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ABSTRACT The temporal bone is the location of sev-
eral traits thought to differentiate Neanderthals from
modern humans, including some proposed Neanderthal-
derived traits. Most of these, however, are difficult to
measure and are usually described qualitatively. This
study applied the techniques of geometric morphometrics
to the complex morphology of the temporal bone, in order
to quantify the differences observed between Neanderthal
and modern human anatomy. Two hundred and seventy
modern human crania were measured, representing 9
populations of 30 individuals each, and spanning the ex-
tremes of the modern human geographical range. Twelve
Neanderthal specimens, as well as Reilingen, Kabwe,
Skhul 5, Qafzeh 9, and 4 Late Paleolithic European spec-
imens, were included in the fossil sample. The data were
collected in the form of three-dimensional (3-D) landmark

The temporal bone is one of the most diagnostic
anatomical areas for Neanderthals, as it is the loca-
tion of several traits thought to differentiate this
fossil human group from modern humans (Trinkaus
and Smith, 1985; Vandermeersch, 1985; Condemi,
1991; Elyaqtine, 1996). These traits include the
small size of the mastoid process relative to the large
juxtamastoid eminence, a proposed derived feature
(Boule and Vallois, 1957; Vallois, 1969; Santa Luca,
1978; Stringer et al., 1984; Stringer, 1985; Hublin,
1988a; Condemi, 1991, 1992; Arsuaga et al., 1993;
Elyaqtine, 1996; Dean et al., 1998; Minugh-Purvis et
al., 2000); the supero-inferiorly low and antero-pos-
teriorly short squama (Boule and Vallois, 1957; Val-
lois, 1969; Heim, 1976); the origin of the petrotym-
panic crest at the most inferiorly projecting part of
the tympanic and the coronal orientation of the tym-
panic plate (Vallois, 1969; Trinkaus, 1983; Vander-
meersch, 1985; Condemi, 1992; Elyaqtine, 1996;
Schwartz and Tattersall, 1996a; Minugh-Purvis et
al., 2000); the elevated position of the external au-
ditory meatus relative to the zygomatic process and
the floor of the glenoid fossa (Vallois, 1969; Stringer
et al., 1984; Vandermeersch, 1985; Elyaqtine,
1995b); a wide, shallow, and medially closed-off gle-
noid fossa (Vallois, 1969); the robusticity and lateral
projection of the zygomatic process and the strong
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coordinates, and specimen configurations were superim-
posed using generalized Procrustes analysis. The fitted
coordinates were then analyzed by an array of multivari-
ate statistical methods, including principal components
analysis, canonical variates analysis, and Mahalanobis
D?. The temporal bone landmark analysis was very suc-
cessful in separating Neanderthals from modern humans.
Neanderthals were separated from modern humans in
both the principal components and canonical variates
analyses. They were much further in Mahalanobis dis-
tances from all modern human populations than any two
modern human groups were from each other. Most of the
previously described temporal bone traits contributed to
this separation. Am J Phys Anthropol 120:323—-338, 2003.
© 2003 Wiley-Liss, Inc.

supramastoid crest (Boule and Vallois, 1957; Val-
lois, 1969; Heim, 1976); and an anteriorly closed off
digastric fossa (Vallois, 1969; Vandermeersch, 1985;
Martinez and Arsuaga, 1997; Minugh-Purvis et al.,
2000). Most of these characteristics are difficult to
measure directly with traditional caliper measure-
ments, and as a consequence have not been subject
to rigorous quantitative analysis.

The purpose of this study was to quantitatively
evaluate the presence and degree of expression of
these temporal bone traits in modern human popu-
lations and in Neanderthal specimens. Their quan-
tification was made possible with the use of three-
dimensional (3-D) geometric morphometrics, which
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TABLE 1. List of specimens by population and sex for comparative modern human sample!

Group Male Female Undetermined Total
Modern humans 143 126 1 270
Andamanese (Andaman Islands, India, BMNH) 13 17 30
Australians (New S. Wales. S. Australia, BMNH) 19 11 30
Berg (Austria, AMNH) 15 15 30
Dogon (Mali, West Africa, MH) 15 15 30
Epipaleolithic (Afalou, Taforalt, IPH) 18 12 30
Inugsuk (Greenland, UC) 15 15 30
West Eurasian (Egypt, Dalmatia, Greece, Italy, Germany, AMNH) 17 12 1 30
Khoisan (South Africa, UV) 16 14 30
Tolai (New Britain, Melanesia, AMNH) 15 15 30

1 AMNH, American Museum of Natural History, New York; BMNH, British Museum (Natural History), London; IPH, Institut de

Paléontologie Humaine, Paris; MH, Musée de ’'Homme, Paris; UC;

were applied to the complex detailed morphology of
the temporal bone. Geometric morphometrics is ad-
vantageous relative to traditional morphometrics in
that it better preserves the geometry of the object
studied, and it allows visualization of shape differ-
ences between specimens and between group means
in specimen shape (Rohlf and Marcus, 1993;
O’Higgins and Jones, 1998). Perhaps the greatest
advantage of this technique, however, is that it pro-
vides a means of quantifying shape differences, and
therefore differences in character states, of variable
traits which cannot be directly linearly measured
(Dean, 1993; Harvati, 2001a).

MATERIALS AND METHODS

This study included a comparative sample of nine
modern human populations and a fossil sample com-
prising several Middle and Late Pleistocene hominid
specimens. The comparative modern human sample
included nine modern human populations, each con-
sisting of approximately 30 individuals, comprising
a total of 270 specimens (Table 1). Following the
seminal study of Howells (1973, 1989), each modern
human population was chosen to represent a biolog-
ical population limited in space and time. When
possible, subsamples of the populations of Howells
(1973, 1989) were used. The Epipaleolithic samples
from Afalou and Taforalt, dated to 14—8.5 ka (Lahr,
1996), were merged to represent one population,
which was included in order to give a time dimen-
sion in the comparative sample. A mixed Eurasian
population, represented by samples of six individu-
als each from four localities across Western Eurasia,
was also measured. Only adult crania were mea-
sured, as determined by a fully erupted adult den-
tition. Sex was unknown in most cases, and was
assessed by inspection during study and following
the sexing assessments of Howells (1973, 1989).
When possible, equal numbers of male and female
specimens were measured.

The fossil human sample included 12 Neanderthal
specimens from Europe and the Near East; the early
Neanderthal specimen from Reilingen; the Middle
Pleistocene African specimen Kabwe; two early an-
atomically modern humans from the Near East; and
four Late Paleolithic anatomically modern humans

University of Copenhagen; UV, University of Vienna; S, South.

from Europe (Table 2). Where the original fossils
were unavailable, high-quality casts from the An-
thropology Department of the American Museum of
Natural History were measured. Sex was assigned,
using a variety of sources from the literature (Mc-
Cown and Keith, 1937; Genoves, 1954; Boule and
Vallois, 1957; Jelinek, 1969; Oakley et al., 1971;
Smith, 1980; Vandermeersch, 1981; Radovcic et al.,
1988; Delson et al., 2001). As most fossil specimens
were incomplete, analysis was undertaken in two
steps, varying in number of landmarks and in the
fossil sample included, so as to maximize the num-
ber of specimens and landmarks used. The first step
of analysis (referred from here onwards as step 1)
included six Neanderthal specimens and 15 land-
marks. The removal of the two landmarks on the
zygomatic arch allowed for the inclusion of 12 Ne-
anderthal specimens in the second step of analysis
(referred to as step 2). The landmarks and speci-
mens used in each of the two steps are listed in
Tables 2 and 3.

