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a  b  s  t  r  a  c  t

The  early  Middle  Pleistocene  human  fossil  assemblage  from  Tighenif,  Algeria,  likely  sam-
ples some  among  the  earliest  representatives  of  the  Homo  heidelbergensis  morph.  A previous
study  of  three  deciduous  molars  from  this  assemblage  revealed  an inner  structural  signa-
ture (crown  tissue  proportions  and  enamel  thickness  topography)  roughly  approximating
the modern  human  figures.  By  using  advanced  techniques  of  microtomographic-based  3D
virtual  imaging  and  quantitative  analysis,  we significantly  extend  here  the  currently  avail-
able record  to  22  permanent  teeth,  mostly  from  the  mandibular  dentition,  and  provide
the  first  detailed  description  of  the  structural  condition  characterizing  this  North  African
deme  near  the  Lower-Middle  Pleistocene  boundary.  Together  with  a  certain  degree  of indi-
vidual variation,  the  teeth  of  Tighenif  exhibit  a structural  pattern  combining  primitive,
derived,  and  unique  features.  The  lower  molars  display  a set  of  enamel-dentine  junction
nonmetric  traits  more  frequently  found  in recent  humans  than  in Neanderthals,  but  also  a
blend of Neanderthal-  and modern-like  characteristics  in  terms  of  structural  conformation
and crown  tissue  proportions.  They  also  exhibit  relatively  large  pulp  cavities,  with  a  rather
high root  bifurcation  and  well-separated  pulp canals,  a  pattern  more  closely  approximating
the  condition  reported  for Late  Pleistocene  Aterians.

©  2013  Académie  des  sciences.  Published  by  Elsevier  Masson  SAS.  All  rights  reserved.

ots clés :
ighenif

r  é  s  u  m  é

L’assemblage  humain  fossile  du  site  pléistocène  initial  de  Tighenif,  en  Algérie,  compte
vraisemblablement  parmi  les premiers  représentants  du morphe  Homo  heidelbergensis.
ents permanentes
orphologie structurale

roportions des tissus
léistocène moyen initial
. heidelbergensis
lgérie

Une  précédente  étude de  trois  molaires  déciduales  de cet assemblage  a révélé  une  sig-
nature structurale  interne  (proportions  des  tissus  de  la couronne  et  topographie  de
l’épaisseur  de  l’émail)  approchant  le  schéma  humain  moderne.  En  utilisant  des  techniques
avancées  d’imagerie  virtuelle  et  d’analyse  quantitative  3D basées  sur  la  microtomogra-
phie,  nous  étendons  ici de  manière  significative  le registre  actuellement  disponible  à
22 dents  permanentes,  principalement  de  la denture  mandibulaire,  et  fournissons  les  pre-
mières descriptions  détaillées  de  la  condition  structurale  caractérisant  cette  population
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Nord-Africaine,  autour  de  la  limite  Pléistocène  inférieur-moyen.  Malgré  un  certain  degré
de  variation  individuelle,  les  dents  de  Tighenif  montrent  un  patron  structural  combinant
des caractéristiques  primitives,  dérivées  et  uniques.  Les  molaires  inférieures  dévoilent  au
niveau  de  la jonction  émail-dentine  un  ensemble  de  traits  non  métriques  plus  fréquemment
trouvés  chez  les  humains  modernes  que  chez  les  Néandertaliens,  mais  aussi  un  mélange
de  caractéristiques  semblables  soit  à  celles  des  Néandertaliens,  soit  à celles  des  humains
modernes en termes  de  conformation  structurale  et  de  proportions  des  tissus.  Elles  présen-
tent  aussi  des  cavités  pulpaires  volumineuses,  avec  une  bifurcation  radiculaire  assez  élevée
et  des  canaux  pulpaires  bien  séparés,  s’approchant  plus  particulièrement  de  la condition

s  Atérie
émie  d
rapportée  pour  de
© 2013  Acad

1. Introduction

The early Middle Pleistocene human remains from the
site of Tighenif (also known as Ternifine, formerly Palikao)
were discovered between 1954 and 1956 in a sand quarry in
the province of Mascara, Algeria (Arambourg, 1954, 1955,
1957; Arambourg and Hoffstetter, 1954). Based on com-
parative biochronology, the site is currently dated to ca.
700 kyr (Geraads et al., 1986). The fossil collection consists
of nine isolated teeth (three deciduous and six permanent),
two nearly complete adult mandibles (Tighenif 1 and 3),
one adult hemi-mandible (Tighenif 2), and a parietal frag-
ment (Tighenif 4). As a whole, the dental record suggests
a minimum of five individuals, notably of one child and
four adults (Arambourg and Hoffstetter, 1963; Schwartz
and Tattersall, 2003; Tillier, 1980).

Originally attributed to Atlanthropus mauritanicus
(Arambourg, 1954, 1955), the fossil assemblage from
Tighenif has been later on commonly integrated within
the Homo erectus hypodigm, notably because of some
similarities with the Chinese dentognathic material
from Zhoukoudian (Howell, 1960; Le Gros Clark, 1964;
Rightmire, 1990; Tillier, 1980; for a review: Antón, 2003;
Antón et al., 2007; Schwartz and Tattersall, 2003). While
some dental crown features have also suggested its pos-
sible affinity to the morph represented by the Early
Pleistocene specimens from Gran Dolina, Spain (Schwartz
and Tattersall, 2005), the morphometric study of a
newly discovered H. antecessor mandibular fragment has
revealed a symphyseal and premolar morphology distinct
from the condition characterizing the Algerian specimens
(Bermúdez de Castro et al., 2011).

