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Integration and modularity are fundamental determinants of how natural selection effects
evolutionary change in complex multivariate traits. Interest in the study of the specific
developmental basis of integration through experimental approaches is fairly recent and it has
mainly focused on its genetic determinants. In this study, we present evidence that postnatal
environmental perturbations can modify the covariance structure by influencing the variance of
some developmental processes relative to the variances of other processes that contribute to such
structure. We analyzed the effects of the reduction of nutrient supply in different ontogenetic
stages (i.e. before and after weaning, and from birth to adulthood) in Rattus norvegicus. Our results
show that this environmental perturbation alters the phenotypic variation/covariation structure of
the principal modules of the skull (base, vault, and face). The covariance matrices of different
treatment groups exhibit low correlations and are significantly different, indicating that the
treatments influence covariance structure. Postnatal nutrient restriction also increases the
variance of somatic growth. This increased variance drives an increase in overall integration of
cranial morphology through the correlated allometric effects of size variation. The extent of this
increase in integration depends on the time and duration of the nutritional restriction. These
results support the conclusion that environmental perturbations can influence integration and thus
covariance structure via developmental plasticity. J. Exp. Zool. (Mol. Dev. Evol.) 314B, 2011. & 2011
Wiley-Liss, Inc.
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Morphological variation arises through variation in develop-

mental processes including pattern formation, differentiation,

growth, pattern formation, and epigenetic interactions among

component parts (Atchley and Hall, ’91). Developmental pro-

cesses act at many levels, from the molecular and cellular levels

that involve signaling interactions and cell behavior, such as

division, death, and migration, to higher levels that comprise

functional interactions among tissues and organs, somatic

growth, among others (Hall, 2003; Salazar-Ciudad et al., 2003).
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Such processes have the potential to generate integration at the

phenotypic level, which refers to the tendency to express

coordinated variation among traits (Willmore et al., 2007;

Hallgrı́msson et al., 2009). This property of developmental

systems is essential for understanding evolutionary change, since

it determines the structure of variation generated given different

genetic and environmental perturbations (Hendrikse et al., 2007).

Covariance structure is a fundamental determinant of how

natural selection affects the evolutionary change in complex

multivariate traits (Lande, ’79) and thus of evolvability.

Interest in phenotypic integration is not new in evolutionary

studies, but interest in the study of the specific developmental

determinants of integration through experimental approaches is

fairly recent (Mitteroecker et al., 2005; Hallgrı́msson et al., 2006;

Hallgrı́msson and Lieberman, 2008). The main reason for taking

this approach is that the developmental determinants of

integration cannot be reliably inferred from phenotypic covar-

iance patterns alone. The relationship between phenotypic

covariation and integration can be obscured by the super-

imposition of multiple determinants of covariance in complex

systems and the dependence of covariation structure on variances

in covariance-generating processes (Hallgrı́msson et al., 2009).

For this reason, several recent studies have manipulated genetic

and environmental factors in order to infer the developmental

basis for morphological integration, particularly in the mamma-

lian skull (Willmore et al., 2006; Hallgrı́msson et al., 2007a;

Gonzalez et al., 2011). In addition, the controlled induction of

specific perturbations allows the evaluation of how the properties

of development systems modulate the ways in which anatomical

structures can vary in response to different genetic and

environmental factors (Badyaev and Foresman, 2000; Pigliucci

and Hyden, 2001; Hallgrı́msson et al., 2007b; Gonzalez et al.,

2011). Previous studies aimed at evaluating whether cranial

integration patterns the effects of genetic variation have shown

that the skull is a highly integrated structure whose covariation is

predictably structured, and thus genetic perturbations that

influence the size and shape of particular units will have unequal

but consistent effects on other regions of the skull (Hallgrı́msson

et al., 2007b). In a similar way, Badyaev and Foresman (2000)

determined that the pattern of integration of the mandible can

modulate the stress-induced changes. By growing Sorex shrew

species under stressful conditions, they found that variation in

mandibular shape was not uniformly distributed but confined to

less-integrated traits.

Although previous work has mainly focused on genetic

determinants of covariation structure, environmental perturba-

tion can also influence covariance structure in several ways. In

developmental terms, this can occur if environmental perturba-

tions introduce new variation by influencing the variance of a

developmental process relative to the variances of other processes

that contribute to covariance structure (Hallgrı́msson et al.,

2009). Such processes can be not only temporally patterned but

also spatially arranged in the sense that they differentially

influence components of a complex morphological structure.

Increased variance of some developmental process will result

in an increase in phenotypic integration if the process that

is affected produces a highly correlated response and if

the developmental process affected is a major contributor

to covariance structure. Conversely, a developmental perturbation

that introduces a new source of variation or one that

increases the variance of a process that is not normally a

major contributor to covariance structure will produce a

disintegrating response.

