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Linear Measurements of the Neurocranium Are Better Indicators
of Population Differences than Those of the Facial Skeleton:
Comparative Study of 1,961 Skulls

GABOR HOLLO,'? LASZLO SZATHMARY,' ANTONIA MARCSIK,’ AND ZOLTAN BARTA'

Abstract The aim of this study is to individualize potential differences be-
tween two cranial regions used to differentiate human populations. We com-
pared the neurocranium and the facial skeleton using skulls from the Great
Hungarian Plain. The skulls date to the 1st—11th centuries, a long space of
time that encompasses seven archaeological periods. We analyzed six neuro-
cranial and seven facial measurements. The reduction of the number of
variables was carried out using principal components analysis. Linear mixed-
effects models were fitted to the principal components of each archaeological
period, and then the models were compared using multiple pairwise tests. The
neurocranium showed significant differences in seven cases between nonsub-
sequent periods and in one case, between two subsequent populations. For
the facial skeleton, no significant results were found. Our results, which are
also compared to previous craniofacial heritability estimates, suggest that the
neurocranium is a more conservative region and that population differences
can be pointed out better in the neurocranium than in the facial skeleton.

The human cranium is a widely studied paleoanthropological subject. It probably
constitutes the most complex part of the skeleton, housing the brain and different
sense organs (Enlow 1990; Hallgrimsson et al. 2007). The skull is composed of
three embryologically distinct portions that follow a morphologically integrated
and hence somewhat independent development and variation: the basicranium,
the neurocranium, and the facial skeleton (Ackermann 2005; Bastir et al. 2006;
Cheverud 1982; Gonzalez-José et al. 2004; Lieberman et al. 2002).

In the present study we address the question of whether the neurocranium
and the facial skeleton, represented here by two sets of selected linear measure-
ments, differ from each other in depicting differences between populations. It is
important to emphasize that in this work we do not attempt to estimate degrees of
genetic relationships among populations to examine the problem of reconstructing
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genetic relations based on morphological data [see Collard and Wood (2000) and
Hlusko (2004) versus Manica et al. (2007), Relethford (2004), Roseman (2004),
Roseman and Weaver (2007), and Sparks and Jantz (2002)]. We merely investi-
gate the extent to which the linear measurements of the neurocranium and the
facial skeleton are suitable for indicating potential shape differences among the
archaeologically well-distinct populations that lived in the territory of the Great
Hungarian Plain between the Ist and the 11th centuries A.D.

The neurocranium and the facial skeleton differ from each other function-
ally and ontogenetically. The neurocranium protects the brain, the center of the
nervous system, whereas the facial skeleton holds our most important sense or-
gans as well as the aperture of the alimentary canal. To a certain extent, the evo-
Iutionary tracks of the two cranial parts followed different directions from early
hominins to the derived modern human (increasing neurocranial globularity vs.
facial retraction) (Bookstein et al. 2003; Lieberman et al. 2002). The neurocra-
nium ends its growth and development earlier than the splanchnocranium (facial
skeleton) (Bastir et al. 2006, 2007; Bookstein et al. 2003; Kohn 1991; Zollikofer
and Ponce de Le6n 2002), and hence it is expected to be under minor influence of
environmental effects. Accordingly, the two cranial parts should diverge in reflect-
ing population differences.

Previous studies used the neurocranium to follow population history (Gunz
et al. 2009; Harvati and Weaver 2006; Holl6 et al. 2008), whereas other studies
showed that facial measurements were informative markers of genetic distances
(Betti et al. 2009; Perez et al. 2007; Schillaci 2008).

During the time span considered in our study, climatic fluctuations in
the Carpathian basin were modest (Jakab et al. 2009; Réacz 2001; Siimegi et al.
2009) and probably did not play a special role in differentially affecting the facial
skeleton of the population samples used in this study (Bastir and Rosas 2004;
Gonzalez-José et al. 2005; Harvati and Weaver 2006; Kohn 1991; Roseman 2004,
Strand Vidarsdottir et al. 2002). Accordingly, here we test the null hypothesis that,
compared to the neurocranium, the facial skeleton is a less sensitive marker of
dimensional population differences.