A recent revision of the Homo heidelbergensis hypodigm
(Mounier et al., 2009) convincingly suggests that the
amount of morphological and dimensional similarities
shown by the assemblage from Tighenif grants its alloca-
tion to this taxon (Stringer, 2012). Additionally, the same
study (Mounier et al., 2009) pointed out that, because
of some derived features such as the development of
a chin-like protuberance on Tighenif 2 (Schwartz and
Tattersall, 2000, 2010), the Algerian material is morpho-
logically closer to H. sapiens than to the Neanderthals, a
conclusion also partially supported by an independent
microtomographic-based analysis of the inner structural

organization of three upper deciduous molars (Zanolli
et al., 2009, 2010).

By using advanced techniques of three-dimensional
high-resolution virtual imaging and quantitative
ns  du  Pléistocène  supérieur.
es  sciences.  Publié  par Elsevier  Masson  SAS.  Tous  droits  réservés.

characterization (Bayle et al., 2010; Bondioli et al.,
2010; Macchiarelli et al., 2008, 2009, 2013; Olejniczak
et al., 2008a, 2008b; Skinner et al., 2008; Zanolli et al.,
2012), we present here original evidence on the inner
structural features of 22 permanent elements from this
exceptional dental sample and, on comparative grounds,
provide the first description of the condition characterizing
North African H. heidelbergensis near the Lower-Middle
Pleistocene boundary.

2. Materials and methods of analysis

In this study we consider 22 permanent teeth selected
from the dentognathic fossil material of Tighenif. In the
text, tables and captions, the type, position, and laterality
of the teeth have been systematically indicated as follows:
I1, central incisor; I2, lateral incisor; C, canine; P3, third
premolar; P4, fourth premolar; M1,  first molar; M2,  sec-
ond molar; M3,  third molar; L, lower; U, upper; L, left; R,
right. More specifically, the investigated sample includes
six isolated specimens (LRI1, LRI2, LLC, URM1/2, and two
undetermined upper molars, respectively representing the
fragmentary crown of an unworn URM, and an extremely
worn ULM) and the 16 teeth virtually extracted from the
mandibles Tighenif 1 (RI2 [crown missing most of the
labial aspect], RP3-M3, LP3-M3) and Tighenif 2 (LP3-M3)
(Fig. 1). Conversely, the teeth from Tighenif 3 have not been
included in the analysis because of their advanced degree
of occlusal wear.

Between July 2009 and October 2010, the isolated
tooth specimens and the mandibles Tighenif 1 and 2 have
been imaged by microtomography (�CT) at the Centre
de Microtomographie of the University of Poitiers. The
acquisitions were realized with a X8050-16 Viscom AG
equipment (camera 1004 × 1004) according to the follow-
ing parameters: 115 to 125 kV voltage; 0.35 to 0.60 mA
current; a projection each 0.20◦ to 0.25◦. The final volumes
were reconstructed using DigiCT v.2.3.3 (DIGISENS) in
8-bit format, with an isotropic voxel size ranging from
21.57 to 49.17 �m.

Using Amira v.5.3 (Visualization Sciences Group Inc.)
and ImageJ v.1.46 (NIH; Schneider et al., 2012), a semi-
automatic threshold-based segmentation has been carried
out following the half-maximum height method (HMH;

Spoor et al., 1993) and the region of interest threshold-
ing protocol (ROI-Tb; Fajardo et al., 2002), taking repeated
measurements on different slices of the virtual stack
(Coleman and Colbert, 2007).
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Fig. 1. Microtomographic-based 3D reconstruction of six isolated teeth from Tighenif (top) and of the virtually extracted tooth elements from the mandibles
Tighenif 1 (left) and 2 (right), with the enamel and dentine rendered in transparency thus highlighting the pulp cavities. In Tighenif 1, the virtually extracted
root  fragments residual of the LRI1 and LLI2 are also shown. Colour available online.
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ig. 1. Reconstruction microtomographique 3D de six dents isolées de T
ighenif 1 (gauche) et 2 (droite), avec l’émail et la dentine en transparenc
ragments virtuellement extraits de racine de la LRI1 et de la LLI2 sont aus

Depending on the degree of occlusal wear (assessed
ollowing Smith, 1984) and general preservation con-
itions of each tooth element, the following variables
escribing tissue proportions were digitally measured or
alculated: Ve, the volume of the enamel cap (mm3); Vd,
he total volume of dentine (mm3); Vp, the total volume
f pulp (mm3); Vt, the total tooth volume (mm3); Vp/Vt

= 100*Vp/Vt), the percent of pulp with respect to the total
ooth volume (%); Vcd, the volume of the coronal den-
ine (mm3); Vcp, the volume of the coronal pulp (mm3);
cdp, the volume of the coronal dentine, including the
oronal aspect of the pulp chamber (mm3); Vc, the total
rown volume, including enamel, dentine, and pulp (mm3);
EDJ, the enamel-dentine junction (EDJ) surface (mm2);
cdp/Vc (= 100*Vcdp/Vc), the percent of coronal volume that

s dentine and pulp (%); 3D AET (= Ve/SEDJ), the three-

imensional average enamel thickness (mm); 3D RET
= 100*3D AET/(Vcdp

1/3)), the scale-free three-dimensional
elative enamel thickness (Kono, 2004; Olejniczak et al.,
008a).
(haut) et des éléments dentaires virtuellement extraits des mandibules
ttant ainsi la visualisation de leurs cavités pulpaires. Chez Tighenif 1, les
rés. Couleur disponible en ligne.

