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a b s t r a c t

Here we analyze the unpublished hominin dental remains recovered from the late Early Pleistocene Gran
Dolina-TD6.2 level of the Sierra de Atapuerca (northern Spain), as well as provide a reassessment of the
whole TD6.2 hominin dental sample. Comparative descriptions of the outer enamel surface (OES) and the
enamel-dentine junction (EDJ) are provided. Overall, the data presented here support the taxonomic
validity of Homo antecessor, since this species presents a unique mosaic of traits. Homo antecessor dis-
plays several primitive features for the genus Homo as well as some traits exclusively shared with Early
and Middle Pleistocene Eurasian hominins. Some of these Eurasian traits were retained by the Middle
Pleistocene hominins of Europe, and subsequently became the typical condition of the Neanderthal
lineage. Although other skeletal parts present resemblances with Homo sapiens, TD6.2 teeth do not show
any synapomorphy with modern humans. In addition, TD6.2 teeth can be well differentiated from those
of Asian Homo erectus. The dental evidence is compatible with previous hypothesis about H. antecessor
belonging to the basal population from which H. sapiens, Homo neanderthalensis, and Denisovans
emerged. Future findings and additional research may help to elucidate the precise phylogenetic link
among them.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

To date, the human fossil remains recovered from the TD6.2
level of the Gran Dolina cave site (Sierra de Atapuerca, Burgos,
northern Spain) are the only ones available in the European hom-
inin fossil record of the late Early Pleistocene, between the Jaramillo
subchron and the Matuyama/Bruhnes reversal (Par�es et al., 2018).
This fact complicates the evaluation of the phylogenetic relation-
ships of the fossils assigned by Bermúdez de Castro et al. (1997) to
Martin�on-Torres), josemaria.
ro).
boration of this article.
the species Homo antecessor, and the understandings of the origin
and evolution of the European Early Pleistocene populations. New
studies on several anatomical parts from the TD6.2 human hypo-
digm have revealed that some features, previously considered as
Neanderthal autapomorphies, appeared during the Early Pleisto-
cene (e.g., G�omez-Robles et al., 2007; Bermúdez de Castro et al.,
2012). These traits, together with the expression of modern-like
facial features in the TD6.2 hominins confer a special interest to
the study of this human assemblage. The particular combination of
skeletal and dental characteristics observed in the hominins of
TD6.2 (Bermúdez de Castro et al., 2017a) suggests that H. antecessor
is phylogenetically close to the divergence between Neandertals
and modern humans. Pending the increase of the fossil record of
the late Early and early Middle Pleistocene, the study of the TD6.2
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Table 1
List of TD6.2 permanent teeth recovered so far. Previously unreported specimens are
denoted by an asterisk. The TD6.2 teeth belong to a minimum of eight individuals
(see Bermúdez de Castro et al., 2017b). The teeth of the mandible ATD6-5, the
maxillary fragment ATD6-13, and the isolated teeth ATD6-1, 2, 3, 4, 6, 7, 8, 9, 10, 11,
and 12 belong to the individual H1 (the holotype of Homo antecessor). The maxilla
ATD6-69 belongs to individual H3. ATD-94 and ATD6-96 represent individual H5.

Specimens

Tooth class Right side Left side

I1 ATD6-14*
I2 ATD6-143*; ATD6-69 ATD6-14*; ATD6-312
C1 ATD6-69 ATD6-13; ATD6-14*
P3 ATD6-7; ATD6-69 ATD6-13; ATD6-14*; ATD6-69
P4 ATD6-8; ATD6-69 ATD6-9
M1 ATD6-10; ATD6-69; ATD6-103* ATD6-11; ATD6-69
M2 ATD6-12 ATD6-69*
M3 ATD6-69*
I1 ATD6-52
I2 ATD6-146* ATD6-2; ATD6-48
C1 ATD6-6 ATD6-1
P3 ATD6-3 ATD6-96
P4 ATD6-4; ATD6-125* ATD6-96
M1 ATD6-5; ATD6-94*; ATD6-112* ATD6-96
M2 ATD6-5; ATD6-144* ATD6-96; ATD6-113
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sample appears crucial to explore the identity of the last common
ancestor of Homo neanderthalensis and Homo sapiens. A more pre-
cise assessment of the relationships of H. antecessor with earlier
and later hominin groups will undoubtedly shed light on the origin
of the first Europeans and the pattern of hominin settlement of the
European continent.

The last comprehensive study of the TD6.2 permanent teethwas
published by Bermúdez de Castro et al. (1999a). Moreover, a short
report about the TD6 deciduous teeth recovered during the first
decade of the 21st century was published by Bermúdez de Castro
et al. (2017b). Although some features of the teeth preserved in
situ in the ATD6-96 and ATD6-113 mandibular specimens have
been presented (Carbonell et al., 2005; Bermúdez de Castro et al.,
2008), 14 unpublished teeth remain to be described. Some of
these specimens have been virtually extracted by means of
microcomputed tomography (mCT), a tool that we lacked in 1999.
Herewe present a comparative study of these new teeth.We expect
that the presentation of this novel information, together with a
reassessment of the entire TD6.2 sample of permanent teeth, will
shed additional light on the understanding of the phylogenetic
position of the TD6.2 hominins and their bearing in the evolu-
tionary scenario of Early and Middle Pleistocene Europe.

1.1. The Gran Dolina TD6.2 level

The Gran Dolina cave site (TD) fills up a large cavity about 27 m
deep and with a maximumwidth of 17 m. The stratigraphic section
of the site was cut and exposed by the construction of a railway
trench. Gil and Hoyos (1987) divided this section from bottom to
top into 11 levels: TD1eTD11. However, the stratigraphy of the Gran
Dolina site is under continuous refinement. The TD6 level has been
divided into three sublevels (Bermúdez de Castro et al., 2012;
Campa~na et al., 2016): TD6.1, TD6.2, and TD6.3. The human fos-
sils, as well as more than 300 artifacts and several thousands of
micro- and macromammal fossil remains (Bermúdez de Castro
et al., 1999b; Carbonell et al., 1999; Cuenca-Besc�os et al., 1999;
García and Arsuaga, 1999; van der Made, 1999) come from the
sublevel TD6.2. Par�es and P�erez-Gonz�alez (1995, 1999) observed a
polarity reversal between TD7 and TD8, interpreted as the
Matuyama/Brunhes boundary, meaning that levels TD8 to TD11
were deposited during the Middle Pleistocene, whereas levels TD7
to TD1 were deposited during the Early Pleistocene (see also a
recent study by �Alvarez-Posada et al., 2018). The combination of the
paleomagnetic data and electron spin resonance (ESR)/U-series
ages suggests an age range between 0.78 and 0.86 Ma for the TD6
level (Falgu�eres et al., 1999). Thermoluminiscence (TL) dates on
samples taken at the TD7 level, 1 m below the Brunhes/Matuyama
boundary, give a weighted mean age of 0.96 ± 0.12 Ma for TD7
(Berger et al., 2008). The ESR dating applied to optically bleached
quartz grains from TD6 gives dates between 0.60 ± 0.09 Ma and
0.95 ± 0.09 Ma (Moreno et al., 2015). These authors also obtained
dates of 0.73 ± 0.13 Ma and 0.85 ± 0.14 Ma for the TD7 level, from
samples taken under the Matuyama/Brunhes boundary. Using
thermally transferred optically stimulated luminiscence (TT-OSL)
dating of individual quartz grains, Arnold et al. (2015) obtained a
weighted mean age of 0.84 ± 0.06 Ma for the TD6 level. Arnold and
Demuro (2015) have undertaken a series of TT-OSL suitability as-
sessments on known-age samples from TD6. Using this method,
they obtained a weighted average age of 0.85 ± 0.04 Ma for TD6.3.
The first direct ESR dating study of H. antecessor using one hominin
tooth has provided a final age estimate ranging from 0.72 Ma to
0.95Ma (Duval et al., 2018). Finally, a recent paleomagnetic study of
the interior facies of TD1 place the TD6.2 hominins between the
Matuyama/Brunhes boundary and the Jaramillo subchron (Par�es
et al., 2018). Summarizing, and taking into account the
biostratigraphic information from TD6 (Cuenca-Besc�os et al., 1999,
2015), we consider that the TD6 hominins could be assigned to the
Marine Isotope Stage 21 (MIS 21).
2. Materials and methods