Fifteen temporal landmarks were digitized, most
representing standard osteological landmarks, fol-
lowing the definitions given in Howells (1973). Other
landmarks were also included, and their definitions
are given in Table 3. Figure 1 shows the temporal
bone landmarks in lateral and ventral view on a
modern human cranium. All 15 landmarks were
included in step 1, while step 2 only included 13
landmarks.

The data were collected in the form of 3-D coordi-
nates of the 15 temporal bone landmarks, using the
portable digitizer Microscribe 3DX. Minimal recon-
struction was allowed during data collection for
specimens where very little damage in a particular
area of interest was observed. The landmark coordi-
nate data were processed using generalized Pro-
crustes analysis, which superimposes the landmark
configurations of the specimens and scales them for
size, so that the differences they exhibit are due to
“shape” (Rohlf, 1990; Rohlf and Marcus, 1993; Slice,
1996; O’Higgins and Jones, 1998). The Procrustes
methods have been shown to have the highest sta-
tistical power among alternative geometric morpho-
metric approaches (Rohlf, 2000). Superimposition
was performed using the software GRF-ND and
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TABLE 2. List of fossil human specimens measured*

NDR EAM

LP MPL

Male

Saccopastore 2 (1-2, ULS)
La Chapelle (1-2%)

La Ferrassie 1 (1-2%)
Shanidar 1 (1-2%)

Circeo 1 (1-2, MP)

Amud 1 (1-2, UTA)

Spy 2 (2, IRSN)

Skhul 5 (1-2%)

Female

Gibraltar 1 (2, BMNH)
Krapina C (2, CMNH)
Krapina 39-1 (2, CMNH)
Spy 1 (2, IRSN)

Qafzeh 9 (2, UTA)

Sex unknown
La Quina 27 (2, IPH)

Cro Magnon 1 (1-2%) Kabwe (1-2, BMNH)

Predmosti 3 (1-2%)

Predmosti 4 (2%)
Mladec 2 (2, NHM)

Reilingen (2, SMN)

1 Steps of analysis in which each specimen was included and the institution where the specimen is curated are indicated in
parentheses. Asterisks indicate specimens for which casts from the AMNH were measured. NDR, Neanderthal; EAM, early anatom-
ically modern; LP, Late Paleolithic; MPL, Middle Paleolithic specimens. CNHM, Croatian Natural History Museum, Zagreb; IRSN,
Institut Royale des Sciences Naturelles, Brussels; NHM, Naturhistorisches Museum, Vienna; SMN Staatliches Museum fiir
Naturkunde. Stuttgart; ULS, Universita La Sapienza, Rome; UTA, University of Tel Aviv. Other institutional abbreviations as in

Table 1.

TABLE 3. Landmarks collected on temporal and occipital
bones, as well as along posterior cranial profile!

Temporal bone landmarks

1. Asterion (Steps 1-2)

2. Stylomastoid foramen (Steps 1-2)

3. Most medial point of jugular fossa (Steps 1-2)

4. Most lateral point of jugular fossa (Steps 1-2)

5. Lateral origin of petrotympanic crest (Steps 1-2)

6. Most medial point of petrotympanic crest at (Steps 1-2)
level of carotid canal

7. Porion (Steps 1-2)

8. Auriculare (Steps 1-2)

9. Parietal notch (Steps 1-2)

10. Mastoidiale (Steps 1-2)

11. Most inferior point on juxtamastoid crest (Steps 1-2)
(following Hublin, 1978a)

12. Deepest point of lateral margin of articular (Steps 1-2)
eminence (root of articular eminence)

13. Suture between temporal and zygomatic (Step 1)
bones on inferior aspect of zygomatic process

14. Suture between temporal and zygomatic (Step 1)
bones on superior aspect of zygomatic
process

15. Most inferior point on entoglenoid process (Steps 1-2)

! In parentheses are levels of analysis in which each landmark
was used.

Morpheus (Slice, 1992, 1994-1999). The specimen
configurations were translated to a common origin,
scaled to unit centroid size (the square root of the
sum of squared distances of all landmarks to the
centroid of the object, i.e., the measure of size used
here), and rotated according to a best-fit criterion.
Figure 2 shows the superimposed mean Neander-
thal and modern human configurations.

Since reflection of right and left side is possible in
GRF-ND, it was possible to combine in one sample
fossil specimens preserving the temporal bone on
different sides. As the majority of fossil specimens
still exhibited many missing landmarks, data were
reconstructed by mirror imaging for right-left ho-

mologous landmarks. In this way, landmarks pre-
served on different sides could be combined to form
a more complete composite temporal bone landmark
configuration for an incompletely preserved speci-
men.

The fitted coordinate configurations resulting
from Procrustes superimposition were thought to lie
in Kendall’s shape space (Rohlf, 1996). However,
Slice (2001) found that they lie in a hemispherical
variant of this shape space. As in both cases, shape
space is non-Euclidean, a projection of these coordi-
nates to tangent space is usually recommended for
statistical analysis. However, biological data are re-
stricted in their variation, and the shape space co-
ordinates are almost identical to their projections in
tangent space (Slice, 2001). This assumption was
tested in the temporal bone landmark dataset, using
TPSSMALL (Rohlf, 1998), which compares Pro-
crustes distances to Euclidean distances. The corre-
lation between the two distances was found to be
very strong (correlation 0.9998, and root MS error
0.0004), and the statistical analysis was performed
on the fitted coordinates themselves.

The coordinates were analyzed using principal
components analysis, canonical variates analysis,
and Mahalanobis D? analysis. Visualization of re-
sults was performed in GRF-ND and Morpheus.
Centroid size was analyzed first, in order to assess
differences in size among Neanderthals, the other
fossil specimens included, and modern human pop-
ulations. An analysis of variance (ANOVA) was con-
ducted on centroid size to determine whether there
were significant differences in centroid size between
groups and between males and females. The fitted
coordinate configurations of the specimens were an-
alyzed using principal components analysis (PCA),
in order to explore how variation is partitioned
within and among the samples, as well as to achieve
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Fig.1. Temporal bone landmarks, shown on a modern human skull. Dots represent landmarks; black lines between landmarks are
links used for convenience in visualization. A: Lateral view. B: Ventral view.