Materials and Methods

We examined skulls from the 1st to the 11th centuries excavated in the Great
Hungarian Plain. The region, which forms the western border of the Eurasian
steppe, covers an area of approximately 100,000 km* and is situated in the Car-
pathian basin in Central Europe.

The database is from 4,001 adult crania: 1,540 were measured by our
research group, and the remaining record is derived from previous publications
(see Szathmary et al. 2008). The material comes from 147 archaeological sites.
They are dated to seven chronocultural periods: the Sarmatian period (1st—4th
century), the transition period (400-420), the Hun-Gepidic epoch (420-455 and
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455-567) (in tables and figure captions, this is simply indicated as Gepidic), the
Early Avar age (568-670, ca.), the Late Avar age (about 670-800; later it corre-
sponds to 895), the period of the Hungarian conquest and settlement (§895-1000,
i.e., the 10th century), and the 11th century, part of the Arpadian age. A more
detailed description of the historical background is provided by Hollé et al.
(2008).

The bones are preserved in museums (Department of Anthropology, Hun-
garian Natural History Museum, Budapest; J6sa Andrds Museum, Nyiregyhdza,
Hungary; Hermann Ott6 Museum, Miskolc, Hungary; and Vasvari P4l Museum,
Tiszavasvari, Hungary) and provisionally at the universities of Debrecen and
Szeged, for scientific examinations. Sex was determined according to the method
of Acsadi and Nemeskéri (1970). For the definition of adulthood we followed the
criteria of Nemeskéri et al. (1960) and Johnston (1961).

Thirteen linear measurements on the skull were analyzed (Martin 1928):
maximum cranial length, basion-nasion distance, maximum cranial breadth, min-
imum frontal breadth, basion-bregmatic height, and porion-bregmatic height on
the neurocranium; and bizygomatic breadth, upper facial height (nasion-prosthion
distance), orbital breadth, orbital height, nasal breadth, nasal height, and bigonial
breadth on the facial skeleton.

In the present work we examined 1,961 skulls, among which 822 crania
have no missing values. A further 751 skulls have no missing neurocranial values,
whereas 388 have a complete series of facial data. As a whole, 1,573 (822 + 388)
and 1,210 (822 + 388) crania have been used in this study to describe the neuro-
cranium and the facial skeleton, respectively.

The means and standard deviations of the measurements are presented in
Table 1 (neurocranium) and Table 2 (facial skeleton), and the chronocultural
distribution of the material is shown in Table 3. Females and males were ana-
lyzed together because of the poor sample size of the facial data set for some
early periods (notably, the Sarmatian, transition, and Hun-Gepidic). Therefore
the data were standardized (Studentized) in the course of the principal compo-
nents analysis.

Statistical analyses were carried out in the R interactive statistical environ-
ment (R Development Core Team 2008). Principal components analyses were
performed by the R function prcomp (R Development Core Team 2008). We ana-
lyzed the first two principal components (the eigenvalues of the principal com-
ponents are reported in Table 4). Linear mixed-effects models were fitted (Imer
function of the Ime4 package; Bates 2007), where the archaeological sites were
entered as a random factor (Reiczigel et al. 2007; Searle 1971). Pairwise multiple
comparisons (Hsu 1996; Reiczigel et al. 2007) between the models representing
the archaeological periods were done using the glht function of the multcomp
package (Hothorn et al. 2008). All the subpopulations (according to archaeologi-
cal period) were satisfactorily tested for normal distribution (R function qgnorm;
R Development Core Team 2008).



(T 9II11 #'9) §Tel (L'Y) $96 (8°S) L'8¢I (TS 001 (L) L'081 Amyuao y |

(0001-568)

(19 111 (€9 o€t (8'%) 696 L6yl (19 go01 (L1 se6Lt Amyuad o[
(S68-0L9 )

(196111 (8'9) L'8C1 (LY) 866 9 0Tyl (T9) 8'86 WL v8LT 93E JeAY Je]
(0L9 0-89¢)

(8'9) 01T (TL 16T1 Lv)Tse (€9) L'T¥1 (89) 6'86 F'L) €8LT a3e reAy Ajreg
(L9S-0Th)

O I'v11 WO vvel (S1) 9°66 (19) L'9g1 L9 gol (8'9) 6°6L1 yoodoa orprdon
(0Tr—00%)

