than the entire
skull, are analyzed. The null hypothesis expects that
craniofacial data will fit the predictions of classical quan-
titative genetics, and hence the morphology of the
admixed groups will fall between the range of morpho-
logical variation shown by the ancestor samples. If so,
admixture levels inferred after morphometric estimates
will be in accordance with the final step of the gene flow
process. Given the continued gene flow process during
the three centuries of Spanish colonization, the early col-
onial admixed group is thus expected to show more affin-
ity to the Amerindian ancestor, whereas the late colonial
group is expected to show more affinity to the Spanish
one. Moreover, the late colonial is expected to reflect
admixture levels inferred after genetic markers in
present populations from Mexico’s Central Valley. Con-
versely, if deviations from the expected pattern are
detected when analyzing either global skull morphology
or localized shape structures, the null hypothesis will
be rejected. This would show that craniofacial traits do
not respond directly to external stimuli and microevolu-
tionary agents such as gene flow.

HISTORICAL AND DEMOGRAPHICAL
BACKGROUND

Spanish colonization of the Americas led to high levels
of admixture and gene flow. As stated by Sans (2000),
this microevolutionary process so deeply affected Amer-
indian population structure that the Latin American
continent can be considered a natural experiment for
admixture studies. As a result of colonization, diverse
populations such as Amerindians, Europeans (mainly
Spanish and Portuguese), and Africans (introduced by
conquerors as slaves) entered into contact and mixed
among themselves. To study admixture in Latin Amer-
ica, a trihybrid admixture model is generally considered;
however, the contribution of each population to the
Amerindian gene pool differs among regions, depending
on biological and historical facts.

In Mexico, since Spanish colonization in 1521 by
Hernan Cortés, admixture has been one of the main
mechanisms contributing to the evolution of its popula-
tion structure and history. Almost three centuries of
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Spanish colonization brought many social, cultural, and
political consequences to Amerindian societies, as well
as biological. Initially, the Spanish conquest brought
indigenous populations to demographic collapse (Mar-
quez Morfin, 1993), with high mortality rates due to
war, epidemics, hunger, and overexploitation. Later, it
gave rise to a new admixed group, the so-called Mestizos,
and a strong hierarchical system of castas that limited
exogamy among individuals belonging to different social
groups. In general terms, these events summarize the
main biodemographical impact of Spanish colonization
on the population structure of Mexico. However, the pic-
ture is quite diverse throughout the Mexican territory.
In the present study, we focused on the Mexican Central
Valley, where we derived our samples.

Spanish colonization of Mexico can be reconstructed
thanks to the preservation of many historic records from
the colonial period. Unfortunately, this is not the case
for many Prehispanic documents. Historic-demographic
studies in Mexico are abundant and are based on ecclesi-
astic, fiscal, and civil records. Nevertheless, the reliabil-
ity of such sources of information has been challenged,
and figures provided by different authors fluctuate
widely.

The Spanish colonization started in 1519 with the
arrival on the coast of Veracruz of 633 individuals com-
ing from the Antilles islands and commanded by Cortés.
After several exploratory expeditions, the initial group
grew and reached 2,329 individuals (Velasco, 1993). In
1521, the Spaniards conquered the capital of the Aztec
Empire, the Great Tenochtitlan, and declared Mexico
part of the Spanish Empire, naming it Nueva Esparia. In
order to consolidate the conquered territories, the Span-
ish authorities promoted the migration and settlement
of European population. According to the Catdlogo de
Pasajeros a Indias, between 1509-1559, 15,000 people
travelled to the Americas; other documents raise this fig-
ure up to 40,000 or 200,000. However, the migration of
women and of entire families was not very successful.
The first colonists in Mexico came mainly from the Iber-
ian Peninsula, with Andalusia (33.3%), Castille (28.1%),
and Extremadura (17.3%) being the most important
sources of migration (Sanchez Albornoz, 1977). Diez de
la Calle (1932) pointed out that by 1646, 13,780 Spanish
were settled in 18 cities of Nueva Espana, the majority
living in Mexico City (58%), followed by Puebla (7.3%)
and Atlixco (7.3%).

The starting point of the colonial period saw a drastic
decrease of the Amerindian population, the causes of
which were war, the social, economical, and cultural col-
lapse of indigenous societies, and epidemics brought by
European colonists. It was reported that during the 16th
century, several generalized epidemics (1520-1521,
smallpox; 1545-1548, cocolitzi, which was the Nahuatl
term that Amerindians used to refer to any epidemic dis-
ease, e.g., measles or mumps; and 1576, matlazdhuatl or
exantemic typhus), as well as bad harvests, provoked
severe demographic crises in Mexican populations (Mar-
quez Morfin, 1993). The lowest level of Amerindian pop-
ulation size was reached somewhere between the end of
the 16th century and beginning of the 17th century,
when the population started to recover, and the number
of colonists increased. By that time, admixture was one
of the main processes responsible for this population
increase. Demographic growth began during the first
half of the 17th century and was accelerated during the
second half. Nevertheless, during the last decade of the
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17th century, the growth rate slowed down and reached
stability during the 18th century (Marquez Morfin,
1993).