-

Fig. 2. Superimposed mean temporal landmark configurations for Neanderthals and modern humans. Solid diamonds, Neander-
thals; open circles, modern humans. Lines between landmarks are links used for convenience in visualization. Solid, Neanderthals;
dashed, modern humans. Bold lines show shape differences at each landmark. Landmarks are described in Table 3; landmark numbers
correspond to those given there.

data reduction. An ANOVA was performed on the nent. Furthermore, a Bonferroni test (alpha set to
PCA scores to determine the significance of popula- 0.05) was performed on all pairwise comparisons of
tion, sex, and interaction effects along each compo- the population and sex means of the principal com-
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And Aus Brg Dgn Epi Igs Eur Kbw San Skh5 Tol LP Nea
And 0.00
Aus 24.34 0.00
Brg 29.32 16.70 0.00
Dgn 26.23 21.56 27.88 0.00
Epi 35.30 24.73 18.35 23.88 0.00
Igs 31.53 13.44 25.13 18.29 26.61 0.00
Eur 26.99 11.67 4.64 17.69 14.90 17.41 0.00
Kbw 59.38 51.57** 58.17** 58.45%* 60.23 72.52 57.54%* 0.00
San 40.68 23.62 30.72 14.57 32.66 28.05 25.32 53.15%* 0.00
Skh5 113.59 93.91 93.30 124.93 108.36 118.37 98.69 140.73 130.55 0.00
Tol 25.90 6.98 17.14 23.47 24.97 13.51 11.73 68.83 25.76 108.87 0.00
LP 73.45 53.79 38.88 71.68 41.96 39.22 43.88 97.98 66.86 89.03 47.59 0.00
Nea 94.34 74.45 87.72 73.18 73.10 62.65 80.18 76.84 83.59 149.93 84.71 92.35 0.00
And Aus Brg Dgn EAM Epi Igs Eur Kbw Rei San Tol LP Nea
And 0.00
Aus 28.22 0.00
Brg 22.33 14.34 0.00
Dgn 23.26 18.46 17.65 0.00
EAM 71.29 95.32 76.48 96.98 0.00
Epi 34.28 28.58 15.82 19.53 92.89 0.00
Igs 31.43 14.16 21.15 17.55 100.78 27.89 0.00
Eur 20.93 9.86 4.38 10.42 84.87 13.15 15.00 0.00
Kbw 41.06* 28.83 (NS) 39.50%  36.50%*  116.06 34.95(NS) 39.99%  36.40% 0.00
Rei 172.97 135.77 131.86  124.12 211.18 101.39 11142  126.89 125.37 0.00
San 38.04 22.43 24.92 15.05 116.28 33.69 31.38 23.14 31.89 (NS) 142.18 0.00
Tol 24.24 6.56 11.48 15.96 94.66 24.16 14.31 7.31 37.87* 145.88 20.82 0.00
LP 33.13 27.66 17.53 32.11 84.36 20.41 18.87 20.48 25.41 (NS) 117.77  39.16  24.77 0.00
Nea 79.57 63.02 73.07 64.85 103.90 60.08 49.74 69.74 44.66* 80.41 7583 7573 63.11 0.0

1 All distances reported are significant at 0.001 level, except NS, nonsignificant;

*0.05 level; ** 0.01 level. And, Andamanese; Aus,

Australian; Brg, Berg; Dgn, Dogon; Epi, Epipaleolithic; Igs, Inugsuk; Eur, mixed European; Kbw, Kabwe; San, Khoisan; Skh5, Skhul
5; EAM, early anatomically modern humans; Tol, Tolai; LP, Late Paleolithic; Nea, Neanderthal.

ponent and canonical variates scores, in order to
detect significant differences between groups. This
is a conservative test, and significant differences
found at the preset level of alpha have a somewhat
greater level of significance.

The shape differences along the components sep-
arating Neanderthals, or other fossils, from modern
humans were explored. The influence of each land-
mark was assessed by inspection of the eigenvector
coefficients of each variable for that component, and
by visualizing the shape variation at each landmark
along each principal component (PC) in GRF-ND.
This was achieved by plotting the eigenvector coef-
ficients for each PC on the consensus configurations,
allowing for visualization of a hypothetical configu-
ration at the extremes of each PC (Slice, 1996). A
correlation analysis with centroid size was per-
formed for the scores of each PC, in order to deter-
mine the significance of centroid size variation in the
variation along that component and to identify allo-
metric effects.

A canonical variates analysis (CVA) was con-
ducted on the principal component scores, in order to
maximize the separation between groups and to
evaluate the shape differences that best separate
them. The first 30 principal components were used,
accounting for 97% and 99.4% of the total variance,
respectively, for steps 1 and 2. Unlike PCA, this
analysis uses group membership information. The
group information used here was population mem-
bership rather than species information, so as not to
bias the results toward separation of predesignated
species. In order to visualize shape differences along

each canonical axis in shape space, the canonical
scores for each axis were regressed on the fitted
coordinates. The regression coefficients obtained
were inputted in GRF-ND and plotted on the fitted
configurations in the same way as the principal com-
ponents eigenvector coefficients (see above). This
procedure allowed for visualization of the shape dif-
ferences at each landmark along each canonical axis
(Marcus, personal communication). As with the
principal components, a correlation analysis with
centroid size was performed, in order to determine
how much of the variation along that canonical vari-
ate can be explained by variation in centroid size.
Finally, Mahalanobis D? matrices were calculated
for the groups included in the analysis and for each
step of the analysis, correcting for unequal sample
sizes (Marcus, 1993). They are reported in Table 4.

RESULTS
Centroid size

Neanderthals fell within the range of the modern
human centroid size for the temporal bone, and were
not significantly different from most modern human
populations in this measure. Centroid size differ-
ences were also relatively small between males and
females, although there was a significant overall sex
effect. The female mean was significantly lower than
the male mean, and females showed a smaller stan-
dard deviation than males.

Principal components analysis

Step 1. In the first step of analysis, Neanderthals
were separated from modern humans along PC 9
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Fig.3. a:Principal components analysis (step 1), PCs 1 and 9.
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tion. Arrow indicates position of Amud 1. b: Canonical variates

analysis (step 1), CVAs 1 and 3. Dotted lines represent 95%

confidence ellipses for each population. Arrow indicates position
of Amud 1.

(Fig. 3a). This component explained 4.05% of the
total variance (PCs 1-9 explain 67% of the total
variance), and was not correlated with centroid size.
Neanderthals were significantly different in their
mean score for this component from all modern hu-
man populations. Amud 1 was the only Neanderthal
specimen which fell within the modern human
range, along PC 9. The shape differences along this
component included a more laterally placed porion,
auriculare, and mastoid process, a more anteriorly
placed lateral end of the petrotympanic crest, a more
inferiorly placed root of the articular eminence
(measured at the lateral margin of the glenoid
fossa), and a more posterior and somewhat lateral
position of the entoglenoid process in Neanderthals
relative to modern humans.

Significant sex (P = 0.01) effects were found for
PC 1 (12.2% of the total variance; Fig. 3a). The
overall female mean score was significantly more
negative than the male score. Furthermore, in all
modern human populations, the female mean score
were more negative than the male mean score of the
same population, indicating a consistent pattern of
sexual dimorphism across all modern human
groups. No population effect was observed, although

K. HARVATI

some of the Khoisan individuals were found to have
extremely negative scores. The shape differences
characterizing modern human females relative to
males included a small mastoid process and juxta-
mastoid eminence, an antero-posteriorly long and
supero-inferiorly short mastoid portion of the tem-
poral bone, and an antero-posteriorly elongated zy-
gomatic process. Although all Neanderthal speci-
mens included in this sample are considered male,
their scores along this principal component were
negative, with the exception of Amud 1. PC 1 was
not correlated with centroid size.

Kabwe was separated from both the modern hu-
man and the Neanderthal sample along PC 3 (8.8%
of the total variance, not correlated with centroid
size). The shape differences that characterized this
specimen included a more inferiorly placed asterion,
a more posteriorly placed juxtamastoid eminence,
and an inferiorly placed zygomatic suture.

Principal components 2 and 4-7 involved differ-
ences between modern human populations, al-
though no clear separation between populations was
observed. The strongest population effect was seen
in PC 2 (11.1% of total variance, not correlated with
centroid size), which separated the Andamanese
from the other modern human populations, al-
though there was substantial overlap among mod-
ern human groups. The Andamanese were signifi-
cantly different in their mean scores from the Tolai,
the Khoisan, the Berg, and the Late Paleolithic pop-
ulation, but not from other modern human groups.
The shape differences that tend to characterize the
Andamanese relative to other modern humans in-
cluded a more anterior position of the parietal notch,
indicating a longer mastoid portion of the temporal
bone, and a more posterior and slightly superior
position of the tip of the juxtamastoid eminence.