(AR R2NI (8'9) ¥'9¢1 r'v) 696 (89) L'8€1 (€9 8101 @@L LeLt pouad uonisuex],
(AIMyuad Yy—IsT)

(6'9) L'ETT (€L €veT 61) €96 (€L ot (890107 (98) S9LT potiad ueneuieg

(wut) 1y 312 (wiut) jy312ff (wiu) yipvaag (wi) yipvaag (wiwt) 20uvisi(y (wut) ypsuay pouriag

2UPUISIAG-UOLIOT 2PWE2AG-UOISDY [PIUOL] Wnuiu [PIUDAD) WNUIXD AT UOISDN-UO0ISDY [PIUDAD) WNUIXD A pa18ojoavyory

SUOISUQWI(] [BIUBIOOINAN] :POLID] [0130]
-09RUOIY 0} SUIPIOOOY SJUSWIAINSLIJA] 9[SUIS Y} JO (SUOIBIAQ(] PIEpPUR)S PUR) SUBSIN  °T QR

32 / HOLLO ET AL.



Neurocranium and Facial Skeleton Measurements | 33

(I'L) L°001 9°¢) 60 1) LvT (€ 1¢e #2)00r (8'%) ¥'0L (8'9) 6°0¢1 Amyuad iy |
(0001-568)

(69) 0’101 (S SIS (I'o) ese o Tee (€0 80F (6'%) €69 (9°9) 6°C€l Amyuad yig|
(S68-0L9 )

L1)986 ((XINIRIY (0D €St (Tovee ooy (T2 ¥'69 (TLTIeT 93e TeAy 9)e]
(0L9 9-896)

(8'L) L'001 Leris (T §'sT (Iovee (S0 L6g (TS 00L (TLTicl o3¢ ey Apreg
(L9s-0zh)

#9) 6’101 (IR ATY (8'1) 91T (L Lee 81)S1¥ (6%) S0L L) veel yooda orprden
(0TH—-00%)

(L'8) 686 To s @®1nece (LD oee 0D ¥6¢ L€ ¥69 (69) 0°0€T potiad uonisuel],
(AIuad Yy—1sT)

(8'6) 7001 (L'¢) L'0S (CRIR a7 91)8c¢ (S Sor 09 €LY (6'L) LOET potiad uenewreg

(wiw) yspvasg (wit) 1y S12H (ww) yspvasg (unw) 1812 (unut) yipvasg (un) 1y 812 (uiwt) yipvaig portad

pruosig IPSON IDSON D11q10 1qI0O p1ovg 4addp) ouPwWos21g [po180j0aDYILY

SUOISUQWII(] [BIOR,] :POLIdJ [BI1S0]
-09BYOIY 0} SUIPIODOY SJUSWAINSEIJA] 9[SUIS Y] JO (SUONRIAJ(] PIEPUL)S PUR) SUBJJN T dqEL



34 / HOLLO ET AL.

Table 3. Number of Skulls of the Three Subsets in Diverse Archaeological Periods

Archaeological Period Neurocranium Facial Skeleton Complete Data Subset

Sarmatian period 57 20 19
(1st—4th century)

Transition period 53 27 18
(400-420)

Gepidic epoch 78 33 26
(420-567)

Early Avar age 192 163 103
(568—c. 670)

Late Avar age 808 694 482
(c. 670-895)

10th century 192 152 86
(895-1000)

11th century 193 121 88

Total 1,573 1,210 822

Results

Neurocranial Measurements.  In our previous study (Holl6 et al. 2008), we
made an attempt to explore the correlation between anatomical profiles and cul-
tural changes induced by sequential populations on the basis of the neurocranium,
and we used the same database as in the present paper. Thus here we refer only to
the statistics of the neurocranial principal components published in that study. The
matrix of variable loadings is presented by Table 5.

Figure 1, which shows the means of the principal components in the diverse
periods, reveals a possible sudden change between the Gepidic and Avar ages in
both PC1 and PC2. Conversely, a tendency in the principal components through-
out the entire time span considered in this study cannot be observed. Pairwise
tests of the linear mixed-effects models (LMMs) show that in PC1, the overall size
factor, there are significant differences between the transition and the Early Avar
periods (z =-3.092, p = 0.030).