The presence of some nonmetric features at the EDJ has
been scored following Skinner et al. (2008) for the acces-
sory cusps and Bailey et al. (2011) for the mid-trigonid
crest.

Intra- and interobserver tests for accuracy of the
microtomographic-based measures run by two  observers
revealed differences inferior to 4%.

For some of the variables listed above, the results from
the LM2  and LM3  of Tighenif 2, i.e., the least worn teeth,
have been compared to the evidence available for: Nean-
derthals (NEA; Kupczik and Hublin, 2010; Macchiarelli
et al., 2013; NESPOS Database, 2013; Olejniczak et al.,
2008a); fossil modern humans from Aterian Moroccan sites
(AFMH; Kupczik and Hublin, 2010); and extant humans
(EH; Kupczik and Hublin, 2010; Olejniczak et al., 2008b;
and original data) (Table S1 in Supplementary data).
Adjusted Z-score analyses (Maureille et al., 2001;
Scolan et al., 2011) were performed for three variables
expressing tooth tissue proportions on the LM2s and
LM3s. This statistical method allows the comparison of
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unbalanced samples, often limitative for the fossil record,
using the Student’s t inverse distribution following the
formula: [(x − m)/(s*sqrt(1 + 1/n))]/(Student.t.inverse(0.05;
n − 1)), where x is the value of the variable; m is the mean
of the same variable for a comparative sample; n is the
size of the comparative sample for this variable; and s is
its standard deviation for the comparative sample.

Geometric morphometric analyses (GMA) of the EDJ
were performed on the unsmoothed reconstructed vir-
tual surfaces of the LM2s and LM3s by placing a total of
seven landmarks on the apex of the protoconid, meta-
conid, entoconid and hypoconid, and at each intermediate
lowest point between two dentine horns along the den-
tine marginal ridge, except between the two distal horns
(because of the variable presence of the hypoconulid, this
latter cusp and the distal marginal distal ridge were not
considered). However, while the EDJ morphology is not
affected by occlusal wear in Tighenif 2 molars, this is not the
case for the LRM3 in Tighenif 1, whose buccal cusp apex and
dentine horn extremities have been virtually integrated
based on the intact Tighenif 2 reference specimen.

By using the package Morpho 0.23.3 (Schlager, 2013) for
R v.2.15.2 (R Development Core Team, 2013), we performed
a generalized Procrustes analysis (GPA) and a between-
group principal component analysis (bgPCA) based on the
Procrustes shape coordinates (Mitteroecker and Bookstein,
2011). A 10,000 iterations permutations test allowed the
statistically assessment of inter-group differences. For the
specific purposes of this analysis, the comparative sample
included 12 Neanderthal molars from Regourdou and Krap-
ina (NEA [7 LM2 and 5 LM3]; NESPOS Database, 2013) and
26 extant human molars (EH [17 LM2  and 9 LM3]; original
data) (Table S1 in Supplementary data). Because the bgPCA
analysis needs more than two individuals per group to be
performed, the available LM2s and LM3s have been pooled.

3. Results

Following the preliminary phases of 3D reconstruction
and individual virtual extraction of each tooth element still
preserved in situ in the two adult mandibles, we  noticed the
previously unreported presence of a local decalcification
affecting the distal crown aspects of the LLP4, in Tighenif 2,
and of the LRM1, in Tighenif 1. These lesions, respectively
representing a relatively shallow but extended depression
(∼6.7 mm3) and a deeper subspherical cavity (∼5.0 mm3),
distinctly involve both enamel and dentine, but do not
reach the pulp cavity (Fig. 2). Because of their location and
shape, as well as of the quality and preservation conditions
of the surrounding mineralized tissues, we consider these
features as representing interproximal carious lesions of
stage 5 (Hillson, 2001), likely unnoticed in previous stud-
ies because masked in both cases by the close contact with
the mesial margin of the corresponding distal crown.

3.1. Outer vs. inner structural morphology
In all investigated cases, the comparison between the
outer enamel surface (OES) and the topography of the
enamel-dentine junction (EDJ) has revealed a substantial
vol 12 (2013) 293–304

morphostructural adequacy between the features devel-
oped at the two interfaces (Figs. 1 and 3).

The crown of the isolated LRI1 shows flat lingual
and labial outer surfaces, without any expression of
marginal ridges or tuberculum dentale, the same mor-
phology appearing at the EDJ level. Its root (Fig. 1)
is compressed mesiodistally, with a large but shallow
longitudinal groove on both mesial and distal aspects
(Arambourg and Hoffstetter, 1963), whereas the pulp cav-
ity exhibits a spatula-like shape, turning into an ovoid
outlined canal at root level.

The isolated LRI2 presents a structural morphology close
to that found in the LRI1, except that here the marginal
ridges are slightly developed and that the external distal
longitudinal root groove is only barely perceptible. In this
case, the shape of the relatively large root cavity also shows
an ovoid contour.

Despite its advanced occlusal wear, the marked
marginal ridges and a weak expression of the tuberculum
dentale are recognizable on the isolated LLC. While api-
cally fractured, its root and inner pulp cavity (Fig. 1) are
mesiodistally compressed and exhibit a relatively deep lon-
gitudinal groove on the mesial aspect.