The present sample of permanent teeth from TD6.2 is curated
at the Museo de Burgos, Spain. This sample comprises a total of 46
teeth (Table 1). The outer enamel surface (OES) morphology of 25
specimens was described by Bermúdez de Castro et al. (1999a),
whereas the description of some features of the in situ teeth
preserved in the mandibles ATD6-96 and ATD6-113 was carried
out by Carbonell et al. (2005) and Bermúdez de Castro et al.
(2008). Here we present the unpublished information of 14
specimens, including those unerupted in the immature maxillae
ATD6-14 and ATD6-69 and in the immature mandibles ATD6-5
and ATD6-112, which were digitally extracted by means of mCT.
The mCT images and related information are available upon
request to the corresponding authors. Additional data of the in situ
teeth of the adult mandibles ATD6-96 and ATD6-113 are also re-
ported. Furthermore, we include a revision of the more diagnostic
features of the specimens published and figured by Bermúdez de
Castro et al. (1999a). Finally, and except for the trigonid crests
pattern in the H. antecessor molars, we describe for the first time
the enamel-dentine junction (EDJ) morphology of the TD6.2 per-
manent teeth. The evaluation of the morphological features has
been made from the original fossils and the virtual images. The
assignment of some of these teeth to a specific individual (from
hominin H1 to hominin H8) can be found in Bermúdez de Castro
et al. (2017c).

The mesiodistal (MD) and buccolingual (BL) dimensions of the
TD6.2 were measured by J.M.B.C. to the nearest 0.1 mm, following
the methods of Flechier, Lefêvre, and Verd�ene (Lefêvre, 1973). For
this purpose, we have used a specially designed calliper with wide,
flat and thin tips, and moving arms that allows taking measure-
ments in projection, when the reference points and planes are
placed at different levels. The Lefêvre (1973) method is particularly
useful when teeth are isolated but can be identically applied to both
isolated and in situ teeth. MD diameter is easily affected by prox-
imal wear, and is clearly decreased when occlusal wear is� grade 5
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(Molnar, 1971). Fortunately, the TD6.2 teeth are generally unworn
(grade 1 of theMolnar classification) or have little wear (grades 2 or
3). Apart from the MD and the BL, we have also calculated the
computed crown area (MD � BL) and the measured crown area,
following the technique described in Bermúdez de Castro et al.
(1999a).

Besides the absolute dimensions we have obtained two indices
(BL I2/BL M1) � 100 and (BL I2/BL M1) � 100. We selected the BL
diameter as it is the least affected by occlusal wear, except in
extreme cases where most of the crown is worn. We selected the
lateral incisor because this tooth captures key changes when size
expansion of the anterior teeth occurs, and the first molar because
it is the most stable of the molar series. The TD6.2 measurements
were compared with those of other hominins (Table 2 and Sup-
plementary Online Material [SOM] Table S1). We have taken these
measurements either from originals (Arago, Atapuerca-SH, Dma-
nisi, Montmaurin, Tighenif, Lazaret, La Quina 5, La Ferrasie 2, Hor-
tus, Macassargues, and a recent human sample of aboriginals from
Gran Canaria, Canary Islands) or from the literature (Blumenberg
and Lloyd, 1983; Hershkovitz et al., 2018; and references listed in
Bermúdez de Castro, 1986:Tables 5 and 6; Bermúdez de Castro
et al., 1999a).

The descriptive terminology used in this report derives from the
following sources: Carlsen (1987), Tobias (1991), Turner et al.
(1991), Scott and Turner (1997), Martin�on-Torres et al (2007,
2008, 2012:Table 4). The last reference includes a modified
version of the Arizona State University Dental Anthropological
System (ASUDAS) of scoring (Turner et al., 1991).

In order to study the morphological characteristics of the EDJ,
the TD6.2 teeth were scanned using the Scanco Medical AG Micro-
Computed Tomography 80 (70 kV and 114 mA) and the Phoenix v/
tome/xs of GE Measurement & Control (100e120 kV, 110e140 mA
and 0.2 Cu filter), housed at the Centro Nacional de Investigaci�on
sobre la Evoluci�on Humana (CENIEH) in Burgos, Spain. The
Table 2
Pliocene and Pleistocene dental specimens included in the comparative sample.

Species/sample

Paranthropus SK 52; SK 55; SK 839; OH 5
A. afarensis A.L. 128-23, A.L. 145-35, A.L. 161-40, A.L. 188-1, A

277-1a, A.L. 288, A.L. 311, A.L. 315, A.L. 330, A.L. 33
4, LH-5, LH-6, LH-11, LH-14, LH-17; MAK-VP1/4,

A. africanus GVH-1; MLD2, MLD11, MLD18, MLD23, MLD28, M
Stw252, Stw498; TM1514, TM1512 (see also Mo

H. habilis KNM-ER 808, KNM-ER 1805, KNM-ER 1813; OH
Dmanisib D211, D2280, D2600, D2735, D2700, D4500
H. erectus s.s Sangiran S4, S6, S7, S9, S17, S22, S1B, SB8103, BK

PMU 25719, PMU M3550, PMU M3549, and PMU
Xujiayaoa, Penghu 1 (Chang et al, 2014), Hexiana

East Africa late Early Pleistocene Uadi Aalad (UA 222, UA 339) and Mulhuli-Amo (
H. floresiensis LB1, 2015 LB1, LB2/2, LB6/1, LB6/14, LB15/1, LB15
North Africa Middle Pleistocene Tighenif I, II, and IIIa, Rabat, Thomas Quarry, Casa
European Middle Pleistocenec Atapuerca-SHa, Aragoa, Mauera, Montmaurina, Po
H. neanderthalensis Anglin, Arcy II, Cabezo Gordo, Chateauneuf, Ehrin

Ferrasie 2a, La Quina 5a, Lazaret Ia, Le Moustier 1
Ochoz, Pech de l'Az�ea, Petit-Puymoyen, Pinilla de
Tabuna, Valdegobaa, Vindija (G3), Zafarrayaa

H. sapiens Abri Pataud (1 and isolated teeth), Almonda (Zilh~a
Pavlova, Predmostí, Skhul (IV, V, VI), Misliya 1a, T
Spain)a, Canary Islandersa

Abbreviations: A.L.¼ localility fromHadar; FEJEJ¼ Fejej; LH¼ Laetoli; MAK-VP¼Maka; G
ER ¼ Kenyan National Museum-East Rudolf; Sts ¼ Sterkfontein; Stw ¼ Swartkrans; TM ¼
Bua Cave.

a Observations made on original fossils. All other observations are from the cast coll
Resolution Dental Casts Collection of the Universitat de Barcelona, Spain. When data we

b The Dmanisi hominins have been included in Homo aff. ergaster by Rosas and Bermúd
Rightmire et al. (2006, 2017). Due to its qualitative and quantitative importance, we pre

c Considering that the Atapuerca-SH hominins have been excluded from Homo heide
Middle Pleistocene sample, and that there is no data from other African specimens inclu
resultant slice thickness ranged between 18 and 36 mm for the
former and between 27 and 36 mm for the latter mCT system.
Tomographic data were processed and visualized with Amira 6.0.0.
software (Visage Imaging, Inc., Berlin). The segmentation of the
tissues was done semiautomatically with manual corrections and
no filters were applied.