Herein we examine the effects of restricting the nutrient

supply during postnatal development on phenotypic variation

and covariation structure of the skull in a rat model. Nutrition is

one of the main factors controlling organismal growth through

the modulation of synthesis and secretion of insulin-like

signaling molecules (Nijhout, 2003). Although the pathways by

which this takes place are incompletely understood, existing

reports show that malnutrition results in a reduction of overall

cranial size and that some components, such as facial structures,

seem to be more affected than others (Pucciarelli, ’80; Dahinten

and Pucciarelli, ’86; Dressino and Pucciarelli, ’96; Oyhenart et al.,

’98; Miller and German, ’99; Oyhenart et al., 2003). Such

differences are expected since the skull of all vertebrates is not a

single developing unit but a complex structure that comprises

recognizable parts that are coherent according to their develop-

mental origin, structure, and function. These parts can be thought

of as modules in the sense that they are highly integrated by

numerous and usually strong interactions while the interactions

among them are relatively weaker (Cheverud, ’82, ’96; Lieberman

et al., 2000; Hallgrı́msson et al., 2004; Klingenberg, 2008). To

date, however, little is known about how the modifications of

somatic growth induced by environmental perturbations affect

the pattern of interactions between cranial traits.

On the basis of the studies discussed above, we propose a set

of hypotheses about the effects of postnatal nutrient restriction

on the mammalian skull. First, we expect that nutrient restriction

reduces skull size through reduction of somatic growth. However,

due to allometry, we predict that this relatively generalized effect

will differentially affect the growth of the three main modules

(i.e. base, face, and vault) of the skull (Cheverud, ’82; Sperber,

2001; Morris-Kay and Wilkie, 2005; Mitteroecker and Bookstein,

2007). In particular, we predict that the effect of growth reduction

will be greater in the face than in the neurocranium (vault and

base). This prediction is based on two considerations. The first is

that the neurocranium grows earlier than the face. The

neurocranium will thus have proportionately less growth

remaining during the period at which we administer the

nutritional stress. The second reason is that neurocranial growth

is closely related to brain growth and the brain tends to be spared

at the expense of other growth components (Baker et al., 2010).

Second, we expect that the differential effects of nutritional
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restriction on cranial components produce an alteration of

covariance structure. This will occur because the differential

effects of growth restriction on the components of the skull will

alter the covariances among them. If the variance of growth is

also increased, we further predict that morphological integration

will be increased by this environmental stress. The alternative

and null hypothesis is that all the structures are equally affected

by the alteration of somatic growth. In that case, neither

covariance structure nor integration will be influenced by

the treatments.

MATERIALS AND METHODS

Animals

The animals used in this study were Rattus norvegicus albinus,

var. Wistar, brought from the Comisión Nacional de Energı́a

Atómica (Argentina) in 1997. They were maintained as an

outbred colony in the animal house of the Instituto de Genética

Veterinaria (IGEVET, Universidad Nacional de La Plata,

Argentina). The animals were kept free of pathogens and treated

in compliance with standardized institutional guidelines. Rats

were housed in solid stainless steel cages (120 0 � 120 0 � 6.80 0),

which were cleaned three times a week. The room temperature

ranged from 21 to 251C and the photoperiod was 12hr of light,

from 6:00 a.m. to 6:00 p.m. They were fed on a pelleted and

sterilized commercial stock diet containing proteins (23%),

carbohydrates (44%), lipids (11%), water (8%), fiber (5%), mineral

mixture (3%), and vitamin mixture (1%).

Experimental Design

Fifty adult female rats were mated overnight with ten adult

males. Pregnancy was assumed to start after spermatozoa were

found in the vaginal smear. Pregnant rats were housed in

individual steel boxes, and fed on stock diet and water ad libitum.

At delivery, dams and their pups were submitted to one of the

following treatments: Control (C): dams and their pups received

stock diet ad libitum; Early Malnutrition (EM): during lactation

dams were pair-fed half the amount of stock food consumed by

the weight-matched control rats; after weaning and until the end

of the experiment (63 days old) the pups were fed on stock diet ad

libitum; Late Malnutrition (LM): dams received stock diet ad

libitum and their pups were fed on a low-protein diet (2%) after

weaning throughout; Total Malnutrition (TM): during lactation

dams were pair-fed half the amount of stock food consumed by

the weight-matched control rats, and the pups received a low-

protein diet (2%) after weaning throughout. The litters of the four

treatments were weaned at the same age (21 days) and separated

by sex. Food intake was measured daily and body weight was

measured every 3 days from birth to weaning, then the animals

were weighed once a week up to 63 days of age. Animals were

euthanized by cervical dislocation, following approved standard

operating procedures.

Finally, the sample was composed as follows: C: 15 males and

15 females; EM: 21 males and 18 females; LM: 11 males and

16 females; and TM: 8 males and 12 females.

Data Collection

All skulls were micro CT-scanned (Scanco Viva-CT40; Scanco

Medical AG, Basserdorf, Switzerland) at 35mm resolution (70 kv,

160 mA, 500 projections). Sixty-two three-dimensional (3D)

landmarks from both sides of the skull (Fig. 1, Table 1) were

digitized using Analyze 5.0 (Biomedical Imaging Resource 2003).

