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Abstract

In this article, the upper cervical spine remains recovered from the Sima de los Huesos (SH) middle Pleistocene site in the Sierra de Ata-
puerca (Burgos, Spain) are described and analyzed. To date, this site has yielded more than 5000 human fossils belonging to a minimum of 28
individuals of the species Homo heidelbergensis. At least eleven individuals are represented by the upper cervical (C1 and C2) specimens: six
adults and five subadults, one of which could represent an adolescent individual. The most complete adult vertebrae (three atlases and three axes)
are described, measured, and compared with other fossil hominins and modern humans. These six specimens are associated with one another and
represent three individuals. In addition, one of these sets of cervical vertebrae is associated with Cranium 5 (Individual XXI) from the site. The
metric analysis demonstrates that the Sima de los Huesos atlases and axes are metrically more similar to Neandertals than to our modern human
comparative sample. The SH atlases share with Neandertals a sagittally elongated canal. The most remarkable feature of the SH (and Neandertal)
axes is that they are craniocaudally low and mediolaterally wide compared to our modern male sample. Morphologically, the SH sample shares
with Neandertals a higher frequency of caudally projected anterior atlas arch, which could reflect greater development of the longus colli muscle.
In other features, such as the frequency of weakly developed tubercles for the attachment of the transverse ligament of the atlas, the Sima de los
Huesos fossils show intermediate frequencies between our modern comparative samples and the Neandertals, which could represent the prim-
itive condition. Our results are consistent with the previous phylogenetic interpretation of H. heidelbergensis as an exclusively European species,
ancestral only to H. neanderthalensis.

Keywords: Atlas; Axis; Cervical vertebrae; Middle Pleistocene; Sima de los Huesos

Introduction northern Spain (Arsuaga et al., 1997b). To date, more than
5000 fossil human remains have been recovered from the site

The Sima de los Huesos (SH) site is approximately 0.5 km (Arsuaga and Martinez, 2004) in the excavations directed by
from the Cueva Mayor entrance, well inside the Cueva Mayor— one of us (JLA). Based on dental evidence, these remains be-
Cueva del Silo cave system in the Sierra de Atapuerca in long to a minimum number of 28 individuals (Bermudez de
Castro et al., 2004) of both sexes and diverse ages. In addition,

thousands of carnivore bones have been recovered mixed with

and stratigraphically above the human fossils (Garcia et al.,

1997; Garcia, 2002). All anatomical parts of the skeleton are

represented among the human remains, suggesting that



cemplete cerpses were accumulated at this site. The age-
at-death distributien suggests that a nenattritienal demegraphic
event affected this living pepulatien (Becquet-Appel and
Arsuaga, 1999; Bermidez de Castre et al., 2004). The erigin
of the human accumulatien is mest likely te be anthrepe-
genic (Arsuaga et al, 1997b). A recently discevered hand-
axe has been interpreted as evidence of symbelic behavier in
these early humans (Carbenell et al., 2003).

A recently feund in sita spelesthem (SRA-3), which seals
the human-fessil-bearing sediments threugheut the site, has
been dated. There is a hiatus in the speleethem grewth at abeut
4 cm belew the tep. This upper pertien shews a linear grewth
rate of abeut 1 cm per 32,000 years. Ten dates have been eb-
tained in the lewer 10 cm of speleethem belew the hiatus, all
of which indicate a minimum age ef 350 ka, altheugh this
thickness ceuld represent a significant ameunt ef time beyend
this date. Thus, a range of 400—500 ka has been prepesed fer
the human remains (Bischeff et al., 2003). These dates are
cempatible with beth the micre- and macremammalian assem-
blages (Cuenca-Besces et al., 1997; Garciaet al., 1997; Garcia,
2002). Bischeff et al. (2006) recently published a reanalysis
of six samples of SRA-3 using inductively ceupled plasma-
multicellecter mass-spectremewy (ICP-MS), which yielded
new dates that cluster areund 600 ka, with an estimated mini-
mum age ef the spelesthem, and thus ef the underlying human
fessils, of 530 ka.

The human remains frem this site have been assigned te
Homo heidelbergensis. This species, in eur view, is exclu-
sively Eurepean, and is ancestral enly te the later Neandertals
(Arsuaga et al.,, 1991, 1997c; Carretere et al., 1997; Martinez
and Arsuaga, 1997).

The recerd of the upper cervical vertebral celumn is rela-
tively abundant fer Homo neanderthalensis and late Pleiste-
cene Homo sapiens, but with respect te the rest of the genus
Homo, it is scarce eor nenexistent.! The virtual absence of a fes-
sil recerd of the upper cervical spine fer the middle Pleiste-
cene undersceres the impertance eof the SH specimens
described and analyzed here.

Regarding the Neandertals, the mest censpicueus traits
described fer the atlas vertebra (Cl) are (1) weakly develeped
tubercles fer the insertien of the transverse ligament and (2)
a caudal prejectien of the anterier tubercle (Beule, 1911—
1913;Martin, 1923; Heim, 1976; Arensburg, 1991); fer the Ne-
andertal axis (C2) ne trait er pattern has been highlighted except
its great merphelegical variability (Piveteau, 1966). In his study
of the cervical spine eof the Kebara 2 Neandertal individual,
Arensburg (1991) cencluded that, except fer the herizental spi-
neus precess of the C6 and C7, the cervical celumn seemed te
be within the range eof variatien of medern human pepulatiens.
Nevertheless, the study eof the middle Pleistecene SH upper
cervical vertebrae (Cl and C2) may reveal seme previeusly

! The excepwons are the specimens from Pmanisi (Meyer, 2085), Gran Do-
lina (Carretero et al., 1999), and Koobi Fora (KNM-ER 188; Walker et al.,
1982; Leakey and Walker, 1985) for the early Pleistocene and, for the middle
Pleistocene, the atlas from the Zhoukoudian I1 individual (Boaz et al, 2004).

undecumented merphelegical features and/er patterns of varia-
tien within the Neandertal evelutienary lineage.

The first part of the study cemprises the inventery ef all the
atlases and axes, with the determinatien (if pessible) ef the age
at death (Tables 3 and 4) and the minimum number of ndivid-
uals represented ameng the remains. A brief descriptien of the
mest cemplete adult vertebrae is alse previded. In the secend
part, we perferm a metrical analysis ef the adult vertebrae and
cempare the anatemical features present in the SH specimens
with these feund in ether samples of Homio, especially H. ne-
anderthalensis and H. sapiens.

Materials

The SH vertebral sample cemprises 455 fessils that repre-
sent at least 18@ vertebrae. The cervical sample censists of
116 fessils (Gémez-@livencia, 2005), including 22 first cervi-
cal vertebrae (atlas) and 16 secend cervical vertebrae (axis).
The present study includes the atlas (Cl) and axis (C2) re-
mains recevered up threugh the 2004 field seasen. An inven-
tery and phetegraphic decumentatien ef all the fessil
material, as well as shert descriptiens and metical data ef
the mest cemplete adult vertebrae, are previded.

Descriptiens of a few of the cervical vertebrae [including
the atlas VC3 (AT-1554) and a general descriptien of the SH
cervical vertebrae] have been published previeusly (Carretere
et al., 1999; Gémez et al., 2005). The present study prevides
a detailed analysis of the SH upper cervical spine. Appendix
1 prevides infermatien en the labeling of the SH vertebrae.

Fer cemparative purpeses we have studied a large sample of
medern human skeletens and fessil heminin specimens frem
the fellewing species: H. antecessor, H. neanderthalensis,
and late Pleistecene H. sapiens (Table 1). Altheugh remains
of the atlas and axis are alse lmewn frem the Meusterian site
of Qafzeh (Vandermeersch, 1981), their fragmentary nature
makes cemparisen with these specimens difficult. Data fer
the fellewing specimens have been taken frem the literature:
Kebara 2 (Arensburg et al., 1990; Arensburg, 1991), Régeur-
deu 1 (Piveteau, 1966), Shanidar 2 and 4 (Stewart, 1962;
Trinkaus, 1983), Subalyuk (Pap et al., 1996), and Delni VEste-
nice 14 (Sladek et al., 2000).

Methods

We used standard anthrepemetric techniques and instru-
ments te take all measurements. The mewic variables are illus-
wated in Fig. 1. Fellewing Meyer (2005), the areas of vertebral
canals were measured en scaled digital images and cress-
checked fer accuracy by cemparing imaged linear measure-
ments te physical dimensiens measured with digital calipers.
This methed aveids the censiderable errer of area estimatien
by simply multiplying the derseventral and transverse diame-
ters of the neural canal (Meyer, 2005). Vertebral-canal areas
were measured en cranial (atlas) and caudal (axis) phetegraphs
using CAD seftware and cress-checked using the canal’s max-
imum transverse diameter (M11). Fer the atlas, the phetegraph
was taken in superier view.