Comparison of the OES and EDJ surfaces were made with
Pleistocene specimens from Africa and Eurasia obtained from
different databases such as NESPOS (www.nespos.org) and ESRF
paleontological microtomographic database (http://paleo.esrf.eu)
and from the literature (Table 2). Aware of the lack of consensus in
the taxonomic assignment of many specimens, we have used the
terms Homo erectus sensu lato (s.l.), Asian H. erectus, or African
H. erectus.

3. Results

3.1. Absolute and relative crown dimensions

In general, the mesiodistal (MD) and buccolingual (BL) crown
dimensions of the TD6.2 teeth are large (Table 3) and comparable to
those of the other African and Eurasian Early and Middle Pleisto-
cene hominins (including Dmanisi), H. erectus s.l., and Homo hei-
delbergensis (Blumenberg and Lloyd, 1983; Bermúdez de Castro
et al., 1999a; Zanolli et al., 2014). The smallest TD6.2 teeth are
those belonging to ATD6-96, the M3 being particularly reduced
(Table 3). For the rest of the teeth, the dimensions exceed the mean
values of the Atapuerca-SH hominins and the Neanderthals. It is
important to point out that the anterior teeth of most Neanderthal
specimens (e.g., Krapina) are characterized by having absolute and
relatively large dimensions, comparable to those of the TD6 hom-
inins. It is also interesting to note that compared to early Homo
(Homo habilis and/or Homo rudolfensis), TD6 postcanine teeth have
undergone a significant reduction whereas the anterior teeth have
Specimens

.L. 198-1, A.L. 199-1, A.L. 200, A.L. 207-13, A.L. 241-14, A.L. 249- 26, A.L. 266-1, A.L.
3, A.L. 400, A.L. 417, A.L. 444, A.L. 486-1, A.L. 487, A.L. 620, A.L. 651; FEJEJ, LH-3, LH-
MAK- VP1/12
LD45; Sts12, Sts17, Sts22, Sts24, Sts52, Sts56, Stw13, Stw73, Stw151, Stw183,

ggi-Cecchi et al., 2006)
6, OH 7, OH 13, OH 16, OH 21, OH 24, OH 39, OH 44; SK 27

7905, NG8503; Trinila; Zhoukoudian PA66a, PA67a, PA68a, PA110a, PA69a, PA70a,
M3887 (Zanolli et al., 2018), and (Weidenreich, 1937), Yiyuana, Panxian Dadonga,
, Konso-Gardula (Suwa et al., 2007)
MA 93) (Buia) (Zanolli et al., 2014)
/2 (Kaifu et al., 2015)
blanca, Jebel Irhoud (Hublin et al., 2017)
ntnewyyd, Steinheim, Mala Balanica, BH-1 (Roksandic et al., 2011)
gsdorf, Engis II, Fondo Cattíe, Gibraltar (Devil's Tower), Kebara, Krapina, Kulna 1, La
, l'Hortusa, Macassargues (isolated M2)a, Malarnauda, Monte Circeoa, Mosempron,
l Valle (Madrid, Spain)a, Saccopastorea, Saint Cesaire, Shanidar, Sidr�on (005,008),

o, 1997), Brassempouy, Caldeirao (Trinkaus et al., 2001), Dolni Vestonicea, Mladec,
rou Magritte, Wad; Hispanic-Muslim medieval collection of San Nicol�as (Murcia,

VH¼Gladysvale; MLD¼Makapansgat Limeworks Dumps; Sts¼ Sterkfontein; KNM-
Transvaal Museum, Kromdraai; OH ¼ Oldupai Gorge; SK ¼ Swartkrans; LB ¼ Liang

ections of the American Museum of Natural History, New York USA, and the High
re also collected from the literature, the reference is given.
ez de Castro (1998), Homo georgicus by Gabounia et al. (2002), and Homo erectus by
fer to use this sample as an independent identity.
lbergensis (see Arsuaga et al., 2014), which represent the majority of the European
ded by some authors in this species, we prefer to avoid the use of this taxon.

http://www.nespos.org
http://paleo.esrf.eu


Table 3
Measurements of mesiodistal (MD) and buccolingual (BL) diameters (in mm) of the
TD6.2 permanent teeth. Non-erupted teeth or those in process of eruption could not
be measured.

MD BL MD BL

I1 I1 ATD6-52 e 7.6
I2 ATD6-69 8.3 8.2 I2 ATD6-2 7.0 7.8

ATD6-143 8.0 8.6 ATD6-48 7.8 7.7
ATD6-146 7.4 7.0

C1 ATD6-13 8.9 11.0 C1 ATD6-1 8.1 10.0
P3 ATD6-7 8.4 11.7 P3 ATD6-3 8.8 10.6

ATD6-69 8.8 11.5 ATD6-96 8.0 9.7
P4 ATD6-8 8.1 11.6 P4 ATD6-4 8.2 10.2

ATD6-69 _ 11.6 ATD6-96 7.6 9.4
ATD6-125 8.3 10.5

M1 ATD6-10 12.1 13.1 M1 ATD6-5 12.2 11.8
ATD6-69 11.9 12.1 ATD6-96 10.5 11.0
ATD6-103 12.7 12.9 ATD6-94 13.0 11.8

M2 ATD6-12 12.1 13.7 M2 ATD6-5 13.5 12.0
ATD6-96 12.3 11.0
ATD6-113 13.0 11.6
ATD6-144 13.8 11.6

M3 e M3 ATD6-96 9.2 8.8
ATD6-113 12.1 10.4

Table 4
Ratio between the buccolingual (BL) diameter of the upper lateral incisor (I2) and the
BL diameter of the upper first molar (M1) (i.e., [BL I2/BL M1] � 100) in different
hominins and hominin samples.

BL I2 BL M1 (BL I2/BL M1) x 100

(Range) n X

̄

SD
(Range)

AL 200-1a 7.3 13.3 54.9
LH-6 7.4 14.0 52.8
STS52 7.0 14.0 50.0
TM 1512 5.6 13.6 41.2
SK 55 6.3 14.4 43.7
SK 52 6.8 16.6 41.0
SK 839 6.0 14.0 39.3
OH5 7.6 17.7 42.9
KNM-ER 808 7.7 13.0 59.2
KNM-ER 1805 5.5 13.2 41.7
KNM-ER 1813 5.8 12.5 46.4
SK 27 7.6 13.2 60.1
OH 16 7.8 14.7 54.4
Dmanisi D2677/D2700 6.9 12.9 53.5
Sangiran 1B 10.0 13.7 73.0
Rabat 8.5 12.0 70.8
Thomas III 8.2 14.0 58.6
ZKD 01 8.0 12.4 64.5
KNM-WT 15.000 8.5 12.2 69.7
ATD6-69 8.2 12.1 67.8
Atapuerca-SH (7.4e8.2) (11.4e12.3) 5 66.4 1.8

(64.3e69.3)
Neanderthals (7.7e9.2) (11.3e13.1) 13 70.8 2.8

(66.6e76.4)
Skhul (7.1e8.0) (11.1e11.4) 4 64.5 6.1

(56.7e71.4)
Misliya 1 7.7 12.3 62.6
Qafzeh (7.4e8.1) (11.1e13.2) 5 62.8 4.2

(56.0e66.6)
Modern humansa (5.6e7.3) (10.0e12.0) 19 57.3 4.9

(47.8e65.2)

a Aboriginals (recent modern humans) from G�aldar, Gran Canaria (Canary
Islands).