Landmarks were assigned to three skull modules: base, face,

and vault.

Each specimen was digitized two times on separate days by

the same observer in order to assess measurement error. We

compared statistically the coordinates obtained in the two series

using the intra-class correlation coefficient and repeated

measures ANOVA. The results showed no significant levels of

error in the placement of landmarks.

We used geometric morphometrics based on Procrustes

superimposition to characterize size and shape variation

(Bookstein, ’91). Data used for all analyses were aligned by

means of the Procrustes generalized least squares method using

MorphoJ (Klingenberg, 2011). This procedure optimally trans-

lates, scales, and rotates coordinates of landmarks (Rohlf and

Slice, ’90). The symmetric component of each module was

extracted and the resulting coordinates were used as shape

Figure 1. 3D landmarks collected from rat skull from basicranial

and superior views. Landmarks are only shown for one side of the

skull; however, landmarks were digitized bilaterally. We show the

three components in which the skull was divided: base (green), face

(violet) and vault (blue). 3D, three-dimensional.
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variables. The symmetric component for each specimen was

obtained by estimating the average of the left and right

configurations (Klingenberg et al., 2002). This procedure resulted

in 16 landmarks for the base and the face, and 8 landmarks for

the vault. As a measure of overall size, we computed centroid

size, which is the square root of the sum of squared distances of

each landmark coordinate from the centroid (mean x, y, z,

landmark for the configuration) of the configuration. The

centroid size of the specimens was measured for each data set

and was used to scale the raw coordinates in the Generalized

Procrustes Superimposition (Bookstein, ’91).

Statistical Analyses

The effect of environmental perturbations on the overall growth

was evaluated by comparing the mean body weight among

groups at 63 days. We also performed the Levene’s test to

compare the magnitude of within-group variation in body weight

among groups. A nonlinear Gompertz model was fitted to the

ontogenetic trajectory of body weight in order to obtain an

estimate of the final size attained by each group, which is

summarized by the asymptote of the model (Ritz and Streibig,

2008). The interval of confidence for the asymptote was obtained

by bootstrap (n 5 999).

Differences in mean size of skull components between groups

were investigated by a one-way analysis of variance. The amount

of variance in the size of skull components within each group

was compared using the Levene’s test.

The patterns of shape differentiation in the skull were

investigated using a principal component analysis on the

variance–covariance (VCV) matrix, a method used to describe the

major axes of shape variation in a sample. In addition, a separate

Procrustes superimposition of the raw regional 3D landmarks of

each module was performed. Visualizations of shape changes were

performing by warping the scanned surface of a rat skull, using the

thin-plate spline procedure implemented by Landmark software

(Wiley et al., 2005). Deformations of wireframes were also used to

visualize the differences in shape along the first two principal

components using MorphoJ (Klingenberg, 2011).

The sum of the Euclidean distances between individuals along

the entire set of PCs was used as a measure of disparity within

groups. In order to compare the level of disparity among treatments,

we computed the mean of these distances, which is expected to be

larger in samples that display larger variation in shape among

specimens. The statistical significance of the differences between

means was established by the generation of bootstrap-based

confidence intervals at 0.95 with 1,000 permutations.

For quantifying overall similarity in the structure of associa-

tion among traits, we calculated the correlation between

covariance matrices (Mantel, ’67). Although correlation matrices

among phenotypic traits are also used, within geometric

morphometrics covariance matrices are consistently used because

the landmark coordinates affect the way by which matrix

correlations are computed (Klingenberg et al., 2002; Klingenberg,

2011). The computation of correlation matrices involves a

different scaling of each variable, which would result in a

different scaling of each landmark coordinate and a distortion of

the geometry of the landmark configuration. The matrix

Table 1. List of 3D landmarks digitized from rat skulls.

Landmark name

Landmark

Anagram

Midline superior incisor MSI

Anteriormost margin of incisive foramen AIF

Anterior inferior zygomatic AIZ

Point of greatest curvature on the posterior

margin of the malar process

PM

Anterior superior alveoli ASA

Posterior incisive foramen PIF

Point along palatine-maxillary suture PPS

Posterior superior alveoli PSA

Lateral palatal–pterygoid junction LPP

Lateral spheno-occipital synchondrosis SOS

Anterior foramen ovale AFO

Anterior inferior auditory bulla AIA

Point of greatest curvature along posterior edge of

zygomatic process of temporal bone

PZA

Occipital–auditory–sphenoid junction OAS

Occipital–auditory junction OA

Lateral point on the ventral margin of the occipital

foramen

LOF

Auditory–temporal–sphenoid junction ATS

Medial palatal–pterygoid junction MPP

Medial maxilla–premaxilla junction MMP

Anteriormost point along lateral zygomatic-

frontal suture

LNS

Nasion NAS

Lateral point along frontal suture LFS

Intersection of frontal suture with orbital rim IOS

Frontal–temporal–parietal junction FTP

Bregma BRG

Intersection between the two parietals and the

interparietal bone

SPI

Point along occipital–mastoid suture MST

Superoposterior extremity of tympanic ring TYM

Posterior zygomatic-frontal junction PZF

Anterior nasal—premaxilla junction AMN

Medial internal occipital foramen MOF

Medial internal spheno-occipital synchondrosis MSO

Medial internal basi-presphenoid junction MBP

Medial internal anterior point on presphenoid

bone

MAP

Point on the top of the crista galli CL
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correlation is the Pearson correlation computed using the

corresponding elements of the two matrices as paired observations

and measures the strength of association between them.