The three available LP3s present an asymmetric bicus-
pid outer crown with deep anterior and posterior foveae
separated by a high transversal crest (Arambourg and
Hoffstetter, 1963), a morphology also clearly expressed at
the EDJ level (Fig. 3). Externally, in both Tighenif 1 and 2,
the LP3 root is constituted by three fused branches sepa-
rated by longitudinal grooves, two  with a free apex at the
buccal and lingual level, and a third, shorter, coalesced in
mesiobuccal position (Fig. 1). However, the inner struc-
ture reveals three root pulp canals, including a modestly
mesiobuccally developed and two  larger radicals in the
mesial and distal branches, expressing a C-shaped cross-
section typical of the Tomes’ root 2R morphology of grade
4 (Turner II et al., 1991; Wood et al., 1988).

As a whole, the LP4s display a moderate degree of wear,
which allowed the identification of two  main cusps at the
OES, while five cuspules along the distal marginal ridge are
traceable at the EDJ level on Tighenif 2’s LP4 (Fig. 3). As
observed on the LP3s, both Tighenif 1’s LP4 roots display
three fused branches with similar pulp morphology (contra
Arambourg and Hoffstetter, 1963, who  identified only two
fused branches and pulp canals). On the other hand, the
LP4 of Tighenif 2 shows four fused branches separated at
the apex, with a deeply invaginated developmental groove
(stage 4 following Turner II et al., 1991). This condition
more closely approximates the mesial and distal 2R Tomes’
root morphotype described by Wood et al. (1988), with a
sub-rhomboidal mid-root cross-section and four distinct
pulp canals.

Among the three isolated upper molars, only the pulp
chamber occlusal morphology of the URM1/2 preserves
indirect evidence of the cusp pattern (Fig. 1), while the
preserved portion of the incomplete but unworn URM evi-
dences the absence of accessory cusp or wrinkling (Fig. 3).
As pointed out in previous descriptions of this fossil
sample (Arambourg and Hoffstetter, 1963), the crown of
the lower molars is low, bearing five main cusps at the
OES. At the EDJ, while the molars in Tighenif 1 do not
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Fig. 2. Virtual mesiodistal cross-section through the central axis (left) and 3D rendering (right) of the LLP4 of Tighenif 2 (A) and of the LRM1 of Tighenif 1
(B)  whose distal aspects exhibit the previously unreported evidence of a local decalcification involving both enamel and dentine (arrows), but not reaching
the  pulp cavity. These cavities represent in both cases an interproximal carious lesion. d: distal; l: lingual; m:  mesial. Scale: 5 mm.  Colour available online.
Fig. 2. Section mésio-distale virtuelle passant par l’axe central (gauche) et reconstruction 3D (droite) de la LLP4 de Tighenif 2 (A) et de la LRM1 de Tighenif
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 (B), dont les faces distales montrent des décalcifications locales enco
’atteignant pas la cavité pulpaire. Ces cavités représentent dans les de
chelle : 5 mm.  Couleur disponible en ligne.

xpress any tuberculum sextum (C6) or tuberculum inter-
edium (C7), both the LM2  and LM3  of Tighenif 2 bear a
ypoconulid-type C6, and all three molars also possess a
7 (of metaconulid-type in LM1  and of interconulid-type in
M2  and LM3). The mid-trigonid crest is expressed in both
andibles, even if it progressively weakens distally. More

pecifically, while this feature is not traceable in Tighenif
 LM1s because of occlusal wear, it is detectable on the
M2s (stage 2, middle-middle type) and on both the LM1
stage 2, middle-middle type) and the LM2  (stage 1, middle-

iddle type) of Tighenif 2. In Tighenif 1, the LM3s display
 metameric variation in the expression of this feature. In
his case, an interrupted ridge and a small crest running
rom the mesial marginal ridge towards the centre of the
nterior fovea are present on the right side (stage 1, mesial
arginal ridge-middle type), while a quite low but com-

lete expression (stage 2, mesial-middle type) is found on
he left side. Finally, the mid-trigonid crest is interrupted in
he last molar of Tighenif 2 (stage 1, middle-middle type).

 variable number of one to three wrinkles running dis-
ally from the protoconid towards the centre of the occlusal
asin are present in all lower molars considered in this
tudy, but only in the LM3  of Tighenif 2 a complete distal
rigonid crest is fully expressed.

All lower molars possess two roots, the mesial one being
onstituted by two fused mesiobuccal and mesiolingual
ranches with a free apex, and the distal root showing
ither two branches (a distobuccal and a distolingual one
ith a free or fused apex) in the LM1s and LM2s, or a single

ne in the LM3s. In all cases, the pulp canals are always well
istinct in each branch (Fig. 1).
As already noticed in the radiographic study realized by
rambourg and Hoffstetter (1963), in this fossil assemblage

he molar pulp chamber volume proportionally increases
istally. In this respect, while Tighenif 1 does not differ from
signalées précédemment affectant l’émail et la dentine (flèches), mais
des lésions carieuses interproximales. d : distal ; l : lingual ; m : mésial.

the morphodimensional condition found in recent human
populations (Kupczik and Hublin, 2010), Tighenif 2’s LM2
and LM3  exhibit a rather expanded pulp cavity (see infra
for tissue proportions).

3.2. Occlusal enamel thickness distribution

Site-specific enamel thickness variation has been com-
paratively rendered through a 3D topographic mapping
of the crown in occlusal projection using a chromatic
scale where thickness increases from dark-blue to red.
Unfortunately, the degree of wear affecting most crowns
strongly weakens the value of this analytical approach
on the Tighenif’s fossil assemblage. However, here this
visualisation technique has been tentatively applied to the
isolated fragmentary URM and to the relatively moderately
worn LP3-M3 crowns of Tighenif 2 (Fig. S1 in Suppleme
ntary data).