PC 8 (4.2% of total variance, not correlated with
centroid size) separated the two Late Paleolithic
specimens, as well as Skhul 5, from modern humans
and Neanderthals. The Late Paleolithic specimens
were significantly different from all other human
populations in their mean scores for this component.
The shape differences that characterized these spec-
imens relative to other modern humans and Nean-
derthals included an inferior position of the parietal
notch and a superior position of asterion, as well as
a more posterior placement of the anterior margin of
the jugular fossa and a superior placement of the
medial end of the petrotympanic crest.

Skhul 5 falls at the extreme of the modern human
range of variation along PC 12 (2.7% of total vari-
ance), indicating a more postero-superiorly to an-
tero-inferiorly inclined temporo-zygomatic suture
and a more superiorly and medially placed lateral
end of the petrotympanic crest relative to most mod-
ern humans. PCs 10-11 and 13-16 did not show any
clear separation or significant differences among
modern human groups or the fossil samples included
here. Components 1-16 explain 81.2% of the total
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variance. Higher components explain less than 2%
of the total variance each.

Step 2. In the second step of the analysis, Nean-
derthals were significantly different from most mod-
ern human populations along PC 5 (6.3% of total
variance; Fig. 4a). The shape differences along PC 5
included a more anterior placement of the lateral
origin of the petrotympanic crest, a more anterior
placement of asterion, a more anterior and superior
position of the tip of the mastoid process, and a more
inferior placement of the juxtamastoid eminence.
Neanderthals are also partially separated along PC
3 (8.7% of total variance; Fig. 4a). Along both of
these principal components, Qafzeh 9 falls in the
area of overlap between Neanderthals and modern
humans and very close to Amud 1. The shape differ-
ences along this component included a more medial
placement of the juxtamastoid eminence, a more
posterior parietal notch, and a more laterally placed
auriculare in Neanderthals relative to modern hu-
mans. Neither PC 3 nor 5 was correlated with cen-
troid size.

Kabwe was separated from modern humans along
PC 1 (13.2% of total variance, not correlated with
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centroid size). The shape differences that character-
ized this specimen included a more inferiorly placed
asterion, an inferiorly placed parietal notch, a pos-
teriorly placed juxtamastoid eminence, and a supe-
riorly placed tip of the mastoid process. As in step 1,
significant sex effects were also found for this com-
ponent. The overall male mean score was signifi-
cantly more positive than the female mean score.
However, unlike in step 1, the mean male scores for
each population tended to be more positive than the
females across most, but not all, groups. Among
recent human populations, the West African Dogon
showed the opposite pattern, while the Austrian
Berg and the Andamanse showed almost identical
means for the two sexes. Although sex assignment
in fossil specimens is problematic, the Neanderthal
female mean score was also more positive than the
male score, following the pattern shown by the ma-
jority of modern human groups. The Late Paleolithic
specimens, however, as well as Skhul 5 and Qafzeh
9, showed the opposite pattern. The shape differ-
ences that tended to characterize females relative to
males in most modern human populations and in
Neanderthals included a small mastoid process and
an antero-posteriorly elongated and supero-inferi-
orly short mastoid portion of the temporal bone.
These shape differences are similar to those found
between the two sexes in step 1. The stronger effect
of sexual dimorphism in step 1 may be related to the
inclusion of the two zygomatic suture landmarks,
which contributed to the separation between males
and females.

PCs 2 and 4 reflected differences between modern
human populations, although no clear separation
between populations was observed. The Anda-
manese and Epipaleolithic populations fell on one
end of the human range along PC 2 (11% of total
variance, not correlated with centroid size), while
the Eskimo and the Khoisan fell on the opposite end.
However, there is substantial overlap, and none of
these populations are significantly different from
the others in their mean scores. The separation is
even less clear along PC 4 (7.5% of total variance,
not correlated with centroid size). Reilingen falls
outside the modern human range along this compo-
nent, overlapping, however, with the extreme of the
Neanderthal range. The shape differences that char-
acterize this specimen relative to modern humans
and most Neanderthals include a more posteriorly
placed asterion and anteriorly placed parietal notch,
reflecting a long mastoid portion of the temporal
bone, and an anterior position of the mastoidiale.

PCs 6-15 do not show any separation or signifi-
cant differences among the modern human popula-
tions or the fossil groups and specimens included
here. The first 15 components explain 83.3% of the
total variance, while higher components explain
very small percentages of the total variance each
(<2%).
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Canonical variates analysis

Step 1. Neanderthals were separated from mod-
ern humans on the positive extreme of CVA 3 in step
1 (Fig. 3b). CVA 1 and 2 separated groups of modern
human populations from each other. Along CVA 1
(22.06% of total variance, not correlated with cen-
troid size; Fig. 3b), the two African populations were
separated from other modern human groups, al-
though there was some overlap of the West African
Dogon with the Inugsuk Eskimo population. Nean-
derthals and Kabwe also overlapped with the Afri-
can populations. The Khoisan population was signif-
icantly different along this canonical axis from all
other groups except the West African Dogon and the
Neanderthals. The shape differences that tended to
characterize the Khoisan, and to a lesser extent the
Dogon and Neanderthals, included a smaller mas-
toid process, a more medially placed tip of the jux-
tamastoid eminence, and a more superior placement
of the medial end of the petrotympanic crest. The
second canonical axis (18.81% of total variance, not
strongly correlated with centroid size) separated the
Andamanese from the other human groups. This
population was significantly different in its mean
scores from all other populations. Neanderthals and
the two Late Paleolithic specimens both fell at the
opposite end of the human range from the Anda-
manese. Both were significantly different form the
Andamanese, but not from the other modern human
groups. The shape differences that characterized the
Andamanese population relative to other modern
humans included an anterior placement of the pari-
etal notch, a more superior and posterior placement
of the root of the articular eminence, a more anterior
position of the entoglenoid process, and a more su-
perior placement of the temporo-zygomatic suture.
The opposite shape differences tended to character-
ize Neanderthals and the Late Paleolithic group,
although these differences did not separate them
from modern humans.

CVA 3 (Fig. 3b) explained 16% of the total vari-
ance, was mostly influenced by PC 3, and was not
correlated with centroid size. Neanderthals were
significantly different from all modern human pop-
ulations in their mean score. However, Amud 1
again fell within the 95% confidence ellipses of some
modern human populations. The shape differences
along this canonical axis, as visualized in GRF-ND,
included an elevated position of the superior aspect
of the zygomatic suture, a more superior and lateral
placement of the auriculare, an inferior placement of
the root of the articular eminence and the tip of the
entoglenoid process, an anterior lateral origin and
posterior medial end of the petrotympanic crest, an
elevated and anteriorly placed asterion, and a supe-
rior placement of the tip of the mastoid process
(Fig. 5).

