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Abstract Neurocranial globularity is one of the few

derived traits defining anatomically modern humans.

Variations in this trait derive from multiple and complex

interactions between portions of the brain and the size and

shape of the cranial base, among other factors. Given their

evolutionary and functional importance, neurocranial

globularity is expected to present high genetic and devel-

opmental constraints on their phenotypic expression. Here

we applied two independent approaches to investigate both

types of constraints. First, we assessed if patterns of mor-

phological integration are conserved or else disrupted on a

series of artificially deformed skulls in comparison to non-

deformed (ND) ones. Second, after the estimation of the

genetic covariance matrix for human skull shape, we

explored how neurocranial globularity would respond to

putative selective events disrupting the normal morpho-

logical patterns. Simulations on these deviations were

explicitly set to replicate the artificial deformation patterns

in order to compare developmental and genetic constraints

under the same biomechanical conditions. In general terms,

our results indicate that putative developmental constraints

help to preserve some aspects of normal morphological

integration even in the deformed skulls. Moreover, we find

that the response to selection in neurocranial globularity is

pervasive. In other words, induced changes in the vault

generate a global response, indicating that departures from

normal patterns of neurocranial globularity are genetically

constrained. In summary, our combined results suggest that

neurocranial globularity behaves as a highly genetic and

developmental constrained trait.
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Introduction

The debate about the shared derived traits defining modern

humans is classical among human biologists (Howells

1973; Wolpoff 1980; Lahr 1996; Lieberman et al. 2002;

Tattersall 2002; Ackermann and Cheverud 2004; Strait

et al. 2007; Rightmire 2007). Most, if not all of the syna-

pomorphies characterizing our species, as well as other

groups of vertebrates, represent continuous changes in

complex structures, such as the skull, dentition, and other

parts of the skeleton, and are subjected to a variety of

evolutionary constraints operating at different levels (Lie-

berman 1997; Strait 2001; Ackermann and Cheverud 2004;

Bastir and Rosas 2004, 2005). Most scholars, however, are

in agreement in considering neurocranial globularity (or

roundness) as one of the few derived traits defining ana-

tomically modern humans (e.g. Day and Stringer 1982,

1991; Lieberman 1995; Ponce de León and Zollikofer
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2001; Lieberman et al. 2002; Strait and Grine 2004; Col-

lard and Wood 2007; González-José et al. 2008).

Previous works demonstrate that neurocranial globular-

ity is a very complex trait affected by many factors (e.g.

Enlow 1990; Lieberman et al. 2002; Bastir et al. 2007;

Hallgrı́msson et al. 2007a, b). Like other complex struc-

tures, variations in neurocranial globularity derive from the

combination of variation introduced by developmental and

environmental factors interacting at different stages of

development (e.g. Enlow 1990; Bastir et al. 2007; Hall-

grı́msson et al. 2007a, b). Several mechanisms have been

proposed to explain how these interactions operate. For

instance, some authors put emphasis on the mesenchymal

condensations and differentiation as an important step

during embryonic development that determines the shape,

size and patterns of covariance among skeletal structures

(Atchley and Hall 1991; Hall 2005). According to this

view, variation of the genetic-based regulation of the

condensation and differentiation of mesenchymal cells

drive covariation of regions at different levels. Other

authors propose that function is an important factor gen-

erating covariances among structures as well (Moss and

Young 1960). Thus, the logic to divide the skull into

modules reflecting functional demands is based on the

pioneering work by Moss (1968). In the Moss’ functional

matrix hypothesis, the growth of the skeletal units is

determined by the function of the soft tissues and func-

tional spaces in which they are embedded. The functional

matrix includes all the elements (organs, tissues, nerves,

functional spaces, etc.) necessary to perform a function.

According to this hypothesis, it is expected that skeletal

elements that are part of the same functional matrix will be

more highly integrated than they will be with traits of a

different functional matrix.

In an effort to organize the way in which these and other

processes operate since the formation of the zygote to the

adult specimen (Hallgrı́msson et al. 2007b) and Hallgrı́ms-

son and Lieberman (2008) have synthesized the sequential

effects of developmental and environmental factors into a

‘‘palimpsest’’ model. Under this model, the covariation

patterns of an adult skull can be viewed as the final result of

the summed imprint of a succession of effects, each of which

leaves a distinctive covariation signal by the specific set of

developmental interactions involved (Hallgrı́msson et al.

2007b; Hallgrı́msson and Lieberman 2008). Thus, the

palimpsest model attempts to sum up all the previous

research concerning developmental processes responsible of

covariation (e.g. neural crest migration, patterning and pro-

liferation, facial process fusion, cell condensation and

differentiation, cartilage growth, brain growth, muscle–bone

interactions, somatic growth, etc.) into a framework that

helps to predict the response to variations at any level in

terms of adult final morphology.

Depending on their developmental origins, three main

regions are usually distinguished within the skull, namely

the basicranium, the neurocranium and the face (Sperber

2001). The basicranium derives from the chondrocranium,

which is a cartilaginous precursor of the cranial base; the

neurocranium is formed from the desmocranium, from

mesodermal and neural crest cells; and finally, the face is

developed from the splanchnocranium, which ossifies in-

tramembranously like the cranial vault but only from

neural crest precursors (Sperber 2001). These skull regions

grow during different ontogenic times and its development

is regulated after different epigenetic and genetic factors.

The base is the first region to develop, followed by the

cranial vault and the face (Sperber 2001). The growth of

the neurocranial structures (both the base and the cranial

vault) is mainly driven by the growth of the expanding

brain and occurs early during the ontogeny, during the

prenatal and neonatal periods, while the face develops

later, once the brain has finished its growth. The face and

the mandible grow during a more extended period of time,

reaching its maturity at an early age (Sperber 2001).

Given its evolutionary and functional importance, and

considering the complex pattern of development and inte-

gration with other cranial traits (Enlow 1990; Ackermann

and Cheverud 2004; Lieberman et al. 2002, 2004; Bastir

et al. 2007) neurocranial globularity is expected to present

high developmental and genetic constraints on their phe-

notypic expression. Constraints are factors that limit

evolutionary change. Constraints can be regarded in a

‘negative’ way since they reduce the extent of heritable

phenotypic variation; that is, if there were particular

combinations of traits lacking additive genetic variation,

evolution in certain directions in phenotype space would

not be possible (Steppan et al. 2002). Alternatively, con-

straints can be considered in a ‘positive’ view since the

evolutionary history of an organism channels it along

specific pathways of evolution (Gould 1989; Schwenk

1995; Richardson and Chipman 2003), favoring those trait

combinations that have more genetic variation (Steppan

et al. 2002). Since many categories of constraints have

been described (reviewed by Alberch 1982; Cheverud

1984; Maynard Smith et al. 1985; Antonovics and van

Tienderen 1991; Schwenk 1995; Hall 1996; Raff 1996;

Arthur 1997; Richardson and Chipman 2003), we will

define both developmental and genetic constraints as used

here before stating the rationale and objectives of our

study.

Developmental constraints are defined as biases on

heritable phenotypic variation, caused by properties of

developmental systems (Maynard Smith et al. 1985). As

recently reviewed by Richardson and Chipman (2003),

several mechanisms have been grouped under this type of

constraint. Using the palimpsest model as a general
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framework (Hallgrı́msson et al. 2007b; Hallgrı́msson and

Lieberman 2008), and considering that we will focus on an

environmental effect exerted exclusively during the last

stages of the postnatal development of the human skull

(artificial cranial deformation practiced on children, see

below), our definition of developmental constraint is lim-

ited to any epigenetic buffering occurring at these final

phases of neurocranial growth. More precisely, we will

explore how a series of mechanical strains applied to the

neurocranium during brain growth provoke disruption of

normal covariation patterns. Since artificial deformation is

applied to newborns and infants, all previous develop-

mental epigenetic effects occurring at early phases of

prenatal development are beyond our analysis.