While the occlusal surface of the LP3 shows two large
patches of emerging dentine, both premolars apparently
share a similar distribution pattern, the thicker enamel
being found along the buccal side, as more distinctly
detectable on the LP4. Similarly, as variably found in
other fossil and recent humans (Kono and Suwa, 2008;
Macchiarelli et al., 2013), the thickest enamel is set towards
the distolingual and the distobuccal cusps, respectively on
the upper and the lower molars.

3.3. Tooth tissue proportions: description and
comparisons
Tooth tissue proportions of two isolated (LRI1 and LRI2)
and eight in situ specimens (3 lower premolars and 8
molars) displaying only a slight to moderate degree of wear
(from stage 2 to 4) are detailed in Table 1. However, despite
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Table 1
Surface and volumetric estimates and dental tissue proportions of ten permanent teeth from Tighenif.
Tableau 1
Paramètres surfaciques et volumétriques et proportions des tissus chez dix dents permanentes de Tighenif.

Position Wear Ve Vd Vp Vt Vp/Vt Vcd Vcp Vcdp Vc SEDJ Vcdp/Vc 3D AET 3D RET
(mm3) (mm3) (mm3) (mm3) (mm3) (mm3) (mm3) (mm3) (mm3) (mm2) (%) (mm)

I1
Isolated tooth Lower right 3 40.84a 342.99a 15.80 399.63a 3.95a 86.42a 4.63 91.05a 131.89a 122.12a 69.03a 0.33a 7.43a

I2
Isolated tooth Lower right 3 45.20a 341.76a 27.45 414.41a 6.62a 86.14a 4.63 90.77a 135.97a 106.42a 66.76a 0.42a 9.45a

P3
Tighenif 2 Lower left 3 101.96a 570.39a 53.77 726.12a 7.41a 191.21a 11.54 202.75a 304.71a 165.53a 66.54a 0.62a 10.49a

P4
Tighenif 1 Lower left 4 88.58a 782.52a 33.38 904.48a 3.69a 178.69a 2.52 181.21a 269.79a 159.83a

Tighenif 2 Lower left 3 169.43a 752.96a 68.26 990.64a 6.89a 217.55a 6.94 224.49a 393.91a 190.88a 56.99a 0.89a 14.61a

M1
Tighenif 2 Lower left 4 278.19a 1302.91a 117.49 1698.59a 6.92a 449.99a 19.33 469.33a 747.52a 298.16a

M2
Tighenif 2 Lower left 3 373.06 1362.08 191.64 1926.78 9.95 480.15 22.27 502.43 875.49 312.54 57.39 1.19 15.01
M3
Tighenif 1 Lower left 4 188.79a 1271.76a 77.51 1538.06a 5.04a 341.81a 4.73 346.54a 535.33a 246.50a

Lower right 3 203.12a 1260.04a 79.26 1542.42a 5.14a 341.10a 4.12 345.22a 548.34a 242.77a 62.96a 0.84a 11.93a

Tighenif 2 Lower left 2 372.24 969.36 175.57 1517.17 11.57 362.35 9.18 371.53 743.78 255.48 49.95 1.46 20.27

a Affected by occlusal wear.
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Table 2
Dental tissue proportions of the second and third lower molars compar-
atively assessed in Tighenif 2, Neanderthals (NEA), African fossil modern
humans (AFMH) and extant humans (EH).
Tableau 2
Proportions des tissus dentaires des secondes et troisièmes molaires
inférieures comparées chez Tighenif 2, les Néandertaliens (NEA), les
humains modernes fossiles d’Afrique (AFMH) et les humains actuels (EH).

Vp/Vt
a (%) Vcdp/Vc (%) 3D RET

LM2
Tighenif 2 9.9 57.4 15.0
NEA (11) Mean 7.6 57.1 15.4

Range 5.7–9.2 51.0–64.2 11.9–20.9
AFMH (3) Mean 11.3 53.4 17.6

Range 9.1–12.6 50.4–56.6 14.7–19.9
EH (26) Mean 4.7 51.0 20.2

Range 3.1–8.1 42.7–57.3 12.6–40.7

LM3
Tighenif 2 11.6 50.0 20.3
NEA (13) Mean 7.1 58.1 16.2

Range 5.5–9.6 47.2–68.6 12.7–21.8
AFMH (2) Mean 13.6 51.0 19.1

Range 11.7–15.5 49.3–52.7 16.9–21.3
EH (14) Mean 4.5 49.4 21.6

Range 2.4–6.7 44.7–55.4 17.8–27.8

AFMH: African fossil modern humans (Kupczik and Hublin, 2010); EH:
extant humans (Olejniczak et al., 2008b; and original data); NEA: Nean-
derthals (Kupczik and Hublin, 2010; Macchiarelli et al., 2013; NESPOS
Database, 2013; Olejniczak et al., 2008a).
a A sub-sample of specimens was used to calculate the ratio Vp/Vt

(Table S1).

the exclusion of over 50% of the teeth detailed by �CT from
this analysis, in most cases the values have yet to be con-
sidered as minimum estimates only, while of course the
opposite is true for the percent ratio Vcdp/Vc, i.e, the per-
cent of coronal volume that is dentine and pulp. While the
pulp volume estimates (Vp and Vcp) are reliable in all inves-
tigated cases, uniquely the results pertaining to the LLM2
and LLM3 of Tighenif 2 have been used in the comparative
analyses with other fossil and extant samples (Table 2 ).