Gibson (1961) reported that the Amerindian popula-
tion size in the Central Valley of Mexico at the beginning
of the Spanish conquest was about 1.5 million inhabi-
tants, which was reduced to 325,000 effectives in 1570,
and to 70,000 by the middle of the 17th century. After-
wards, the population increased and regained its initial
size by 1800. The growth rate in Mexico during the
period 1793-1810, fluctuates between 1.9-2.7. Moreover,
Mexico was one of most populated provinces in the colo-
nial period, along with Guanajuato, Puebla, Oaxaca, and
Michoacan. In 1793, the number of inhabitants was
1,162,856; in 1803, 1,511,900 (with a population density
of 12.9 inhabitants per km?); and by 1810, 1,591,844
(with a population density of 13.6 per km?).

Several circumstances favored the demographic recov-
ery of indigenous Mexican populations: immunological
adaptation to epidemic diseases, improvements in qual-
ity of life such as better nourishment and hygienic condi-
tions, reduction of overexploitation, and increased legal
protection of the indigenous population. But admixture
also had a very important role, mainly due to the fact
that the colonizing population was in strong disequili-
brium between the sexes and needed to reproduce.
Aguirre Beltran (1972) pointed out that by 1793, the
European colonists were mainly adult males: almost 75%
were between 29-40 years old, and only 1.5% were
females. Conversely, the Amerindians were a predomi-
nantly young, growing population: nearly 50% were
under 20 years old. This great disproportion necessarily
compelled the colonizing populations to mix with the
Amerindians, because the European population estab-
lished in America did not have the capability to self-
reproduce its population (Aguirre Beltran, 1972). Aware
of this need, the Spanish authorities encouraged mar-
riages at earlier ages, tolerated free unions and secon-
dary nuptials, and allowed Amerindians to marry with
people belonging to other social groups, thus promoting
admixture.

Throughout the colonial period, the admixture process
was consolidated, and the admixed groups showed an
accelerated natural growth. By 1570, the admixed
groups represented only 0.5% of the total population, but
by 1810 represented as much as 39.5%. The number of
intermarriages was great and produced many admixture
classifications, depending on the origin, color, and social
group or casta (Velasco, 1993). The great majority of
Mestizos resulted from Spanish and Amerindian admix-
ture, whereas the admixture between Amerindians and
Africans was not as frequent. The magnitude and fea-
tures of the admixture process differed among regions.
Garcia Martinez (1990) reported that in Mexico City, the
ethnic composition of the population in 1810 was made
up of 269,416 Spanish and Criollos, who were the
descendants of the Spanish who were born in Nueva
Esparia, (17%); 1,052,862 Indians (66.3%); and 265,883
individuals belonging to another castas (16.7%). How-
ever, this author found that the Indian group also
included high percentages of Mulatos (resulted from the
admixture between Spanish and Africans), Mestizos
(Spanish and Amerindians), and Pardos (this later group
resulted from admixture between an Indian and a
Mulato). In Tlaxcala, the percentage of Indians was
higher, at 72.4%. The number of Mulatos in this region
was reported to be very low.
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TABLE 1. Archaeological details, sex composition, and sample sizes

Sample Code Region Dating n (female) n (male) n (total)
Spanish ancestor® SA Madrid 19th century 22 22 44
Amerindian ancestor® AA Tlatelolco, Mexico D.F. Late Postclassic 15 15 30
Santa Maria Texcalac? SMT Tlaxcala 17th century 4 4 8
Hospital San Juan de Dios? HSJ Mexico D.F. 19th century 12 12 24
Total 53 53 106

L Coleccién Olériz, Museo de Anatomia, Universidad Complutense de Madrid, Madrid.

2 Escuela Nacional de Antropologia e Historia, INAH, Mexico D.F.

ADMIXTURE STUDIES IN MEXICO

Several studies based on anthropometrics (Faulhaber,
1955), dental traits (Baume and Crawford, 1978), and
dermatoglyphics (Serrano, 1982) are the first attempts in
the literature to evaluate admixture in Mexican popula-
tions. These studies were mainly based on the computa-
tion of biological distances between admixed and nonad-
mixed Mexican populations; they then assessed if there
were statistically significant differences among these
groups. Thereafter, admixture studies estimated the in-
fluence of Amerindians and Spanish in the admixed
Mexican groups. Dominguez Olivier (1984) compared the
dermatoglyphic patterns of three Mestizo socially hetero-
geneous groups from Mexico City with Indigenous and
Spanish populations, and concluded that the admixed
groups were at an intermediate point between the Indig-
enous and the Spanish. Furthermore, it was found
that differences among admixed groups could be
explained by socioeconomic factors. Lopez Alonso (1990)
compared dermo-papillar traits of an admixed population
of Mexico City with Amerindian and European popula-
tions, and showed low Amerindian, but high European
contributions to the admixed group. Finally, admixture
studies based on genetic and molecular markers (blood
groups, proteins, the Y-chromosome, autosomic, and mito-
chondrial DNA) are abundant. Here, only those studies
dealing with the Central Valley of Mexico populations will
be referenced, but for a general revision, see Lisker et al.
(1996). Admixture figures based on classic genetic markers
are provided for Mexico City and for Tlaxcala. In Mexico
City, several studies were carried out, but results differed
because of sample choice. Tiburcio et al. (1978) reported
27.6% Amerindian, 70.8% European, and 1.4% African con-
tributions, whereas Lisker et al. (1986) showed a much
lower contribution of European populations, with 56.22%
Amerindian, 40.85% European, and 2.93% African. Cerda-
Flores et al. (2002) computed admixture contributions,
analyzing the frequencies of molecular markers D1S80 and
HLA-DQA1, and found a European contribution of 50.03%,
an Amerindian contribution of 49.03%, and a very low
African contribution, of just 0.94%. For Tlaxcala, the
admixture figures provided by Crawford and Devor (1980)
showed a 70% Amerindian contribution, 22% European,
and 8% African.