Table 4. Eigenvalues of the Principal Components

Principal Component

PClI PC2 PC3 PC4 PC5 PC6 PC7

Eigenvalue for neurocranium 2.837 1.055 0.840 0.581 0.446 0.242
Eigenvalue for facial skeleton 3280 1.080 0.835 0.710 0.500 0.322 0.274
Eigenvalue for neurocranium 2892 1.034 0.845 0.583 0.439 0.208

(822 individuals without missing values)
Eigenvalue for facial skeleton 3301 1.085 0.820 0.710 0.512 0.305 0.268

(822 individuals without missing values)
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Table 5. Matrices of Variable Loadings

Measurement PCI PC2
Neurocranium
Maximum cranial length 0.426 -0.028
Basion-nasion distance 0.460 0.296
Maximum cranial breadth 0.251 -0.791
Minimum frontal breadth 0.402 -0.348
Basion-bregmatic height 0.456 0.399
Porion-bregmatic height 0.417 0.079
Facial skeleton
Bizygomatic breadth 0.448 —-0.307
Upper facial height 0.433 0.290
Orbital breadth 0.329 -0.118
Orbital height 0.265 0.679
Nasal breadth 0.307 -0.364
Nasal height 0.441 0.279
Bigonial breadth 0.380 -0.370
Neurocranium (822 individuals without missing values)
Maximum cranial length —0.425 0.047
Basion-nasion distance -0.467 -0.296
Maximum cranial breadth -0.244 0.817
Minimum frontal breadth -0.404 0.292
Basion-bregmatic height -0.459 —0.395
Porion-bregmatic height -0.410 -0.042
Facial skeleton (822 individuals without missing values)
Bizygomatic breadth 0.450 -0.309
Upper facial height 0.431 0.308
Orbital breadth 0.328 -0.118
Orbital height 0.260 0.677
Nasal breadth 0.308 -0.340
Nasal height 0.441 0.275
Bigonial breadth 0.385 -0.383

In PC2 (assumed as the shape factor) several significant results are found:
the Gepidic and Early Avar ages are the only subsequent periods that differ sig-
nificantly (z =-4.049, p < 0.001). The other periods are nonsubsequent: transition
period—Late Avar age (z =—4.412, p < 0.001); transition period—10th century (z =
-3.376, p = 0.012); Gepidic epoch—Late Avar age (z =-6.024, p < 0.001); Gepidic
epoch—10th century (z = —5.003, p < 0.001); Gepidic epoch—11th century (z =
-3.380, p = 0.012); and Late Avar age—11th century (z = 3.209, p = 0.021). [A
priori, the analysis appropriately considered the basion-nasion distance as related
to the neurocranium; conversely, the set of measurements specifically describing
the basicranium is missing here, where the tested dichotomy is neuro- vs. splanch-
nocranium (facial skeleton), not the basicranial hinge].

Facial Measurements.  The first two principal components explain 62.3% of
the total variance (PC1: 46.9%; PC2: 15.4%). Bizygomatic breadth, nasal height,
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Figure 1. Means of neurocranial principal components: (a) PC1; (b) PC2. Numbers on the horizon-
tal axis represent the seven archaeological periods. (1) Sarmatian period (1st—4th century;
n = 57); (2) transition period (400-420; n = 53); (3) Gepidic epoch (420-567; n = 78);
(4) Early Avar age (568—c. 670; n = 192); (5) Late Avar age (c. 670-895; n = 808); (6)
Hungarian conquest and settlement (10th century; n = 192); (7) 11th century (n = 193).

and upper facial height are highly loaded on PC1, whereas the values for the other
measurements form a diminishing series (see Table 5). On PC2 the major loading
is that of orbital height. Nasal breadth and bigonial breadth have smaller but con-
siderable loadings on PC2. A similar pattern of loadings of the neurocranial and
facial measurements has also been demonstrated in previous research (Howells
1973; Peyre 1977, 1980).
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Figure 2. Means of facial principal components: (a) PC1; (b) PC2. Numbers on the horizontal axis
represent the seven archaeological periods. (1) Sarmatian period (1st—4th century; n = 20);
(2) transition period (400-420; n = 27); (3) Gepidic epoch (420-567; n = 33); (4) Early
Avar age (568—c. 670; n = 163); (5) Late Avar age (c. 670-895; n = 694); (6) Hungarian
conquest and settlement (10th century; n = 152); (7) 11th century (n = 121).