Table 1
Comparative specimens and samples of atlases and axes measured by the authors

Specimen/sample Species Sex Original/cast  Locawon

ATDO6-9¢ (C) H. antecessor Female Original Museo de Burgos, Burgos (Spain)

Krapina (C1, n=3; C2, n=3) H. neanderthalensis Original Croatian Natural History Museum,
Zagreb (Croata)

La Chapelle-aux-Saints (C1 and C2) H. neanderthalensis Male Original Musée de ’'Homme, Paris (France)

La Ferrassie 1 (C1 and C2) H. neanderthalensis Male Original Musée de ’'Homme, Paris (France)

Shanidar 2 (C1 and C2) H. neanderthalensis Male Cast Musée de I’'Homme, Paris (France)

Skhul V (C1 and C2) H. sapiens Male Original Peabody Museum of Archaeology and
Etlmology, Cambridge (MA, USA)

Arcy-sur-Cure, Grotte des Fées (C1 and C2) H. sapiens ! ! Original (C1) Musée de ’'Homme, Paris (France) (C1)

Cast (C2) Institut de Paléontologie Humaine,

Paris (France) (C2)

Cro-Magnon (C1) H. sapiens Male Original Musée de I’'Homme, Paris (France)

Calrolingian2 (C2,n=4) H. sapiens ! Original Musée de ’'Homme, Paris (France)

Neolithic® (C2, n =2) H. sapiens i Original Musée de ’'Homme, Paris (France)

Afalou-Bou-Rhummel* (Cl,n=12;C2, n=16) H. sapiens ¥ Original Institut de Paléontologie Humaine,
Paris (France)

Taforalt® (CL,n=8,C2,n=9) H. sapiens t Original Institut de Paléontologie Humaine,
Paris (France)

Burgos® (n=48) H. sapiens Males Original Laboratorio de Evolucion Humana-University
of Burgos, Burgos (Spain)

Hamman-Todd” (» = 101) H. sapiens 50 males/51 females Original Cleveland Museum of Natural History,

Cleveland (OH, USA)

! The Arcy-sur-Cure atlas was found in 186@ in the lower level of the Grotte des Fées, (Yonne, France). The axis was found in 1898 in the clearings of older
excavamons (Leroi-Gourhan, 1958). Leroi-Gourhan (1958) identified both specimens as Neandertal. In the case of the axis, the taxonomic assignment was based on
the surface color of the fossil; Leroi-Gourhan pointed out that this specimen is within the modern human range of variaton but that it resembles Neandertals in its
weak cervical curvature. In the case of the atlas, he did not find any #rait to disWnguish it from modern humans. Bue to the problematic provenience of both spec-
imens and the fact that these fossils are morphologically more similar to our modern human comparasive samples than to Neandertals, they should be caudously

considered as representng H. sapiens.

2 The Carolingian sample comes from the Saint-Gernain-des-Prés cementery (Paris, France).
3 The Neolithic sample comes from a cave site in the Petit Morin Valley (France).
4 The Afalou-Bou-Rhummel sample was recovered from the homonymous rock-shelter in Algeria. This sample and the Taforalt sample are dated to 16,000 BP

(see Irish, 2008, and references therein).

* The Taforalt sample was recovered from the homonymous cave site in Morocco.
® The Burgos sample comprises 48 contemporary adult (esWmated age at death is 20—45 years) male individuals from Burgos, Spain.
7 The Hamann-Todd sample comprises 180 North American adults (58 Euro-Americans and 58 Afro-Americans, with equal sexual representasion) from the

Hamann-Todd Osteological Collecon.

Univariate cemparative analysis was perfermed on all of the
variables measured in the atlases and axes. Bivariate analysis
was perfermed en the vertebral-canal variables (M@ and
MI11) in beth C1 and C2, and the M1a and STrD measurements
in the axes. We used nenparametric metheds in cases where ene
or mere of the greups had a sample size of n < 10. Fer the uni-
variate analysis, we perfermed a Kruskal—Wallis test te cem-
pare the differences between the SH, Neandertal, and Burges
medern human samples. When a significant difference
(p < 0.05) was feund in a variable, we perfermed a Mann—
Whitney test between all pessible pairs of samples te determine
which enes were significantly different. We adjusted the p-
values fer these cemparisens using the Benferreni methed
and have reperted all the cases in which p < 0.10.

Inventory

Here we previde an inventery ef all the atlas and axis re-
mains. These fessils are listed in Tables 2 and 3 and depicted
in Figs. 2—5. The SH upper cervical sample cemprises 22 atlas
specimens and 16 axis specimens.

Age at death

The age at death has been estimated fer the SH cervical
vertebrae (Tables 2 and 3) based en medern human patterns
of maturatien (i.e., fusien eof the principal centers of essifica-
tien, presence/absence of the epiphyseal rings, and degree of
ebliteratien of the metaphyseal scars). Hewever, since the
SH heminins had a sherter peried of dental grewth (Ramirez
Rezzi and Bermidez de Castre, 2004), the ages at death might
be everestimated if teeth fermatien is cerrelated with sematic
develepment, as prepesed by Smith (1991).

Given the difficulty ef assigning a precise age at death based
on the essificatien patterns ef the atlas (except in limited cir-
cumstances), these specimens are classified as adult er sub-
adult. The atlas’s principal centers of essificatien are fused
by the sixth year of life (Scheuer and Black, 2000). Additienal
attentien was given te the surface of the articular facets fer the
determinatien ef the age at death, since immature individuals
shew a mere pereus surface. In the Atapuerca sample, the
VC3 atlas shews a partially ebliterated metaphyseal scar en
its wansverse precesses. This feature is censistent with the
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Fig. 1. Some of the dimensions used in the osteomewric analysis, as defined in
the text: (a) atlas (Cl) in cranial view; (b) axis (C2) in craniodorsal view; (c)
axis (C2) in lateral view. Brawings modified from Gray (1959). (1) Biameters
in major axis of upper articular facets (UAFMAD) (right-left); (2) diameter at
a right angle to the major axis of upper arcular facets (UAFTI®) (right-left);
anterior arch thickness at the level of the anterior tubercle (A ATh); craniocau-
dal diameter of laminae (CCPLam) (right-left); total vertebral dorsal height
(PoH); distance between the tubercles for the attachment of the wansverse lig-
ament (BTub); inferior wansverse diameter (ITt®); lower arucular facet dorso-
venwal diameter (LAFBVD) (right-left); total vertebral ventral height (Mla);
body craniocaudal dorsal diameter (M2); body inferior wansverse diameter
(MS8); canal dorsovenwal maximum diameter (M18); canal wansverse maxi-
mum diameter (M11); spine length (M13); maximum dorsovenwal diameter
(MBvP); maximum wansverse diameter (MTr®); posterior arch thickness at
the level of the posterior tubercle (PATh); superior wansverse diameter
(ST1®); wansverse diameter of the facet for the axis (Tr®FA); maximum trans-
verse diameter of the #p of the spinous process (TrTBTSP). The following vari-
ables have not been drawn: body inferior anteroposterior diameter (MS), taken
perpendicular to M8; upper articular facet dorsovenwal diameter of the axis
(UAFDVD) (right-left); upper articular facet transverse diameter of the axis
(UAFT1®) (right-left); lower arucular facet wansverse diameter (LAFTTD)
(right-left), taken perpendicular to LAFBvB; thickness of the laminae
(ThLam), taken perpendicular to CCBLam; anterior arch height at the level
of the anterior tubercle (AAH), taken perpendicular to AATh; maximum
height of lateral masses (right-left) (MHLM), taken at the lateral edges of
the lateral masses of the atlas; posterior arch height at the level of the posterior
tubercle (PAH), taken perpendicular to PATh; height of the posterior arch in
the groove for the vertebral artery (HPAG) (right-left). M# refers to the Martin
number (Brauer, 1988) and variable definition. In the axes, M 1@ has been mea-
sured on the caudal aspect of the vertebral foramen.

age at death estimated (21—25 years) for the asseciated verte-
bra VC4(C2). The left mass AT-2078 exhibits the immature
appearance en the surface of beth articular facets, while VC17
enly exhibits this appearance in the upper articular facet.

In centrast te the atlas, the cemplex essificatien pattern of the
axis allews fer mere precise age-at-death estimates. The axis
essifies frem five primary centers: ene fer the bedy, ene fer
each half ef the dens, and ene fer each half ef the neural arch.
The halvesthat ferm the dens are already fused at birth, whereas
the neural arch is fused by the third er feurth year and the bedy
is jeined te the ether elements by the fitth er sixth year of life.

The axis has five secendary centers of essification: twe fer the
wansverse precesses; the ossiculum terminale, which fuses at
the end of the dens by the twelfth year; ene fer the spine; and
an inferier epiphyseal ring, which fuses te the caudal part ef
the bedy (Scheuer and Black, 2000). Buikswa et al. (1984) re-
perted that the fusien ef the inferier epiphyseal ring cemmences
by 17—19 years and is cempleted by the twenty-fifth year in
their female sample frem the Terry Cellection. Beth VC4 and
VC28 shew a partial fusien ef the caudal epiphyseal ring. Nev-
ertheless, VC4 shews a mere advanced state of fusien, se it
ceuld beleng te an individual whe was elder than VC28.

Minimum number of individuals

A minimum ef 28 individuals, based en the dental remains,
have been identified ameng the SH human fessils (Bermudez
de Castre et al., 2004). Regarding the atlas, a minimum ef 10
individuals are represented, based en the repetition of the left
mass. In additien, AT-3985 (arightlateral mass) represents an-
ether individual due te its incempatibility with any ef the left
lateral masses. These 11 individuals represent six adults (ene
of them less than 25 years of age, represented by VC3) and
five subadults, ene ef them pessibly an adelescent, represented
by VC17 (Table 2). Ameng the axes, based en the repetitien of
the mest cemmen element (the dens of the axis), at least 1@ in-
dividuals are recegnizable: feur adults (ene of them less than
25 years of age), ene late adelescent or yeung adult, ene imma-
ture individual between 12 and 16 years of age, and feur indi-
viduals elder than 12 years. All these ages at death are fully
cempatible with these based en dental (Bermiidez de Castre
et al., 2004), cranial (Arsuaga et al., 1997c), and pestcranial
evidence (Carretere et al., 1997).

Sex determination

Sex determinatien ef the three mest cemplete SH atlases
and axes, which represent three individuals, was attempted
based en multiple regression equatiens and discriminant func-
tiens (Marine, 1995; Wescett, 2000). The results suggest that
these three sets of upper cervical vertebrae all represent male
individuals.

Additienally, a discriminant functien was generated tfrem
datataken frem atlas specimens in the Hamann-Tedd @steeleg-
ical Cellection, and we calculated the a pesterieri prebability ef
the mest cemplete SH atlases (VC3 and VC7) being classified
as belenging te male individuals (Table 4). These twe SH
atlases shew a pesterieri prebabilities of being frem male indi-
viduals higher than 0.80. Due te the incempleteness of VC16, it
was net pessible te apply the discriminant functien, but using
an additienal discriminant functien in which enly ITrD is
used, VCI6 is classified as being frem a male with an a peste-
rieri prebability ef 0.79.