MATERIALS AND METHODS

Four skeletal samples, including two ancestral popula-
tions (one Spanish and one precontact Amerindian) and
two postcontact populations from Mexico’s Central Valley
were analyzed (Table 1). The total sample includes 106
complete adult skulls of both sexes. Male and female
individuals are represented by equal numbers, pooled in

TABLE 2. Digitized landmarks*

No. Landmark Code Description

1 Prosthion pr

2 Subspinale ss

3 Nasospinale ns

4 Nasion n

5 Glabella g

6 Supraglabellare sg

7 Metopion m

8 Bregma b

9 Vertex v

10 Point A PA Midline point of greatest
elevation between
bregma and lambda

11  Lambda 1

12 Opisthocranion op

13 Inion i

14 Porion po

15 Point B pB Most inferoposterior
point on zygotemporale
suture

16  Jugale ju

17  Zygomaxillare zy

18  Orbitale or

19  Frontomalare orbitale fmo

1 See Briuer (1988) for landmark definitions, except where
described further.

sex-balanced samples in order to carry out statistical
analyses. Data were collected from digitized images in
the form of two-dimensional (2D) coordinates of craniofa-
cial landmarks, using the tpsDig program (Rohlf, 1998a).
Nineteen landmarks, covering both facial and neurocra-
nial regions, were located on the lateral profile of each
skull, most representing standard osteological points
(Table 2 and Fig. 1). Some sample sizes are quite small
even if males and females are pooled, because the num-
ber of variables is greater than the number of individu-
als. This is especially the case in the early colonial sam-
ple (SMT). Therefore, we replicated all analyses without
including it and by considering fewer landmarks, to con-
firm the suitability and validity of the results presented
here.

The Spanish ancestor (SA) was represented by a sam-
ple of Spanish individuals from Madrid. Taking into
account that Spanish colonists came from quite diverse
regions, the Madrid sample was chosen because it is a
good representative of the Spanish population. Moreover,
several works on spatial and temporal cranial variation
in the Iberian Peninsula (Garralda and Mesa, 1984;
Lalueza Fox et al., 1996) have shown that, despite tem-
poral and geographical divergence, the morphological
homogeneity among Iberian populations is high.

The Amerindian ancestor (AA) was represented by a
Late Postclassic (1350-1400) sample from Mexico D.F.
Tlatelolco, jointly with Tenochtitlan, was one of the main
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Fig. 1.
Amerindian skull from Tlatelolco. Dots represent landmarks;
straight lines between landmarks are links used for convenience
in visualization.

Craniofacial landmarks shown on lateral view of an

cities of the Aztec Empire. The materials excavated from
this archaeological site present excellent skeletal preser-
vation and are abundant. Thus, only those individuals
not presenting artificial deformations were included in
the analyses. These materials are preserved at the
Direcciéon de Antropologia Fisica (Instituto Nacional de
Antropologia e Historia, Mexico City).

Finally, two other samples from Mexico’s Central Val-
ley are representative of early and late colonial periods.
The Santa Maria Texcalac sample (SMT) comes from the
excavation of burials of a 17th—18th century Franciscan
convent in Tlaxcala. A colonial census of Tlaxcala
showed that the population was principally made up of
Spanish and Amerindians initially (1556-1557), but by
1779 the Mestizo group had become increasingly promi-
nent. Meanwhile, the Hospital San Juan de Dios sample
(HSJ) was recovered from the excavation of a 19th cen-
tury hospital from Mexico City, and it is assumed to be
representative of the urban population of that period.

Given the samples used in the present study, a dihy-
brid admixture model is considered to evaluate admix-
ture at populations from Mexico’s Central Valley. Thus,
only the European and Amerindian contributions will be
taken into consideration. Historic, demographic, and
genetic evidence indicates that the African contribution
to this region is low, precluding the use of an African
sample. This would not be the case in other Mexican
regions, especially coastal, where the African contribu-
tion was found to be high (Lisker et al., 1996).

Geometric morphometric analysis

The captured craniofacial shapes were processed by
means of geometric morphometrics, a useful approach
for the quantitative characterization, analysis, and com-
parison of biological form (Bookstein, 1991; Marcus
et al., 1996; Dryden and Mardia, 1998; Lele and Richts-
meier, 2001).