Analyses of variance (ANOVAs) of the LMMs show that archaeological
period has no significant effect on any of the models (PC1: Xs=1. 753, p =0.257,
PC2: Xe = 7.577, p=0.271).

Plots of the means of the principal components show some breaklike pat-
terns in population continuity (Figure 2), but no trends can be detected.

Pairwise comparisons do not show any significant results either between
subsequent or nonsubsequent populations.
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To have a major control over the results, the analyses were repeated using
only the 822 individuals who had no missing values (see Table 3).

Analysis of the Control Group.  The results from the subsample with no miss-
ing data (control group of 822 crania) are similar to the already given results.

The first two neurocranial principal components account for 65.4% of the
total variance (PC1: 48.2%; PC2: 17.2%). The same values for the facial principal
components are 47.2% for PC1 and 15.5% for PC2; together they explain 62.6%
of the variance. The eigenvalues and the variable loadings are presented in Tables
4 and 5.

ANOVAs of the LMMs indicate that the neurocranial prlncugal components
are 51gn1ﬁcantly influenced by the archaeological period (PC1: Xs = 13.272, p =
0.0389; PC2: Xs = 33. 528, p < 0. 001) and that the effect on the famal principal
components is not significant (PC1: Xe=17. 863, p = 0.248; PC2: X = 5.463,p =
0.486).

Figure 3, which represents the means of the neurocranial principal compo-
nents of the control group, shows similar changes to the means indicated in Fig-
ure 1 (even if the graphs are inverted according to the positive-negative values of
the y axis). Figure 4, which shows the means of the facial principal components
of the control group, is almost identical with Figure 2.

The pairwise comparison tests produced six significant results for the neuro-
cranium and no significant results for the facial skeleton. The following signifi-
cant differences were obtained: for PC1 (of neurocranial measurements), Early
Avar age—10th century (z = 3.125, p = 0.026); for PC2, transition period-Late
Avar age (z = 4.076, p < 0.001), transition period—10th century (z = 3.675, p =
0.004), Gepidic epoch—Late Avar age (z = 3.869, p = 0.002), Gepidic epoch—10th
century (z = 3.554, p = 0.006), and Late Avar age—11th century (z = 3.003, p =
0.038).

Comparing these results to those obtained from the analysis of the 1,573
skulls (i.e., the whole sample considered for the neurocranium), we note that it
appears as though the analysis of the control group gives significant results for
the same periods in five cases. In one case a different result is shown (PC1), and
in two cases it is not possible to reveal the significant differences indicated by the
analysis of the 1,573 individuals (Gepidic—Early Avar and Gepidic—11th century
groups). Such a divergence in the results can be attributed to the lower number of
cases in the control group.

Discussion and Conclusions

The results of our analyses suggest that the measurements of the neurocra-
nium carry relevant information about the differentiation of diverse populations,
whereas the facial skeleton does so to a minor extent.

A possible explanation of this difference between the two regions is that
during ontogenesis, the neurocranium attains adult size and shape earlier than the
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Figure 3. Means of neurocranial principal components of the 822 individuals without missing val-
ues: (a) PC1; (b) PC2. Numbers on the horizontal axis represent the seven archaeological
periods. (1) Sarmatian period (1st—4th century; n = 19); (2) transition period (400—420;
n = 18); (3) Gepidic epoch (420-567; n = 26); (4) Early Avar age (568—c. 670; n = 103);
(5) Late Avar age (c. 670-895; n = 482); (6) Hungarian conquest and settlement (10th
century; n = 86); (7) 11th century (n = 88).

facial skeleton does (Bastir et al. 2006, 2007; Bookstein et al. 2003; Sardi and
Ramirez Rozzi 2005; Zollikofer and Ponce de Leén 2002). Consequently, the
facial skeleton is exposed to environmental factors that are different from those
acting on the neurocranium during its development, and for a longer time. Ac-
cordingly, the development of the face is expected to be more plastic compared to
the development of the neurocranium (Bastir and Rosas 2004; Bastir et al. 2006;



40 / HOLLO ET AL.