Marine’s (1995), Wescett’s (2000), and eur fermulae were
used te estimate the sex of several additienal fessil atlases and
axes. The results agree with the sex determinatiens based en
ether pestcranial features with ene exceptien: the Régeurdeu
1 individual is classified as being frem a male using the



Table 2
Inventory of the atlas (C1) remains from the SH site (as of the 2004 ficld
season)

Table 3
Inventory of the axis (C2) remains from the SH site (as of the 2004 field
season)

Specimen  Year Preservadion Age at death Figure Specimen  Year Preservation Age at death Figure
number number
vest 1995 Complete vertebra Adult 2ab.c V(2! 1998 Complete vertebra > is] 4a,b,c
VC7? 2000 Complete vertebra Adult 2d.e.f vc4? 1995 Complete vertebra 17-25 4d.e.f
vCi16® 1994, 1997  Masses and Adult 2g,h (21-25)?
posterior arch vcs? 2000, 2001 Complete vertebra >25 4g.hi
vci17 1995, 2008 Anterior arch Adolescent (?)  3a veas? 2003 Complete except 19=25 Sa
and left mass right wansverse (17—-20)?
AT-269 1989 Left mass Subadult 3b process
AT-326 19%¢ Left mass 3e AT-150 1988 Right lamina, >25 Sd
AT-1818 1996 Left mass Adult 3d spinous process
AT-2078 1997 Left mass Subadult 3e AT-1573 1995 Pens, body, 12—16 5b
AT-213¢ 1997 Anterior arch 31 right art. facet,
AT-2264 1997 Posterior arch >5 years 3p frag. upper
AT-2584 1998 Left mass, 3f left art. facet
posterior arch AT-2289 1997 Dens, frag. 12—-16 Sc
AT-2852 1998 Anterior arch 3m body, frag.
AT-3003 1999 Left mass 3g upper right facet
AT-3013 1999 Right mass, Adult 3h AT-2883 1998 Pens >12 St
posterior arch AT-3696 2000 Pens >12 Sg
fragment AT-3741 2000 Left superior >6 Sk
AT-3687 2000 Posterior arch Subadult (?) 3q art. facet
AT-3691 2000 Posterior arch Subadult (?) 3r AT-3979 1998 Pens >12 Sh
AT-3693 2000 Anterior arch 3n AT-4046 1994 Frag. laminae, 4-25 5)
AT-3694 2000 Right mass Subadult 3i spinous process
AT-3971 1994 Right mass Subadult 3j AT-4051 1998 Frag. right >4 51
AT-3985 ? Right mass Adult 3k lamina, right
AT-3992 1992 Posterior arch 3s lower ait. facet
AT-4037 2000 Anterior arch 30 AT-4187 2003 Frag. body, 6—16 Sm
fragment right upper
1 VC3 = AT-1554. 4%, Jagot _
2 V(7 = AT-3339 + AT-3348 + AT-3341 + AT-3688. i LN iy P12 i
3 V(16 = AT-1148 + AT-2201. AT-4662 1995 Tip of the <25(16—-25)? Se

4 VC17 = AT-3374 + AT-3973 + AT-3991.

axis, while its sex has been regarded as indeterminate by Van-
dermeersch and Trinkaus (1995). @n the ether hand, Krapina
98 and 104, of unlmewn sex, were classified as belenging te
females. The classificatien ef the Gran Delina ATD6-90 still
agrees with the previeus sex determinatien by Carretere
et al. (1999), but the result sheuld be interpreted mere cau-
tieusly due te its lew a pesterieri prebability (0.67).

The results of the sex determinatien ef the VC7 atlas and
VC8 axis are alse cengruent with the sex assignment ef Cra-
nium S based en the asseciated mandible AT-888 (Resas
et al., 2002; Bermudez de Castre et al., 2004). Altheugh Cra-
nium 5 appears te be a small male or a female when the cranial
measurements are cempared with ether middle Pleistecene
fessils and Neandertals, the facial skeleten is large and thus
likely that ef a male (Arsuaga et al., 1997c).

Brief description of the most complete atlases and axes
Atlases
The mest cemplete adult atlases are shewn in Fig. 2.

Specimen VC3(Cl1) is the mest cemplete nenmedern atlas
of a fessil heminin yet feund. It preserves the transverse

spinous process

1 VC2 = AT-2465.

2 VC4 = AT-1555.

3 V(8 = AT-3630 + AT-3848.
4 V(28 = AT-4634 + AT-4643.

precesses, which shew an incempletely ebliterated metaphy-
seal line. This vertebra was feund in anatemical cennectien
with the VC4 axis. The anterier bar ef the left transverse
precess is net fused te the pesterier bar, and this specimen
exhibits subtle tubercles feor the attachment ef the transverse
ligament. The wansverse precesses shew a triangular cress
sectien, making the dersal surface quite vertical.

Specimen VC7(Cl) is slightly larger and mere rebust than
VC3. It lacks the transverse precesses. The sulcus fer the right
vertebral artery is cevered by a beny arch, while that en the
left side is enly partially cevered. Such feramina are net un-
usual and have been reperted in the atlas eof the Shanidar 2
Neandertal (Stewart, 1962; Trinkaus, 1983). Like VC3, this
specimen exhibits subtle tubercles fer the attachment ef the
transverse ligament.

Specimen VCI16(Cl) lacks the anterier arch and the wans-
verse precesses. It exhibits severe pestmertem eresien te the
superier articular facets and inferier left articular facet. It is
smaller than the VC3 and VC7 atlases, altheugh the size of
its pesterier arch falls between that of VC3 and VC7. It alse



Fig. 2. Complete or nearly complete atlases from Sima de los Huesos. VC3 atlas in cranial (a), caudal (b), and venwral (c) views. VC7 atlas in cranial (o), caudal (e),
and venwal (f) views. VC16 atlas in cranial (g), caudal (h), and venwal views. Scale bar=5 cm.

exhibits mere swengly develeped tubercles for the attachment
of the transverse ligament.

All of the SH atlases pessess straight medial edges of the in-
ferier articular facets, a feature that is alse feund in the Nean-
dertal specimens frem La Chapelle-aux-Saints and La Ferrassie
1, while mest atlases in eur medern human cemparative sample
frem Burges pessess reunded edges. We cannet evaluate this
trait in ether fessil heminins because this anatemical regien
suffers eresien [e.g., the Gran Delina ATD6-90 and KNM-
ER 1808 atlases (see Leakey and Walker, 1985)].

Axes

The mest cemplete adult axes are shewn in Fig. 4.

Specimen VC2(C2) is a nearly cemplete axis that lacks
enly the transverse precesses and is ereded at the derseinferier
(pestereinferier) part of the vertebral bedy, at beth lateral ends
of the superier articular surfaces, and at the spineus precess. It
is attributed te a fully adult individual, as the inferier epiphy-
seal ring is cempletely fused. Its size is intermediate between
the large axes (VC4 and VC8) and the small axis VC28.

Specimen VC4(C2) is a cemplete axis that is enly slightly
ereded on the derseinferier (pestereinferier) part of the bedy,
at the tip ef the spine, and at the lateral ends eof the transverse
precesses and inferier articular facets. The secendary center of
essificatien ef the spineus precess is still unfused, and the in-
ferier epiphyseal ring is in a mere advanced state ef fusien
than VC28. This specimen was feund in anatemical cennec-
tien in the excavatien with the VC3 atlas.

Specimen VC&(C2) lacks the transverse precesses and bene
chips frem the vertebral bedy at the base of the dens, frem the
tip of the spineus precess, and frem the ventralmest part ef the
right superier articular facet. It is slightly wern at the derse-
inferier (pestereinferier) part eof the bedy. It is similar in
size te VC4, albeit slightly mere rebust. The spineus precess
is clearly bifid.

All of the spineus precesses of the SH axes are rebust. The
axis specimens in the medernhuman samples that we have stud-
ied (Burges and Hamann-Tedd) pessess spineus precesses with
a triangular shape in dersal view and crewned with a narrew
ridge at the cranial end. @n the ether hand, all the spineus pre-
cesses of the SH axes pessess mere vertically eriented lateral
walls, and therefere the whele spineus precess has a “‘trapezei-
dal” and massive appearance. Neandertals that preserve this
regien shew the same pattern [e.g., La Ferrassie 1 (Gémez-
@livencia, persenal ebservatien) and Krapina 104 (see
Figure 177 in Radevcic et al., 1988: 72)], as de seme late Pleis-
tecene medern humans [e.g., Taferalt Il (Gémez-@livencia,
persenal ebservatien) and Delni Véstenice 15 (see Figure 14.4
in Helliday, 2006: 244)]. This pattern ceuld be related te streng
develepment of the nuchal muscles M. rectus capitis posterior
major and M. obliquus capitis inferior.

Associations of vertebrae

Ameng the atlas and axis remains frem the SH site, it has
been pessible te recegnize three asseciated sets of vertebrae



Fig. 3. Sima de los Huesos fragmentary atlases. Cranial view of (a) VC17, (b) AT-269, (c) AT-326, (d) AT-1818, (¢) AT-2078, (f) AT-2584, (g) AT-3003, (h) AT-
3013, (i) AT-36%4, (j) AT-3971, (k) AT-3985. Worsal view of (1) AT-2138, (m) AT-2852, (n) AT-3693, (0) AT-4837. Cranial view of (p) AT-2264, (q) AT-3687, (1)

AT-3691, (s) AT-3992. Scale bar =5 cm.

based en age at death, size, and anatemical cempatibility
(articular cengruence). These sets are listed belew:

e VC3(Cl) and VC4(C2): These specimens are the first twe
cervical vertebraec ef a yeung adult individual ef abeut
2125 years of age at death based en the degree of fusien
of the epiphyses. The atlas was feund articulated with the
axis.

VC7(Cl) and VCB8(C2): These vertebrae beleng te an
adult individual elder than 25 years of age at death based
on the cemplete fusien ef the inferier epiphyseal ring. In
additien, VC7 (and hence VCS8) has been asseciated
with Cranium S (Individual XXI; see Bermudez de Castre
et al., 2004) based en size, articular cengruence and sim-
ilar degree of esteephytesis (see belew). This asseciatien
is the first between cranial and pestcranial remains frem
this site.