Geometric morphometric methods are based on the
analysis of landmark configurations, each of them repre-
senting one individual. These data are then processed by
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means of statistical shape analyses. However, before car-
rying out analyses, the sample was tested to fit several
assumptions underlying geometric morphometrics. First,
isotropy of the data is required: landmarks are expected
to be symmetrically distributed around the Procrustes
mean. A visual inspection of 2D scatterplots around the
landmark centroids is not sufficient (Lele and Richtsme-
ier, 2001), so following Dryden and Mardia (1998), we
tested if our data followed the isotropic model by com-
puting a principal components analysis on the raw data
matrices of the four samples, expecting the first princi-
pal components to account for low levels of variability.
Next, a test was done to see if the projection onto a tan-
gent space of the fitted coordinate configurations lying in
Kendall’s shape space was a good approximation for the
data. Thus, a correlation between Procrustes and Eucli-
dean distances was computed, using the tpsSmall pro-
gram (Rohlf, 1998b).

Once these tests were performed, the first step was to
compute a generalized Procrustes superimposition
(Goodall, 1991; Rohlf and Slice, 1990), in which land-
mark configurations are translated, scaled, and rotated
according to a least-squares criterion until the distances
between homologous landmarks are minimized. Thus,
from this stage and throughout the analysis, differences
observed between landmark configurations are only due
to shape (Rohlf, 1990; Rohlf and Marcus, 1993). From
the superimposed configuration, a mean shape of indi-
viduals is obtained (the “consensus” shape configuration)
and used as a reference. The shape of each individual is
defined by Procrustes residuals, which are the deviations
of landmarks relative to the consensus.

The next step was to apply the thin-plate splines
(TPS) function (Bookstein, 1991) in order to obtain a
new series of variables from the raw data (the partial
warps), which allow the quantitative analysis of shape.
The partial warp scores define the position of each indi-
vidual in the shape space (Bookstein, 1996; Rohlf,
1998¢c), and they are collected in the so-called “weight
matrix.” The partial warps represent nonaffine deforma-
tions, and highlight changes at progressively smaller
scales. In order to consider global affine transformations,
the uniform component can be included in the weight
matrix. Thus, the weight matrix has as many columns
as partial warps (plus two columns if the uniform com-
ponent is considered), and contains as many rows as
individuals. Shape change can be visualized as deforma-
tion grid splines: two shapes are compared by analyzing
the deformation patterns obtained from distortion of
the first shape (the reference shape) onto the second
one (the target shape). The deformation requires bend-
ing energy, whose computation leads to partial warp
scores. Thanks to the properties of the TPS interpolation
function (Bookstein, 1991), these new variables can
be projected into a linear tangent space and analyzed
by means of traditional multivariate techniques. The
weight matrix was obtained using the tpsRelw program
(Rohlf, 2003a).

A canonical variates analysis (CVA) using discriminant
function was performed to maximize separation among
samples and to explore shape variation. The CVA was
performed on the weight matrix using the Statistica 6.0
software package (Statsoft, Inc.). This test derives some
discriminant functions, resulting from an optimal combi-
nation of variables (in this case, the partial warps), so
that the first one provides the most overall discrimina-
tion between groups; the second provides second most,
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and so on. Moreover, the functions are independent or
orthogonal, i.e., their contributions to discrimination be-
tween groups will not overlap (Manly, 1994). Computation-
ally, a canonical correlation analysis is computed in order
to determine the successive functions and canonical roots,
where the term “root” refers to the eigenvalues that are
associated with the respective canonical function. The max-
imum number of functions that is computed is equal to the
number of groups minus one. In summary, this analysis
examines relationships between and within groups, and
reflects their patterns and degree of morphological varia-
tion (Dryden and Mardia, 1998). To visualize shape
changes, grid deformations that could be associated with
either high or low values of each canonical variate were
generated using the tpsRegr program (Rohlf, 2003b). Thin-
plate splines were obtained after computing the regression
of partial warps onto the three canonical variates. This is
a useful method for detection of influential landmarks and
assignation of specific global and localized shape changes
to each sample.

Mahalanobis distances were computed using the Sta-
tistica 6.0 package in order to assess the degree of differ-
entiation among groups and its statistical significance.
The P-value obtained was adjusted for lack of independ-
ence, using the Bonferroni method: the total comparisons
were ¢ = k(k — 1)/2 (where k is the number of popula-
tions), and the significance level 0.05 was divided by ¢ to
guarantee real significance.