The two isolated mandibular incisors, affected by a com-
parable degree of wear, show differences lower than 5% for
most volumetric estimators, except for Ve, Vp and Vp/Vt,
which are ca. 10%, 73% and 67.6% higher in the lateral
incisor, respectively, while the EDJ area (SEDJ) is ca. 15%
larger in the central one.

For all parameters, except Vp/Vt and Vcp, Tighenif 2’s LP3
systematically shows lower values than its adjacent pre-
molar. Mostly due to its lower amount of removed occlusal
enamel, Tighenif 2’s LP4 estimates tend to exceed those
from its counterpart on Tighenif 1. However, as illustrated

by the ratio Vp/Vt, the marked difference between the two
teeth for the total volume of the pulp (Vp) should more
likely reflect individual structural variation, given also their
similarity for the variable Vd.

Fig. 3. 3D virtual reconstruction of the outer crown surface (top row) and of the r
Tighenif  and of 15 crowns virtually extracted from the mandibles Tighenif 1 an
LP3-LM3 of Tighenif 1 (Tighenif 1 R) have been mirrored. l: lingual; m: mesial. Sc
Fig. 3. Reconstructions virtuelles 3D de la surface externe de l’émail (rangée sup
isolées de Tighenif et de 15 couronnes virtuellement extraites des mandibules T
LP3-LM3 droites de Tighenif 1 (Tighenif 1 R) ont été inversées. l : lingual ; m : més
vol 12 (2013) 293–304

As noted above, most values pertaining to the Tighenif
2’s LM1  should be considered as indicative only, even if its
Vd and SEDJ estimates fit those provided by the less worn
adjacent LM2. Overall, Tighenif 2’s LM1  and LM2  estimates
tend to exceed those of both Tighenif 1 and 2 third molars
(Table 1). It is interesting to note that, despite a higher
degree of wear found on the left side, both last molars of
Tighenif 1 display comparable tissue proportions, except
for the total volume of the enamel cap, which is of course,
higher on the RM3. However, except for Vd and Vt, both
series of data are systematically lower compared to the
results from the slightly worn LLM3 of Tighenif 2.

As shown by the ratio Vp/Vt, Tighenif 2 exhibits a distal
trend in the volumetric expansion of the molar pulp cavity,
nearly double from the LM1  to the LM3, while Tighenif 1’s
LM3s have a much smaller pulp volume compared to their
counterparts in Tighenif 2. Limitedly to the crown, Tighenif
2’s LM3  displays a lower Vcdp/Vc ratio and higher 3D AET
and 3D RET indices compared to its LM2  and to Tighenif 1’s
LM3s.

Comparative tissue proportions for the second and third
lower molars of Tighenif 2, Neanderthals (NEA), European
Upper Paleolithic humans (EUPH), African fossil modern
humans (AFMH) and extant humans (EH) are shown in
Table 2. In both Tighenif’s molars, the Vp/Vt ratio exceeds
both the Neanderthal and the extant human values, but
approximates the African fossil modern human estimates
(Fig. S2A in Supplementary data). For the Vcdp/Vc ratio,
while the LM2  of the Algerian specimen falls within the
Neanderthal range, it slightly exceeds the figures of the
fossil modern and extant human samples (Fig. S2B in Su-
pplementary data). Conversely, in the present comparative
context, the same ratio is poorly discriminant with regards
to Tighenif 2’s LM3  (Fig. S2B in Supplementary data), an evi-
dence which also concerns the 3D RET estimates of Tighenif
2’s LM2  and LM3  (Fig. S2C in Supplementary data).

Finally, the results of the adjusted Z-score analysis per-
formed for the three indices Vp/Vt, Vcdp/Vc, and 3D RET are
illustrated in Fig. 4. Except for Vp/Vt in the extant human
sample, both Tighenif 2’s molars approximate the condi-
tions expressed by Neanderthals and African fossil humans,
showing the closest affinities with the latter group (notably
for the LM3).

3.4. Comparative shape analysis of the enamel-dentine
junction (EDJ)

Based on the Procrustes shape coordinates obtained by
the geometric morphometric analysis of the EDJ, the results

of the between-group principal component analysis of the
LM2s and LM3s (cf. Section 2. Materials and methods of
analysis) are shown in Fig. 5. In this case, the three selected
molars representing Tighenif have been compared to the

elated enamel-dentine junction (bottom row) of five isolated teeth from
d 2, in occlusal-lingual view. To make the comparison easier, the right
ale: 5 mm.  Colour available online.
érieure) et de la jonction émail-dentine (rangée inférieure) de cinq dents
ighenif 1 et 2, en vue occluso-linguale. Pour faciliter la comparaison, les
ial. Échelle : 5 mm.  Couleur disponible en ligne.
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Fig. 4. Adjusted Z-score analysis of three indices describing tissue pro-
portions assessed in the second and third lower molars of Tighenif 2 and
compared to the variation expressed by Neanderthals (NEA), African fossil
modern humans (AFMH), and extant humans (EH). The central and dotted
lines correspond to the mean and to the 95% limit of variation of the com-
parative samples, respectively, while the symbols represent the position
of Tighenif 2.
Fig. 4. Analyse des écarts réduits ajustés de trois indices décrivant les
proportions des tissus, estimés pour la seconde et la troisième molaires
inférieures de Tighenif 2, comparés à la variation exprimée par les Néan-
dertaliens (NEA), les humains modernes fossiles d’Afrique (AFMH) et les
humains actuels (EH). La ligne centrale et les lignes en pointillés cor-
respondent respectivement à la moyenne et aux limites de variation à
95 % des trois échantillons comparatifs fossiles et actuels, tandis que les
symboles représentent la position de Tighenif 2.