Table 5
Ratio between the buccolingual (BL) diameter of the lower lateral incisor (I2) and the
BL diameter of the lower first molar (M1) (i.e., [BL I2/BL M1] � 100) in different
hominins and hominin samples.

BL I2 BL M1 (BL I2/BL M1) x 100

(Range) n X

̄

SD
(Range)

AL 400-1A 7.5 12.7 59.0
A. africanusa (6.5e8.5) (11.3e13.0) 4 60.4 1.9

(57.6e61.8)
Paranthropusb (6.4e8.1) (13.5e15.4) 7 50.3 6.2

(41.8e51.9)
KNM-ER 820 6.2 10.7 57.9
OH 7 7.4 12.5 57.9
OH 16 7.6 12.8 59.4
Dmanisi D211 6.7 12.6 53.2
Dmanisi D2854/2735 7.4 11.2 66.1
KMN-WT 15000 8.2 11.2 73.9
Zhoukudianc (6.7e7.3) (10.6e10.9) 4 63.2 4.7

(58.4e68.9)
ATD6-2/ATD6-5d 7.8 11.8 66.1
Rabat 7.5 11.0 68.2
Mauer 7.8 11.2 69.6
Atapuerca-SH (6.6e8.1) (9.7e11.6) 14 69.9 2.9

(64.1e73.8)
Neanderthals (7.0e8.7) (9.8e12.1) 18 70.9 3.5

(63.8e78.1)
Skhul 4 7.1 11.2 63.4
Skhul 5 7.0 11.5 60.9
Modern humanse (5.0e7.3) (9.3e12.0) 97 57.8 4.1

(46.7e69.0)

a This sample includes the following specimens: MLD 18, STS 7, STS24, and STS
52.

b This sample includes Paranthropus robustus (SK 23, SK 34, SK 74, SK 845, and SK
858) and Paranthropus boisei (KNM-ER 3230 and Natron).

c This sample includes individuals A1, B1, G1, and H4 from Zhoukoudian.
d These teeth belong to the same individual.
e This sample is formed by aboriginals (recent modern humans) from the Canary

Islands.
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enlarged (Bermúdez de Castro et al., 1999a). Therefore, the absolute
dimensions of the TD6 anterior and postcanine teeth are derived for
the Homo clade. An additional and interesting question is whether
the expansion of the anterior teeth in H. antecessor, a feature shared
with all African and Eurasian Middle Pleistocene Homo specimens
(Wolpoff, 1980), is quantitatively larger, smaller or similar to the
degree of postcanine reduction.

In order to answer this question, we compared the BL diam-
eter of the I2 and M1 of different hominins (Table 4). As expected,
the index is particularly low in Paranthropus, since their anterior
teeth are very small and their posterior teeth are extremely large
(Fig. 1). The index is equally low in Australopithecus. In this genus,
the posterior dentition is large, but the anterior teeth are clearly
larger than in Paranthropus (Fig. 1). The primitive condition for
the Homo clade is not very different from that observed in Aus-
tralopithecus, whereas the value of the index tends to be larger in
other Early and Middle Pleistocene Homo: H. erectus s.l.,
H. antecessor, and H. neanderthalensis. Note that the high index
obtained in H. neanderthalensis is due to the high BL diameter of
the I2 (Fig. 1). The index is low in recent H. sapiens, due to a
greater reduction of the postcanine teeth compared to the
reduction in the anterior teeth (Table 4; Fig. 1). The index of early
H. sapiens specimens such as Skhul, Qafzeh and Misliya 1 tend to
have intermediate values between recent H. sapiens and Nean-
derthals. The index of the specimen ATD6-69 is close to that of
H. erectus s.l., the Atapuerca-SH hominins, and some
Neanderthals.

Similar results were obtained with the study of the lower
dentition (Table 5). The index is low in Paranthropus, due to the
great size of the postcanine teeth. Higher values of the index are
obtained in Australopithecus and early Homo due to a significant
reduction of the posterior teeth and no differences are found be-
tween them, although the small sample sizes call for caution.



Table 6
Main morphological enamel features of the TD6.2 permanent teeth according to
ASUDAS modified version of Martin�on-Torres et al (2012:Table 4).

Upper Morphological enamel features

I1 Shovel shape (grade 4)
Labial convexity (grade 3)

I2 Shovel shape (grades 4e5). Triangular shovel shape.
Tuberculum dentale (grades 4e5)
Labial convexity (grades 3e4)

C1 Shovel shape (ASUDAS grade 4)
Mesial marginal ridge (grade 1)
Distal accessory ridge (grade 1)
No developed cingulum.

P3 Buccal essential ridge (grade 2)
Lingual essential ridge (grade 2)
Buccal cusp larger and taller than the lingual cusp.
Position of the tip of the lingual cusp mesial compared to the tip of
the buccal cup.
Vestiges of buccal cingulum.
Bulging of the upper half of the buccal face.
P3 > P4

P4 Buccal essential ridge (grade 2)
Lingual essential ridge (grade 2)
Buccal cusp larger and taller than the lingual cusp
Tips of the lingual and buccal cusps aligned, except in ATD6-69 (like
in P3)
Vestiges of buccal cingulum
Bulging of the upper half of the buccal face
P4 < P3

M1 Skewed external outline with a bulging protrusion of the hypocone.
Rhomboidal and compressed occlusal polygon.
Largest cusp: protocone.
Smallest cusp: metacone (grade 4)
Carabelli (grade 2)
No C5 (grade 0)
Crista obliqua (grade 1)
No transverse crest (grade 0)
No mesial marginal accessory tubercles (grade 0)
No parastyle (grade 0)
Crenulated enamel surface (dendritic-like pattern) except ATD6-10
and ATD6-11
M1 < M2

M2 Largest cusp: protocone
Smallest cusp: metacone (grade 4) or hypocone (grade 3)
Carabelli (grade 2 in ATD6-12, grade 0 in ATD6-69)
C5 (grade 2 in ATD6-12, grade 0 in ATD6-69)
Crista obliqua (grade 1)
No transverse crest (grade 0)
No mesial marginal accessory tubercles (grade 0)
No parastyle (grade 0)
Crenulated enamel surface (dendritic-like pattern)
M2 > M1

M3 Reduced
No other morphological description is possible

Lower Morphological enamel features

I1 Shovel shape is faint (grade 1)
Labial convexity is pronounced (grade 4)
Tuberculum dentale (grade 0)
Buccolingually expanded

I2 Shovel shape (grade 2e3)
Labial convexity (grade 3e4)
Tuberculum dentale (grade 0)
Buccolingually expanded