Complementary to TPS, a Euclidean distance matrix
analysis (EDMA) was computed using the WinEdma pro-
gram (Cole, 2002) in order to further compare craniofa-
cial shapes. EDMA (Lele and Richtsmeier, 1995, 2001;
Richtsmeier et al., 2002) is a coordinate-system-free ap-
proach that is invariant to shape orientation (Lele and
Richtsmeier, 2001). While EDMA methods also use land-
mark coordinates as raw data, the form of each individ-
ual is here represented by the form matrix (FM), i.e., the
matrix of Euclidean distances between all possible unique
landmark pairs (Lele and Richtsmeier, 2001). The form
matrix (or FM(A) for object A) is an equivalent representa-
tion of the landmark coordinate data that is invariant to
the nuisance parameters of translation, rotation, and re-
flection (Lele and Richtsmeier, 2001). The mean shape
matrices for each sample were obtained after standardizing
the mean form matrices of each sample by a scaling factor,
the geometric mean. The scaled interlandmark differences
found among populations were then used to explore local-
ized skull shape changes (Lele and Richtsmeier, 1995,
2001; Richtsmeier et al., 2002). Lele and Cole (1996) de-
scribed a procedure for testing for significant differences in
shape and size, based on computation of the z-statistic.
The statistical significance of localized shape differences
was tested using a Monte Carlo approach, a parametric
bootstrap procedure to calculate the 100 (1 — «)% confi-
dence interval for each size-corrected linear distance (Lele
and Cole, 1996; Lele and Richtsmeier, 2001). Confidence
intervals were obtained after 999 iterations, and o = 0.1.
According to EDMA-IT testing, a particular interlandmark
distance is considered to be equal in two given samples if
the resulting interval contains the value zero. Otherwise,
the equality null hypothesis is rejected, and it is assumed
that a significant shape difference exists at the o level in
that specific region (Lele and Cole, 1996).

An exhaustive comparative analysis of the sorted ele-
ments of the shape difference matrices was performed to
test predictions of quantitative genetics for admixed pop-
ulations, by detecting if interlandmark distances be-
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tween the colonial and parental groups were intermedi-
ate to the interlandmark distance separating both ances-
tors. The distances that did not accomplish this expected
pattern were considered as deviations from the quantita-
tive genetics theory.

Shape changes were subdivided into major and moder-
ate, and were handled separately. We refer to major
shape changes as those scaled linear distances which
were >10% longer or shorter in the reference than in
the target mean shapes, whereas those distances >5 or
<10% longer or shorter in either of the two shapes were
considered moderate shape changes. Finally, major and
moderate interlandmark distances were discussed in
terms of their topographical localization, in order to explore
potential effects of morphological integration and develop-
mental constraints. Following previous works (Cheverud,
1995; Marroig and Cheverud, 2001), interlandmark distan-
ces were assigned to a particular region in the skull: either
to the cranial vault and the orbit, which are supposed to
follow a neural growth pattern, so being formed from para-
xial mesoderm-derived cells; or to the face, a structure as-
sumed to be the result of a somatic growth pattern and
derived from neural crest cells.

Major shape changes were graphically represented by
means of all possible pairwise comparison schemes,
showing the interlandmark distances that accounted for
the most pronounced shape differences between samples.
Because moderate shape changes were large in number,
we only report those concerning the ancestors’ compari-
son as a range scatterplot. In both graphs it is pointed
out whether the quantitative genetics expectation is
verified or not. Moreover, a graphic portrayal summariz-
ing the results displayed and indicating the percentage
of verified cases is reported.

RESULTS

Tests performed to evaluate the goodness of the data
to perform geometric morphometric analyses confirmed
that assumptions like isotropy and extrapolation to the
tangent plane are well-accomplished. Concerning iso-
tropy, the percentages of variability explained by the
first three principal components computed on the raw
data of each group were low (18.61%, 15.37%, and
12.91% for the SA group; 26.16%, 13.16%, and 10.92%
for the AA group; 38.79%, 20.11%, and 17.17% for the
SMT group; and 21.10%, 18.77%, and 12.68% for the
HSJ group), so isotropy of data can be assumed. More-
over, the correlation between Procrustes and Euclidean
distances was found to be very strong and highly signifi-
cant (correlation (uncentered), 1.00; slope, 0.999577; root
mean square error, 0.000041). Therefore, statistical anal-
yses were performed on the fitted coordinates.

When geometric morphometrics and multivariate CVA
were carried out, results showed a clear differentiation
between ancestor groups, while the admixed groups
tended to present intermediate values. The canonical
variates analysis (Fig. 2 and Table 3) showed that the
ancestor groups are separated along the first canonical
root, while the colonial ones appear in an intermediate
position and show values around the total centroid (Fig.
2a). The ancestor populations display two contrasting
morphological patterns. The thin-plate splines (Fig. 2b)
reflect differences between the Amerindian ancestor
(AA) and the Spanish ancestor (SA) mainly due to an
enlargement of the midposterior neurocranium, and to
increases in prognathism, facial flattening, and zygoma-
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a: Canonical variates analysis. SA, open squares; AA, open circles; SMT, solid diamonds; HSJ, solid triangles. Ellipses

account for 95% of within-group variation. Solid lines are used for ancestor series; dashed lines for colonial series. Top, first and sec-
ond canonical roots; bottom, first and third roots. b: Thin-plate splines obtained after regression of partial warps onto first (top),
second (center), and third (bottom) canonical roots. Left: Negative canonical values. Right: Positive values.