Fig. 5. Between-group PCA (bgPCA) of the Procrustes shape coordinates
representing the global enamel-dentine junction conformation of the sec-
ond and third lower molars of Tighenif 1 (LRM3) and Tighenif 2 (LLM2 and
LLM3), Neanderthals (NEA) and extant humans (EH).
Fig. 5. Analyse en composantes principales intergroupe, réalisée à partir
des coordonnées Procrustes représentant la conformation globale de la
jonction émail-dentine des secondes et troisièmes molaires inférieures
de Tighenif 1 (LRM3) et Tighenif 2 (LLM2 et LLM3), Néandertaliens (NEA)
et  humains actuels (EH).

Table 3
P-values of pairwise group differences based on 10,000 permutations.
Tableau 3
Probabilités des différences entre groupes par comparaisons appariées
basées sur 10 000 permutations.

NEA M2 NEA M3 EH  M2 EH  M3

NEA M3 0.071
EH M2  0.090 0.001**
EH M3  0.144 0.001** 0.004*
Tighenif 0.057 0.043* 0.030* 0.005**
The symbols * and ** indicate the differences which are significant for
P  ≤ 0.05 and ≤ 0.01, respectively.

similar variation expressed by 12 Neanderthals (NEA) and
26 extant humans (EH).

As a whole, the Tighenif’s LM3s fall apart from both
comparative samples, but closer to the Neanderthal fig-
ures, while the LM2  from Tighenif 2 more closely nears
the Neanderthal conformation pattern. Indeed, similarly
to Neanderthals and distinctly from the extant human
condition, Tighenif lower molars present a buccolingually
straighter talonid and a more mesiodistally elongated
crown bearing a higher metaconid dentine horn. Accord-
ingly, the results of the permutation tests indicate that
these endostructural shape differences are all statistically
significant, except between Tighenif and Neanderthals for
the LM2  (Table 3).

4. Discussion

A previous analysis of three upper deciduous molars
from the Tighenif fossil assemblage (two Um1s and one
Um2, likely from the same individual) has compara-
tively assessed their crown tissue proportions and enamel
thickness topography. The results from the 2-3D mea-
surements indicate that their structural signature better
approximates the modern human figures rather than
the typical Neanderthal condition (Zanolli et al., 2010).
However, a preliminary investigation of the degree of
parallelism between deciduous and permanent crown sig-
natures in tracking the taxon-related structural changes
in tissue proportions throughout the last million years
has revealed a more complex pattern (Macchiarelli et al.,
2013). In this latter study, the isolated Um2  and the
virtually unworn LM3  of Tighenif 2 were compared for
their structural organization to similar evidence from
Javanese H. erectus, Middle Pleistocene H. heidelbergensis
from Tautavel (France), Neanderthals, and extant humans.
Interestingly, in terms of crown tissue proportions, the
pattern displayed by the North African and European
H. heidelbergensis specimens represented in the study did
not fully overlap, the tooth pair from Tighenif express-
ing a deciduous vs.  permanent molar structural condition
closer to the Neanderthal pattern (Macchiarelli et al.,
2013).

By investigating 22 permanent elements from the
Tighenif’s dental assemblage, the present high-resolution

study has significantly enlarged the amount of information
currently available on H. heidelbergensis tooth structural
organization, revealing a previously unreported mosaic of
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primitive and derived features and a certain degree of vari-
ation characterizing this North African fossil sample.

Virtually along the entire root, the pulp cavity of both
isolated mandibular incisors from Tighenif displays an
ovoid cross-sectional contour. This pattern differs from
the condition recently reported for the Early Pleistocene
LI2 from Atapuerca Sima del Elefante, Spain (Prado-
Simón et al., 2012a) and also found in the lower incisors
of the Neanderthal partial skeleton from Regourdou,
France (Macchiarelli et al., 2013), both rather character-
ized by a mesiodistally flattened radicular canal. However,
given the variability expressed by this feature in our
microtomographic-based reference database of extant
human permanent lower incisors and the small amount of
available comparative information (Le Cabec et al., 2012;
Prado-Simón et al., 2012a), its potential informative value
for taxonomic and phylogenetic assessment still requires
additional research.

The EDJ of Tighenif 2’s LLP4 exhibits a mesiodistally
extended talonid with five cuspules lying along the distal
marginal ridge, a morphology reminiscent of the ancestral
molar-like configuration observed in early hominins (Braga
et al., 2010). Moreover, all the premolars exhibit complex
2R Tomes’ root morphologies interpreted as a rather prim-
itive condition (Prado-Simón et al., 2012a, 2012b; Wood
et al., 1988). In fact, this pattern is found in H. ergaster
(e.g., KNM-ER 730; Wood et al., 1988), early Homo from
Atapuerca Sima del Elefante (ATE9-1; Prado-Simón et al.,
2012a, 2012b), H. erectus from Zhoukoudian (e.g., GI-60;
Weidenreich, 1937) and Sangiran (e.g., Sb 8103; Kaifu
et al., 2005). Conversely, European H. heidelbergensis, Nean-
derthals and modern humans more commonly show a
single root morphology (Prado-Simón et al., 2012b; Wood
et al., 1988).

Compared to the inner signature characterizing the
premolars, the EDJ of the lower molars displays a set of
nonmetric traits more frequently found in recent humans
than in Neanderthals. In particular, Tighenif 2’s LM2  and
LM3 exhibit a hypoconulid-type tuberculum sextum, a fea-
ture never observed in Lower Pleistocene hominins or
in Neanderthals, where the fovea-type is predominant
(Skinner et al., 2008). Conversely, whenever a tuber-
culum intermedium is expressed, the interconulid- and
metaconulid-type seen in the Tighenif’s molars seem to be
quite common in the human lineage (Skinner et al., 2008).