VCI16(Cl) and VC2(C2): These vertebrae beleng te an
adult individual ef mere than 25 years of age at death
based en the cemplete fusien ef the inferier epiphyseal
ring. They exhibit a cemparable degree of essificatien of
the insertien of the articular capsules between C1 and C2.

Morphology and metrics of the atlas
Metrics

The mewic dimensiens and indices of the SH atlases and
cemparative data frem Neandertal and medern human samples
are previded in Tables 5—7. Results of the Kruskal—Wallis test
and Mann—Whitney U-test are presented in Table S.

The SH atlases are metrically cleser t® Neandertals than te
eur medern human cemparative samples; they shew a sagittally
elengated canal, sagittally expanded inferier articular facets,
and a breader inferier transverse diameter. In Neandertals,
the sagittal elengatien ef the atlas is mere extreme than in
the SH vertebrae. The significantly breader inferier wansverse
diameter of the SH atlases (ITrD) (cempared with beth med-
ern human samples) has its ceunterpart in the significantly
breader superier transverse diameter (STrD) eof the SH axes
(see belew).

All the SH indices are well within the ranges of variatien ef
eur medern human cemparative samples (Table 7). In centrast,
Neandertals shew a high shape index due te their significantly
larger maximum derseventral diameter.



Fig. 4. Sima de los Huesos complete adult axes. VC2 axis in cranial (a), caudal (b), and venwal (c) views. VC4 axis in cranial (d), caudal (e), and ventral (f) views.

VC8 axis in cranial (g), caudal (h), and venwal (i) views. Scale bar =5 cm.

Size and shape of the vertebral foramen

The vertebral feramen eof the atlas dees net accurately re-
flect the size of the spinal cerd (this wrait will be discussed
in the axis sectien and in the discussien belew) because the
ventral half is eccupied by the dens of the axis. A Mann—
Whitney U-test indicates that the SH sample has a significantly
larger derseventral canal diameter (M1@) than the Burges
medern human sample. The Neandertals have a larger canal,
in beth derseventral (M1@) and transverse (Ml1) diameters,
than the Burges medern human sample. This larger derseven-
tral diameter results in a high canal-shape index in Neandertals
(Table 7), which ceuld be related te the derseventral elenga-
tien of the feramen magnum, a prepesed Neandertal autape-
merphy (Rak et al., 1994, 1996; but see Creed-Miles et al,,
1996). It appears that the length, rather than the shape eof the
feramen magnum, is primarily respensible fer distinguishing
Neandertals frem medern humans (Rak et al., 1996).

The values fer the derseventral diameter of the feramen
magnum (M7) ef SH crania are similar te these of Neander-
tals, and beth ef these values are significantly larger than these

fer eur human male cemparative samples (Table 8). Unfertu-
nately, the number of asseciated fessil atlases and cranial ba-
ses is small. Figure 6 cempares the derseventral diameter of
the atlas with that ef the feramen magnum in the VC7 atlas
(asseciated with Cranium S), La Ferrassie 1, Skhul V, Deln{
Véstenice 14, Cre-Magnen, and twe recent human samples.
The SH specimen is well abeve the means fer the medern
human sample, but it is still inside their ranges. The fessil
H. sapiens specimens frem Skhul V and Cre-Magnen are
just within the limits ef the 95% equiprebability ellipse of
the recent human samples. In centrast, the L.a Ferrassie 1 Ne-
andertal and the Deln{ Véstenice 14 medern human exhibit
much larger values in beth dimensiens and are clearly eutliers.
When the variables are censidered separately (Tables 6 and 8),
the SH and Neandertal specimens lie between the recent
human sample and the exweme La Ferrassie 1 individual.
The canal-shape index calculated for all the SH atlases is
well within the recent human range ef variatien (Table 7). In
centast, the Neandertal mean canal-shape index is abeve the
range of variatien ef the Burges male sample, but it is still en-
cempassed within the Hamann-Tedd range ef variatien. When
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Fig. 5. Sima de los Huesos fragmentary and/or immature axes. (a) Cranial view of VC28. Dorsal views of (b) AT-1573 and (c) AT-2289. Cranial views of (d) AT-
150 and (e) AT-4662. Venwal views of (f) AT-2883, (g) AT-3696, (h) AT-3979, and (i) AT-4314. Cranial views of (j) AT-4846, (k) AT-3741, (1) AT-4651, and (m)
AT-4187. Scale bar =5 cm.

Table 4
Sex assignments for Atapuerca (SH) and other fossil atlases and axes
Sex assignment Atlas Axis
ohdnlivigual Sex using Marino’s Piscriminant alnallysis2 Sex using Wescott’s
(1995) formulae® (sex; posterior probability) (2008) formulae®
VC3(C1), VC4(C2) M (14) M; .81 M (5/4)
VC7(C1), VC8(C2) M (14) M; 0.9¢ M (5/3)
VC16(C1), VC2(C2) M @) M (5/5)
ATP6-98 (Gran Dolina) I3 F (14) F; 0.67
Kebara 2 Mj M (8)
Krapina 98 F (6)
Krapina 104 F (1/1)
La Chapelle M# M(6)
La Ferrassie 1 M** M(14) M; 0.78 M (5/5)
Régourdou 1 ? M (5/4)
Shanidar 2 Ms M (14) M; .95 M (1/1)
Subalyuk 1 Fq F (6)
Percentage correct classification — 75—85% 72.3% 81.7—-83.4%

* Sex assignment is from Carretero et al. (1999).

} Sex assignment is from Rak and Arensburg (1987).

# Sex assignment is from Boule (1911—-1913).

** Sex assignment is from Heim (1976).

? The sex of the Régourdou 1 specimen was undetermined by Vandernneersch and Trinkaus (1995), but discriminant analysis performned by Carretero (1994) on the
clavicle sexed this individual as a male with a probability of 99%, and Churchill and Fonnicola (1997) considered it to be from a male in their analysis.

§ Sex assignment is from Trinkaus (1983).

9§ Sex assignment is from Pap et al. (1996).

1 Marino (1995) proposed 14 different formulae (7 multiple regression equations and 7 discriminant functions). The number of these formulae that we have used
is in parentheses. The formulae used different measurements, so the number of formulae used was contingent on the preservation of the fossil ane/or the number of
measurements available from the literature. All of the results were consistent with each other.

2 Five variables were entered into the forward stepwise discriminant analysis (MBvD, STr®, ITr®, M1, M11); the variables used to calculate the discriminant
function are: MBvD, STID, IT1D.

3 Wescott proposed five different discriminant equations. The number of formulae that we used and how many of them resulted in the proposed sex are in
parentheses. Two equatons in the case of VC8 and one in the case of VC4 and Régourdou 1 classified these specimens as females but with a result close to
the sectioning point. In contrast, three of the formulae classified all of the SH specimens, La Ferrassie 1, and Régourdou 1 as males with a value well-above
the mean for the male sample used by Wescott (2008).



Table 5
Raw dimensions (in mm) of the Sima de los Huesos atlases and results of the Mann—Whitney U-test for differences between sample means in SH, Neandertals, and
recent humans

Variable vC3 vC7 VC16 SH-N-BU SH-BU SH-N BU-N
K-wW M-W M-W@®) MW MW MW(®)
Maximum dorsoventral diameter (MBvD)# 474 48.1 = x ¥
Maximum wansverse diameter (MTr®) 80.¢
Superior wansverse diameter (STr®) § 49.7 518 47.5)
Inferior wansverse diameter (ITr®) § 48.6 564 (48.3) . * i
Canal dorsoventral maximum diameter (M1@) 34.8 333 (32.5) % it i e 1
Canal wansverse maximum diameter (M11) 30.1 337 292
Pistance between the tubercles for the attachment 18.6 203 16.5
of the wansverse ligament (BTub)
Anterior arch height at the level of the 165 12.2
anterior tubercle (AAH)
Anterior arch thickness at the level of the 6.6 6.3
anterior tubercle (AATh)
Transverse diameter of the facet for the axis (TrBFA) 11.8 11.8 A b .
Maximum height of lateral masses (MHLM) 19.5/20.¢ 22.6/22.6
Posterior arch height at the level of the 8.5 23 95
posterior tubercle (PAH)
Posterior arch thickness at the level of the 5.9 7.6 7.6 s & ¥
posterior tubercle (PATh)
Height of the posterior arch in the groove 4.1/55 —/5.3 4.3/49  XJ** * 15 /&
for the vertebral artery (HPAG)
Piameters in major axis of upper ardcular 227221 (23.1)/247
facets (UAFMAD)
Piameters in right angle to major axis of 11.4/11.5 11.9/115 e/ */ 5/
upper articular facets (UAFT1D)
Lower artcular facet dorsovenwal diameter (LAFDVD) 18.9/(18.¢) 19.1/184 173i— =*=%%4 Ap* i/ AR KfE
Lower artcular facet wansverse diameter (LAFTTD) 15.9/15.4 16.8-16.5 16.1/—

Values in parentheses are eswmated. Cells that contain two entries are for the right and left sides (right/left).

# Maximum anteroposterior diameter along the sagittal plane (McCown and Keith, 1939).

¢ Maximum wansverse diameter measured to the lateral margins of the superior or inferior aricular facets (Trinkaus, 1983).

Abbreviations are as follows: SH= Sima de los Huesos; BU = Burgos males; N = Neandertals; HT = Hamann-Todd males; K- W refers to the Kruskal—Wallis test
performed on SH, BU, and N samples; M-W refers to the Mann—Whitney U-test performed on different pairs of samples; M-W (B) refers to the Mann—Whitney
U-test adjusted using the Bonferroni method; * p < 0.05; ** p < 0.01; .85 < p < 0.18; X = the analysis was not perfonned because one of the samples is of size
n=0 (K-W) or n<2 M-W).