TABLE 3. Details of CVA analysis of weight matrix*

Roots Eigenvalue Variance (%) Canonical R df  P-level

0 4.773853 59.1111 0.909288 102 0.000000
1 2.934131 95.4422 0.863605 66 0.000000
2 0.368090 100.0000 0.518704 32 0.719975

! Eigenvalues of successive roots removed, cumulative percen-
tages of variance explained, canonical R values, degrees of free-
dom, and levels of significance are provided.

lar development in AA (positive values). The early colo-
nial series, Santa Maria Texcalac (SMT), shows affinity
with Amerindians, while the late colonial group, Hospi-
tal San Juan de Dios (HSJ), presents a broader disper-
sion, overlapping the ranges of variation of the Spanish
and Amerindian groups.

The second canonical root, however, does not reflect
any intermediate position of the admixed between both
parental spectrums of variability, but a separation of
them (Fig. 2a). The splines associated with the second
canonical root reflect slight changes in the mid- and pos-
terior cranial vault, as well as variation in jugale height
(Fig. 2b). When the third root is considered, although
the overlap among samples tends to increase, it contrib-
utes to segregate the colonial groups. SMT shows slight
affinity for the Amerindian craniofacial morphology, and
HSJ retains the intermediate position.

Mahalanobis distances (Table 4) showed that ancestor
groups were more distant between them than in refer-
ence to any of the admixed groups, with the late colonial
group being closer to the Spanish ancestor than to the
Amerindian one. The closest groups were the two
admixed, which were not statically different. However, the

TABLE 4. Mahalanobis squared distances and
corresponding P-values®

SA AA SMT HSJ
SA 0.00
AA 27.64 0.00
SMT 32.10 28.15 0.00
HSJ 18.36 21.26 7.83, NS 0.00

L All distances reported are significant at the 0.0001 level,
except 7.83. NS, not significant. Also note that Bonferroni cor-
rected P-value was set to 0.008333.

distances between the early colonial and any of the two
ancestor groups were the greatest. This may be due to the
low SMT group size, but it is interesting that besides this,
SMT remains closer to its Amerindian ancestor.

In order to explore more accurately the global and
localized shape changes responsible for these craniofacial
patterns, data were analyzed using EDMA. Major local-
ized shape changes (scaled linear differences >10% lon-
ger or shorter in the reference than in the target shape)
are shown in Figure 3. It can be observed that major
shape differences are restricted to interlandmark distan-
ces measuring cranial vault length, occipital develop-
ment, and facial flattening. When comparing the two
ancestral craniofacial shapes (Fig. 3a), eight interland-
mark distances appear to resume major shape changes,
which are consistent with the overall shape descriptions
reported by the grid deformations and explained above.
These distances were further used to test the predictions
posed by quantitative genetics theory. Seven major inter-
landmark distances (87.5%) presented the expected pat-
tern: an intermediate distance for the admixed groups,
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Fig. 3. EDMA mean shape comparisons, highlighting major
shape changes. a: AA-SA. b: SMT-AA. ¢: SMT-SA. d: HSJ-AA.
e: SA-HSJ. f: SMT-HSJ. Solid and dashed lines, respectively,
indicate scaled linear distances 10% longer or shorter in refer-
ence shape (first) than in target shape (second). Black thick
lines indicate those distances that fit the expected morphological
pattern, whereas grey thin lines indicate those distances that are
considered deviations from the quantitative genetics expectations.

compared to that between the two ancestors (Fig. 3b—e).
In those distances, when AA was longer than SA, both
SMT and HSJ were shorter than AA and longer than
SA, and vice versa. Only one distance (nasion—frontoma-
lar orbitale) departed from the expected pattern, being
shorter in SMT than in both ancestors. The distances
responsible for this pattern include measures of struc-
tures that respond to the neural growth pattern, like the
cranial vault and the orbit.

Besides these, additional major shape differences were
detected in the comparisons between some ancestor and
some colonial groups, also reflecting departures from the
expected pattern. This is strongly evidenced in the SMT-
SA comparison (Fig. 3c), where there are major shape
changes which are not detected in the comparison of the
two ancestors. For instance, distances from the vertex,
inion, and point A to the frontomalar orbitale, zygomax-
illar, jugale, and point B play an important role in differ-
entiating even further the mean shapes of SMT and SA,
but do not contribute to separate SA and AA. Moreover,
note that as a general result, all pairwise shape compari-
sons are significantly different, except for the pair SMT-
HSJ. These results are in accordance with the Mahala-
nobis distances.

Figure 4 plots moderate shape differences, considering
the confidence intervals of those interlandmark distances
>5 or <10% longer or shorter in AA than in SA mean
shapes. Of 52 interlandmark distances, only 48% fit the
expected pattern in both colonials, 21.1% fit in HSJ but
not in SMT, 1.9% fit in SMT but not in HSJ, and 28.8%
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did not fit the pattern expected under the genetic quanti-
tative theory, either in SMT or in HSJ. Thus, the high
“predictor efficiency” of major shape changes diminishes
from 87.5% to 48% when moderate shape changes are
considered. As shown in Figure 4a, more than 50% of
the interlandmark distances that fit the expected pattern
correspond to neural structures.