Genetic constraints are defined in a more straightfor-

ward way within the framework of quantitative genetics,

which provides a means for predicting the outcome of

phenotypic evolution, given measurable selective pressures

(Lande and Arnold 1983). A complex trait will evolve

either by direct selection on that trait or by the selection on

all other traits correlated with it (Steppan et al. 2002).

Therefore, genetic constraints can be intended as the axes

of variation that are favored or restricted by the additive

effect of many genes determining the expression of the

phenotypic trait. These constraints can be studied after

examination of the G matrix, the matrix of additive genetic

variances and covariances among traits (Lynch and Walsh

1998). The G matrix summarizes the genetic basis of the

traits since it is determined by the allelic frequencies in the

population and by the distribution of the additive pheno-

typic effects on those alleles (Lande 1979; McGuigan

2006). Eigenanalysis such as principal component analysis

(PCA) can decompose the G matrix in a set of new vari-

ables; that is, eigenvectors with associated eigenvalues,

which are linear combinations of the original traits that

represent vectors in phenotypic space (McGuigan 2006).

The first eigenvectors (with larger eigenvalues) would

correspond to those directions with more associated addi-

tive genetic variance in which evolutionary change is more

likely. On the contrary, the last eigenvectors (with smaller

eigenvalues) would correspond to those ‘forbidden’ tra-

jectories of evolutionary change that have small or no

additive genetic variation. The G matrix is thus a key

parameter of quantitative genetics that measures the pat-

terns of covariation defined by the epigenetic system

(Cheverud 1984). In consequence, an inspection of the G

matrix for human craniofacial shape could bring some

clues regarding to what extent neurocranial globularity is

constrained as a whole.

Here we apply two separate approaches to investigate

constraints on neurocranial globularity, one developmental,

the other genetic. First, we analyze a composite sample of

normal, non-deformed (ND) skulls versus artificially

deformed ones in order to detect which aspects of normal

morphological integration are conserved or else altered

during the postnatal growth of the deformed individual.

Since artificial deformation is a pure environmental effect,

this approach could indicate how a skull experiencing brain

growth reacts against the application of a given deforma-

tion device. Second, we will use the G matrix for skull

shape of a modern human population to simulate the

response to selection to deformation of the neurocranial

structures in particular, and the whole skull in general, in

order to detect favored or avoided directions (constraints)

of shape change.

Developmental Constraints: Morphological Integration

in Deformed Skulls

Artificial cranial deformation (ACD) was ubiquitous

among many modern human populations, and particularly

frequent among pre-contact New World groups (Dembo

and Imbelloni 1938). Some authors have interestingly

noted that deformed skulls provide a ‘natural experiment’

(Antón1989; Antón et al. 1992; Cheverud et al. 1992; Kohn

et al. 1993; Antón and Weinstein 1999) that enables the

study of morphological integration patterns and its putative

disruption effect. This is due to the mechanical strains

experienced during the application of the deformation

device, which are concomitant with the epigenetic effect of

the growing brain as a primary driver of cranial vault

development (Jiang et al. 2002). More particularly, each

ACD type can be considered as a biomechanical experi-

ment in which a particular set of forces are applied to the

neurocranium of some members of a given population at

early stages of postnatal development. Thus, the localiza-

tion of the environmental stimuli is to some extent

controlled by the cultural practice itself, whereas the

genetic differences are limited to within-population vari-

ability. In a previous paper, we have suggested that

matrices of phenotypic variance/covariance are rather sta-

ble across modern human populations (González-José et al.

2004b). Thus, variation on ACD practices across groups, as

well as variation of ACD intensity across individuals,

brings an unusual opportunity to track disruptions of this

observed stable pattern of morphological integration.

Many particularities concerning the nature and practice

of ACD allow us to examine morphological integration

after a set of a priori and a posteriori hypotheses. First, it is

important to remark that there is certain regularity on the

practice of ACD across several periods and regions

(Dembo and Imbelloni 1938). In general terms, three main

types of deformation are observable across the New Word:

annular (A), lambdoid flattening (LF), and fronto-occipital

(FO). Annular deformation is achieved by circumferen-

tially, tightly wrapping the head with a binding that is
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progressively adjusted around the cranial vault as the child

grows up. Conversely, LF and FO modifications result

from the application of a cradleboard or a headdress on the

lambda region or on the frontal and occipital regions of the

cranial vault, respectively. Note that this general classifi-

cation is also used by several authors (Antón 1989; Antón

et al. 1992; Cheverud et al. 1992; Kohn et al. 1993; Antón

and Weinstein 1999).

Second, the three main types of deformation greatly

differ in its biomechanical nature. For instance, the annular

deformation affects both the cranial base and the vault,

restricting the medial-lateral growth of the cranial vault and

resulting in longer and narrower crania (Fig. 1). Con-

versely, the effects of LF are focused in the posterior part

of the vault, around the lambda region. In this case, pos-

terior growth of the cranial vault is restricted, resulting in

shorter and wider crania. FO deformation is similar to LF,

but an additional strain is focused on the frontal bone,

around the metopion, restricting the anterior–posterior

growth. Previous studies by Antón (1989, 1994) have

shown that the face and cranial base adjust to vault

deformation according to the type of deformation. LF and

FO faces are short and wide, whereas A faces are narrow

and more projecting. Moreover, analyses made on annular

and occipital flattening of different Amerindian popula-

tions (Kohn et al. 1993, 1995) suggest that the response of

the cranial base and face to the deformation stimuli is

variable depending on the ACD type.

Finally, deformation devices were applied during the

early stages of the growing skull. Since the cranial base, the

vault and the face differ in its growth and developmental

timing, it is expected that deformation will have a greater

impact on those regions that are still under development

(Bastir et al. 2007).

All of the above considerations should be considered in

the light of craniofacial development. Taking into account

the biomechanical implications, distribution, and timing of

ACD in combination with the effect of brain growth as a

source of covariation of neurocranial structures, in this

study we examined if morphological integration patterns

are conserved or else disrupted in deformed skulls. More

particularly, we compared the patterns of morphological

integration of each type of deformation and tested if there

are any significant differences between them, assessing if

there is some trait combination whose morphological

integration is reinforced and thus stronger in deformed

crania. Moreover, we assessed if perturbation of the normal

pattern of integration is related to the biomechanical par-

ticularities of each deformation practice.

In order to address these questions we will examine the

following two hypotheses. Firstly, Hn1 assumes that brain

growth is the main developmental process that configures

covariation patterns on the vault and base, and states that

there are some key morphological aspects influencing the

skull that are always conserved, either in the deformed or

the ND sample. Such a result would be expected if brain

growth is a mechanism strong enough in order to enable the

conservation of some covariation pattern even in extremely

deformed skulls. The lack of some integration pattern

observable across different ACD types entails rejection of

this hypothesis. Non-rejection of this hypothesis points

towards an important role of brain growth as a source of

covariation patterns. Secondly, Hn2 expects that disruption

of the normal integration pattern is more likely in ACD

types produced by localized and intense strains of defor-

mation, such as the LF practice. The alternative expects

that the degree of covariation will decrease in those ACD

types whose impact is more subtle and spread across sev-

eral cranial structures, as the annular deformation type.