C1 Shovel shape (ASUDAS grade 3)
Lingual marginal ridges are well developed (especially the distal
one)

P3 Transverse crest (grade 2)
Lingual cusps (grade 5)
Strongly asymmetrical outline
Remarkable talonid
Large occlusal polygon
Marginal ridges that connect with the cingulum
Two roots (mesiobucal root with two pulp canals and distolingual
root with a single canal)
P3 > P4

Table 6 (continued )

P4 Transverse crest (grade 1e2)
Lingual cusps (grade 5)
Asymmetrical outline
Mesially displaced metaconid
Remarkable talonid
Large occlusal polygon
Two roots (mesiobucal root with two pulp canals and distolingual
root with a single canal)
P4 < P3

M1 Anterior fovea (grade 2)
Discontinuous mid-trigonid crest (grade 1) except ATD6-112 (grade
2)
Discontinuous distal trigonid crest (grade 1)
No deflecting wrinkle (grade 0) except ATD6-5 and ATD6-94 (grade
2)
C5 (grade 4e5)
No C6 (grade 0) except ATD6-94 (grade 2)
No C7 (grade 0) except ATD6-94 (grade 2)
No protostylid (grade 0)
Y-pattern
Crenulated enamel surface (dendritic-like pattern)
M1 < M2

M2 Anterior fovea (grade 2)
Discontinuous mid-trigonid crest (grade 1) except ATD6-5 and
ATD6-94 (grade 2)
Discontinuous distal trigonid crest (grade 1)
No deflecting wrinkle (grade 0)
C5 (grade 4e5)
No C6 (grade 0)
No C7 (grade 0) except ATD6-5 (grade 3)
No protostylid (grade 0)
Y-pattern
Crenulated enamel surface (dendritic-like pattern)
Mesotaurodontism and hypotaurodontism

M3 Anterior fovea (grade 0) except ATD6-113 (grade 2)
Discontinuous mid-trigonid crest (grade 1) except ATD6-113 (grade
2)
Discontinuous distal trigonid crest (grade 1)
No deflecting wrinkle (grade 0)
C5 (grade 3e4)
C6 (grade 1e2)
No C7 (grade 0) except ATD6-5 (grade 4)
No protostylid (grade 0) except ATD6-96 (grade 1)
Y-pattern (except ATD6-96)
Crenulated enamel surface (dendritic-like pattern)
Mesotaurodontism and hypertaurodontism
Reduced
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Homo erectus s.l. and H. antecessor exhibit a greater value of the
index, due to an even greater reduction of the postcanine teeth. In
contrast, the Atapuerca-SH hominins and the Neanderthals share a
relative increase of the anterior dentition with regard to the post-
canine dentition, yielding a high BL I2/BL M1 index. As in the upper
dentition, this index suggests that the TD6 hominins are placed in
an intermediate situation between early Homo and the Atapuerca-
SH/Neanderthals specimens, showing a balanced size relationship
between the anterior and posterior dentition (see additional ana-
lyses concerning this feature in Bermúdez de Castro, 1999a).

The size relationship between M1 and M2 can be evaluated in
the mandibles ATD6-5 (H1) and ATD6-96 (H6). In both cases M1 is
smaller than M2. Using the computed crown area (MD � BL), in
ATD6-96 the values are M1 (115.5) < M2 (135.5). In ATD6-5 the
values are M1 (143.9) < M2 (162.0). The size relationship between
theM1 andM2 in TD6.2 is primitive for the genusHomo, a condition
which is also present in Australopithecus and Paranthropus
(Wolpoff, 1971). The M1 < M2 size relationship is almost a constant
in H. erectus s.l., and H. heidelbergensis (Mauer, Arago 13, and Arago
2), with the exception of OH 22, Thomas 1, Arago 89, and inter-
estingly in the specimens D 211 and D 2735 from Dmanisi (but not
in D 2600). Some of the Middle Pleistocene hominins show a



Figure 1. Scatterplot representing the buccolingual diameter (BL) of the M1 (x axis) and the BL of the I2 (y axis). Ellipses of equiprobability (p ¼ 0.8) are represented for each species.
AUS/PAR ¼ Australopithecus/Paranthropus; ERH ¼ early Homo; ESAP ¼ early Homo sapiens; ERE ¼ Homo erectus; SAP ¼ Homo sapiens; NEA ¼ Homo neanderthalensis; SH ¼ Sima de
los Huesos; TD6 ¼ Homo antecessor.
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similar size relationship betweenM1 andM2, such as KNM-BK 8518
and Tighenif 2. However, the derived condition, M1 >M2, appeared
in Eurasia during the Middle Pleistocene, and can be found in
specimens such as ZKD G1, ZKD K1, and ZKD 17 from Zhoukoudian,
Montmaurin (France) and most of the Atapuerca-SH individuals.

Concerning the maxillary dentition, and using the computed
crown area, the pattern in individual H1 is M1 (158.5) <M2 (165.8).
This is the primitive pattern for the Homo clade, and is also the
usual pattern in Australopithecus and Paranthropus (Wolpoff, 1971).
Except in D 2282, Sangiran 17, ZKD H3, and Petralona, the M1 < M2

pattern is the norm in the Early and Middle Pleistocene hominins.
The condition, M1 > M2 appeared in Europe during the Middle
Pleistocene, according to our observations, in the Atapuerca-SH
hominins. This derived condition is also frequent in Neanderthals
and modern humans.

Additional information on the crown index and other inter-
dental indices of the TD6.2 dental sample can be found in
Bermúdez de Castro et al. (1999a).

3.2. OES and EDJ morphology

Upper central incisors (I1): ATD6-14 This tooth has been virtually
extracted from themaxilla bymeans of mCT, so it is the first time that
themorphology of an upper central incisor fromH. antecessor can be
studied (Fig. 2). It belongs to an immature individual so
approximately one-third of the crown and the whole root are not
yet developed. The crown presents a longitudinal linear fracture
along its mesial marginal ridge. From the buccal and the lingual
aspects, the contour is rectangular, and the marginal ridges run
parallel. There are several longitudinal wrinkles running along the
enamel labial surface. From the lingual aspect, we identify a
pronounced shovel shape (grade 4) where the distal marginal
ridge is slightly shorter than the mesial one (Table 6). From half of
the preserved crown, two strong ridges or spines are present,
corresponding to a tuberculum dentale of grade 4. Unfortunately,
labial convexity cannot be fully assessed since approximately the
cervical third is missing, but there is at least a moderate labial
convexity (grade 3).

At the dentine level, both marginal ridges are parallel and
particularly marked, forming a pronounced shovel shape (Fig. 3).
While the enamel wrinkles at the labial and lingual surface are
clearly visible, at the dentine we can see only traces of two ridges
that would correspond to the tuberculum dentale. Although the
incompleteness of the crown prevents a proper assessment of the
labial convexity, ATD6-14 presents at least weak to moderate
convexity.