Step 2. In step 2, Neanderthals were separated
from modern humans along the first canonical axis
(Fig. 4b). CVA 1 explained 25.4% of the total vari-
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Fig. 5. Visualization of shape variation along CVA 3 (step 1)
in GRF-ND, right lateral (left) and right ventral (right) views.
Displacement vectors show shape differences at each landmark
along this axis. Dotted line represents consensus configuration.
A: Positive (Neanderthal) end. B: Negative (modern human) end.

ance and was most strongly influenced by PCs 3, 5,
and 10. It was not correlated with centroid size.
Neanderthals were significantly different in their
mean score value for this canonical axis from all
modern human groups. No overlap was observed
between Neanderthal and modern human speci-
mens. Amud 1 fell outside of the 95% confidence
ellipses of the modern human populations and
within the Neanderthal confidence ellipse. Reilingen
fell within the Neanderthal 95% confidence ellipse
and was far removed from modern human popula-
tions. Kabwe, the early anatomically modern hu-
man, and the Late Paleolithic European specimens
fell well within the range of modern human varia-
tion along this axis. The shape differences along
CVA 1 included an anterior placement of the lateral
origin of the petrotympanic crest and a posterior
placement of the medial end of the petrotympanic
crest, a superior position of the tip of the mastoid
process, a medially placed juxtamastoid eminence, a
more laterally and inferiorly placed root of the ar-
ticular eminence, and a more lateral auriculare and
porion (Fig. 6).

CVA 2 (18.8% of total variance, not correlated
with centroid size; Fig. 4b) separated Qafzeh 9 from
the modern human groups. This specimen fell out-
side the 95% confidence ellipses of all groups in-
cluded here, but was closest to the Andamanese.
CVA 2 also partially separated the Andamanese and
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Fig. 6. Visualization of shape variation along CVA 1 (step 2)
in GRF-ND, right lateral (left) and right ventral (right) views.
Displacement vectors show shape differences at each landmark
along this axis. Dotted line represents consensus configuration.
Landmark numbers correspond to those in Table 3. A: Negative
(Neanderthal) end. B: Positive (modern human) end.

the Khoisan from the other modern human popula-
tions, these two groups being significantly different
from each other and from most other modern human
populations along this axis. Skhul 5 also fell within
the 95% confidence ellipse of the Andamanese and
outside those of the other modern human groups.
Along CVA 2, the anatomically modern human spec-
imens were significantly different from all other
populations in their mean scores. The shape differ-
ences that characterized Qafzeh 9, and to a lesser
extent the Andamanese and Skhul 5, included a
laterally placed auriculare, a posteriorly positioned
root of the articular eminence, a medially placed
medial end of the petrotympanic crest, and an ante-
rior placement of the medial end of the jugular fossa.
The opposite shape differences would tend to char-
acterize the Khoisan.

Mahalanobis D? analysis

Step 1. The Mahalanobis distances between pairs
of groups were calculated (Table 4), taking into ac-
count unequal sample sizes (Marcus, 1993). Nean-
derthals were more distant from the modern human
groups than any one modern human population was
from another. The group that was closest to Nean-
derthals was the Inugsuk Eskimo population, al-
though even this distance was so great that it prob-
ably does not indicate any particular similarities.
Both the two recent European populations and the
Late Paleolithic group were very distant from Nean-
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derthals. All modern human populations are closest
neighbors with their geographic neighbors in this
analysis (European, Australo-Melanesian, and sub-
Saharan African pairs). The Late Paleolithic speci-
mens were relatively distant from the recent human
groups, being closest to the Austrian Berg. These
large distances may be overestimated due to the
very small sample size of this group (two speci-
mens). Kabwe appeared almost equidistant from
modern humans and Neanderthals. Skhul 5 was
also very distant from both the modern human
groups and Neanderthals, but closer to the former.
However, the distances between singletons or ex-
tremely small groups and other populations may be
overestimated even after taking into account sample
size differences, because of the possible extreme mis-
representation of the population that they belong to.

Step 2. Results (Table 4) were similar to those
obtained in step 1. Neanderthals were very distant
from modern humans, the smallest distance be-
tween them and any modern human group being
greater than the greatest distance between any pair
of modern human populations. Neanderthals were
again closest to the Inugsuk Eskimo. The recent
European populations and the Late Paleolithic
group were again found to be very distant from
Neanderthals. Among recent human groups, the
three geographic pairs still exhibited the smallest
distances to their geographic neighbors. The dis-
tances between the Late Paleolithic group and the
recent human populations were decreased in this
step, and were now found to be equivalent to the
distances between recent human populations. This
reduction could be due either to the inclusion of two
additional specimens or to the removal of the two
zygomatic suture landmarks. These hypotheses
were tested by repeating the analysis on the reduced
number of landmarks and on the Late Paleolithic
sample included in step 1. The distances between
the two Late Paleolithic specimens and recent hu-
man populations were again increased, suggesting
that the smaller distances observed in step 2 are the
result of the increased sample size. The two early
anatomically modern humans, Skhul 5 and Qafzeh
9, were included here in one group. They were very
distant from both Neanderthals and recent humans,
but closer to the latter. Kabwe again showed almost
equivalent distances from modern humans and Ne-
anderthals, but closer to the former. Reilingen was
found to be very distant from modern humans and
closer to Neanderthals, although this distance was
also large. As noted above, the distances between
singletons or very small groups and the other popu-
lations may be overestimated, even after differences
in sample size are taken into account.

DISCUSSION
Modern humans

The modern human mean temporal bone land-
mark configuration is characterized by a medio-lat-
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erally narrow tympanic area and glenoid fossa, a
sagittal orientation of the petrotympanic crest, and
a large mastoid process. A strong signal of geo-
graphic clustering among modern human groups is
present (see also Harvati, 2001a,b, in press), sug-
gesting that the morphology of this region may be
under strong genetic control and therefore likely to
reflect phylogenetic relationships.

Several traits were found to characterize modern
human males relative to females, although there
was considerable overlap between the sexes, includ-
ing a large mastoid process and juxtamastoid emi-
nence, an antero-posteriorly short and supero-infe-
riorly tall mastoid portion of the temporal bone, and
an antero-posteriorly short zygomatic process. The
shape differences observed are in agreement with
the general principles for sex estimation based on
cranial features (e.g., Steele and Bramblett, 1988;
White and Folkens, 1991), which indicate a greater
overall robusticity and larger mastoid processes in
males relative to females. None of the principal com-
ponents separating males from females are corre-
lated with centroid size, indicating that these differ-
ences are not related to differences in centroid size of
the temporal bone.

Among modern human populations, the Anda-
manese population was found to be consistently sig-
nificantly different from most other modern human
groups in the PCA and CVA. This population also
consistently showed the largest, or among the larg-
est, Mahalanobis distances from other modern hu-
man groups. This is perhaps not surprising, as this
sample represents a very small and isolated popu-
lation. The shape differences that seem to charac-
terize Andamanese temporal bones relative to those
of other modern humans include an antero-posteri-
orly long mastoid portion of the temporal bone, a
more superior placement of the zygomatic process
and probably also of the glenoid fossa, a more pos-
terior placement of the root of the articular emi-
nence, and a somewhat stronger supramastoid crest.

Neanderthals

The Neanderthal mean configuration differed
from that of modern humans in having a more lat-
erally placed auriculare and porion, a more coronal
orientation of the petrotympanic crest, a smaller
mastoid process and a more medially placed juxta-
mastoid eminence, an inferiorly placed entoglenoid
pyramid and root of the articular eminence, an an-
tero-posteriorly shorter mastoid portion, and an el-
evated superior aspect of the zygomatic suture (Fig.
2). The juxtamastoid eminence appeared only
slightly larger than that of modern humans, al-
though it was at the same height as, or even lower
than, the Neanderthal mastoid process. Neander-
thals did not differ significantly from modern hu-
mans in their temporal bone centroid size.