Genetic Constraints: Morphological Integration

and Response to Selection

As explained above, artificial deformation involves plastic

changes in skull shape by restricting brain and bone growth

in certain directions and causing typical dysmorphologies.

Although this is certainly not a genetic change, it might be

interesting to explore how the entire developmental pro-

gram of the skull would respond to such deforming forces

if they were induced by directional selection. If this was the

case, the entire set of epigenetic program subsumed in G

would certainly play a role in determining the response of

Fig. 1 Lateral view of skulls showing annular (A, left), lambdoid

flattening (LF, center), and fronto-occipital (FO, right) deformation

practices. Arrows indicate compression strains exerted during the

deformation. Note that compression on the basicranium is only

exerted on the annular case

Evol Biol

123



selection and the skull shape of the next generations

(Lynch and Walsh 1998). By exploring this issue, we can

compare the effects of developmental and genetic con-

strains on neurocranial globularity and skull shape and

assess if they produce similar outcomes.

To inspect the genetic constraints one must have pre-

vious knowledge of the genetic covariance matrix for skull

shape (Lynch and Walsh 1998). In humans, it is difficult to

obtain this key quantitative genetic parameter since large

collections of skulls with known genealogical relationships

are almost non-existent. For instance, we do not have any

genetic data on our American samples of deformed and ND

skulls, but we can test the previous hypotheses using the G

matrix for skull shape estimated from another sample of

modern humans coming from Hallstatt (Austria) (Martı́nez-

Abadı́as 2007). As far as we are concerned, this might be a

good proxy to the genetic architecture of the shape of the

human skull.

Studies of the G matrix evolving in silico have lead to

testable hypotheses about the relative effects of different

parameters, and the effects of variable parameter values

(McGuigan 2006). Simulations in silico of the evolutionary

behaviour of the G matrix can be done using the multi-

variate breeder’s equation (Lande and Arnold 1983), which

provides a means for predicting the evolution of complex

traits if information about directional selection and the

degree of resemblance among relatives is available (Lynch

and Walsh 1998). Specifically, we will use this method-

ology to test a third hypothesis. Hn3 considers that

neurocranial globularity is genetically constrained and that

deformations of the cranial vault will be buffered through

pervasive genetic correlation between cranial regions. This

would be expected if the effects of deformation forces

(represented by the simulated selection gradients), and

therefore the departures from normal patterns of neuroc-

ranial globularity (represented by the total responses to

selection), were reduced by means of genetic integration.

This will be tested using two simulations: the simulation of

a localized deformation, such as LF, and the simulation of a

generalized deformation, such as annular deformation. This

hypothesis is rejected if either of the simulations of artifi-

cial deformation (the localized or the generalized one)

produce a response to selection in which neurocranial

globularity is not conserved; that is, if the simulated

deformation forces produce strong and localized shape

changes and disrupt neurocranial globularity as compared

to normal patterns of morphological integration in ND

skulls.

Materials and Methods

Developmental Constraints: Morphological Integration

in Deformed and Non-Deformed Skulls

We analyzed 229 adult skulls from five recent, pre-contact

Amerindian populations, which present varying levels of

ACD. Sample composition and further details are provided

in Table 1. Previous studies concerning population genet-

ics and dynamics of these populations can be found in

Sciulli (1998, 2001), Luis et al. (1999), Tatarek and Sciulli

(2000), González-José (2003), González-José et al. (2002,

2004a, 2005), Sardi and Pucciarelli (2001), and Paschetta

et al. (2008).

Sex and age were estimated following diagnostic traits

provided by Buikstra and Ubelaker (1994). After digitizing,

each skull was assigned to a type of deformation by visual

classification. Skulls were assigned to the following cate-

gories: ND, A, LF or FO. In addition, within each

deformation category (A, LF, FO) each skull was classified

according to the intensity of the deformation with a scale

ranging from 0 (mild) to 2 (severe).

Measurements and Landmark Coordinates

Three-dimensional landmark coordinates were collected

using a Microscribe G2X digitizer, which has a reported

accuracy of 0.23 mm and a measured error of 0.03 mm.

Table 1 Developmental constraints analysis: sample composition

Sample Geographic origin Non-deformed

(ND)

Annular

(A)

Lambdoid

flattening (LF)

Fronto-occipital

(FO)

Total

F M F M F M F M

Araucano Central Argentina 23 16 9 14 62

Bolivians Southern Bolivia 5 12 13 11 2 4 3 50

Woodland and late prehistoric Ohio Valley (USA) 6 8 7 7 1 29

Pampa Grande Northwestern Argentina 14 9 5 15 43

Rı́o Negro Northeastern Patagonia (Argentina) 9 9 7 8 2 8 1 1 45

Total (sex) 57 54 20 19 23 46 5 5

Total (ACD types) 111 39 69 10 229
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Each individual is represented by 32 homologous land-

marks that were assigned into different subconfigurations

of 7 basicranial, 15 facial and 10 vault landmarks (Fig. S1).

Size and shape were captured in two different ways: using

geometric morphometric and traditional morphometric

methods. First, the original basal, facial, and vault config-

urations were separately superimposed using a Generalized

Procrustes Analysis in order to remove the effects of

translation, rotation, and scaling (Rohlf and Slice 1990).

The Procrustes superimposition removes the scale but not

the allometric shape variation that is related to size. To

remove correlations among shape variables due to allom-

etry, we computed the residuals of the regional Procrustes

coordinates on centroid size and standardized each dataset

by its mean centroid size using IMP-ThreeDStand6 (Sheets

2004). Landmark coordinates superimposed and free of

allometry were used as the input data for three differ-

ent analyses: partial least squares (PLS), ANOVA, and

partial correlation analysis. The last two tests were per-

formed upon the principal components (PCs) of the aligned

data.

Besides this morpho-geometric approach, classical

measurements were also obtained from the raw landmark

coordinates in order to represent dimensions that are

hypothesized to be determinants of craniofacial shape

(Enlow 1990; Lieberman et al. 2000; Hallgrı́msson et al.

2007a, b). Following Hallgrı́msson et al. (2007a), we

obtained the maximum width, length, and centroid size of

each region, as well as the sphericity of the braincase

(Table S1). Sphericity is computed as the variance of the

distance of the neurocranial landmarks to the centroid.

Linear distances were log-transformed in order to equalize

the dimensionality of all variables and to uncouple the

variances from the means. Sphericity is a dimensionless

variable, and as such it was not transformed. The defini-

tions of each measurement are provided in Table S1. To

remove correlations between these variables due to cranial

size, we regressed all variables (except the sphericity) on

the centroid size of the respective structure. All of the

subsequent analysis were entirely performed on the resid-

uals of those regressions.

Statistical Analyses

Patterns of covariation between two (and potentially more)

blocks of variables can be explored by means of PLS. PLS

can be used to study covariation between two blocks of

shape variables, making it potentially useful for studies of

morphological integration (e.g. Bookstein et al. 2003;

Bastir 2004; Bastir et al. 2004; Zelditch et al. 2004). Here,

the patterns of morphological integration among the cranial

vault, the basal, and the facial configurations were analyzed

using the method of singular warps (Bookstein et al. 2003).