Table 6
Comparison of linear atlas measurements (mm) between the SH specimens, Neandertals, and fossil and recent H. sapiens
Sima de los Huesos Neandertals’ Burgos males H-T males

n Mean S» n Mean N n Mean S» Mean N
MBPVP 2 47.8 e5 2 509 33 35 44.8 2.8 46.6 33
MTRD I 80.0 32 783 3 78.1 53
ST 3 49.6 2.0 5 491 2.6 35 48.6 2.4 560 3.6
IT® 3 491 11 5 475 2.0 36 455 2:5 46.4 27
Mile 3 385 12 3 352 1.6 35 302 1.9 315 2.4
M1l 3 31.0 2.4 5 3.1 22 36 290 2.1 28.5 2.4
PTub 3 18.5 1.9 2 17.3 15 36 16.¢ 2.0
AAH 2, 114 12 3 11.6 1.9 37 11.6 1.1 11.1 8.5
AATh 2 6.4 02 S 5.7 1.8 38 6.3 08 1.1 6.6
Tr®FA 2 11.8 (X ] 3 13.¢ 12 38 1.1 14
MHIM 2/2 21.1/21.3 2.2/1.8 12 19.3/20.5 =/1=5 38/36 21.5/21.6 1.9/1.8
PAH 3 9.1 5 2 8.2 25 35 %9 2.0
PATh 3 7.0 1.0 2 3.6 0.6 35 7.8 2.1
HPAG 2/3 4.2/52 6.1/3 02 —/5.2 —/0.1 35/33 4.2/4.¢ 0.9/0.6
UAFMAD 2/2 22.9/23 4 0.3/18 6/6 23.6/24.1 22722 37/36 23.7/23.5 1.8/1.7
UAFT:D 2/2 11.6/11.5 0.4/0.0 6/5 12.2/11.4 1.4/0.7 38/37 10.4/10.5 12/1.¢
LAFDVD 32 18.6/18.2 0.8/.3 515 18.1/18.2 0.9/14 37137 16.3/16.2 1.3/1.2
LAFT:D 372 16.6/16.¢ 0.1/68 4/5 14.3/15.6 1.2/1.6 37/38 15.5/15.8 1.6/1.2

Cells that contain two entries are for the right and left sides (right/left).
! Neandertal sample (» =9; MNI= §8) includes: Kebara 2 (Arensburg, 1991); Krapina 98, 99, and 108; La Chapelle-aux-Saints; La Ferrassie 1; Shanidar 2;
Subalyuk 1 (Pap et al., 1996); and Tabun C1 (McCown and Keith, 1939).



Table 7

Comparison of the indices of the atlas in the SH sample, Neandertals, and fossil and living H. sapiens

Canal-shape index’

Articular-facet superposi‘lion3

Specimen/sample Shape index’

VvC3 954

vc7 934

VC16 —

ATDG-90 89.1

Neandertals* 1076+ 1.4 (106.2—-109.8) (n=2)

Skhul V 96.6

Burgos (males) 923169 (77.9—-167.5) (n=134)

Hamann-Todd
Males (n =56)
Females (n =51)
Total (n=101)

93.6 £8.6 (74.6—117.6)
92.7£8.5 (75.0—-116.8)
932 £8.6 (74.6—117.6)

115.6
3.8

(111.3)

111.1

118.4+7.1 (106.8—127.4) (n=3)
934

104.7 £ 7.8% (90.5—118.2) (n = 35)

111.2 4+ 9.0 (83.9—130.0)
110.4£ 9.4 (87.1-131.0)
110.8+ 9.2 (87.1-131.0)

1023

102.1

(98.3)

102.0

1037+ 6.1 (91.0-112.3) (n=>5)
LK

107.1£6.6 (93.3—1214) (n=35)

107.8+£6.4 (92.2-121.9)
108.8 6.6 (96.9—127.2)
1079 +6.5 (92.2-127.2)

* Significantly different from Hamann-Todd sample (p < 0.01; Student’s #-test).

! Shape-index = MBVB/STID x 100.
2 Canal-shape index = M16/M11 x 108.
? Atticular-facet superposition = STIB/ITII x 106.

4 Neandertal sample includes: Kebara 2 (Arensburg, 1991), Krapina 98, La Ferrassie 1, Shanidar 2, and Subalyuk 1 (Pap et al.,, 1996).

the derseventral diameter of the canal is pletted against the
transverse diameter (Fig. 7), the estimated values fer Shanidar
2 fall eut of the 95% ecquiprebability ellipse of the Hamann-
Tedd females and Burges sample due te its extreme values.
The three cemplete atlases frem SH fall well within the 95%
equiprebability ellipse of the Hamann-Tedd male and Burges
male samples. Specimen VC7 falls eutside the Hamann-Tedd
female subsample due te its large maximum transverse diame-
ter of the canal (M11). Specimen ATD6-90 frem Gran Delina
pessesses small canal diameters, but it is still well-within eur
medern human samples’ 95% equiprebability ellipses.

The area of the vertebral feramen eof the mest cemplete SH
atlases is significantly larger (p < 0.05, Mann—Whimey U-
test) than that ef the Burges male sample, regardless of the
methed used te estimate the area (Table 9). Hewever, as neted
abeve, this dees net reflect the actual size of the spinal cerd.

Tubercles for the insertion of the transverse ligament

The tabercles feor the insertion of the transverse atlantal lig-
ament are lecated just belew the medial margin ef each superier
facet in the atlas (Gray, 1959). Tubbs et al. (2002) feund that
14.7% ef the tubercles in his sample (» = 50 individuals) “‘did
net pretrude frem the lateral masses inte the vertebral feramen

and were merely smeeth surfaces’ (p. 345). Thus, we can rec-
egnize twe different merphelegies in the insertien of the wans-
verse atlantal ligament: (1) a tubercle that pretrudes inte the
vertebral feramen and (2) a flat surface er a tubercle signifi-
cantly reduced in size that dees net pretrude inte the vertebral
feramen (Fig. 8). We will refer te the fermer merphelegy as
“prejected tubercle” er “large tabercle’” and te the latter ene
as “weakly develeped tubercle” er ‘‘small tubercle.” We
have classified the SH, Neandertal, and cemparative samples
inte these twe categeries in Table 10. In the literature, the taber-
cles for the wansverse ligament in Neandertals have been de-
scribed as “slightly preminent” (“peu saillant’’; Beule,
1911—1913: 92; Heim, 1976: 311), “small, peerly develeped”
(Arensburg, 1991:114), er even “replaced by a reugh surface”
(“remplacé par une surface rugueuse”; Martin, 1923: 214).
These descriptiens are fully censistent with the “small taber-
cle” merphelegy.

The first cervical vertebra ATD6-90 frem Gran Delina pes-
sesses a large tubercle feor the attachment ef the transverse lig-
ament (Carretere et al., 1999; Gemez-@livencia, 2005). We
lack infermatien abeut this trait fer the left mass of the female
H. ergaster specimen KNM-ER 1808 (Walker et al., 1982;
Leakey and Walker, 1985) and fer the left mass KNM-ER
1825, feund at a lecality where rebust australepith fessils

Table 8

Comparison of the dorsovenwal diameter of the foramen magnum in the SH sample, Neandertals, and recent humans’

Sample Foramen magnum BV diameter (M7) Reference

SH? (n=3) 413+31 Arsuaga et al., 1997c; Mardinez, 1995

Neandertal pooled sex> (n=7) 407 +47 Arsuaga et al., 1997c; Mardinez, 1995,
McCown and Keith, 1939; Present study

Burgos males (2 =186) 348+1.7 Present study

Hamann-Todd males (n =22) 36.3+24 Present study

Coimbra males (n =78) 36.8+28 Martinez, 1995

Coimbra females (n =75) 357426 Martinez, 1995

! The results of the Mann—Whitney U-test showed no significant difference between the SH and Neandertal samples, but both are significantly (p < 0.85 and
p < 0.81, respectively) larger than the Burgos sample. The Coimbra males are significantly (p < ¢.85) larger than the Coimbra females (Martinez, 1995).

2 SH sample is composed of Crania 4, 5, and 6, all of which are assigned to male individuals.

3 Neandertal sample includes: Gibraltar 1, La Chapelle-aux-Saints, La Ferrassie 1, Engis 2, Saccopastore 1, Shanidar 1, and Tabun C1.
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Fig. 6. Porsovenwal diameter of the foramen magnum versus the dorsovenwal
diameter of the atlas in several fossil specimens and recent humans. The 95%
equiprobability ellipses for the Burgos male and the Hamann-Todd samples
are shown.

have been cellected (Leakey and Walker, 1985). The area in
which the tubercles sheuld be present has suffered mild dam-
age te the left articular precess of the Australopithecus afaren-
sis atlas A.L. 333-83 (Levejey et al., 1982).

The atlases frem the Sima de les Hueses site shew higher
trequencies of small tubercles than de eur twe medern human
cemparative samples, but lewer frequencies than are ebserved
in Neandertals. Altheugh we cannet cempletely rule eut the
pessibility that the cenditien is a general reflection of rebustic-
ity, the tubercle fer the insertien eof the wansverse ligament
decs net appear te be remedeled by physical stress and thus
the degree of develepment ceuld be epigenetic (Tubbs et al.,

Table 9
Comparison of the vertebral-foramen area (mm?) the SH and recent human
atlases

Specimen/sample Vertebral-foramen Vertebral-foramen
area 1* area 2%*

vC3 726.7 697.3

vC7 781.6 749.7

VC16 (697.3) (626.8)

Bu.rgos1 (males) 603.5 +63.2 5946 £67.5

(478.2-735.2) (n=130)

(458.7-723.9) (n=130)

* Iinaged area measures.

** Cross-checked for accuracy by comparing imaged linear measures to phys-

ical dimensions measured with digital calipers.