The degree of labial convexity in early Homo and African Early
Pleistocene hominins tends to be weak and never exceeds a grade 3
(e.g., OH-16, KNM-ER 1590) whereas the expression of this feature
in the Early Pleistocene specimens from Asia ranges frommoderate
to strong (e.g., S7-48). With a grade 3, ATD6-14 would be in be-
tween the Early Pleistocene African and the East Asian groups, and
would be similar to that of the I1 D2736 fromDmanisi. Shovel shape
is a variable feature in both its degree and frequency of expression
(e.g., Irish, 1993; Crummett, 1995), but the highest degree of
shoveling (grades 5 and 6) is characteristically found in the Nean-
derthal lineage, although isolated exceptions can be also identified
in the Middle (e.g., ZKD 2 and ZKD PA-66 from Zhoukoudian) and
Late Pleistocene (Tongzi) fossils from Asia. The pronounced shovel
shape of ATD6-14 exceeds the degrees usually found in the Early
Pleistocene fossils from Africa and Asia, including D2736 from
Dmanisi, and is closer to that found in the Middle Pleistocene
hominins from Europe, Asia and the Neanderthals. Regarding the
morphology of the lingual surface, ATD6-14 shows two finger-like
extensions that can be considered as primitive and similar to the
spines developed by other Early Pleistocene hominins from Africa
(e.g., KNM-ER 1590; KNM-WT 15000) and Early and Middle Pleis-
tocene hominins from Asia (ZKD 2, Yuanmou, Panxian Dadong).



Figure 2. Virtual images of the crown of the permanent teeth included in the maxilla ATD6-14 and in the mandible ATD6-112 (immature individuals H2 and H8, respectively). The
maxilla of the H2 includes from the left I1 to the left P3, whereas the mandible ATD6-112 includes the M1.
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Although the crown is not complete, it seems that a well-
circumscribed basal eminence, as is typically found in European
Middle Pleistocene hominins, Neanderthals, and some East (S7-1,
S7-48) and West Asian Early Pleistocene specimens (D2736), is
absent in ATD6-14.

The smooth labial surface of ATD6-14 at the EDJ contrasts with
the remarkable expression of labial wrinkles at the EDJ and the pulp
cavity limits of Asian specimens such as Zhoukoudian (PA66) and
Hexian (PA835) I1 (Xing et al., 2014, 2018).
Upper lateral incisors (I2): ATD6-312, ATD6-143, ATD6-69, ATD6-
14 The state of preservation is excellent except for a small crack
at the root tip of ATD6-143 (Fig. 4). ATD6-312 is a dental germ and
the cervical third of the crown and the roots are not developed.
ATD6-14 is still inside the immature maxilla ATD6-14 (Bermúdez
de Castro et al., 1999a) and has been virtually extracted by means
of mCT (Fig. 2).

From both the labial and lingual aspects, the crowns display a
subrectangular contour, where the mesial marginal ridge is larger
than the distal one, so the incisal edge ascends distally. Compared
to ATD6-312 and ATD6-14, the marginal ridges of ATD6-143 are
less parallel and diverge towards the incisal edge, in a similar way
to ATD6-69 I2. The marginal ridges are greatly thickened (grade 5
of shovel shape) and the tuberculum dentale is pronounced
(grade 4 in ATD6-312 and grade 5 in ATD6-143; Table 6). In ATD6-
14 the marginal ridges are also thick, showing shovel shape of
grade 4. In ATD6-312, the tuberculum dentale is attached to the
distal marginal ridge, as also happens in ATD6-69, whereas in
ATD6-143, there is a groove separating the two. In ATD6-143 and
ATD6-312 we identify a deep and narrow longitudinal groove in
the lingual surface. In ATD6-143 (as in ATD6-69) this groove di-
vides the inflated essential ridge into two components. In addi-
tion, in these teeth, the mesial marginal ridge is separated from
the essential ridge by an additional groove. In ATD6-14 there is a
pronounced narrow depression that divides the essential ridge
into two components. From the occlusal aspect, ATD6-143, and
ATD6-14 show pronounced labial convexity (grade 4) whereas in
ATD6-312 the convexity is moderate (grade 3). In all the speci-
mens, the deep longitudinal groove and angled incisal edge
contribute to the ‘V’ occlusal section characteristic of the ‘trian-
gular shovel shape’ (Martin�on-Torres et al., 2007, 2012). The root
of ATD6-143 is robust and relatively straight. From the lateral
view, the labial side is more convex than the lingual one. There is
a moderate longitudinal depression running along its distal sur-
face that constricts the oval-shaped section of the root. The root
apex of ATD6-69 remains open (stage G of the Demirjian et al.,
1973 classification).

The marginal ridges are also thickened at the dentine level
forming a pronounced shovel shape. The distal marginal ridges are
shorter than the mesial ones and both tend to diverge towards the
incisal edge (Fig. 3). This feature, together with the deep longitu-
dinal groove in the lingual surface, provides the distinctive trian-
gular shovel shape at the EDJ also. Except for the incomplete crown
of ATD6-14, the other three specimens exhibit a pronounced
tuberculum dentale at the EDJ. The strongest tubercle is from that
of ATD6-143, and it is separated from the distal marginal ridge by a
groove. The free apex is connected to awell-developed longitudinal
ridge that runs towards the incisal edge. This finger-like ridge is
placed between the distal marginal ridge and the deep longitudinal
groove that, in ATD6-143 and ATD6-312, divides the essential ridge
into two components. The labial convexity of the specimens is
ranged between the weak degree in ATD6-312 to very strong in
ATD6-14, ATD6-69 and ATD6-143.

Labial convexity in H. antecessor I2 ranges from moderate to
strong. With a few early H. sapiens exceptions (DV15, and Qafzeh 6
and 15), the highest degree of expression for this feature is exclu-
sive to the Early (e.g., S7-2, S7-56) and Middle Pleistocene (ZKD 6,



Figure 3. The EDJ surfaces of the upper permanent TD6.2 teeth obtained from mCT. The images are not scaled.
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ZKD 7, Atapuerca-SH) populations from Eurasia and Neanderthals.
A labial convexity weaker than degree 3 is observed in UA 22 from
Buia (Zanolli et al., 2014). Shovel shape is also marked in the TD6.2
hominins. However, the particularity of H. antecessor relies not on
the degree of expression of the marginal ridges (which is at the
upper limit of the Early Pleistocene populations from both Asia and
Africa) but in the expression of a type of triangular shovel shape
(Martin�on-Torres et al., 2007, 2012). TD6 hominins present an
incipient form of this triangular shovel shape, where the marginal
ridges diverge towards the incisal edge instead of running parallel,
and the lingual fossa is slightly more spacious than in European
Middle Pleistocene populations and Neanderthals. A similar mar-
ginal ridge development was noticed by Mizoguchi (1985) in the
Sangiran and Zhoukoudian assemblages. The expression of a pro-
nounced tuberculum dentale (�3) is also infrequent in other Early
Pleistocene populations from Africa with the isolated exception of
KNM-ER 808 and OH-39. Homo antecessor I2 are also different from
that found in the Early Pleistocene locality from Buia, Eritrea
(Zanolli et al., 2014), which lacks shovel shape and a distinct
tuberculum dentale. Overall, this “mass-additive” (term by Irish,
1993) combination of features found in H. antecessor I2 is absent
in the African Early and Middle Pleistocene populations from Africa
(with possibly one exception, that of the Middle Pleistocene spec-
imen OH-29) and falls in the so-called Eurasian dental pattern
(Martin�on-Torres et al., 2007).
Upper canines (C1): ATD6-13, ATD6-14, ATD6-69 The C1 ATD6-14
has been virtually extracted from the maxilla ATD6-14. This tooth
belongs to an immature individual so less than half of the crown
and the whole root are not yet developed (Fig. 2). The description
of the crown of the canine included in the maxilla ATD6-69 was
carried out by Bermúdez de Castro et al. (1999a), but this is the
first time that this tooth has been virtually extracted from this
specimen and can be observed in its whole.