Singular warps are a special case of PLS (cf. Rohlf and

Corti 2000; Bookstein et al. 2003; Gunz and Harvati 2007)

used to quantify and visualize the covariation of anatomical

regions when all variable blocks are shape coordinates.

Blocks of landmarks are defined a priori; afterwards, the

linear combinations of the original shape variables that

provide the best mutual cross-prediction between these

blocks of landmarks are computed. We used the IMP-

PLS3D software (Sheets 2005) to estimate the amount of

covariance explained by the paired singular vectors

(the SVD axes) and the correlation ‘‘r’’ of the scores of the

specimens along the singular axes of the two blocks. The

correlation coefficient ‘‘r’’ can be used as a measurement

of integration between two blocks of shape variables

(Klingenberg et al. 2001; Bookstein et al. 2003; Bastir and

Rosas 2005). To assess the statistical significance of the

singular warp scores as well as of their correlations,

we performed permutation tests (N = 10,000). The

IMP_PLS3D software only allows the comparison of two

sets of shape data. Therefore, three different PLS-analyses

were performed, and three correlation coefficients were

compared: r-VB quantifies the integration between the

vault and the base; r-VF quantifies the integration between

the vault and the face; and r-BF quantifies the integra-

tion between the base and the face. Correlations were

obtained for the whole sample and for each type of

deformation.

Although there is no formal statistical test to detect

differences among r-VB, r-VF, and r-BF on deformed and

ND sub-samples, Hn1 will not be rejected if at least one

significant singular vector is found across the whole com-

posite sample. This would suggest that there is at least a

single axis of covariation underlying deformed and ND

skulls. Furthermore, greater similarity among the ND skulls

and those types of deformation caused by localized strains

(such as LF) would be consistent with Hn2.

The fitted coordinate configurations of the specimens

were analyzed using PCA. In order to transform landmark

coordinates into shape variables, we computed the PCs of

each landmark configuration; that is, separately for the

cranial vault, the base and the face. In order to detect which

aspects of skull size and shape are more influenced by the

deformation practices, the raw classical measurements and

the PCs explaining more than 60% of variation were

compared among types of deformation, populations, and

sexes using ANOVA with Bonferroni’s correction for

multiple comparisons.

Partial correlation is a procedure that determines the

correlation between any two variables if the remaining

ones were held constant. Here we examined the patterns of

covariation among classical measurements and PCs by

correlation and partial correlation analyses (Hallgrı́msson

et al. 2007a). The first null hypothesis (Hn1) predicts that at
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least one pair of traits will covary significantly across the

different ACD subsamples. Alternatively, Hn2 predicts that

ND skulls will share more significant partial correlations

with ACD types shaped by localized changes (LF) than

with ACD types involving global strains (A).

Genetic Constraints: Morphological Integration

and Response to Selection

To estimate the G matrix for skull shape and to assess the

genetic constraints of neurocranial globularity, we ana-

lyzed a sample of 390 complete crania from the ossuary of

Hallstatt (Austria), which provides a large collection of

human skulls with associated genealogical data. This

material has been accumulating since the eighteenth cen-

tury until recently as a result of a local tradition: skeletal

remains were recovered from the Catholic churchyard

when requested from their descendants and the crania were

decorated with paintings and stored at the charnel-house.

Skulls can be individually identified thanks to their deco-

rations, which usually include the names of the individuals.

Parish records permit to reconstruct genealogical relation-

ships, making it possible to estimate directly the G matrix

for skull shape.

The sampled individuals were mainly adults (91%) from

both sexes (41% females, 59% males), and a small pro-

portion of the skulls showed slight dysmorphologies (12%).

To reconstruct the genealogies of the Hallstatt population

we compiled the complete records of births, marriages and

deaths from 1602 to 1900, which included 18,134 indi-

viduals. From the analyzed skulls, 350 fall into the

extended and multigenerational genealogies. A more

detailed description of this sample can be found elsewhere

(Sjøvold 1984, 1995; Martı́nez-Abadı́as 2007).

Sexing, aging and landmark digitizing were performed

using the same procedures as explained above. In this

analysis, we characterized skull shape using a hemicranial

configuration of 29 anatomical landmarks distributed over

the left side of the entire skull (Fig. S2).

Quantitative Genetic Analyses

According to standard approaches to quantitative genetics,

the phenotypic variation of a trait (VP) can be decomposed

into its components of genetic (VG) and environmental

(VE) variation by the expression VP = VG ? VE (for a

review see Falconer and MacKay 1996; Lynch and Walsh

1998). This decomposition relies on the phenotypic

resemblance between relatives and it is possible provided

there is associated genetic or demographic data. The phe-

notypic variation is thus obtained from the direct

measurement of the trait; the additive genetic variation is

estimated as the phenotypic covariation between relatives;

and finally, all the variation that can not be explained by

familiar relationship is considered as residual, environ-

mental variation.

To estimate the phenotypic, genetic and environmental

components of variation of skull shape we combined

multivariate methods of geometric morphometrics and

quantitative genetics following Klingenberg and Leamy

(2001). This approach enables to preserve the multivariate

nature of shape and to detect complex patterns of shape

change (Klingenberg and Monteiro 2005). Skull shape is

thus treated as a whole and is not dissected in multiple

distance and angular measurements, preserving the ana-

tomical relationships between the different structures and

regions that made up the skull and accounting for the

covariation patterns among them.

Following geometric morphometric approaches and

using the MorphoJ software package (Klingenberg 2008),

we first performed a Procrustes superimposition on the raw

landmark data (Fig. S2) to estimate the phenotypic varia-

tion of human’s skull shape. Then we computed a PCA

from the Procrustes fitted coordinates in order to reduce the

dimensionality of the data. The resultant PCs were used as

the phenotypic input data for the quantitative genetic

analysis.

To break down the phenotypic variation (P) into its

components of additive genetic (G) and environmental (E)

variation we used a restricted maximum likelihood method

(REML), as implemented by the software package VCE5

(Kovac and Groeneveld 2003). In comparison to other

quantitative genetic methods (e.g. parent-offspring regres-

sion or sib analyses), REML analytical methods are

advantageous because they incorporate multigenerational

information from unbalanced datasets. Moreover, they are

not limited by assumptions of non-assortative mating,

inbreeding or selection (Kruuk 2004).

REML methods are based on the so-called ‘animal

model’, which follows a mixed linear model that jointly

accounts for fixed and random effects to describe each

individual’s phenotype (Kruuk 2004). We defined a mul-

tivariate model that included the first 32 shape PCs

(accounting for 89.6% of the total phenotypic shape vari-

ation) as random dependent variables, skull centroid size as

a covariate, and individual’s sex, age and deformation

status as fixed effects. REML methods estimate the com-

ponents of variance (G, P and E) using an iterative

procedure that maximizes the likelihood of observing the

actual data (Lynch and Walsh 1998).

To perform the response to selection analyses, the G and

P covariance matrices computed by VCE5 were imported

to MorphoJ (Klingenberg 2008) and converted back to

the space of the original landmark coordinates from the

coordinate system of PC scores (Klingenberg and Leamy

2001). These quantitative genetic analyses are based on the
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multivariate breeder’s equation (Lande 1979; Lande and

Arnold 1983)

Dl ¼ GP�1s ¼ Gb

where Dl is the response to selection; G is the additive

genetic covariance matrix; P is the phenotypic covariance

matrix; s is the selection differential; and b is the selection

gradient.

The selection response Dl is a vector that reflects the

shape change between the phenotypic trait mean after and

before the selection episode. It is estimated as the vector of

differences between the mean shapes of the parental and

offspring generations (Klingenberg and Monteiro 2005).