! The two mean values of the vertebral-foramen area in the Burgos sample

are not stamswcally different.
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2002), which implies that this trait ceuld be useful as a phyle-
genetic character. Mereever, the percentages of small tuber-
cles in the twe medern human pepulatiens (Burges and
Afaleu) are similar, despite their different chrenelegy, geegra-
phy, and lifestyles. The presence ef large tubercles in the
ATD6-90 atlas frem Gran Delina suggests that high frequen-
cies of well-develeped tubercles ceuld be the primitive cendi-
tien within the genus Homio, which has been preserved in late
Pleistecene H. sapiens, as represented in the atlases SAM-AP
6268 frem Klasies River Meuth (Grine et al., 1998) and Skhul
V, and in the medern human samples (see abeve). In centrast,
high frequencies of weakly develeped tubercles weuld be the
derived cenditien eof /. necanderthalensis, and the middle
Pleistecene Eurepean pepulatiens ef H. heidelbergensis
weuld represent an intermediate stage. Alternatively, we
ceuld hypethesize a pelymerphic primitive cenditien that
led te high frequencies of small tubercles in the Eurepean
H. heidelbergensis—H. neanderthalensis lineage and te high
frequencies of large tubercles in H. sapiens.

Anterior tubercle of the anterior arch of the atlas

In the Sima de les Hueses atlases, all of the anterier arches
(n=T7), regardless of their age at death, display a prejecting an-
terier tubercle. The anterier tubercle of the anterier arch ef the
atlas (Fig. 9) prejects caudally in 48.6% ef the individuals in
the medern human male cemparative sample frem Burges



Fig. 8. Cranial view of the left mass of the atlas. (a) Modern human from the Burgos sample, showing a well-developed tubercle for the insertion of the atlantal
wansverse ligament, which protrudes medially into the vertebral foramen. (b) VC3 from SH showing a flat swiface instead of a tubercle for the inserton of the

atlantal wansverse ligament.

(n=137). Ameng Neandertals, all of the atlases that preserve
the anterier arch (n=5) have anterier tubercles that clearly
preject caudally: La Quina (Martin, 1923), Kebara 2 (Are-
nsburg, 1991), La Chapelle-aux-Saints (Beule, 1911—1913),
La Ferrassie 1 (Heim, 1976), and Krapina 98 (Gerjanevic-
Kramberger, in Beule, 1911—1913). A caudally prejecting
anterier tubercle of the atlas is alse present in the Gran Delina
atlas ATD6-90 and the Klasies River Meuth atlas SAM-AP
6268 (Grine et al., 1998). In centrast, Skhul V dees net pessess
this merphelegical pattern (McCewn and Keith, 1939).

A caudally prejecting anterier tubercle is net related te
a thickened anterier arch in the SH sample. Merecever, the
thickness of the anterier tubercle of VC3 and VC7 are similar

Table 16
Comparison of the frequencies of weakly developed tubercles in the atlas of
the SH specimens, Neandertals, and recent humans

Sample Sex Large Asymmewy'  Small
tuberele tubercle
SH? (n= 6) Male (n=23); 33.3% % 66.7%
unknown
sex (n=23)
Neandertals® (n=6)  Pooled sex % 16.7% 83.3%
Burgos (n=39) Male 74.4% 10.2% 15.4%
Afalou (n=12) Pooled sex 83.3% % 16.7%

1 Asymmewy refers to the presence of a large tubercle in one of the lateral
masses and a small tubercle in the other lateral mass of the atlas.

2 Among the adult atlases from SH, the tubercles are large in VC16 and AT-
3985 (MNI =2) and are small in VC3, VC7, AT-1818, AT-2584, and AT-3013
(MNI = 4).

3 Among Neandertals, the tubercles are weakly developed in La Ferrassie 1
(Heim, 1976; present study), La Chapelle (Boule, 1911—1913; present study),
Kebara 2 (Arensburg, 1991), La Quina HS (Martin, 1923), and Krapina 106
(present study). Shanidar 2 shows a large tubercle on the left side but a small
one on the right side.

te the mean value of eur medern male cemparative sample.
The anterier tubercle is the insertien peint ef the lengus celli
muscle, which flexes the neck, se high frequencies of a caudal
prejectien of the anterier tubercle ceuld be related te the hy-
pertrephy ef this muscle.

Posterior tubercle of the posterior arch of the atlas

The pesterier tubercle of the pesterier arch ef the atlas is the
insertien area fer M. rectus capitis posterior minor, which ex-
tends (bilaterally) and retates (unilaterally) the atlante-eccipital
joint (Gray, 1959). In the three mest cemplete individuals frem
SH, especially VC7, the pesterier tubercle is big, and may be
related te muscular hypertrephy.

Morphology and metrics of the axis
Metrics

The metric dimensiens and indices of the SH axes and cem-
parative data frem Neandertal and medern samples are pre-
vided in Tables 11—13. Results of the Kruskal—Wallis test
and Mann—Whimey U-test are given in Table 11; Table 12
cempares Neandertal and medern samples te the SH sample.

The mest remarkable feature of the SH axes is that they are
relatively lew (lew value of Mla and DCCDA) and wide (high
values of STrD) cempared te eur medern male samples (beth
recent and late Pleistecene), which are higher and narrewer, as
shewn in Fig. 10. These differences result in lewer shape and
axis height/breadth indexes in the SH specimens. The SH axes
clearly greup with the Neandertals, but Skhul V alse exhibits
the same merphelegy, and se we cannet evaluate this trait phy-
legenetically. Mere fessils are needed te clarify this pattern.



Fig. 9. (a) Amodernatlas from the Burgos sample thatlacks the anterior tubercle caudal projection. (b) Venwal view of VC7, showing the caudal projecion of the

anterior arch tubercle (arrow).
Size and shape of the vertebral foramen

The SH axes have canal-size dimensiens and canal-shape
indices that are well within eur medern human sample range
of variatien (Tables 11—13; Fig. 11). Merecever, the area of
the vertebral feramen calculated for the SH specimens is clese
te the mean of eur Burges male sample (Table 14). Ameng
Neandertals, the remarkably large wansverse diameter of the
canal (M11) in Shanidar 2 and the large derseventral
diameter of the canal (M1@) in Krapina 105 place these verte-
brae eut ef the 95% equiprebability ellipse of the medern hu-
man cemparative sample frem Burges (Fig. 11).

Finally, we have cempared the vertebral-canal surface area of
the axes te their articular surface areas (as a prexy feor size). The
SH specimens’ mean falls clese te that ef the Burges human
sample (Burges mean=979+18.8, »n=29; SH mean=

99.6 + 19.5, n = 3). Mereever, within the Burges male sample,
there isneevidence of a cerrelatien between these twe variables.

Pathological lesions

Pathelegy in the vertebral celumn has been described in
several heminins (Ceek et al., 1983; Dawsen and Trinkaus,
1997; Trinkaus, 1985; @gilvie et al.,, 1998), including seme
of the SH heminins (Pérez, 2003). We have feund twe kinds
of pathelegy in the SH upper cervical vertebrae: a develepmen-
tal defect and degenerative pathelegy.

In the VC3 atlas, the anterier bar ef the transverse precess
remains unfused te the pesterier bar ef the wansverse precess,
and thus the foramen transversarium is net cempletely de-
limited. The fusien ef the anterier bar te the pesterier bar ef

Table 11

Raw dimensions (in mm) of the SH axes and results of the Mann—Whitney U-test for differences between sample means in SH, Neandertals, and recent humans

Variable vC2 VC4 vC8 SH-N-BU SH-BU SH-N BU-N
K-W M-W M-W@®B) MW MW M-W@®)

Maximum dorsoventral diameter (MBvD) # (5e.0) 56.1 48.9

Maximum wansverse diameter (MTrB) § (60.9)

Superior wansverse diameter (STrB) § (48.9) 5.5 51l e " L

Inferior wansverse diameter (ITr®) 46.¢ (49.6) 454

Canal dorsoventral maximum diameter (M16) 17.4 18.3 15.5

Canal wansverse maximum diameter (M11) 289 22.9 23.9 & 4 ¥

Body craniocaudal dorsal diameter (M2) 19.¢ 17.1 18.¢ ¥ E 1

Total vertebral venwal height (M1a) (34.5) (36.2) (36.¢) h e e =

Total vertebral dorsal height (WoH) 31.5 322 31.9 & & i

Body inferior anteroposterior diameter (MS) (15.5) (16.1)

Body inferior wansverse diameter (MS8) 18.4 16.4 184

Cranial amicular facet dorsoventral diameter (UAFBDVD) 17.4/17.7 16.1/17.¢ —/18.2

Cranial arcular facet wansverse diameter (UAFT1I®) 19.2/— 15.9/151  —/1%96 X

Caudal articular facet dorsovenwal diameter (LAFBDVD) 16.4/— 10.6/— 11.9/16% /X

Caudal articular facet transverse diameter (LAFTT®) 12.6/— 12.3/— 16.2/10.1 /X

Laminae: craniocaudal diameter (CCB®Lam) 12.¢/112 168/11.7 11.8/11.6 */* /e /K

Laminae: thickness (ThLam) 4.9/45 5.8/6.6 5.2/7.¢

Spine length (M13) (16.5) 17.¢ 184

Maximum #wansverse diameter of the #p of the 12.8 (16.3) 185

spinous process (TTBTSP)

Values in parentheses are eswimated. Cells that contain two entries are for the right and left sides (right/left).

# Maximum anteroposterior diameter along the sagittal plane (McCown and Keith, 1939).

¢ Maximum wansverse diameter measured to the lateral margins of the superior or inferior articular facets (Trinkaus, 1983).
Abbreviatons are as follows: SH = Sima de los Huesos; BU = Burgos males; N = Neandertals; HT = Hamann-Todd males; K- W refers to the Kruskal—Wallis test
performed on SH, BU, and N samples; M-W refers to the Mann—Whitney U-test performed on different pairs of samples; M-W (B) refers to the Mann—Whitney
U-test adjusted using the Bonferroni method; * p < 0.05; ** p < 0.01; | .65 < p < 6.18; X =the analysis was not performed because one of the samples is of size

n=0(K-W)or n<2 M-W).