Moderate shape changes were broken down into two
new categories, to explore more accurately the prediction
patterns of the genetic quantitative and cranial integra-
tion hypotheses (Fig. 4b). The graph shows that the
number of observations that fit the quantitative genetic
hypothesis decayed as the magnitude of shape change
decreased. Also, note that most moderate changes fall in
the category >5 and <8%.

DISCUSSION

When the magnitude of shape difference is high
(>10%), admixed groups tend to present an intermediate
position among the ancestral ones, thus fitting the
expected coordinated response under quantitative genet-
ics theory. Moreover, all of those distances are mainly
located in the neural region. On the other hand, when
the magnitude of shape difference is moderate, the num-
ber of observations that accomplish the expected pattern
diminishes progressively, and the distances involved
tend to cover different cranial regions (e.g., combinations
of neural-facial structures). Interlandmark distances
measuring facial components represent a relatively low
percentage of the number of observations that fit the
expected pattern. Distances that do not fit the quantita-
tive genetic prediction account for nearly 50% of the
total moderate shape changes.

In large-scale human migrations, when migrants settle
in an inhabited area, intermating will produce a hybrid
population (Wijsman and Cavalli-Sforza, 1984). Although
this type of migration may be relatively rare, it can have
a marked effect on genetic structure. The contact between
Spanish conquerors and Aztec groups inhabiting Mexico in
the 16th century can be viewed as the starting point of
one of the most well-established large-scale migration proc-
esses (Sans, 2000). Hence, the study of admixture through
skeletal remains would allow us not only to explore the
picture of gene flow among ancestor groups in a given
period (represented by the dating of the admixed sample),
but also to understand the evolution of the admixture proc-
ess from a diachronic perspective (Wijsman and Neves,
1986; Stojanowski, 2003, 2004). This evolutionary approach
can be achieved when the materials analyzed represent
different periods of the admixed group’s history.

From a theoretical perspective, cranial phenotypes
cannot be considered selectively neutral. As a conse-
quence, and even when some authors demonstrated that
a multivariant approach to skull samples can be a good
fit to an assumption of selective neutrality (Relethford,
2002; Sparks and Jantz, 2002; Gonzalez-José et al.,
2004), the interpretation of diachronic morphological
changes after the contact event must be regarded cau-
tiously. However, several studies based on morphological
traits such as skin color pointed out that the analysis of
quantitative traits can shed light on the understanding
of the combination of microevolutionary agents acting on
genetic variability (Sans, 2000).

Quantitative traits may thus reflect more complex proc-
esses than the traits determined by single genes. Taking
into account the above considerations, morphological
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a: Range scatterplot of elements of shape difference matrix, representing moderate shape changes between ancestor ser-

ies. Hy, expected pattern observed; H;, expected pattern not observed. b: Percentages of fitted observations in major and moderate
shape changes. Left column shows percentages of distances that fit quantitative genetics prediction, whereas right column shows
percentages that did not. Each column is subdivided in percentages of distances measuring structures derived from neural growth
pattern (dashed region), from somatic growth pattern (vertical lines), and comprising both structures (horizontal lines). See Table 2

for landmark abbreviations.

traits may be considered useful tools to explore patterns
of population structure and gene flow. For instance, Rele-
thford (2004), in a revision of the Boas debate over the
relative effects of cranial plasticity resulting from migra-
tion to a new environment, found a fit of global craniomet-
ric variation to the isolation-by-distance model, assuming
a neutral model of quantitative variation. These results
show that despite environmental influences (both develop-
mental plasticity and climatic adaptation) on craniometric
variation, it still reflects the underlying patterns of popula-
tion structure and history (Relethford, 2004). Thus, the
overall phenotypic information obtained from craniometric
data analyses can be used to study gene flow, as well as
developmental plasticity and long-term adaptation, depen-
ding on the specific scope of the study and the analytical
approach (Jantz, 1974; Key and Jantz, 1981).

Here we present a geometric morphometric compara-
tive study of two ancestral and two admixed groups from
Mexico’s Central Valley, in order to perform a quantita-
tive approach to the morphological outcome of the gene
flow resulting from the Spanish-Amerindian contact.
Furthermore, we intend to evaluate if admixture levels
inferred after morphometric distances were in accord-
ance with the final step of the gene flow process, i.e., the
rates of molecular admixture estimated in the modern
population. Finally, we looked for potential, localized cra-
nial structures responsible for departures from the
expected morphological pattern of the admixed groups.

According to our data, the main differences among
Amerindians from Mexico’'s Central Valley and Span-
iards can be described by an enlargement of the midpos-
terior neurocranium, increased prognathism, facial flat-
tening, and zygomalar development in the former with
respect to the latter. On the one hand, skulls from the
early colonial series tend to show morphological traits
characterizing Amerindians but not completely overlap-
ping their range of variation, and slightly differing
toward the Spanish morphology. On the other hand, the
late colonial group shows a more intermediate (and
internally diverse) morphology. Note that these results
depend on the samples as well as on the periods consid-
ered in this work, so that they cannot be applied or gen-
eralized to the whole Mexican territory. Actually, the
impact of admixture on Amerindian Mexican populations
differed among regions.