0.2
1

PCA1

3 4 5 6
Archaeological Periods

ry
N
~ -

pC2
-0.1 0.0 0.1
I

-0.2

T T T T

3 4 5 6
Archaeological Periods

—
Ny
~ o

Figure 4. Means of facial principal components of the 822 individuals without missing values: (a)
PCI; (b) PC2. Numbers on the horizontal axis represent the seven archaeological periods.
(1) Sarmatian period (1st—4th century; n = 19); (2) transition period (400—420; n = 18); (3)
Gepidic epoch (420-567; n = 26); (4) Early Avar age (568—c. 670; n = 103); (5) Late Avar
age (c. 670-895; n = 482); (6) Hungarian conquest and settlement (10th century; n = 86);
(7) 11th century (n = 88).

Kohn 1991; Strand Vidarsdéttir et al. 2002), and thus it can be expected that some
genetically based population differences are better revealed by the neurocranium
than by the face (Harvati and Weaver 2006).

In particular, our results are in close agreement with those obtained by Har-
vati and Weaver (2006). They compared genetic and three-dimensional geometric
morphometric data of recent, globally distributed human populations and found
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that different cranial regions preserved population history differentially. Neutral
genetic distances were associated with temporal bone, neurocranial shape, and
total cranial shape distances, whereas facial shape distances did not show that
kind of relationship. Harvati and Weaver (2006) also found an association of cli-
matic variables to facial shape. However, the climatic influence on facial shape
was mainly driven by the inclusion in the analysis of an arctic population (In-
ugsuks of Greenland). A similar influence of cold temperature was pointed out
by Roseman (2004), who, using linear craniofacial measurements, attributed the
large differences observed between the Siberian (Buryat) population and the rest
of the world to a cold-mediated natural selection.

In an interesting study Martinez-Abadias et al. (2006) analyzed the morpho-
logical outcome on cranial dimensions of the gene flow caused by the Spanish-
Amerindian contact. They examined the craniofacial shape of Spanish, Aztec,
and admixed populations using a geometric morphometric method. They found
that, in the admixed sample, some characteristics expressing global cranial mor-
phology fell between those of the two ancestral groups but that some specific
regions, mainly on the face, departed from the intermediate pattern (Martinez-
Abadias et al. 2006). These findings also highlight the possibility that the facial
skeleton does not reflect genetic distances in the same way that other regions of
the skull do.

Nevertheless, different recent studies have emphasized that the facial skele-
ton is appropriate for reflecting genetic distances. For example, Perez et al. (2007)
compared craniometric and genetic data of South American prehistoric popula-
tions and found that the facial data allowed them to infer population structure and
history. Schillaci (2008) analyzed 10 linear craniometric traits, located mainly
on the face, and successfully used them to investigate phylogenetic relationships
of early modern humans. Betti et al. (2009) concluded that the best relationship
between phenotypic diversity and geographic distance was reflected by a set of
traits located on the facial skeleton (see Betti et al., Figure 3), whereas other fa-
cial and all neurocranial measurements were shown to be less informative. Smith
(2009) recently investigated the relationship between molecular distances and dif-
ferent cranial regions. She pointed out that the morphology of the basicranium,
temporal bone, upper face, and the entire cranium was highly correlated with
molecular data, whereas the morphological characteristics of the mandible, upper
jaw, and cranial vault were not significantly correlated with genetic distances.
Smith focused on smaller cranial regions than the present study and showed that
one facial region was genetically informative and that two other facial regions
were noninformative. Therefore those results regarding the facial skeleton do not
necessarily contradict the present findings. Conversely, the results concerning the
cranial vault (Smith 2009) contradict our findings.

At least in part, the discrepancies recorded among different studies can be
attributed to differences in sample size and composition and to different analyti-
cal methods. Nevertheless, our results cannot be completely attributed to the po-
tential plasticity of the face (Betti et al. 2009; Perez et al. 2007; Schillaci 2008).
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The marked difference between the neurocranium and the face presented by our
results can also be assigned to as yet unexplored evolutionary mechanisms [see
also Martinez-Abadias et al. (2006)].