A correlation of 11 indicates that the covariation patterns are equal

or proportional. A correlation of zero indicates unrelated structure

between the matrices, and a correlation of�1 specifies matrices that

are mirror images (Roff, 2000; Marroig and Cheverud, 2001).

Matrix correlations were then adjusted to account for small

sample size following Marroig and Cheverud (2001), using the

formula Radj 5 Robs/Rmax. Maximum matrix correlation (Rmax) was

estimated using the formula Rmax 5 (tatb)
1/2. To estimate covar-

iance matrix repeatability (t), the original data sets were resampled

and covariance matrices were re-estimated 1,000 times, and the

mean matrix correlation between these and the original data sets

was taken as an estimate of t (Marroig and Cheverud, 2001).

We calculated an integration index based on the variance of

the eigenvalues of the covariance matrices (Wagner, ’90; Pavlicev

et al., 2009). This index is based on the fact that the eigenvalues

of a matrix give the amount of variance associated with the

corresponding eigenvector. If there are only a few eigenvalues

that are large compared with the rest of the eigenvalues, then

the variation of the characters is more or less confined to the few

corresponding eigenvectors (Wagner, ’90). We corrected for

differences in sample variance by scaling the variance of

eigenvalues to the mean eigenvalue. In addition, to account for

the dependency on the size of the matrix when eigenvalue

variance is compared among matrices, we estimated the relative

eigenvalue variance by dividing the observed eigenvalue

variance by the maximum eigenvalue variance for the

particular number of traits (Pavlicev et al., 2009). Partial indices

of integration for the three cranial modules were calculated using

this method.

To analyze the pattern of shape variation for static allometry,

i.e. the size-related shape changes, we performed multivariate

regressions of the Procrustes coordinates on log centroid size for

each group (Monteiro, ’99). The amount of variation accounted

by the regression model was quantified as a percentage of the

total shape variation, computed using the Procrustes metric. The

statistical significance of the regressions was evaluated with

permutation tests against the null hypothesis of independence.

In order to compare the pattern of static allometry between

groups, we computed the Pearson’s coefficient correlation

between the corresponding regression vectors. The r value

measures the strength of the relationship between the variables

analyzed. Hence, the closer to 1 the r value obtained, the more

similar the vectors compared are. If a pair of vectors have exactly

the same direction, the correlation value is expected to be 1, and

the angle between them will be 0 (Blackith and Reyment, ’71).

Conversely, if the vectors vary independently, the correlation

between vectors will be 0 and the angle 90. Additionally, we

estimated bootstrap-based confidence intervals at 0.95 with

1,000 permutations to evaluate the significance of the relation-

ship. Through this approach we are testing the null hypothesis

that the correlation coefficient between pairs of vectors does not

differ from the expected for pairs of random vectors (r 5 0.0).

When a confidence interval includes 0, the correlation between

vectors is not larger than the expected by chance alone. Finally,

we calculated the arccosine of the signed inner products between

the standardized regression vectors to obtain the angles between

them (see Drake and Klingenberg, 2008; Gonzalez et al., 2010).

The statistical analyses were performed using MorphoJ

(Klingenberg, 2011) and R 2.10.0 (R Development Core

Team, 2009).

RESULTS
Malnutrition produces a significant reduction of body weight in

the three treatments both in females and males (Table 2).

Comparison of variances for body mass by the Levene’s test

Table 2. Mean body weight at 63 days old and maximum body weight estimated by the Gompertz model.

Females Males

Group Mean (g) Asymptote N Mean Asymptote N

Control� 176.800 227.462 15 246.111 354.867 18

213.041–246.610 321.148–397.394

Early Malnutrition 127.1581 195.352 19 121.8641 264.511 20

165.029–244.778 178.573–581.042

Late Malnutrition 30.3541 32.572 18 32.4121 35.236 13

31.476–33.752 33.927–36.693

Total Malnutrition� 20.9031 23.955 12 25.8751 27.134 8

23.199–24.696 26.239–28.191

Confidence intervals (95%) obtained by bootstrap are also given. �Group with significant differences between females and males.
1Significantly different from Control group.
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revealed that the LM and TM groups showed a significant

reduction in the variance of body size attained at 63 days old.

The EM group showed a significant increase in its variance.

The maximum body weight estimated by the asymptote of the

Gompertz model was also lower in the three treatments than

in the Control group. Figure 2 displays the longitudinal data

for body weight and the adjusted Gompertz model by treatment

and sex.