In summary, our results suggest that at least with the
samples and periods considered in this paper, colonial
samples occupy an intermediate position between both
ancestral populations, with the early colonial lying
nearer to the Amerindian centroid, and the late colonial
closer to the Spanish centroid (Fig. 2). Given the pro-
gressive demographic impact of Spanish individuals on
the composition of the Mexican population (Crawford,
1998; Salzano and Bortolini, 2002), this is expected. In
fact, under a model of increased large-scale presence of
the Spanish ancestors over the inhabited area, the early
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admixed group is expected to show more affinity to the
Amerindian centroid, while the later is expected to
approach the Spanish centroid.

The admixture levels inferred in this region based on
morphometric distances are in accordance with the final
step of the gene flow process. The genetic composition of
the modern population of Mexico inferred after molecular
markers (Cerda-Flores et al., 2002) shows evidence of
admixture with predominantly and nearly equivalent
Spanish (50%) and Amerindian (49%) contributions, with
an African contribution at around 1%. The position of the
late colonial group (HSJ) in relation to both ancestors
reflects that, by the end of the 19th century, the colonial
population of Mexico was almost equally shaped by the
Spanish and Amerindian groups. HSJ represents the
immediate anterior step to the modern genetic composi-
tion observed by Cerda-Flores et al. (2002) in Mexico City.

Yet despite this general congruence, admixed groups do
not show an exact intermediate position in terms of cra-
niofacial shape (Fig. 2). For instance, the second canoni-
cal root reflects that the colonial groups present a “third
phenotype.” Moreover, the EDMA analysis shows that a
number of major and moderate shape changes can be con-
sidered deviations from quantitative genetics theory.
Those departures suggest a phenotypic pattern inherent
to admixed populations, the cause of which might be
found in a microevolutionary force other than gene flow.

Morphological integration is a key concept in evolu-
tionary morphology that must be considered if a deeper
comprehension of skull biology is to be achieved. Due to
its variety of functional requirements and growths pat-
terns, the skull can be viewed as a complex morphologi-
cal structure (Pucciarelli et al., 1990). Thus, to analyze
and further understand its biology, as well as the devel-
opmental mechanisms and microevolutionary processes
by which its phenotypic variation is expressed, morpho-
logical integration between structural components re-
lated by either developmental or functional criteria must
be considered (Olson and Miller, 1958; Marroig and Che-
verud, 2001; Bookstein et al., 2003). The skull is consid-
ered to be made up of several interdependent structures
which behave as an integrated unit. Such structures
were identified following a general pattern of mammalian
craniofacial growth and development (Cheverud, 1995): the
neural structures (i.e., the cranial vault, cranial base, and
orbit) and somatic structures (such as the face). Lieberman
et al. (2000a,b) suggested that the cranial base strongly
influences components of the primate skull during growth
and development; unfortunately, our data are limited to
specimens’ lateral views, and the cranial base is not com-
pletely represented in our set of landmarks.

When testing for deviations of quantitative genetics
with our data and taking morphological integration into
account, the results show that neural structures tend to
behave as an integrated unit, showing a coordinated
response to shape changes. Since the null hypothesis of
intermediate craniofacial shape for admixed groups is
found at such regions, their phenotypic expression
should be considered as being mainly influenced by the
gene flow and admixture events experienced among both
ancestors. Conversely, the splines correlated with the
second canonical root (Fig. 2), as well as the interland-
mark distances (Fig. 4), reflect that localized structures
departing from the expected intermediate shape are
mainly derived from somatic growth patterns, such as
the lower and upper face. These regions could be respon-
sible for a particular differentiated morphology charac-
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terizing colonial groups, and could result from a different
microevolutionary force. Finally, it is interesting that the
distances that could not be assigned to a particular
developmental pattern appeared to introduce “noise” and
blur the effects of cranial integration.

Future research should focus on detecting at which
ontogenetic stage the traits characterizing admixed
groups appear. If those morphological features were
established early in ontogeny, then they would reflect an
adaptive origin and consequent fixation. Conversely, if
they tend to appear during the adult stage, they should
be interpreted as the final result of plastic responses to
environmental stressors. Other microevolutionary agents
like natural selection, both internal and external (Lande,
1979), as well as plastic responses to mechanical load-
ings, can generate shape changes in some structures.
Furthermore, different structures are likely to display
different degrees of plasticity, with some regions being
more sensitive than others to different environmental
agents (Lieberman et al., 2000b).

CONCLUSIONS

The analyses presented here reveal that when consid-
ered from the perspective of craniofacial shape, admix-
ture processes are well-described in general terms. The
global morphology of the admixed groups falls between
the range of variation of the ancestral groups. The
results are in accordance with historic, demographic,
and genetic evidence. Thus, when global shape is consid-
ered, the null hypothesis could be accepted. However,
when localized structures (mainly facial) are taken into
account, deviations from the expected pattern are
detected, and the null hypothesis should be rejected.
Therefore, the data show complicated and integrated
shape changes which cannot be exclusively explained by
a gene flow model.
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