The selection differential s specifies the intensity of

selection, and under directional selection it is computed as

the vector of differences between the shape means in the

parental generation before and after selection. It also can be

considered as the vector of covariances between the shape

variables and relative fitness. The selection gradient b is

also a measure of the strength of selection that can be

interpreted as the vector of regression coefficients from a

regression of relative fitness. Together with estimates of G

and P, either of these can be used as selection vectors to

estimate the response to selection (Klingenberg and

Monteiro 2005).

To represent the magnitude and direction of selection,

we used an auxiliary shape variable proportional to the

selection gradient instead of the selection differential

(Klingenberg and Leamy 2001). This alternative analyzes

direct selection rather than total selection (Lande and

Arnold 1983), and thus disregards correlated selection.

Because b is not a vector in shape space (Klingenberg and

Monteiro 2005), the use of a scaled version of the selection

gradient a makes it possible to visualize the shape changes

associated to the selection gradients. The auxiliary shape

variable is computed as a = b(bTb)-0.5, has the same

direction as b, and is related to it by a proportionality

constant c, so that b 5 ca.

Furthermore, as suggested by Klingenberg and Leamy

(2001), we modified the standard formula of the multivar-

iate breeder’s equation to be used after geometric

morphometric data. As the P matrix was computed from the

first 32 PCs and therefore was singular when converted back

to the coordinate system of the landmark coordinates, we

used the Moore-Penrose generalized inverse P2 instead of

P21 in the computations (Klingenberg and Leamy 2001).

From the multivariate breeder’s equation (Lande 1979;

Lande and Arnold 1983) it is straightforward that the

evolution of a given trait is not only a function of the

additive genetic variance and selection on that trait, but

also of the genetic variance of other traits with which it

covaries genetically (Lande and Arnold 1983). Therefore,

the covariation patterns between traits reflected in G can be

considered as genetic constraints because they will deflect

the response vector Dl from the originally selected direc-

tion of change imposed by the selection gradient b

(Steppan et al. 2002).

We applied this quantitative genetic model for evolu-

tionary response to explore how neurocranial globularity

would respond to putative selective events altering the

normal morphological patterns. To do this we defined two

selection gradients (b), each one simulating the morpho-

logical effects produced by two different deformation

practices: a localized one, such as LF deformation, and a

generalized one, such as A deformation. Then, to test if

such departures are genetically constrained (Hn3), we

estimated the hypothetical response to selection applying

the multivariate breeder’s equation.

The selection gradients were constructed using a

graphical user interface in MorphJ (Klingenberg 2008),

which enables the user to drag the landmark points of the

mean shape configuration to specify a shape change. The

landmark coordinates of the consensus skull shape of the

Hallstatt population were modified to produce a configu-

ration of shape that reflected the selective regime required

to produce the skull shape associated with each of the

deformation practices. The first simulation concerned the

LF deformation. As this practice locally restricts cranial

growth at the posterior region of the neurocranium, we

simulated it by a forward shift of lambda. The second

simulation concerned the annular deformation, which is the

most generalized and complex deformation practice

because it affects the whole braincase. To represent it in a

simplified way, we simulated the main biomechanical

strains of this type of deformation by a backward shift of

metopion, a forward shift of lambda, an upward shift of

bregma and lateral shift of euryon towards the sagittal

plane. This represents an anterior–posterior and a lateral

compression, and forces the braincase to grow towards a

dorsal direction.

For each simulation, the specified landmark shifts rep-

resenting b were projected onto the tangent space to shape

space (Dryden and Mardia 1998) to ensure that the selec-

tion gradient was in the same space as the variation

characterized by the G and P matrices. This can result in

smaller shifts of other landmarks to compensate for chan-

ges in overall position, orientation and size. To make shape

changes visible, we magnified the magnitude of selection

gradients to ten standard deviations of relative fitness per

standard deviation of the respective shape variable.

Finally, as the predicted selection response Dl is usually

in a different direction from the direction of selection that

was entered into the analysis, we decomposed this total

response into components of direct and correlated response

to selection following Klingenberg and Leamy (2001). The

direct response is a scaled version of the selection gradient
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and these two vectors are in the same direction in shape

space; whereas the correlated response is a vector per-

pendicular to the direct response. All the magnitudes of the

responses to selection are measured in Procrustes distance

units.

Results

Developmental Constraints: Deformed Versus

Non-Deformed Skulls

Partial least squares analysis provides independent

descriptions of the cranial vault, the facial, and the basal

configurations, as well as estimations of the covariation

among these three blocks. The relationships between the

first singular warps of each configuration are plotted as

singular warp scores in Fig. 2. Singular warps analyses

show strong patterns of morphological integration. The

interaction among the cranial vault and the base is stronger

(Fig. 2a, 48% of covariance explained by the first singular

warp) than that among the vault and the face (Fig. 2b,

25% of covariance explained) as well as than that among

the base and the face (Fig. 2c, 29% of covariance

explained).

Regarding the behavior of ACD types, in the compari-

sons vault-base and vault-face (Figs. 2a, b), the scores

from the first dimension clearly separate LF (negative

values) from annular deformed skulls (positive values).

The opposite position is obtained in the base-face test

(Fig. 2c). Besides the direction and magnitude of the axes

of ND covariation displayed by these types, there is still a

single linear trend in the covariation between blocks. Note

that in the case of the vault-base comparison (Fig. 2a) the

amount of variance explained in one block due to varia-

tions in the other one accounts for 48% of the total

variation. Moreover, there are remarkable differences

among the linear fit corresponding to each type of defor-

mation (see below).

The polygons of deformation depicting shape changes

from negative to positive values across the first singular

vectors are provided in Fig. 3. The vault-base comparison

shows that the first singular warp represents the shape

difference of individuals with long and narrow vaults and

less flexed and narrow bases versus skulls with short and

wide crania and more flexed and wider bases (Fig. 3a). In

the vault-face comparison, the same variation in vault

corresponds to narrow and tall faces versus wide and low

faces (Fig. 3b). Finally, in the base-face comparison, short

and wide bases are related to wide and low faces, versus

long and narrow bases concomitant with high and narrow

faces (Fig. 3c).

The correlations ‘‘r’’ of the scores of specimens along

the singular axes of each pair of blocks, computed inde-

pendently for each ACD type, are shown in Fig. 4. They

indicate that the stronger pattern of integration among the

vault and the base is also maintained in the LF subsample,

but disrupted in the annular and the FO ones. Unfortu-

nately, to the best of our knowledge there is no released

software available to perform a permutation test of differ-

ences among the correlation coefficients of singular values

obtained after three-dimensional data. However, the PLS

results suggest some degree of disruption of covariation

patterns among the ACD types.

The three-way ANOVA (considering population, sex

and ACD type as covariates) shows that most classical

measurements and almost all PCs significantly differ

among populations (Table 2). Only two low-order PCs

related to the shape of the cranial vault and the base, as

well as facial size, vault width and base length differed

between sexes after Bonferroni adjustment for multiple

comparisons. Regarding ACD types, all higher-order vault

and base PCs, as well as all classical measurements

(excepting facial length) vary significantly among types of

deformation (Table 2).