We also deemed it useful to compare our results to heritability estimates of
craniofacial measurements and regions presented in earlier publications. It should
be noted that many of these analyses were conducted on recent or living popu-
lations. Notably, some studies were carried out on monozygotic and dizygotic
twins, among siblings, and between parents and their offspring (e.g., Arya et al.
2002; Byard et al. 1984; Devor et al. 1986; Howells 1953, 1966; Nakata et al.
1974; Susanne 1975; Susanne et al. 1983).

Kohn (1991) compared the results of several anthropometric studies also
from the point of view of heritability and concluded that there were no significant
differences between heritabilities of neurocranial and facial dimensions. How-
ever, the problem arises of to what extent the results obtained from data on the
skull covered by soft tissue correspond to data obtained from bony landmarks.
Although the soft tissue thickness and cranial measurements have medium to
high correlations (Simpson and Henneberg 2002), it is known that soft tissue
thicknesses are under considerable environmental influence (Carson 2006), and
therefore the results obtained through examination of living humans cannot fully
overlap those derived from skeletal remains.

Heritability examinations performed on skeletons would be useful; how-
ever, they are rare because of a lack of pedigreed skeletal material. Sherwood
et al. (2008) recently analyzed an extended pedigree of individuals (from the
Fels Longitudinal Study). They used lateral radiographs to calculate narrow-
sense heritability values (K% the proportion of phenotypic variance resulting
from additive genetic effects). Although the study is likely to give more reliable
heritability estimates than small samples from museum collections, we cannot
compare our results to the 4> values obtained by Sherwood and colleagues be-
cause they examined different cranial traits from those studied by our research
group, with the basion-nasion length being the only exception (Sherwood et al.
2008).

However, a special skull series is suitable for heritability estimates: the
decorated crania of Hallstatt, in Austria. This series was first analyzed by Sjgvold
(1984) with the help of regression analysis. Sjgvold found that most of Howells’s
measurements were highly hereditable. Another analysis, using the maximum
likelihood method and carried out by Carson (2006) on the same collection, es-
tablished heritability values different from both those of Sjgvold (1984) and those
from studies on living humans. Notably, Carson (2006) concluded that the aver-
age heritability value of neurocranial dimensions was higher than that of the facial
measurements. However, by analyzing the same data set from Halstatt, Martinez-
Abadias et al. (2009) pointed out that there was no significant difference among
the heritabilities of facial and neurocranial dimensions. Martinez-Abadias et al.
(2009) also concluded that the analyses carried out on the Halstatt crania could
have such different results because of the relatively high standard errors resulting
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from the limited sample size and because of the slight differences in the exact
sample composition, data treatment, and model definition. However, even though
the two studies were performed on the same data set, the differences in heritabil-
ity estimates are still striking. For example, Carson (2006) found that maximum
cranial breadth, which has the major loading value on PC2 that is responsible
for most of the significant results of the present paper, had a heritability value of
0.233 £ 0.115 (minimum /> = 0.000 = 0.000 and maximum /* = 0.867 £ 0.156;
Carson 2006, Table 3), and Martinez-Abadias et al. (2009) found a heritability
value of 0.36 % 0.14 (minimum 4* = 0.00 £ 0.00 and maximum /* = 0.43 £ 0.13;
Martinez-Abadias et al. 2009, Table 2). Although these heritability estimates are
currently in use (Betti et al. 2009; Schillaci 2008), divergent results suggest cau-
tion in their use, especially when one attempts to examine evolvability (Hansen
et al. 2003). It is also important to point out that all these estimations are limited
to information on the heritability of single cranial measurements, because they
mostly rely on univariate analyses. Therefore, as with univariate methods in gen-
eral, they do not explain the degree of contribution of single measurements to the
general pattern. However, because the human cranium is viewed as a morpho-
logically integrated structure (Ackermann 2005; Bastir and Rosas 2004, 2005,
2006; Bookstein et al. 2003; Cheverud 1982; Gonzalez-José et al. 2004; Lieber-
man et al. 2000), we can take these pieces of information into account to only a
limited extent.

As a conclusion, we can state that our results support the idea that the neu-
rocranium expresses dimensional differences between diverse populations more
effectively than the facial skeleton does. Further research should focus on the
comparison of different analytical methods applied to the same data set in order to
yield more accurate information on the variation of the human cranium.
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