The C1 of ATD6-14 is perfectly preserved. In both lingual and
buccal views, this tooth exhibits a pentagonal contour with the
distal occlusal arm being longer and more inclined than the mesial
one. The mesial marginal ridge is larger than the distolingual one,
but it is not possible to know if it was attached to a tuberculum
dentale (grade 1 of mesial canine ridge; Table 6). A marked ridge is
present at the lingual face, near the mesial marginal ridge, but since
the crown is not completed it is not possible to ascertain the
morphology of the tuberculum dentale. The C1 of ATD6-69 is also



Figure 4. Some of the TD6.2 permanent teeth: I2 ATD6-146; I2 ATD6-143; P4 ATD6-125; M2 ATD6-144; M1 ATD6-94; and M1 ATD6-103. Bermúdez de Castro et al. (1999a,b) and
Bermúdez de Castro et al. (2008) published images of the TD6.2 permanent teeth recovered during the 1990s, as well as those of particular specimens recovered during the first
years of the 21st century.
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well preserved. This tooth did not reach the occlusal plane, so it is
unworn (grade 1). As in the C1 of ATD6-14 and ATD6-13, the
occlusal edge of ATD6-69 is asymmetrical, the mesial cutting edge
being shorter and less inclined than the distal one. The marginal
ridges are clearly pronounced forming a shovel shape of grade 4.
The mesial marginal ridge in both canines is somewhat larger than
the distal one (grade 1 of mesial canine ridge). The upper half of the
buccal face shows some grooves and gentle enamel wrinkles
running vertically along the crown. In both C1 the lingual face ex-
hibits a strong essential ridge, separated by a groove from the
mesial marginal ridge and delimited by the central grove. The distal
accessory ridge is barely expressed in both ATD6-13 and ATD6-14
(grade 1). The roots are single, long and mesiodistally com-
pressed. The developmental state of the ATD6-69 root matches
stage F of Demirjian et al. (1973).
Regarding the inner morphology of the upper canines (Fig. 3),
we can see the asymmetry between the shorter mesial cutting edge
and the large distal one. The marginal ridges, particularly the
mesial ones, are pronounced, and in both ATD6-13 and ATD6-14,
the essential ridge adopts the shape of a conspicuous ridge that
runs from the basal eminence towards the incisal edge. Due to the
incompleteness of the crown, we cannot assess the presence of a
tuberculum dentale in ATD6-14, but there are traces of ridging in
ATD6-13 and ATD6-69.

The well-preserved C1 from Dmanisi, D 2732 is one of the best
references to explore the primitive morphology of this tooth class
in early Homo. The canine of Dmanisi has a symmetrical contour
viewed buccally or lingually, with both mesial and distal edges
showing the same length. The marginal ridges are thickened and
tubercle-like, well delimited in both the lingual and labial surfaces.
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Moreover, the Dmanisi canine exhibits a prominent essential ridge,
and a strong basal cingulum is expressed along the labial surface
(Martin�on-Torres et al., 2008). These features are similar to those
described in Australopithecus africanus and H. habilis (Robinson,
1956; Tobias, 1991). This primitive morphology undergoes a deep
change in other laterHomo populations; while the cingulum and/or
a sharply pointed cusp are present in some H. erectus s.l. (e.g., KNM-
WT 15000), the tubercle-like marginal ridges are lost. Although
these tubercle-like ridges are present in the deciduous canine of the
ATD6-14 specimen (Bermúdez de Castro et al., 1999a), permanent
TD6.2 canines have lost these features. Overall, the C1 of TD6 showa
derived morphology with regard to early Homo, and despite the
crown and root robustness, the morphology is incisor-like.
Compared to later Homo, such as Neanderthals and H. sapiens, the
thick marginal ridges and the inflated essential ridge confer a less
derived aspect to the TD6.2 canines. The root of the TD6.1 C1 is
mesiodistally compressed, so it departs from the conical shape seen
in the Dmanisi and Asian H. erectus.
Upper third premolars (P3): ATD6-7, ATD6-13, ATD6-14, left and
right ATD6-69 The only unpublished TD6.2 P3 was virtually
extracted from the maxilla ATD6-14. Only a minimal part of the
crown was developed, which includes the lingual and buccal
cusps. They are joined by the mesial marginal ridge and by the
buccal and lingual essential ridges (Fig. 2), which are apparently
connected by a transverse crest (grade 1). The buccal cusp is
taller than the lingual one.

In all the P3 the buccal cusp is clearly larger and taller than the
lingual cusp (Table 6). On average, the area of the buccal cusp of the
P3 of the H1 (ATD6-7 and ATD6 13) and H3 (right and left P3 of
ATD6-69) represents 59.7% of the total measured crown area
(Bermúdez de Castro et al., 1999a). Although we cannot obtain the
computed crown area of the cusps of the P3 of ATD6-13, it is evident
from Figure 2 that the buccal cusp is also greater than the lingual
cusp. The tip of the lingual cusp is mesially displaced with regard to
the tip of the buccal cusp. The buccal essential ridge is bifurcated
(grade 2) in the P3 of the H1 and H3. The lingual essential crest is
also bifurcated (grade 2), but the ridges are less conspicuous
(except in the right P3 of ATD6-69, see Bermúdez de Castro et al.,
1999a). All the P3 display a distal accessory ridge. The sagittal
fissure is slightly convex in all TD6 P3. It separates the main cusps
and ends in deep, fissure-like and buccally-placed anterior and
posterior foveae. The sagittal fissure cuts both the mesial and the
distal marginal ridges and delimits minor accessory tubercles. In
occlusal view, the upper half of the buccal surface is remarkably
bulging, although a well-developed cingulum is missing. In mesial
and distal views, the buccal bulging is also evident. The upper re-
gion of the buccal face is furrowed by some enamel ridges delimited
by shallow occlusal-cervical grooves that could represent the
vestige of a cingulum. The massive roots of the P3 of individual H1
bifurcate 5 mm away from the cervical enamel junction into a
buccal and a lingual component. Each radical has its own canal and
they are joined by a dentine/cementum sheet. The developmental
state of the ATD6-69 root matches stage F of the Demirjian et al.
(1973) classification.

At the dentine level, the lingual cusp is smaller than the buccal
one, and the tip is slightly mesially displaced with regard to the tip
of the buccal one (Fig. 3). The occlusal surface is complicated by the
expression of several ridges. In the buccal cusp, ATD6-7 shows
three dentine ridges that could potentially correspond to a bifur-
cated essential crest and a distal accessory ridge, whereas the
ridges at the lingual cusp could correspond to a bifurcated lingual
cusp. The ridges are similar in ATD6-13, although less pronounced
than in ATD6-7. The occlusal surface of ATD6-69 is remarkably
simpler, but we have to be cautious with this statement since the
resolution of the scan of the in situ teeth is lower than that of the
isolated specimens. It is interesting to note a thin but continuous
transverse crest connecting the main cusps in both ATD6-7 and
ATD6-13, absent from ATD6-69 premolars. These continuous crests
are not reflected at the OES. Due to the early state of crown
development in ATD6-14, we can only assess that the buccal cusp is
taller than the lingual one, and looking at the enamel we could
predict a continuous transverse crest at the dentine.