Table 12
Comparison of linear axis measurements (mm) in the SH specimens, Neandertals, and fossil and recent H. sapiens

Sima de los Huesos Neandertals’ Burgos males H-T males (n=156)

n Mean S» n mean S» n Mean S» Mean S.»
MBDVvD 3 49.7 67 4 5.2 4.0 35 49.6 23 51.6 2.8
MTRD 1 606 — 2 51.8 ¢4 35 54.7 4.4 55.2 4.0
STi® 3 49.9 1.6 8 47.8 o 39 452 2.3
ITi® 3 47.¢ 23 2 51.8 3 38 47.2 24 47.8 29
Mile 3 17.1 1.4 6 18.¢ 1.6 39 16.5 15
M11 3 235 5 8 24.5 1.3 39 23.1 3 23.4 1.9
M2 3 18.¢ 1.e 6 16.2 27 37 19%.¢ 15
Mla 3 35.6 (X) 9 343 2.8 38 37.9 23 38.9 2.6
PCCPA 3 31.9 ¢4 5 3.7 3.2 38 34.0 21
MS 2 15.8 04 7 16.2 2.1 39 15.1 1.1 16.7 1.6
M8 3 17.% 1.1 8 193 1.6 35 18.1 14 19.8 2:3)
UAFDVD 2/3 16.6/17.6 0.6/8.6 32 17.9/18.3 1.1/3.¢ 37/39 17.7/18.1 1.2/14
UAFT!D 212 17.6/17.3 2.3/3.1 1/¢ 15.6/— —/— 36/39 16.4/16.3 1.3/1.4
LAFDVD 3/1 10.8/10.9 1.6/— 2/¢ 11.8/— 0.6/— 36/35 16.1/10.1 1.4/14
LAFTID 3/1 11.7/1¢.1 1.3/— 2/¢ 12.4/— 0.2/— 35/34 11.2/11.2 1.2/1.5
CCPLam 3/3 11.5/11.5 0.6/0.3 716 160.4/10.5 1.1/1.1 39 11.9/11.8 1.1/1.1
ThLam 3/3 5.3/6.¢ 04/1.3 715 55153 0.1/8.6 39 5.7/5.6 1.3/1.¢
M13 3 17.3 1.e 4 15743 1.8 36 18.9 257
Tr®TSP 3 15.9 29 1 14.2 — 32 14.1 4.0

Cells that contain two enwies are for the right and left sides (right/left).

! The Neandertal sample (2 = 11) comprises the following indivisuals: Kebara 2 (Arensburg et al., 1998; Arensburg, 1991), Krapina 13, Krapina 164, Krapina
105, La Chapelle-aux-Saints, La Ferrassie 1, La Quina H5 (Martin, 1923), Régourdou 1 (Piveteau, 1966), Shanidar 2, Shanidar 4 (Stewart, 1962; Trinkaus, 1983),
and Tabun C1 McCown and Keith, 1939).

the transverse precess in medern humans eccurs at abeut 3—4
years of age (Scheuer and Black, 2000).

The VC7 atlas shews a slight esteephytesis aleng the edges
of its superier articular facets. This very slight esteephytesis
finds its ceunterpart in the eccipital cendyles of Cranium S5,
with which it is asseciated. Cranium S5’s age at death has
been estimated te be in excess of 35 years based en teeth
wear, and thus it represents enc of the eldest individuals in
the SH sample, censistent with the appearance ef this pathel-
ezy. The VCI16 atlas shews peresity in the middle-dersal part
of its superier articular facets. It exhibits abnermal prelifera-
tien of bene en the edge of the lewer articular facet, which is
cengruent with the abnermal pereus bene present en the

Table 13

asseciated VC2 axis at the edge of the superier articular facet.
Maerecever, the VC2 axis shews esteephytesis aleng the vental
edges of the superier articular facet (the enly part ef the facet
that is preserved) and en the inferier articular facets. This
weuld be censistent with early stages of degenerative joint dis-
ease (DID). Finally, even if it cannet be censidered technically
pathelegical, the axis AT-2289 shews a rugesity en the cranie-
lateral end eof the dens en the alar ligament’s insertien peints.
This cenditien ceuld be related te a slight essificatien ef the
ligamenteus attachment peint (enthesephyte).

In general, the level of DJD present in the SH upper cervical
sample is net very severe, with the VC16-VC2 asseciatien be-
ing the mest strengly affected. Degenerative jeint disease is

Comparison of the indices of the axis in the SH sample, Neandertals, and fossil and living H. sapiens

Specimen/sample Shape index” Canal-shape Amicular-facet Axis height/width
index’ superposition® index’

vC2 (164.2) 73.4 (104.3) (71.9)*

vC4 92:2% 799 (101.8) (71.7)*

VC8 95:7* 64.9 112.6* (70.5)*

Neandertals’ 1095+113 73.8+95 30+19 711+ +£83
(100.0—1258) (n=4) (65.2—-913) (n=06) (91.6—94.3) (n=2) (57.1-835) (n=8)

Skhul V 107.¢ 69.3 — 67.6*

Burgos (males) 1164 +56 709+ 48 955+45 84.1+£47

(99.7—122.8) (n =35)

(61.1—81.4) (n= 36)

(87.3—104.8) (n="37) (75.2—94.3) (n=38)

Values in parentheses are eswmated.
* Value is out of the Burgos recent human sample range.

! The Neandertal sample (2 = 8) includes the following specimens: Kebara 2 (Arensburg etal., 1998; Arensburg, 1991), Krapina 163, Krapina 184, Krapina 105,
La Chapelle-aux-Saints, La Ferrassie 1, Régourdou 1 (Piveteau, 1966), and Shanidar 2.

2 Shape index = MBvB/STID x 100.

* Canal-shape index = M1&/M11 x 108.

¢ Articular-facet superposition = STIB/ITI® x 108.
° Axis height/width index =M1a/STrB®.
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Fig. 18. Axis total vertebral height (y) vs. superior wansverse diameter in the
Burgos sample and several fossil atlases. The 95% equiprobability ellipse for
the Burgos male sample and the regression line for the Burgos sample (solid
line) and the Neandertals (dotted line) are shown. For the Burgos modem male
sample, y =0.4879x+4 15.8829 (n=38). For the Neandertal sample, y =
0.3415x+ 18.36% (n=8). The exwemely low value for the total vertebral
height in the Kebara 2 axis could be due to an undereswimaton of this measure-
ment by Arensburg et al. (1996). On the other hand, McCown and Keith
(1939) underscore the smallness of Skhul V axis.

age-pregressive (Aufderheide and Redriguez-Martin, 1998). In
80% eof the cases, ne cause is evident, and in ether cases, the
cause may be physical, infectieus, er metabelic, ameng ether
facters.

Becquet-Appel and Arsuaga (1999) demenstrated that there
is a dearth ef mature adult individuals at the SH site. Based en
the study ef dental wear, Bermidez de Castre et al. (2004)
feund enly three individuals whe were elder than 35 years
(ene male and twe ef indeterminate sex). @f these three indi-
viduals, ene ceuld alse be represented by Pelvis 1 (elder than
35) and anether, represented by the iselated pubis AT-2500,
ceuld be mere than 45 years.

Bermidez de Castre and Pérez (1995) studied the enamel
hypeplasia in the SH sample te determine the level of bieleg-
ical stress that affected the develepment ef these heminins.
They feund that this pepulatien prebably suffered a lewer level
of bielegical swess than did Neandertal pepulatiens (see alse
Cunha et al., 2004).

In summary, the appearance of ditferent degrees of DID in
twe SH adult individuals represented by the upper cervical
vertebrae ceuld indicate that these vertebrae beleng te seme
of the elder individuals represented by the dental material.
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Fig. 11. Axis canal dorsoventwal diameter (y) vs. canal transverse maximum
diameter in the Burgos sample and several fossil atlases. The 95% equiprob-
ability ellipses for the Burgos male sample and for the Iheromaurusian pooled
sex sample are given. BV 13 refers to Wolni Vestonice 13. LFI refers to La
Ferrassie 1. The value of M1@ reported by McCown and Keith (1939) for
the Skhul V axis is 24.6 mvm, 8.1 mm above the value reported by Stewart
(1962), which is 6 mm above our value. This exwaordinary difference could
be due to differences in measurement method (see Fig. 1).

In ene case, this is cenfirmed by the asseciatien of VC7(Cl)
and VC&(C2) with Cranium S (age at death > 35; Bermudez
de Caswe et al.,, 2004).

Discussion

Phylegenetic evidence suggests that the SH sample and all
Eurepean middle Pleistecene heminins represent pepulatiens
that were ancestral te the Neandertal pepulatiens, as they are
characterized by a mixture ef shared primitive features and
Neandertal apemerphies (Arsuaga et al, 1997c; Carretere

Table 14
Comparison of the vertebral-foramen area (mmz) of the SH and recent human
axes

Specimen/sample Vertebral-foramen Vertebral-foramen
area 1* area 2**

vc2 (306.3) (302.9)

vCc4 329.1 3314

VC8 2954 314.0

Burgos’ (males) 3019+43.1 3029 £475

(234.5—401.2) (n=30) (233.8—415.2) (n=130)

Values in parentheses are estimated.
* Timaged linear measures.
** Cross-checked for accuracy by comparing imaged linear measuures to phys-
ical dimensions measured with digital calipers.

! The two mean values of the vertebral-foramen area in the Burgos sample
are not statistically different.



et al,, 1997, Martinez and Arsuaga, 1997). In the SH upper cer-
vical vertebral sample, we have feund seme features that ceuld
be ef phylegenetic significance but whese pelarity is difficult te
ascertain due te the scarcity of heminin vertebrae. Within this
greup we can mentien: (1) the develepment of the tubercle for
the attachment ef the transverse ligament ef the atlas and (2)
the height/breadth index eof the axis. We sheuld nete that the
SH specimens are metrically mere similar te Neandertals
than te eur medern human cemparative samples. Mereever,
we have feund that (1) the atlases frem the Sima de les Hueses
site exhibit a percentage of weakly develeped tubercles fer the
attachment of the wansverse ligament that is intermediate be-
tween medern human pepulatiens and Neandertals, and (2)
the SH axes exhibit a height/breadth index similar te that ef
the Neandertals. These findings are fully cempatible with the
phylegenetic pesitien prepesed fer these heminins (i.e., that
H. heidelbergensis is an exclusively Eurepean species, ances-
tral enly te . neanderthalensis, Arsuaga et al., 1997c; Carre-
tere et al., 1997, Martinez and Arsuaga, 1997).