Table 3 summarizes the mean values of size (CS) for the three

skull components and their standard deviation by group. The

three treatments showed significant reduction in size compared

with the Control group. Proportional average reduction from

control size was greater for LM and TM groups for the face

component. Conversely, the EM group showed greater reduction

for the vault than for the other two components. The ANOVA test

indicated the existence of significant differences in size among

treatments for the three modules. The two post hoc tests

performed, Tukey and Bonferroni, showed that most pairwise

comparisons were significant at Po0.01, except between the

Late-Total Malnutrition comparison. The Levene’s test showed

higher among-individual variance in size in the EM group for the

three components analyzed.

The first principal component (PC1) extracted from the whole

skull accounts for 61.20% of the total variance, and it separates

the Control group from the LM and TM groups. The second

component accounts for a small proportion of total variance

(8.88%) and it separates Control and EM groups. Variation along

PC1 is manifested primarily in the breadth of the vault and the

base, and the length of the face (Fig. 3). In contrast, variation

along PC 2 is mainly manifested in the breadth of the face.

Similar shape changes can be observed when the three skull

modules are analyzed separately (Fig. 4A–C).

The distribution of individuals along the first two principal

components suggests that EM group shows a greater disparity in

shape. Euclidean distances between specimens along the entire

set of PCs were larger for the EM group in the three cranial

modules analyzed (Fig. 5). The bootstrap-based confidence

intervals calculated for the mean of Euclidean distances

between specimens showed that disparity within EM group was

significantly larger than in Control group for the base

(confidence intervals: C 5 0.033–0.036; EM 5 0.039–0.033;

LM 5 0.035–0.038; TM 5 0.033–0.038), vault (confidence

intervals: C 5 0.037–0.041; EM 5 0.05–0.056; LM 5 0.039–

0.044; TM 5 0.037–0.046), and face (confidence intervals:
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Figure 2. Longitudinal data for body weight and the adjusted Gompertz model by treatment and sex (Red 5 female; Black 5 male).
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C 5 0.033-0-04; EM 5 0.04–0.046; LM 5 0.034–0.038; TM 5

0.035–0.043). Additionaly, we estimated the mean of the

Procrustes distances between individuals and the mean shape

of each group as a measure of within-group disparity. The results

obtained were similar to those obtained in base to the Euclidean

distances among specimens. The EM displayed a higher disparity

for the three cranial modules, though the differences were only

significant for the vault (results not shown).

The matrix correlations between covariance matrices for each

treatment are presented in Table 4. Correlation values varied

between 0.283 and 0.649. Matrix repeatability ranges from 0.883 to

0.920 in the base, from 0.890 to 0.914 in the face, and finally, from

0.842 to 0.931 in the vault. Accordingly, maximum values of

correlation expected range from 0.848 to 0.907. Adjusted matrix

correlations between treatments range from 0.315 to 0.737. The

highest correlation values between the VCV matrices were found

between LM and TM groups, whereas the lowest values were found

between the Control group and the other three treatments (Table 4).

The patterns of the scaled variance of the eigenvalues

as a measure of integration show an increase in integration

Table 3. Mean centroid size and variance of skull components per group.

Base Vault Face

Group N Mean Variance % Mean Variance % Mean Variance %

Control 30 39.385 1.138 – 26.426 0.739 – 44.947 2.397 –

Early Malnutrition 38 36.439 2.636 8 23.843 1.165 12 41.271 4.010 7

Late Malnutrition 27 33.069 0.412 16 22.222 0.275 16 36.343 0.669 19

Total Malnutrition 20 32.063 0.700 18 21.505 0.312 20 34.876 0.160 23

The percentage (%) of reduction in size compared with Control group is also shown.

PC 1 (61.20%)

P
C

 2
 (

8.
86

%
)

PC1 (-) PC 1 (+)

PC 2 (-)

PC 2 (+)

Figure 3. Principal component (PC) analysis comparing the distribution of shape variables of the whole skull for the four experimental

groups: Early Malnutrition (EM), Late Malnutrition (LM), and Total Malnutrition (TM). For each PC, the shape changes corresponding to the

observed extremes in the positive and negative directions are shown as a warped surface of a rat skull (Wiley et al., 2005).
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for the EM group, especially for the base and vault (Fig. 6).

Conversely, compared with Control and EM groups,

the LM and TM groups display lower values of integration

for the base. A similar pattern was found by comparing

the level of integration using the relative variance of eigenvalues

(Table 5).

The multivariate regressions of Procrustes coordinates on

centroid size within treatments were statistically significant

A

B

C

PC 1 (58.89 %)

P
C

 2
 (

9.
67

%
)

PC 1 (59.23%)

P
C

 2
 (

10
.9

3%
)

PC 1 (67.52%)

P
C

 2
 (

7.
97

%
)

Figure 4. Principal component (PC) analysis comparing distributions of shape variables of the base (A), face (B), and vault (C). Wireframes

show landmark displacements along PC1 and PC2 for each module. Early malnutrition (EM), late malnutrition (LM), and total

malnutrition (TM).
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(Po0.01) and showed that centroid size accounted for 8–32% of

the total shape variation, depending on the cranial unit and the

group analyzed. The largest values were obtained for the EM

group, with values of 24.454% for the vault, 32.238% for the

face, and 29.177% for the base. The Control group exhibited a

similar amount of shape variation accounted by size in the three

skull components analyzed; with the largest value also obtained

for the face (16.601%) compared with the vault (12.341%) and

the base (12.239%). The other two groups (LM and TM) exhibited

values ranging from 8.199 to 20.255%. Regarding the skull

components, the face showed larger values of shape variation

explained by size than the other two components for all the

groups analyzed. These results suggest that a large percentage of

skull shape variation within samples is independent of size.