Classical measurements and the first three PCs

describing shape variation on each module were used to

compute the matrix of partial correlations among traits

separately for each ACD type (Fig. 5). Because of its low

sample-size, the FO series was not included in this analy-

sis. Mantel tests reveal that the matrices of partial

correlations among traits computed on the different ACD

types are significantly correlated (P \ 0.00000 after 10000

permutations). However, observation of the within-ACD

type pattern of integration reveals further patterns. For

instance, it is informative about covariation patterns that

are conserved among types; evidences which traits are

covarying stronger within a given type; and shows which

covariation patterns are disrupted or weakened among

deformed skulls. The partial correlations that are significant

on the three subsamples (ND, A, LF) suggest that there is a

pattern of morphological integration conserved in

deformed and ND series. This pattern is dominated by

associations among basal size and width, basal shape and

length, and vault size and length. Furthermore, the signif-

icant correlation between sphericity and vault width and

size is conserved both in the ND and the LF series. Low

correlations involving facial size and shape variables

reflect that the face varies more independently than the

vault and the base. Interestingly, integration among facial

shape and length increase in the deformed series in com-

parison to the ND one, but this could be considered as a by-

product of the decreased integration between the vault and

the base in the deformed skulls.
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Genetic Constraints: Responses to Hypothetical

Selection

Concerning the simulation of LF (Fig. 6), which is a

localized deformation practice, results showed that the total

response to selection (whose magnitude was of 0.077 units

of Procrustes distance) included shape changes distributed

throughout the skull, but especially in the cranial vault.

These shape changes involve an anterior–posterior com-

pression of the braincase (lambda, opisthocranion, inion

and opisthion shift forward whereas metopion, bregma and

vertex shift backward) accompanied by a lateral expansion

of the whole skull and an inferior shift of the landmarks

delimiting the alveolar region. This total response consists

Fig. 2 First singular warp

scores for the set of all

deformed and non-deformed

skulls. a vault-base, b vault-

face, c base-face. Black solid
triangles: non-deformed; open
circles: annular deformation;

grey squares: lambdoid

flattening; grey diamonds:

fronto-occipital deformation.

Lines represent the best linear fit

for each ACD type scatterplot

independently. Black solid line:

linear fit for the whole sample;

grey solid line: non-deformed

skulls; grey dotted line: A, LF,

and FO deformation types. The

parametric correlation (r), the

variance explained (r2), and the

P-value (P) of the correlation

among scores corresponding to

the two blocks are provided in

the right-bottom corner
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of a direct response that is localized to the lambda and a

correlated response affecting mostly the landmarks of the

cranial vault. The magnitude of the correlated response

(0.067) exceeds that of the direct response (0.039), indi-

cating that the direction of response has been deflected

substantially from the direction of the selection gradient by

an angle of 59.8�. This indicates that shape changes in the

total response to selection are mainly due to genetic

covariation patterns between traits, which are expressed in

the G matrix and may be considered as genetic constraints.

The simulation of the annular deformation (Fig. 7),

which is a more generalized deformation practice, provided

a total response to selection (0.079 units of Procrustes

distance) that showed even more pervasive shape changes

affecting the cranial vault, the base and the face. There is a

substantial anterior–posterior compression of the cranial

vault, a posterior shift of the basal landmarks (hormion,

basion and opisthion) and a forward and inferior shift of the

facial landmarks. The direct response is a scaled version of

the selection gradient and the correlated response mainly

shows the shape changes described for the total response to

selection. This is because the main component of the total

response is the correlated response, and its magnitude

(0.068) exceeds that of the direct response (0.040). Thus,

the total response is deviated from the direction of change

of the selection gradient by the high strength of the

Fig. 3 First singular warp for

the subset of all deformed and

non-deformed specimens shown

as polygons for each block on

the following comparisons: a
vault-base, b vault-face, c base-

face. Grey wireframe:

deformation towards the

positive values; black
wireframe: deformation towards

the negative values
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correlated response (59.58). Overall, the results obtained

from both simulations show that the total response to

selection includes shape changes that mainly maintain

neurocranial globularity through similar integration

patterns.

In summary, this study evidences that neurocranial

globularity is a highly constrained trait. Analyses of mor-

phological integration performed on the sample of

deformed and ND skulls showed that developmental con-

straints preserve some aspects of normal morphological

integration even in the most deformed skulls. Moreover,

quantitative genetic analyses simulating the hypothetical

potential responses to selection to neurocranial shape

changes similar to the real case of artificial deformation

showed that the G matrix for skull shape integrates neur-

ocranial globularity at the genetic level. Therefore, our

results suggest that neurocranial globularity is constrained

both at the phenotypic and the genetic level.

Discussion

A constraint is a mechanism that restricts or biases the

potential for evolutionary change (Cheverud 1984). In

consequence, constraints are forces opposing the evolution

in at least some directions of change or else favoring and

channeling the evolution in other directions of the pheno-

typic space (Maynard Smith et al. 1985; Klingenberg

2005). These constraints are closely linked to morpholog-

ical integration patterns, because it is covariation between

traits that limits change in some directions and makes

certain combinations of traits difficult to achieve (Klin-

genberg 2005; Marroig and Cheverud 2005).

Morphological integration is defined, in a broad sense,

as the connections or relationships among morphological

elements (Olson and Miller 1958; Cheverud 1996; Bolker

2000; Pigliucci and Preston 2004). Morphological inte-

gration represents a constraint to evolution (Maynard

Smith et al. 1985), in the sense that there are phenotypes

(that is, trait combinations) that cannot evolve in the pop-

ulation because they lack genetic variation (Lynch and

Walsh 1998; Merilä and Björklund 2004). This is because

traits often share some of their genetic basis, and the

additive genetic covariation among traits prevents them

from evolving independently (see Mc Guigan 2006 for a

review on this topic).

On the other hand, morphological integration ensures

the maintenance of the function and development of

complex phenotypes. As a general rule, large amounts of

genetic variation are constrained through a limited set of

developmental processes. Recently, Hallgrı́msson et al.

(2007b) and Hallgrı́msson and Lieberman (2008) have

proposed that the overlaying of mechanisms participating

in the development (e.g. neural crest migration, patterning

and proliferation, facial process fusion, cell condensation

and differentiation, cartilage growth, brain growth, mus-

cle–bone interactions, somatic growth, etc.) determine the

covariation structure of an adult skull. Without the coor-

dination of these multiple mechanisms of integration,

complex structures like a skull would not grow and func-

tion correctly (Hallgrı́msson et al. 2007a).

Developmental Constraints

Artificial cranial deformation can be used as a natural

experiment to analyze alterations of the human skull

development. However, most ACD effects occur after

birth, well after most genetic effects and many develop-

mental processes have occurred. In this context, inspection

of the neurocranial integration patterns in a sample of

Fig. 4 Correlation coefficients

of singular warp (SW) scores.

Black columns: SW1

correlations among vault and

base; grey columns: SW1

correlations among vault and

face; white columns: SW1

correlations among base and

face. ND: non-deformed, A:

annular, LF: lambdoid

flattening, FO: fronto-occipital
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individuals whose crania were artificially deformed and the

comparison with the integration patterns of ND individuals

can help to identify potential epigenetic developmental

constraints on neurocranial globularity occurring exclu-

sively on the last phases of postnatal development. In this

context, results obtained on our sample of postnatal-

deformed skulls may reflect the influence of the growing

brain as one of the main factors driving covariation patterns

among the cranial vault (Jiang et al. 2002) and, to a lesser

extent, among the base (Moss and Young 1960; Biegert

1963; Enlow 1990, Lieberman and McCarthy 1999).