Biomechanics

The atlante-eccipital articulatien allews enly fer flexien
and extensien (Begduk and Mercer, 2000). It acts as a first-
class lever in which the eccipital cendyles act as the fulcrum,
lying between the nuchal muscles and the mass of the head
(Escurede et al., 2002). In all ether respects, the head and atlas
meve essentially as a single unit. Few muscles act directly en
the atlas and, in fact, its mevements are geverned by the mus-
cles that act en the head (Begduk and Mercer, 20008). The SH
heminins shew a degree eof pregnathism (as measured by
basien—presthien length) that is similar te that ef the Neander-
tals (Arsuaga et al., 1997c) and well-abeve the pregnathism ef
medern humans (Martinez, 1995). The SH atlases shew en-
larged insertien areas fer ). rectus capitis posterior minor
and the SH axes have rebust spineus precesses that ceuld re-
late te develepment of ). obliquus capitis inferior and M. rec-
tus capitis posterior major. While these features ceuld indicate
muscular ferce acting at the atlante-eccipital jeint te ceunter
the aferementiencd pregnathism, we sheuld recall that ether
muscles alse act te extend the head (e.g., the M. semispinalis
capitis), which ceuld alse play an impertant biemechanical
rele in this jeint. Alternatively, these enlarged muscular-at-
tachment areas ceuld simply reflect a generally rebust bedy
build and/er high activity levels, facters that ceuld presduce in-
creased caudal prejectien ef the anterier tubercle, which
weuld agree with the high bedy mass calculated fer these
heminins (Arsuaga et al.,, 1999; Carretere et al., 2004).

The upper cervical spine of the SH heminins is character-
ized by a medielaterally expanded atlanteaxial jeint, repre-
sented by the ITrD eof the atlas and the STrD ef the axis, and
a shert craniecaudal dimensien of the axis. During lateral incli-
natien ef the head, there is ne mevement in the atlanteaxial
jeint (Kapandji, 1998) and we hypethesize that a medielateral
expansien weuld further stabilize this jeint. The clese relatien-
ship between neck biemechanics and head mevement and the
fact that the head is the final link in an epen kinematic chain

that includes the cervical and the upper theracic vertebrae
(Winters and Peles, 1990) make it necessary, if we want te fully
assess the biemechanics ef this anatemical regien, te take inte
acceunt beth the upper and lewer cervical vertebrae and cranial
merphelegy, which we plan te de in a future publicatien.

Size of the vertebral canal and its implications

Much attentien has been deveted te vertebral-canal size and
its relatienship te speken language. @ne facter in the evelutien
of human language that weuld be reflected in vertebral-canal
merphelegy is increased breath centrel (MacLamen, 1993;
MaclLamen and Hewitt, 1999, 2004). Medern humans have
an enlarged theracic vertebral canal, reflecting a larger ameunt
of gray matter. Based en the merphelegy ef the KNM-WT
15000 individual, a narrewer theracic canal has been prepesed
fer Homo ergaster, indicating that this species may enly have
been capable of shert, unmedulated utterances, such as these
used by extant nenhuman primates (MacLarnen and Hewitt,
1999). Hewever, significant abnermalities have been feund
in the KNM-WT 15000 individual (Latimer and @hman,
2001), which ceuld indicate seme ferm eof axial dysplasia,
and se the small canal may be a reflectien of a neural-canal
stenesis asseciated with the pathelegy. In centrast, Schiess
et al. (2006) argued that the diagnesis eof a cengenital dysplasia
is net supperted, indicating that the pathelegical lesiens in the
KNM-WT 15000 individual may net be as severe as previ-
eusly reperted. Mereever, the Dmanisi vertebrae (Meyer,
2005; Meyer et al., 2006), which are the eldest knewn fer
the genus Homo, fellew the medern human pattern in all re-
giens, as the raw and relative sizes of the vertebral canals
fall well within the human range, indicating that these hemi-
nins may have had fine centrel of the respiratery muscles in-
velved in speken language (Meyer, 2005; Meyer et al., 2006).

Arsuaga et al. (1997a) shewed that the mean cranial capac-
ity of SH’s three mest cemplete crania (1245 cm®) (Arsuaga
et al., 1993, 1997¢c) is slightly less than that ef twe cempara-
tive samples frem the Hamann-Tedd @steelegical Cellection.
Hewever, given the large bedy-weight estimates fer these
heminins, their encephalizatien quetients are belew beth med-
ern human er Neandertal values (Arsuaga et al, 1999). In Ne-
andertals, higher encephalizatien quetients are reached by
expansien ef the cranial capacity, while in medern humans it
is mainly achieved by a reductien in bedy mass (Arsuaga
et al.,, 1999; Carretere et al., 2004). In additien te the parallel
trends in encephalizatien in these twe lineages, the abselute
size of the beny vertebral canal in the upper cervical spine
reached medern human values by the middle Pleistecene. Pre-
liminary studies (Carretere et al., 1999; Gemez et al., 2004,
Gemez-@livencia, 2005) have shewn that the SH lewer cervi-
cal spine’s canal had a similar size cempared te medern hu-
mans, but a full assessment ef this anatemical regien will
net be pessible until larger sets of cervical and theracic verte-
brae are asseciated. In any case, as demenstrated by Martinez
et al. (2004), the SH heminins had the skeletal characteristics
of the euter and middle ear that suppert the perceptien of spe-
ken language.



Summary and conclusions

Study ef the SH upper cervical spine leads us te identify
a minimum ef 11 individuals represented by these fessils: 6
adults and S subadults. Three sets of associated atlases and
axes, prebably belenging te male individuals, have been iden-
tified: twe elder adults (ene of them asseciated with Cranium
5) and ene yeung adult. Metrical and merphelegical attributes
reveal that SH atlases and axes are mere similar te Neandertal
hemelegues than te eur medern male cemparative samples.
The SH upper cervical spine is characterized by: (1) a large
maximum derseventral diameter of the atlas’s canal, which
may be related te the large derseventral diameter of the fera-
men magnum; (2) derseventrally large lewer facets of the at-
las; (3) a medielaterally expanded atlanteaxial jeint; (4)
a craniecaudally shert axis; (5) a caudally prejecting anterier
tubercle of the anterier arch ef the atlas; and (6) lateral masses
of the atlas that pessess weakly develeped tubercles fer the
attachment eof the transverse ligament at frequencies that lie
between these of medern humans and Neandertals. Future as-
seciatiens of mere cervical elements frem SH will clarify the
anatemy ef this regien and will impreve eur understanding ef
the bielegy ef these humans.
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Appendix 1. Labeling of the SH vertebrae

Every human fessil frem this site is identified by the field
label “AT-" fellewed by the inventery number. Fer example,
AT-333 is a distal epiphysis ef a left adult humerus (see Car-
retere et al., 1997) and AT-121 is a frental bene (Arsuaga
et al, 1991). The fessils that censist ef several fragments
and labels have a secend identificatien number with the initial
letter of the bene and a Reman numeral. Fer example, H-I is
Humerus I, a distal epiphysis ef an immature individual cem-
pescd of AT-741 and AT-791 (Carretere et al, 1997). In the
case of anatemical parts that censist ef different benes, like
crania, a third inventery number is used. When significant
parts of the calvaria (including different benes) are represented
(with er witheut the face), the term “cranium” is used te label it,
fellewed by an Arabic number. Fer example, Cranium 1 cem-
prises AT-40, AT-63a-b, AT-65, AT-86, AT-122, AT-177a-e,
AT-206, AT-216, AT-223, AT-472, and AT-937 (Arsuaga
et al, 1997c), which includes @ccipital I [described as an
iselated cranial bene by Arsuaga et al. (1991)]. Finally, based
en dental evidence, 28 individuals have been identified
(Bermudez de Castre et al., 2004) and are labeled with Reman
numerals. Fer example, the individual XM includes Cranium
S and the mandible AT-888.

We present a semewhat different way ef labeling the SH
vertebrae frem that used fer ether benes in the same cellection
due te the large number of vertebral elements within each
spine and the difficulty in assessing the exact anatemical pesi-
tien of vertebrae in seme cases. The mest cemplete vertebrae
are alse labeled with a “V”’ (fer vertebra) and the initial letter
of the vertebral regien te which they beleng (“C” fer cervical,
“T” fer theracic, and “L” fer lumbar). Arabic numbers indi-
cate the “inventery” number within each vertebral regien. Fer
example, VC16 is fermed by AT-1140 and AT-2201, and
ameng the mest cemplete cervical vertebrae, it is the sixteenth
labeled element (Table 2). Specimen VCI15 is fermed enly by
AT-2582, but this vertebra is cemplete eneugh te warrant a VC
label, and ameng the mest cemplete cervical vertebrae, it is
the fifteenth labeled element. Te make the discussien in the
text easier te fellew, the anatemical pesitien within the regien
is indicated in parentheses. Fer example, VC1(C7) (fermerly
lmewn as C7-1 in Carretere et al., 1999) is fermed by AT-
321, AT-1556, AT-1569, and AT-1609, and it is the first labeled
cervical of the sample (Table 2); the specimen is a seventh



cervical vertebra. Specimen VT27(T4-8) is fermed by AT-
1135 and AT-4008 and is the twenty-seventh theracic element
labeled, and its anatemical pesitien lies between the feurth
and the eighth theracic vertebrae. Fer ether elements, even if
the anatemical determinatien can be made with cemplete ac-
curacy we use the “AT-" field label due te the incempleteness
of the fessil. Fer example, AT-2883 is the dens of an axis (C2)
(Table 3). Future recenstructiens of ““AT-" labeled fragments
will yield new cemplete VC specimens.
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