The correlation coefficients showed the lowest values for the

comparisons between regression vectors of the Control group and

the LM and TM groups (Table 6). These results indicate that the

reduction of nutrient supply significantly altered the pattern of

static allometry. Moreover, the confidence intervals estimated for

those correlation coefficients indicated that the statistical null

hypothesis was not rejected, and thus the r values were not

significantly higher than the expected for random vectors.

Conversely, the highest correlation values were found between

the three malnourished groups for three skull components

analyzed (Table 6). That means that the different treatments

had a similar effect on the pattern of size-related shape changes

in the skull. These results are similar to those obtained for the

correlation between covariance matrices derived from Procrustes

superimposed data, although the comparison of regression

vectors only contains information about the fraction of shape

that covaries with size.

DISCUSSION
As predicted, the reduction of nutrient supply altered the growth, as

is shown by the smaller body and skull size attained by the

malnourished groups (Tables 2 and 3). On the basis of the

developmental and functional data considerations, we expected

that the nutrient restriction would differentially affect the growth of

the three modules and that this differential effect would alter

covariation structure. In particular, we predicted a larger reduction

of growth in the facial component than in the neurocranium. All

three components were significant smaller in the malnourished

groups. Interestingly, however, the pattern of size decrease was

related to the ontogenetic period in which the perturbation was

C EM LM TM
0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

C EM LM TM
0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

0.11

C EM LM TM

E
uc

lid
ea

n 
di

st
an

ce
s 

am
on

g 
is

pe
ci

m
en

s
E

uc
lid

ea
n 

di
st

an
ce

s 
am

on
g 

is
pe

ci
m

en
s

E
uc

lid
ea

n 
di

st
an

ce
s 

am
on

g 
is

pe
ci

m
en

sBase Vault

Face

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

Figure 5. Box plot of the Euclidean distances between specimens along the entire set of principal components by module and treatment.

Early malnutrition (EM), late malnutrition (LM), and total malnutrition (TM).
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induced. When the period of starvation persisted until adulthood,

the face was the component with the largest decrease in size.

A similar response of the viscerocranium to low protein and caloric

diets has been previously documented in rodents and primates

(Dressino and Pucciarelli, ’97; Miller and German, ’99; Oyhenart

et al., 2003). Conversely, when the diminution of nutrient supply

only occurred during the early part of ontogeny, i.e. from birth to

weaning, the vault was the component most affected, showing a

reduction of 12% compared with controls, whereas the face and the

base were reduced by 7 and 8%. We infer that differences in

response are due to differences in the timing of growth between the

modules analyzed. Vault growth is strongly influenced by the

development of the brain, which occurs earlier than other structures

in the skull. As a consequence, this component displays a high rate

of growth during the early ontogeny and a shorter period of

postnatal growth. Although the vault displays a faster deceleration

between birth and weaning (Hughes et al., ’78), facial growth

extends for a longer period and a larger percentage of its final size

is normally attained after weaning. This means that when food

consumption was restored in the EM group, the facial component

was normally growing at a higher velocity than the vault. Such

difference could account for the greater reduction in vault size with

respect to facial size that was observed in this group.

Comparisons of skull shape also revealed large differences

between the three treatments and the control group. The main

shape changes associated with the reduction of nutrient supply,

extracted from the first PC, were characterized by an ante-

roposterior shortening of the skull and a relative increase in the

skull breadth. These results suggest that morphological changes

in response to stressors occurred along a direction of ontogenetic

variation (West-Eberhard, 2003; Young and Badyaev, 2010). The

broad pattern of shape change that we see between control and

malnourished groups mimics that of postnatal ontogenic shape

change in the skull of rodents as well as other mammals. In

particular, there is an ontogenetic lengthening of the skull with

age due to the predominant anteroposterior direction of facial

growth (Dressino and Pucciarelli, ’97; Miller and German, ’99;

Gonzalez et al., 2011). A similar pattern of phenotypic variation,

where larger skulls tend to have longer vaults and faces

compared with smaller skulls, has been observed among natural

populations of modern humans and primates (Marroig, 2007;

Perez and Monteiro, 2009; Perez et al., 2011). These results

suggest that, although the particular environmental and genetic

causes of size variation at intra and inter-specific levels can be

different, they might have similar consequences in cranial shape

due to the contribution of the same developmental processes.