Several of these differences were found to sepa-
rate Neanderthals from modern humans in the sta-
tistical analysis. These do not reflect differences in
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centroid size, and they include the morphology of the
occipito-mastoid area, the tympanic crest, the supra-
mastoid crest, the position of the external auditory
meatus relative to the zygomatic process and to the
glenoid fossa, and the width of the glenoid fossa. The
success of the temporal bone traits in separating
Neanderthals from modern humans is reflected in
the Mahalanobis D? analysis, where Neanderthals
were found to be much more distant from modern
humans than any two modern human populations
were from each other. These results are in agree-
ment with previous multivariate analyses of cranio-
facial measurements (Stringer, 1974, 1989, 1992;
Briuer and Rimbach, 1990; Briauer, 1992; Turboén et
al., 1997), which found Neanderthals to be widely
separated from modern humans. However, they dis-
agree with the geometric morphometric study of the
differences between Neanderthals and modern hu-
mans by Yaroch (1996), which found the differences
between Neanderthals and modern humans to be
minimal based on two-dimensional coordinates of
cranial landmarks.

Occipito-mastoid area. The Neanderthal oc-
cipito-mastoid area is described as showing a large
juxtamastoid eminence relative to a small mastoid
process, traits often considered as derived Neander-
thal features (Boule, 1911-1913; Boule and Vallois,
1957; Santa Luca, 1978; Hublin, 1978b; Stringer et
al., 1984; Vandermeersch, 1985; Condemi, 1991,
1992; Dean et al., 1998). However, this region is
highly variable in modern humans (Taxman, 1963;
McKee and Helman, 1991; also personal observa-
tions), and considerable confusion exists in the lit-
erature over the terminology used to describe it
(Hublin, 1978a), while the homology of the structure
interpreted as the juxtamastoid eminence in differ-
ent fossil specimens has been questioned (Schwartz
and Tattersall, 1996b). This study follows Hublin
(1978a) in his definition of the juxtamastoid emi-
nence as the crest on the medial border of the digas-
tric fossa, which may or may not straddle the oc-
cipito-mastoid suture. It is formed by the insertion of
the digastric muscle on the lateral side, and can be
continuous or to some extent merge with the line
formed by the attachment of the superior oblique
muscle postero-medially (Hublin, 1978a; McKee and
Helman, 1991).

Authors also disagree over the relative contribu-
tion of the mastoid process and the juxtamastoid
eminence to the subequal height of the two struc-
tures in Neanderthals. Trinkaus (1983) found that,
when measured from the Frankfurt plane or from
the parietal notch, the height of the Neanderthal
mastoid process falls within the range of modern
humans. Trinkaus (1983) found the great develop-
ment of the juxtamastoid eminence to contribute
more to the appearance of the equal height of the
two structures.

Vandermeersch (1981) noted that it is inappropri-
ate to measure the height of the mastoid process
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from the Frankfurt horizontal, as the external audi-
tory meatus (one of the points used to define this
line) is slightly elevated in Neanderthals relative to
modern humans. He followed the Zoja technique in
measuring the mastoid process from the deepest
point of the digastric fossa, and found Neanderthal
mastoids to be much smaller than those of modern
humans. Finally, Martinez and Arsuaga (1997) mea-
sured the mastoid process from the parietal notch.
They found the Neanderthal mastoid process height
average to be much lower the modern human mean,
and also to fall in the lower parts of the range for
Middle Pleistocene specimens and H. erectus. These
authors proposed that the small mastoid process in
Neanderthals is a derived condition.

In this study, the position of the tip of the mastoid
was found to be more important in separating Ne-
anderthals from modern humans than the tip of the
juxtamastoid eminence in PCA and CVA, suggesting
that a reduction in height of this process is actually
present in this fossil group. The only specimen with
a mastoid process comparable to that found in mod-
ern humans is Amud 1. This specimen is less well-
separated from modern humans in the temporal
bone analysis, probably due to the large size of this
structure. The position of the tip of the juxtamastoid
eminence was also found to separate modern hu-
mans and Neanderthals. This position, however, in-
volved a more medial placement, rather than a
larger size, in Neanderthals. This medial position of
the juxtamastoid eminence reflects a medio-laterally
wide digastric fossa in Neanderthals, also described
by Vallois (1969).

Tympanic area. The tympanic area in Neander-
thals is thought to retain the primitive condition
found in H. erectus. Neanderthals are described as
showing a tympanomastoid fissure, a trait often
thought to characterize Asian H. erectus (Andrews,
1984; Delson et al., 2001), as the tympanic crest
separates their tympanic into an anterior and a
posterior area (Vallois, 1969; Trinkaus, 1983; Van-
dermeersch, 1985; Elyaqtine, 1995a; Dean et al.,
1998; Minugh-Purvis et al.,, 2000). This crest is
thought to have an anteriorly placed lateral origin in
Neanderthals, at the most inferior point of the tym-
panic tube. In modern humans, on the other hand,
this crest is described as having a more posterior
lateral origin at the root of the mastoid process,
while no tympanomastoid fissure is present. Fur-
thermore, in modern humans, the medial continua-
tion of this crest forms a tall and platelike vaginal
plate of the styloid process, and slopes obliquely to
its termination at the carotid canal, showing an
orientation that approaches the sagittal, rather
than the coronal, plane (Schwartz and Tattersall,
1996b; Martinez and Arsuaga, 1997). Neanderthals
are thought to show a more coronal orientation of
this crest and a supero-inferiorly shorter and less
platelike vaginal plate of the styloid process. Some
authors, however, consider the orientation of the
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petrotympanic crest in these hominids to be sagittal,
rather than coronal (Weidenreich, 1943; Stringer,
1984). These traits are generally considered primi-
tive retentions from H. erectus, the opposite condi-
tions being derived traits of modern humans (Mar-
tinez and Arsuaga, 1997; Schwartz and Tattersall,
1996b; Dean et al., 1998).

This analysis confirmed previous observations of a
more anterior placement of the lateral origin of the
petrotympanic crest, as well as the more coronal
orientation of this crest, in Neanderthals relative to
modern humans. The tympanic crest landmarks,
and particularly the landmark marking its lateral
origin, were very important in separating these two
groups in both PCA and CVA and in both steps. A
coronal orientation of the tympanic crest was also
observed in the Sima de los Huesos Middle Pleisto-
cene fossils by Martinez and Arsuaga (1997), and
was observed here in Reilingen, but not in Kabwe
(as also found by Martinez and Arsuaga, 1997; see
below).

Supramastoid crest. The Neanderthal supra-
mastoid crest has been described as variable in ex-
pression, but strong relative to that of modern hu-
mans (Boule and Vallois, 1957; Vallois, 1969; Heim,
1976; Elyaqtine, 1995a). In this analysis, the lateral
position of the auriculare in Neanderthals, reflecting
a strong supramastoid crest, was found to contribute
to the separation of the two groups in both PCA and
CVA. This trait is probably a primitive retention.
However, it was not found to characterize Kabwe,
although a strong supramastoid crest was described
for this specimen (Dean et al., 1998; see below).