Therefore, and according to the palimpsest model (Hall-

grı́msson et al. 2007b; Hallgrı́msson and Lieberman 2008),

variation in brain growth translates into covariation among

the elements that it influences and thus into cranial

covariation structure. Given its occurrence during posta-

natal ontogeny, ACD should be viewed as an external force

perturbing this particular developmental process. There-

fore, the covariation patterns that are maintained to some

extent in our deformed samples should be considered as

those more strongly influenced by brain growth during the

formation of the cranial vault.

Previous studies comparing altered and non-altered

crania from a variety of populations with different kinds of

cranial deformation found that changes on the cranial vault

were transferred to the face through the cranial base

(Cheverud et al. 1992; Kohn et al. 1993). Thus, modifica-

tions producing short and wide cranial vaults resulted in

short, wide, and shallow faces, while modifications pro-

ducing long, and narrow cranial vaults resulted in long,

narrow, and deep faces (Cheverud et al. 1992; Kohn et al.

1993). Our PLS analyses indicate similar trends, and

extend the previous observations to ACD types that had not

been fully explored yet using geometric-morphometric

methods. Particularly, the shape changes across the first

singular vectors (Fig. 3) reflect that covariation among

blocks is almost always dominated by the total length and

width dimensions of the modules involved, rather than by

localized changes; a result which is independently con-

firmed by the Partial Correlation analyses.

Overall, these tests suggest that there are some aspects

of trait covariation (mainly involving size, length, and

width of the vault and base) that are significantly correlated

simultaneously on different ACD types, regardless of the

Table 2 Three-way ANOVA

results for comparisons of

classical measurements and PCs

by population, sex and ACD

types

Bolded values are significant at

a = 0.05 after Bonferroni’s

adjustment for 25 comparisons

W width, L Length, cs centroid

size, Rel relative

Population Sex ACD type

F P-value F P-value F P-value

Face-PC1 11.48 0.0000 7.17 0.0080 1.01 0.3882

Face-PC2 7.47 0.0000 0.43 0.5142 1.60 0.1910

Face-PC3 8.30 0.0000 0.64 0.4235 2.07 0.1049

Face-PC4 2.63 0.0245 1.59 0.2088 0.87 0.4558

Face-PC5 7.93 0.0000 1.92 0.1669 0.38 0.7642

Vault-PC1 5.52 0.0001 0.09 0.7685 30.89 0.0000

Vault-PC2 4.71 0.0004 0.20 0.6571 6.22 0.0005

Vault-PC3 2.24 0.0514 15.38 0.0001 20.48 0.0000

Vault-PC4 11.75 0.0000 0.11 0.7460 0.13 0.9398

Vault-PC5 5.34 0.0001 0.05 0.8203 5.55 0.0011

Base-PC1 10.90 0.0000 0.41 0.5215 20.79 0.0000

Base-PC2 6.38 0.0000 6.23 0.0133 5.01 0.0022

Base-PC3 5.48 0.0001 41.50 0.0000 1.73 0.1618

Base-PC4 3.18 0.0087 3.66 0.0571 0.27 0.8440

Base-PC5 6.88 0.0000 0.02 0.8815 1.54 0.2045

Sphericity 12.09 0.0000 0.11 0.7429 42.00 0.0000

Rel. Log Face cs 2.33 0.0435 33.18 0.0000 13.22 0.0000

Rel. Log Vault cs 1.75 0.1244 4.17 0.0424 14.61 0.0000

Rel.Log Base cs 5.19 0.0002 5.63 0.0185 9.48 0.0000

Rel. Log Vault W 3.57 0.0040 26.31 0.0000 43.76 0.0000

Rel. Log Face W 1.53 0.1811 4.01 0.0464 8.60 0.0000

Rel. Log Base W 5.20 0.0002 5.63 0.0185 9.47 0.0000

Rel. Log Vault L 2.40 0.0381 9.27 0.0026 45.88 0.0000

Rel. Log Face L 2.15 0.0604 0.30 0.5858 2.97 0.0329

Rel. Log Base L 3.40 0.0055 14.67 0.0002 22.09 0.0000
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biomechanical strains applied on the skull. Therefore, both

PLS and Partial Correlation analyses indicate no rejection

of Hn1, and corroborate the observation that some general

features of the skull architecture, such as size and relative

widths and lengths, are conservative aspects of skull inte-

gration that are preserved even under the presence of

extreme deformation practices. This is also consistent with

previous experimental and comparative studies suggesting

that covariation between global skull dimensions (maxi-

mum width, length, and centroid size) of adjacent regions

is a leading factor on the integration among cranial regions

(Weidenreich 1941; Ross and Ravosa 1993; Lieberman

Fig. 5 Partial correlation coefficients among classical measurements

and the first three PCs corresponding to each block computed for non-

deformed (circles), annular (squares), and lambdoid flattening

(triangles) skulls. Results are sorted by decreasing coefficient in the

non-deformed series. Filled symbols represent significant coefficients

at a = 0.05 after Bonferroni’s adjustment for 171 comparisons.

Empty symbols represent non-significant partial correlations. For

simplicity, only significant coefficients for at least one ACD-type are

shown. V: vault, F: face, B: base, cs: centroid size, W: relative

logarithm of width, L: relative logarithm of length, SPH: sphericity

Fig. 6 Hypothetical simulation

of lambdoid flattening. The

shape changes from the grey

wireframe (representing the

mean shape of the Hallstatt

population) to the black

wireframe represent the

selection gradient, the total, the

direct and the correlated

response to selection. Note that

the selection gradient was set to

ten standard deviations of

relative fitness per standard

deviation of the respective

shape variable
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et al. 2000, 2004; Chase et al. 2002; Hallgrı́msson et al.

2007a).

Because correlation and covariance structure in our

species is stable and largely associated with functional and

developmental factors (Cheverud 1996; González-José

et al. 2004b), functionally related traits should be highly

correlated and, thus, should comprise a single module. This

seems to be the most likely explanation to the PLS results

which suggest a stronger integration among the cranial

vault and the base. In addition, this supports previous

findings suggesting that the cranial base and vault act as

two linked components of a tightly integrated module

(Lieberman et al. 2000, 2004; Hallgrı́msson et al. 2007a).

This pattern is clearly observed in the ND and LF samples

(Fig. 4). Since the growth of the neurocranial structures

(both the base and the cranial vault) is mainly driven by the

growth of the expanding brain and occurs early during the

ontogeny (Sperber 2001), the strong covariation among

both structures is not only expected to occur in normal

crania, but also in the deformed skulls whose neurocranial

growth and development is almost completed when the

deformation device is applied (Bastir et al. 2007).

Besides the presence of common trends of covariation

observable across the entire spectrum of deformation

practices, the results from the ANOVA show significant

effects of ACD on almost all classical measurements. The

PLS tests suggest that, in general terms, localized strains

(e.g. LF) exerted on the vault are not enough to trigger a

serious disruption of morphological integration. A previous

study made on Hopi samples also demonstrated that this

kind of ACD has a significant effect on growth of the

cranial vault, but does not affect morphology of the cranial

base or the face (Kohn et al. 1995). Conversely, when the

ACD device is partially applied on the posterior part of the

base (A) or at the anterior portion of the vault (FO), the

general pattern of vault-base-face covariation is modified.

This result is also apparent from the Partial Correlation

analyses, because the LF sample shows stronger similarity

with the ND skulls.