We also hypothesized that nutrient restriction would produce

a generalized alteration in covariance structure. We found

relatively low correlations between the covariance matrices of

each module of among treatments, indicating that integration

pattern were indeed altered by nutrient restriction. The lowest

values were found in the face with correlation values ranging

from 0.316 to 0.372. Previous studies aimed at evaluating the

effect of mutations on the covariance pattern of the skull have

noted that low correlations among covariance matrices are to be

expected when the phenotypic variances for the traits in the

matrix are low (Hallgrı́msson et al., 2007a; Jamniczky and

Hallgrı́msson, 2009). In such cases even small genetic changes

can result in large alterations of the variance of covariance-

generating processes in the development of organismal form. Our

results suggest that environmentally induced changes can also

have such an effect on covariance matrices. Although this

plasticity in the pattern of integration among phenotypic traits

has not been analyzed thoroughly, there are well supported

reasons to expect that in multivariate phenotypes, environmental

conditions induce not only variation in individual traits but also

differences in the integration among traits (Schlichting, ’89a;

Pigliucci, 2001, 2004).

It is well known that the restriction of nutrient supply affects

overall determinants of growth, such as the activity of several

hormones and factors that play an important role in regulating

organismal growth (Thissen et al., ’94; Nijhout, 2003; Martin

et al., 2005; Kappeler et al., 2009). Moreover, a recent study

has demonstrated that the nutritional status in early life might

induce permanent modifications on hormone activity in adults,

Table 4. Covariance matrix similarity for each pairwise treatment

comparison, derived from the set of landmarks of the three modules

analyzed separately.

Anatomical

Correlation between covariance matrices

unit Groups Maximum Observed Adjusted

Base C-EM 0.905 0.352 0.389

C-LM 0.892 0.379 0.424

C-TM 0.886 0.417 0.470

EM-LM 0.907 0.341 0.375

EM-TM 0.901 0.365 0.406

LM-TM 0.888 0.495 0.557

Face C-EM 0.901 0.335 0.372

C-LM 0.893 0.283 0.317

C-TM 0.896 0.289 0.323

EM-LM 0.905 0.308 0.340

EM-TM 0.909 0.287 0.316

LM-TM 0.9 0.638 0.709

Vault C-EM 0.885 0.430 0.486

C-LM 0.848 0.538 0.634

Cl-TM 0.859 0.391 0.455

EM-LM 0.891 0.643 0.722

EM-TM 0.903 0.649 0.719

LM-TM 0.865 0.638 0.738

Control (C), Early malnutrition (EM), Late malnutrition (LM) and Total

malnutrition (TM).
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associated with changes of the GH/IGF-I endocrine axis (Kappeler

et al., 2009). The alteration of such common growth factors

mediates the overall size reduction observed in malnourished

individuals. However, the low correlation values between

covariance matrices of Control and treatments suggest that local

determinants of growth (e.g. autocrine/paracrine IGF-I; Le Roith

et al., 2001) drove specific and local responses to systemic factors

in the cranial structures analyzed. This is further supported by the

differences found in the static allometry of the base and face

between the control group and the two groups with extended

starvation (LM-TM), which indicates that the pattern of covaria-

tion of shape with size was altered. These findings stress the

importance of local factors in mediating the changes in the

covariation structure under different environmental or genetic

perturbations (Hallgrı́msson and Lieberman, 2008; Mitteroecker

and Bookstein, 2008).
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Figure 6. Variance of eigenvalues for each module of the skull for Procrustes superimposed data. The variances of eigenvalues were scaled

by the total variance within each module and group. Control (C), Early malnutrition (EM), Late malnutrition (LM), and Total malnutrition (TM).

Table 5. Comparison of integration levels measured by the variance of eigenvalues (l) and the relative variance of eigenvalues.

Base Face Vault

Group Observed SD (l) Rel. SD (l) Observed SD (l) Rel. SD (l) Observed SD (l) Rel. SD (l)

Control 3.474E�08 7.392E�10 2.785E�10 5.925E�12 1.174E�09 5.105E�11

Early Malnutrition 7.292E�08 1.551E�09 6.669E�10 1.419E�11 6.851E�09 2.979E�10

Late Malnutrition 4.023E�10 8.560E�12 2.464E�10 5.243E�12 1.522E�09 6.618E�11

Total Malnutrition 2.761E�10 5.875E�12 4.234E�10 9.008E�12 2.046E�09 8.894E�11
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Environmental perturbations are thought to increase the

phenotypic variance within groups (Badyaev, 2005; Jones and

German, 2005). For nutritional stress, we report here that the time

and duration of the nutritional stress influences the extent of the

effect on the within-group variance. The restriction of nutrients

during lactation led to a larger variation in the phenotypic traits

under study (i.e. body weight, and size and shape of cranial

modules). In contrast, the traits of the two groups under extended

malnutrition showed either similar values or a significant

reduction in their variation compared with the Control group.