Position of external auditory meatus. An ele-
vated position of the external auditory meatus rela-
tive to the zygomatic process and to the floor of the
glenoid fossa was previously described for Neander-
thals (Vallois, 1969; Vandermeersch, 1985; Hublin,
1988b; Elyaqtine, 1995a,b). This feature was more
difficult to assess, due to the reduced Neanderthal
sample that preserved the zygomatic process. Where
the zygomatic suture landmarks were included (step
1), an inferior position of the lateral margin of the
glenoid fossa and, to a lesser extent, of the inferior
aspect of the zygomatic suture, contributed to the
separation of Neanderthals from modern humans in
both PCA and CVA. As was also found by Yaroch
(1996), it is the more inferior placement of these
structures relative to the porion that results in an
apparent elevated position of the external auditory
meatus relative to the glenoid fossa and the zygo-
matic arch in Neanderthals. This shape difference
between Neanderthals and modern humans was no
longer observed when the two zygomatic suture
landmarks were removed.

Width, depth, and shape of glenoid fossa. The
Neanderthal glenoid fossa is described as wide, shal-
low, and medially closed off. In this analysis, the
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position of the root of the articular eminence, mea-
sured at the lateral margin of the glenoid fossa, was
found to be more lateral relative to the entoglenoid
process in Neanderthals in the CVA of step 2, sug-
gesting a medio-laterally wider glenoid fossa. The
depth of the fossa could not be easily assessed, as the
analysis did not include a landmark at the deepest
point of its floor. However, the root of the articular
eminence at the lateral margin of the fossa was
found to be more inferiorly placed in Neanderthals
in both PCA and CVA of step 1, as well as in CVA of
step 2. The inferior position of the lateral margin of
the floor of the glenoid fossa may indicate a de-
creased depth for this structure relative to modern
humans. Finally, a more posterior placement of the
entoglenoid process was found in the PCA of step 1,
in accordance with the description by Vallois (1969)
of a medially closed-off glenoid fossa in Neander-
thals. This shape difference, however, was not found
in the PCA of step 2 or in either CVA, suggesting
that it may not be as important as thought by Val-
lois (1969).

Western Asian and early Neanderthals. Nei-
ther the Western Asian nor the earlier Neanderthal
specimens were treated as separate groups, due to
very small sample sizes. However, Amud 1 was the
only specimen that consistently overlapped with the
modern human range along the axes that separated
Neanderthals from modern humans in both PCAs
and in the CVA of step 1, although it was clearly
separated from it in the CVA of step 2. Although its
temporal bone landmark configuration showed a
more coronal orientation of the petrotympanic crest
and an inferior placement of the root of the articular
eminence, it was intermediate between modern hu-
mans and Neanderthals in these traits. Further-
more, and perhaps most importantly, it showed a
large mastoid process, and in this characteristic it
was almost identical to the modern human mean
configuration. These traits were noted by Suzuki
and Takai (1970), who found the mastoid process of
Amud 1 to be of average size for modern humans, as
did also Stringer and Trinkaus (1981). Suzuki and
Takai (1970) also noted that its glenoid fossa was
deeper than that of the European Neanderthals,
although shallower than in modern humans, as also
observed here, and that the morphology of its tym-
panic crest fell within the modern human range of
variation. The other Western Asian Neanderthal
specimen included in this analysis, Shanidar 1, did
not show any similarities to Amud 1 or to modern
humans in these characteristics, and was always
separated from modern humans in PCA and CVA.
The early specimens from Krapina and Saccopas-
tore included here shared the typical temporal land-
mark configuration that distinguishes Neanderthals
from modern humans. The Neanderthal character of
the temporal bone of Saccopastore 2 was noted by
Condemi (1991, 1992). The Krapina remains were
described as possessing a wide range of variation in
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temporal, and particularly mastoid, morphology, but
still possessing a Neanderthal pattern (Smith, 1982;
Minugh-Purvis et al., 2000). The sample in step 2
included only two specimens from Krapina (Krapina
C and 39-1), thus not reflecting the entire range of
variation in this group, as many of the Krapina
temporal bones were too fragmentary to be included.
These specimens, however, conformed to the pattern
observed in other Neanderthals, and were separated
from modern humans in PCA and CVA, confirming
previous observations of their essential resemblance
to the later Western European Neanderthal sample
(Smith, 1982).

Sexual dimorphism. Although assignment of sex
to fossil specimens is problematic, it is interesting to
explore the patterns of dimorphism among the pre-
sumed male and female Neanderthal specimens. As
all Neanderthal specimens included in step 1 are
thought to be male, such a pattern could only be
observed in step 2 of the analysis. Neanderthals
were found to conform to the relatively weak pattern
of sexual dimorphism exhibited by most modern hu-
man populations, females showing a smaller mas-
toid process and an antero-posteriorly elongated and
supero-inferiorly short mastoid portion of the tem-
poral bone relative to males.

Reilingen

This specimen was only included in step 2. Com-
pared to the mean modern human configuration, it
differed in having a smaller mastoid process, a much
larger juxtamastoid eminence, a very laterally
placed auriculare, and a more coronal orientation of
the petrotympanic crest. In all of these features it
was similar to Neanderthals. However, compared to
the Neanderthal mean configuration, this specimen
differed in its somewhat more posterior placement of
the lateral origin of the petrotympanic crest, and its
relatively larger mastoid process. It differed from
both Neanderthals and modern humans in having
an antero-posteriorly longer mastoid portion and a
more anteriorly placed tip of the mastoid process.
This specimen was separated from modern humans
and most Neanderthals in the PCA of step 2, reflect-
ing its antero-posteriorly long mastoid portion and
anteriorly placed tip of the mastoid. Although Reil-
ingen did not cluster with Neanderthals in the PCA,
it was clearly separated from modern humans and
fell within the Neanderthal 95% confidence ellipse
in the CVA (Fig. 2). The shape differences along this
axis included most of the similarities found between
the Neanderthal mean configuration and Reilingen.
Reilingen was found to be much closer in Mahalano-
bis D? to Neanderthals than to modern humans.

Kabwe

This specimen’s mean configuration differed from
the modern human one in showing a smaller mas-
toid process, and a medio-laterally wider glenoid
fossa. It differed from the Neanderthal mean config-
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uration in having a smaller juxtamastoid eminence
and a more posterior lateral origin and more sagittal
orientation of the petrotympanic crest. It differed
from both in its antero-posteriorly short temporal
portion of the zygomatic arch, its more posteriorly
placed tips of both the mastoid process and the jux-
tamastoid eminence, and a supero-inferiorly shorter
mastoid portion of the temporal bone. Kabwe was
separated from modern humans in the PCA of both
steps. A posteriorly placed tip of the juxtamastoid
eminence, a supero-inferiorly short mastoid portion
of the temporal bone, and a small mastoid process
were the shape differences that separated this spec-
imen from modern humans. Although Kabwe was
described as showing a very strong supramastoid
crest (Dean et al., 1998), this trait was not found to
separate it from modern humans in this analysis. A
weak supramastoid crest has been noted for this
specimen (Elyaqtine, 1995a). Kabwe was also found
to share with modern humans the more sagittal
orientation of the petrotympanic crest, the more pos-
terior position of the lateral origin of this crest, and
the absence of a tympanomastoid fissure, as noted
previously (Elyaqtine, 1995a; Schwartz and Tatter-
sall, 1996; Martinez and Arsuaga, 1997; Dean et al.,
1998). The modern affinities of the temporal bone of
this specimen were also discussed by Santa Luca
(1978). If the sagittal orientation of the petrotym-
panic crest and the absence of a tympanomastoid
fissure represent derived conditions in modern hu-
mans, their presence in Middle Pleistocene African
fossil hominids implies a direct relationship between
modern humans and the latter fossil group to the
exclusion of the European lineage, as previously
suggested (Hublin, 1978b; Stringer, 1974, 1989,
1992). In the Mahalanobis D? analysis, Kabwe was
found to show large distances from both modern
humans and Neanderthals, although it was closer to
the former, particularly in step 2. This finding is
similar to those of Stringer (1974), who found Kabwe
to be approximately equally removed from both
modern humans and Neanderthals, based on a mul-
tivariate analysis of craniofacial measurements, al-
though a somewhat stronger similarity to modern
humans was found here for Kabwe’s temporal bone.