At the EDJ, the Tighenif’s molars show a comparable
number of cases scored as 1 (3/7 cases) and 2 (4/7) for the
degree of expression of the mid-trigonid (metaconid) crest,
while the first condition is extremely rare in Neanderthals
(1: 1.4%; 2: 39.7%) and also less frequent than the sec-
ond one in modern humans (11.8% vs. 35.3%) (Bailey et al.,
2011; Macchiarelli et al., 2006). The exclusively middle-
middle type origin of this feature recorded on Tighenif also
more closely approximates the modern human frequen-
cies (Bailey et al., 2011). In this respect, it is noteworthy
that the endostructural exploration of the H. heidelbergensis
mandible from Mauer, Germany, revealed no expression of

the mid-trigonid crest (Bailey et al., 2011), a condition also
shown by the LM1  of the North African late Middle Pleis-
tocene specimen Irhoud 3 and, more generally, by recent
humans (Bailey et al., 2011).
vol 12 (2013) 293–304

Similarly to the condition reported for African fossil
modern humans (Hublin et al., 2012; Kupczik and Hublin,
2010), the lower molars from Tighenif display relatively
large pulp cavities, but with a rather high root bifurca-
tion and well-separated pulp canals. This pattern contrasts
with the typical (and exclusive) Neanderthal single, pyra-
midal roots, where the commonly taurodontic pulp cavity
extends into the apex before branching out into short root
canals (Kupczik and Hublin, 2010; Macchiarelli et al., 2006,
2008, 2013).

Also for tooth crown tissue proportions, the lower per-
manent molars of Tighenif (Tighenif 2’s LM2  and LM3)
exhibit a blend of Neanderthal- and modern-like features.
More precisely, the LM2  fits the average Neanderthal con-
dition represented by a high crown dentine percent value
and an intermediate to relatively thick enamel (Kupczik
and Hublin, 2010; Macchiarelli et al., 2013; Olejniczak
et al., 2008a). Conversely, because of its moderately devel-
oped crown dentine core and relatively thick enamel, the
Algerian LM3  more closely approximates the fossil and
recent modern human condition (Kupczik and Hublin,
2010; Olejniczak et al., 2008a). However, the morphomet-
ric assessment of the EDJ molar conformation performed
on the Tighenif 1’s RM3  and Tighenif 2’s LM2  and LM3
highlighted their relatively distinct 3D pattern with respect
to the variation expressed by the Neanderthal and extant
human comparative samples used in this study, even
if the Algerian specimens reveal a closer affinity with
the Neanderthal figures. Nonetheless, whenever both the
pulp chamber conformation and its relative position with
respect to the EDJ are examined, the molars from Tighenif
better approximate the modern human condition (Zanolli,
2012).

Finally, as hypothesized on the basis of the mor-
phodimensional similarities recorded among some Middle
Pleistocene North African dentognathic series (Bräuer,
2012), the fact that the Tighenif molars bear a resemblance
in dental structural organization to the Upper Pleis-
tocene Aterian assemblage (Hublin et al., 2012; Kupczik
and Hublin, 2010) points to a certain degree of evolu-
tionary continuity at macro-regional scale and/or to a
long-standing contribution of the area to the establishment
of the modern-like tooth morphology.

5. Conclusive remarks

The combination of inner morphostructural characters
found in the permanent tooth elements of the Tighenif fos-
sil assemblage supports the suggestion that this Middle
Pleistocene North African deme is probably part of the stem
group leading to the Neanderthal, Denisovan and modern
human allotaxa (Stringer, 2012). While the structural sig-
nature virtually extracted from the three deciduous molars
represented in this sample more closely approximates the
modern human condition rather than the Neanderthal
figures (Zanolli et al., 2010), the present analysis of the
permanent dentition highlights a more complex pattern,

combining unique, primitive, Neanderthal-like and mod-
ern human-like features, notably at the EDJ and pulp levels.
In this regard, the structural affinity noted with the fig-
ures reported for some Aterian samples (Hublin et al., 2012;
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upczik and Hublin, 2010) deserves more specific research
imed to precise the nature, extent and meaning of such
imilarities.

Besides some severe dental wear- or traumatic-related
nflammatory bony reactions, dentognathic pathologies are
elatively rare in the human fossil record (Gracia-Téllez
t al., 2013; Martinón-Torres et al., 2011). Tooth decays
ave mostly been detected in Neanderthals and fossil mod-
rn humans (Lalueza et al., 1993; Lebel and Trinkaus, 2001,
002; Tillier et al., 1995; Trinkaus et al., 2000; rev. in Walker
t al., 2011), even if one of the most remarkable cases is
epresented by the Middle Pleistocene H. heidelbergensis
pecimen Kabwe 1, Zambia, exhibiting rampant dental
aries with 10 of 16 maxillary teeth affected (Lukacs, 2012).
hanks to the use of high-resolution virtual imaging tech-
iques, the present finding of two previously unreported

nterproximal carious lesions in the postcanine tooth rows
f Tighenif 1 and 2 thus adds new evidence to the rather
canty Middle Pleistocene record available so far, and also
upports the call of Walker et al. (2011) that the extension
f similar research to the human fossil record should very
ikely expose more undetected dental pathologies, notably
n association with extensive occlusal wear (Hillson, 2008).
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