Previous studies have also reported that variation of different

traits responds differentially to unfavorable environmental

conditions (e.g. Stanton et al., 2000; Cesani et al., 2006). The

nonlinearity between the strength of nutritional restriction and

the phenotypic variation reported in this study may reflect

underlying nonlinearities in the relation between complex traits

and their genetic, environmental, and developmental determi-

nants (Klingenberg and Nijhout, ’99; Gilchrist and Nijhout, 2001;

Nijhout, 2002). If individuals vary in their response to nutritional

stress, then the magnitude of the variance in the response will

depend on the growth velocities of particular structures at the

time of the environmental perturbation. Individuals can also vary

in their capacity for catch-up subsequent to the stress period,

which further complicates this relationship.

Finally, we expected that changes in the variance of somatic

growth would result in alterations in the level of phenotypic

integration in cranial traits. Particularly, in the case of nutritional

deficiency, variation in the degree to which individuals exhibit a

reduction in growth results in a source of covariation that is not

present in a population in which no individuals exhibit a

reduction in growth due to poor nutrition. Previous studies have

shown that changes in variance in covariance-generating

developmental processes can produce radically different covar-

iance structures and increase or decrease overall integration

depending on the relative importance of the process under study

in determining covariance structure (Hallgrı́msson et al., 2009).

Accordingly, we observed that in the EM group the increased

variance in the growth of the three components of the skull,

inferred from the variance in size, resulted in an increase in the

morphological integration as measured by the scaled and relative

variances of eigenvalues. As somatic growth is a major

contributor to cranial covariation, due to the allometric effects

of growth, increasing its variance also increases the magnitude of

correlated responses driven by this process.

The results reported in this study reveal the influence of

environmental factors on the VCV structure of the skull. The

evidence presented in this study indicates that both the pattern

and magnitude of phenotypic integration of the skull are affected

by the alteration of somatic growth induced by the reduction of

nutrient supply. Furthermore, we found that the specific

responses depend on the time and magnitude of the environ-

mental perturbation induced. These morphological changes in

skull components are probably mediated by the action of both

general and local factors. However, we have only a very limited

understanding of the mechanisms that control size and associated

shape variation in specific tissues. Further work in this direction

is required to ascertain how tissue-specific responses within

structures are produced under the influence of common external

factors. We believe that approaches that focus on the influence of

Table 6. A pairwise comparison between the regression vectors of

Procrustes coordinates on centroid size.

Treatments r Angle

Base C-EM 0.654 49.156

(0.408 0.825)

C-LM 0.014 89.2

(�0.294 0.352)

C-TM 0.330 70.73

(�0.003 0.779)

EM-LM 0.530 59.136

(0.166 0.780)

EM-TM 0.747 41.062

(0.489 0.894)

LM-TM 0.575 56.289

0.153 0.847

Face C-EM 0.483 61.901

(0.105 0.736)

C-LM 0.043 87.77

(�0.381 0.452)

C-TM 0.233 75.88

(�0.170 0.548)

EM-LM 0.469 62.095

(0.125 0.742)

EM-TM 0.592 53.487

(0.315 0.782)

LM-TM 0.501 59.136

(0.193 0.750)

Vault C-EM 0.636 50.950

(0.178 0.876)

C-LM 0.654 49.004

(0.306 0.866)

C-TM 0.592 53.130

(0.209 0.829)

EM-LM 0.742 42.012

(0.493 0.901)

EM-TM 0.735 43.448

(0.456 0.906)

LM-TM 0.823 34.106

(0.613 0.941)

Control (C), Early malnutrition (EM), Late malnutrition (LM), and Total

malnutrition (TM). Bootstrap-based confidence intervals at 0.95 with 1,000

permutations are given in parenthesis.
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particular developmental processes in controlled experimental

contexts have the potential to unravel the intricate relationship

between phenotypic variation in complex traits and their genetic

and environmental determinants.
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Portha B, Alvarez C. 2005. Protein-caloric food restriction affects

insulin-like growth factor system in fetal Wistar rat. Endocrinology

146:1364–1371.

Miller JP, German RZ. 1999. Protein malnutrition affects the

growth trajectories of the craniofacial skeleton in rats. J Nutr

129:2061–2069.

Mitteroecker P, Bookstein FL. 2007. The conceptual and statistical

relationship between modularity and morphological integration.

Syst Biol 56:818–836.

Mitteroecker P, Bookstein FL. 2008. The evolutionary role of

modularity and integration in the hominoid cranium. Evolution

62:943–958.

Mitteroecker P, Gunz P, Bookstein FL. 2005. Heterochrony and

geometric morphometrics: a comparison of cranial growth in Pan

paniscus versus Pan troglodytes. Evol Dev 7:244–258.

Monteiro LR. 1999. Multivariate regression models and geometric

morphometrics: the search for causal factors in the analysis of

shape. Syst Biol 48:192–199.

Morriss-Kay GM, Wilkie AOM. 2005 Growth of the normal skull vault

and its alteration in craniosynostosis: insights from human genetics

and experimental studies. J Anat 207:37–653.

Nijhout HF. 2002. The nature of robustness in development. BioEssays

24:553–563.

Nijhout HF. 2003. The control of growth. Development 130:

5863–5867.
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