Early anatomically modern human specimens

Skhul 5 was similar to the mean modern human
configuration in having a posteriorly placed lateral
origin of the petrotympanic crest, a sagittal orienta-
tion of this crest, and a large mastoid process which
is much larger than its substantial juxtamastoid
eminence. It differed from both modern human and
Neanderthal mean configurations in showing an an-
tero-posteriorly long mastoid portion of the temporal
bone, and a more medially placed entoglenoid pyra-
mid. Skhul 5 was separated from modern humans in
the PCA of step 1 along PC 8, where it fell close to
the two Late Paleolithic specimens. It was found to
be similar to these specimens and different from
modern humans in having an inferiorly placed pari-
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etal notch and superiorly placed asterion, as well as
a more posterior placement of the anterior margin of
the jugular fossa and a superior placement of the
medial end of the petrotympanic crest. This speci-
men was found to be distant from both modern hu-
mans and Neanderthals in Mahalanobis D? in step
1, but closer to the former.

Qafzeh 9 was only included in step 2. Qafzeh 9
was similar to the modern human mean configura-
tion in having a large mastoid process and a very
small juxtamastoid eminence. It differed from it in
having a medio-laterally wider glenoid fossa, a
somewhat more anterior lateral origin of the petro-
tympanic crest, and a more posteriorly placed root of
the articular eminence. Qafzeh 9 differed from both
the modern human and the Neanderthal mean con-
figuration in the large medio-lateral distance be-
tween the auriculare and porion, indicating a strong
and laterally projecting supramastoid crest. Qafzeh
9 was separated from all other human specimens in
the CVA. The same axis that separated this speci-
men from recent humans also separated the Anda-
manese from the other modern human populations.
The shape differences that separated Qafzeh 9 and,
to a lesser extent, the Andamanese from other mod-
ern humans included a lateral placement of the
auriculare and a medial placement of the porion,
indicating a strong and laterally projecting supra-
mastoid crest (probably a primitive retention), and a
posterior placement of the root of the articular em-
inence. A prominent supramastoid crest relative to
both Skhul 5 and recent humans was also noted for
this specimen by Vandermeersch (1981). Qafzeh 9
was considered together with Skhul 5 in the Mahal-
anobis D? analysis. They were found again to show
large distances to both modern humans and Nean-
derthals, but to be closer to the former. These large
distances may be due to their very small sample
size, but may also partially reflect the distinctive
morphology of Qafzeh 9. They are in keeping with
the large distances between early anatomically mod-
ern human specimens and recent humans previ-
ously reported in metric studies of both cranial and
postcranial measurements (Stringer, 1974, 1992;
Briuer and Rimbach, 1990; Brauer, 1992; Kidder et
al., 1992; Pearson, 2000), and sometimes interpreted
as reflecting retention of pleisiomorphous traits in
these specimens (Stringer, 1992).

Late Paleolithic specimens

This analysis included two Late Paleolithic speci-
mens in step 1 (Cro Magnon 1 and Predmosti 3) and
four in step 2 (additionally Predmosti 4 and Mladec
2). The mean configuration for these specimens was
very similar to that of modern humans, exhibiting a
large mastoid process, small juxtamastoid emi-
nence, posteriorly placed lateral origin and sagittal
orientation of the petrotympanic crest, and an an-
tero-posteriorly long mastoid portion. Among the
Late Paleolithic specimens, Mladec 2 showed some
similarities to the mean Neanderthal configuration
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in having a large juxtamastoid eminence and a rel-
atively strong supramastoid crest, although these
traits are combined with a modern human-like pos-
teriorly placed lateral origin and sagittal orientation
of the petrotympanic crest. Despite these limited
similarities, this specimen never clustered with Ne-
anderthals in either PCA or CVA. The Late Paleo-
lithic specimens as a group were separated from
modern humans in the PCA of step 1, reflecting an
inferiorly placed parietal notch and superiorly
placed asterion, as well as a more posterior place-
ment of the anterior margin of the jugular fossa and
a superior placement of the medial end of the petro-
tympanic crest. These differences were not found in
the PCA or the CVA of step 2, where the sample was
increased from two to four specimens.

The Mahalanobis distances between this group
and recent human populations were relatively large
in step 1, but were reduced in step 2, where they
appeared equivalent to those found among recent
human populations. As discussed above, this differ-
ence between the two steps of analysis probably
reflects the very small sample size of this group in
step 1. These results agree with previous multi-
variate analyses of craniofacial measurements
(Stringer, 1974, 1989, 1992; Briauer and Rimbach,
1990; Brauer, 1992; Turbén et al., 1997) that found
these specimens to be widely separated from Nean-
derthals. Kidder et al. (1992) suggested a closer re-
lationship of the Mladec crania to Neanderthals,
based on their multivariate analysis of craniofacial
measurements. Although limited similarities were
found between the mean Neanderthal temporal
bone configuration and Mladec 2 (the only specimen
from that series included here), these were not found
to be important in the statistical analysis.

CONCLUSIONS

The temporal bone landmarks analysis was very
successful in separating Neanderthals from modern
humans. Most previously described Neanderthal
temporal bone features were supported by this anal-
ysis, including the small size of the mastoid process,
the orientation of the petrotympanic crest, the ante-
rior position of the lateral origin of the petrotym-
panic crest, the strong supramastoid crest, and the
great width of the glenoid fossa. The apparent ele-
vated position of the external auditory meatus, also
previously described as a Neanderthal characteris-
tic, was found here to be due to an inferior place-
ment of the glenoid fossa and zygomatic arch. Fi-
nally, the large size of the juxtamastoid eminence in
Neanderthals was found to be less important in dif-
ferentiating this group from modern humans than
the small size of the mastoid process.

The temporal bone morphology of several non-
Neanderthal fossil specimens was also evaluated in
this analysis. Kabwe differed in its temporal bone
landmark configuration from both modern humans
and Neanderthals, but was found to be slightly
closer to modern humans in Mahalanobis distances.
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Both distances, however, were quite large. Reilingen
was found to be most similar in its landmark con-
figuration and closest in Mahalanobis distance to
Neanderthals, although it was intermediate be-
tween Neanderthals and modern humans in the size
of its mastoid process. The Upper Paleolithic speci-
mens and Skhul 5 exhibited essentially modern hu-
man patterns of temporal bone morphology. Qafzeh
9 was characterized by an unusually strong lateral
projection of the supramastoid crest. In this trait,
this specimen was different from all recent humans,
as well as from Skhul 5. Both Qafzeh 9 and Skhul 5
showed large distances to both Neanderthals and
modern humans, although they were closer to the
latter, probably reflecting the very small sample size
for this group but also their distinctive temporal
bone morphology.
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