In summary, these results indicate non-rejection of the

second null hypothesis (Hn2), which expected greater

conservation of the ‘‘normal’’ integration pattern in ACD

types produced by localized strains. Accordingly, Kohn

et al. (1993) showed that annular deformations of the

cranial vault produce significant effects on the morphology

of the cranial base and face. Similar conclusions arise from

experimental vault deformation in mice (Pucciarelli 1978),

and studies of premature closure of cranial sutures (Babler

et al. 1987), and craniosynostoses (Moss 1959; Kreiborg

1981; Richtsmeier 1987, 1988, 2002). Even when these

previous studies focused on absolute morphological dif-

ferences rather than on covariances among traits, their

results are useful to evaluate and compare the degree of

localization of the effect of biomechanical different ACD

types. In this sense, this and earlier studies confirm that

annular deformations exert an important and widespread

suite of strains that disrupt not only the absolute shape of

the ND skull, but also their pattern of covariation.

Fig. 7 Hypothetical simulation

of annular deformation. For

details see Fig. 6

Evol Biol

123



As expected, the face is the cranial module less affected

by the deformation practices. For instance, the ANOVA

analyses detected non-significant facial shape differences

among ACD types. Previous experimental studies have

suggested that the cranial base operates as a central inte-

grator between the face and the vault (Lieberman et al.

2000, 2004; McCarthy and Lieberman 2001), an idea early

introduced by some classical texts by de Beer (1937),

Weidenreich (1941), and Biegert (1963). This is supported

by the developmental characteristics and the topological

position of the base in relation to the vault and the face.

The base, for example, is the only part of the skull that

grows endochondrally. Moreover, it acts simultaneously as

the floor of the neurocranium and the posterior edge of the

face. As a consequence, an interesting implication of our

results is that the base seems to be acting as a buffer among

the region where the strain is applied (the vault, or the base

itself), and the face. However, it is interesting to remark

that some general dimensions respond to the deformation

in a coordinated way across the entire skull, including the

facial ones, whereas other aspects of facial shape remain

relatively independent.

To sum up, these analyses showed that the human skull

is strongly integrated, that the neurocranium behaves as a

module and that general dimensions of the skull seem to be

developmentally constrained in order to enable the func-

tioning of the skull, even under strong environmental

stimuli, such as those exerted by artificial deformation.

This shows the underlying potential of response to bio-

mechanical strains of the human skull. Moreover, our

results indicate that localized strains of deformation are

less disruptive of morphological integration than more

generalized forces. This remarks the importance of the type

of strains exerted to the skulls (localization and magnitude)

as a complex factor influencing normal morphological

integration patterns.

Genetic Constraints

An alternative and powerful way to explore constraints is

to analyze the structure of the variances and covariances of

the G matrix (Lande 1979; Cheverud 1984; Arnold et al.

2001; McGuigan 2006). The G matrix expresses the pattern

of genetic variances and covariances among phenotypic

traits, and constraints can be detected by analyzing the G

matrix using multivariate statistics and quantitative genetic

analyses, such as the multivariate version of the breeder’s

equation (Lande 1979; Lande and Arnold 1983). To

explore the particularities of the response to selection

contained in the G matrix of human craniofacial shape we

have simulated two extreme cases paralleling the biome-

chanical particularities of extreme deformation practices,

the generalized annular type, and the localized LF case.

Overall, our results showed that in modern humans skull

shape is also strongly integrated at the genetic level. Spe-

cifically, they suggest that neurocranial globularity is one

of the determinants of human skull shape that is con-

strained by such genetic integration patterns. This was

reflected by the responses to selection obtained after each

of the two simulations (Figs. 6, 7), which were both

dominated by the correlated response and tended to pre-

serve the globularity of the cranial vault. High genetic

correlation among morphological traits, reflected in the

genetic covariance matrix, deflected the total response

from the originally selected direction of shape change,

determined by the selection gradient simulating selection

for deformed neurocranial shape (Klingenberg and Leamy

2001).

The structure of the G matrix influences the potential

evolutionary response to selection (Lande and Arnold

1983; Klingenberg and Leamy 2001; Merilä and Björklund

2004). Indeed, the simulations performed here showed that

the responses to selection are canalized to conform to its

own inherent shape patterns and to maintain neurocranial

globularity (Figs. 6, 7), indicating that departures from

normal patterns of neurocranial globularity are genetically

constrained (Cheverud 1984).

The effects of simulated changes similar to the defor-

mation practices appear to be relatively minimized by

pervasive genetic integration operating on the human skull,

since induced changes in the cranial vault, either localized

or generalized, generate a global response to selection.

Simulations of both LF (Fig. 6), and annular deformation

(Fig. 7) produce a response to selection in which neuroc-

ranial globularity is, to some extent, always conserved and

patterns of morphological integration are not dramatically

disrupted. Overall, these results indicate non-rejection of

the third null hypothesis (Hn3).

Conclusion

Since there is no straightforward or customary method to

detect and measure constraints, we have explored integra-

tion patterns at two different levels, the developmental and

the genetic one, which differ greatly in its basic assump-

tions. Whereas our analyses of simulated response to

selection reflect intrinsic genetic constraints channeling the

way in which the skull reacts against generalized or

localized strains, the analyses of morphological integration

performed upon artificially deformed skulls help us to

detect the morphological aspects that are more tightly

correlated during postnatal phases of development. Both

mechanisms, along with other processes acting during

embryonic development not addressed here, contribute to

the bulk of mechanisms and processes that individuals
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within a population posses to buffer and canalize their

response to environmental fluctuations.

The results obtained in both analyses indicate that there

are regular and predictable patterns of covariation on the

neurocranium that reflect the underlying potential of

response of the modern human skull to biomechanical

strains. As a result, it appears that some key neurocranium

features, such as size, widths, and lengths operate as con-

straints which enable the functioning of the skull even

under strong environmental stimuli, such as the deforma-

tion practice. Moreover, we have detected different

responses to forces applied upon the neurocranium that

depend on the degree of generalization or localization of

the strains. Finally, the pervasiveness of the genetic

response to selection suggests significant integration

among the higher-order modules of the skull: the face and

the neurocranium.

Taking into account all of these results, we conclude that

in modern humans neurocranial globularity is a determi-

nant trait in skull shape, which is developmentally and

genetically constrained. As it is likely that human evolution

was directed towards certain directions of shape change

(variation axes) that are genetically and developmentally

constrained, neurocranial globularity would represent one

of these favored axes of phenotypic variation. This is rel-

evant because neurocranial globularity is one of the main

derived characters of modern humans, representing the

tendency to produce larger and more globular cranial

vaults. This is probably associated with brain enlargement

and increased encephalization, which is one of the main

processes that led to hominization (Lieberman et al. 2004).

Further research into both experimental and comparative

frameworks of morphological integration disturbances due

to several epigenetic stimuli will be crucial for the com-

prehension of the role of channeling and constrains during

the evolution of the skull in modern humans.
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Wien and Österreichisches Museum für Volkskunde (Vienna, Aus-

tria) for allowing us to measure their valuable cranial collections and

for their help during fieldwork. We also want to thank Torstein Sjø-

vold and Miquel Hernández for their help and support. Finally, we

acknowledge Chris Klingenberg for making available MorphoJ. This

work was supported by the Wenner Gren Foundation for Anthropo-

logical Research, the Universitat de Barcelona, the Spanish Ministerio

de Educación y Ciencia MEC-FEDER (CGL2004-00903/BTE), and

the Agencia Nacional de Promoción Cientı́fica y Tecnológia,

Argentina (PICT Jóvenes 20582).
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