Apparently, the morphology of permanent upper premolars is
not taxonomically very discriminative (Martin�on-Torres et al.,
2008). However, the geometric morphometric study of the
occlusal outline of the P3 carried out by G�omez-Robles et al. (2011a)
found some discriminant features which allow one to distinguish a
primitive morphology from a derived one. The significant reduction
of the lingual cusp and the generally symmetric crown outline of
the TD6 P3 can be considered derived features for the genus Homo
that are present in the Atapuerca-SH hominins and the Neander-
thals. However, the TD6 P3 do not show the reduction of the
occlusal polygon characterizing the Neanderthals and the
Atapuerca-SH hominins (G�omez-Robles et al., 2011a). Interestingly,
the Arago P3 (Arago 7, Arago 16, and Arago 36) are more primitive
than the TD6 P3 by having buccal and lingual cusps of similar area
and by the obliquity of their sagittal fissure.

The contour of Zhoukoudian PA67 P3 is more asymmetrical than
that of TD6 P3 (Xing et al., 2018). Furthermore, and unlike the P3 of
TD6.2, PA67 exhibits a continuous transverse crest, a feature which
is more frequent in Asian H. erectus (ZKD 16, Sangiran 4, Sangiran
7e35, Xichuan PA543, and Hexian PA832). It is also present in
Dmanisi D3672 and a few Atapuerca-SH specimens, and very rare
in African H. erectus (Xing et al., 2018). The presence of this feature
in the LB1 P3 and its almost total absence in the P3s of H. sapiens
lead Kaifu et al. (2015) to consider the expression of a transverse
crest the primitive condition for the Homo clade. However, beyond
characteristically higher frequencies in Asian H. erectus, the taxo-
nomic utility of these features may be limited.

Another interesting aspect is the bulging buccal surface of the
TD6 P3, a feature shared with the European and Middle Pleistocene
hominins and the Neanderthals, as well as with Asian H. erectus
(Lumley et al., 1972; Bermúdez de Castro, 1988; Martin�on-Torres,
2006; Xing et al., 2018). This feature is not present in H. habilis,
African H. erectus (Kimbel et al., 1997) and Dmanisi P3 (Martin�on-
Torres et al., 2008). It seems, therefore, that the bulging of the
buccal face could be a derived trait of the Eurasian Early andMiddle
Pleistocene Homo species. The bulging is not present in H. sapiens,
but its absence may be related to the general reduction of the
dentition in this species.

Also noteworthy is the robustness of the roots, similar to that of
other Pleistocene hominins included in H. erectus s.l., like Zhou-
koudian (PA67) or the Arago specimens. Despite that, the root
morphology is simpler than the three-rooted specimens found
within Australopithecus, H. habilis (KNM-ER, 1808), Hexian (PA832),
and some specimens from the East Asian Early Pleistocene of
Pucangan (Sangiran 7e35;Ward et al., 1982;Wood, 1991, Grine and
Franzen, 1994; Moggi-Cecchi et al., 2006; Xing et al., 2018).

TD6.2 P3 have a remarkably relatively simple and smooth EDJ
surface, a feature shared with most hominins from the genus
Australopithecus, Paranthropus and Homo (Xing et al., 2018). In
contrast, the EDJ surface of the Yiyuan P3 (Sh.y.003 and Sh.y.004) is
complicated with a dendrite-like pattern characterized by inter-
connected ridges, and bifurcated essential crests (Xing et al., 2016).
This pattern is characteristic of the premolars and molars of some
East Asian Middle Pleistocene hominins classified as ‘classic’
H. erectus (see Xing et al., 2018).

In summary, and despite their large size, robustness and
complicated occlusal morphology (e.g., bifurcated essential crest)
common to other Early and Middle Pleistocene specimens, the TD6
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P3 are generally derived with regard to the Homo clade. In partic-
ular, the TD6 P3 aremore derived than the P3 of AsianH. erectus, and
interestingly, than the P3 of the Middle Pleistocene site of Arago.
Upper fourth premolars (P4): ATD6-8, ATD6-9, ATD6-69 As in the
P3, the buccal cusp of the TD6.2 P4 is larger and taller than the
lingual cusp. On average, the area of the buccal cusp of the P4 of the
H1 (ATD6-8 and ATD6 9) and H3 (right P4 of ATD6-69) represents
57.8% of the total measured crown area (Bermúdez de Castro
et al., 1999a). This percentage is similar to that obtained for the
TD6.2 P3. The cusp apices of both main cusps are centered and
aligned in ATD6-8 and ATD6-9, whereas the tip of the lingual
cusp is mesially displaced with regard to the tip of the buccal
cusp in ATD-69. The essential crests are bifurcated in the lingual
cusps of ATD6-8 and ATD6-9, and in the buccal cusp of ATD6-69
(grade 2). All premolars show mesial and distal accessory ridges,
particularly pronounced in ATD6-6 and ATD6-9. The sagittal
fissure is continuous and gently convex, except in ATD6-8 that
displays a mesial and very thin but continuous transverse crest.
As in the P3 the sagittal fissure bifurcates at the mesial and distal
ends, delimitating minor accessory tubercles. Particularly, in the
right P4 of ATD6-69 there is a mesiobuccal and two distobuccal
accessory tubercles. In occlusal view, the upper half of the buccal
surface is remarkably bulging, a feature that is also noticeable
from the mesial and distal views. No buccal cingulum is present
in these teeth, although, like in the P3, the lower half of the
buccal face is furrowed by shallow wrinkles and grooves. The
lingual surface is more vertical than the buccal one. The massive
root system comprises a buccal and a lingual radical which
bifurcate about 5.0e7.0 mm below the cement-enamel junction
and are joined by a dentine/cementum sheet. The developmental
state of ATD6-69 root matches stage F of the Demirjian et al.
(1973) classification.

Concerning the EDJ, and as happens in the P3, the lingual cusps
of all the P4 are smaller than the buccal ones and the tips are
mesially displaced but more centered with regard to each other
(Fig. 3). ATD6-8 exhibits a continuous transverse crest connecting
the tips of both main cusps. The buccal and lingual cusps of both
ATD6-8 and ATD6-9 are bifurcated and show well-marked distal
and mesial accessory ridges. In both cases, the strong distal
accessory ridge marks a tip or small shoulder along the buccal
aspect of the occlusal rim. ATD6-8 presents a continuous trans-
verse, whereas it is absent in its antimere. Once again, the lower
scan resolution of ATD6-69 complicates the description of the
dentine morphology. Although the crest is clearly bifurcated at the
OES this is less obvious at the EDJ. Similarly, the accessory ridges are
less clear and it seems that a continuous transverse crest is absent.
Despite their presence at the OES, the accessory marginal tubercles
are less evident at the EDJ.

In general, the aspect of the TD6.2 P4 is robust and primitive.
However, like in the P3 some features are derived with regard to the
genus Homo. The relative size of the lingual cusp in ATD6.2 P4 is
different from the one usually found in Australopithecus and early
Homo (Sperber, 1973; Tobias, 1991). However, this feature is vari-
able and while the lingual cusp is larger than the buccal cusp in
D2282 from Dmanisi, the opposite occurs in D2700 (Martin�on-
Torres et al., 2008). A lingual cusp of similar size or somewhat
greater than the buccal one is observed in PA68 from Zhoukoudian
(Xing et al., 2018) and other H. erectus s.l. specimens, like those of
Sangiran, Yiyuan, KNM-ER 15000, and KNM-ER 3733 (Xing et al.,
2018). In H. sapiens there is a tendency to have a relatively wider
buccal cusp.

The geometric morphometric analysis carried out by G�omez-
Robles et al. (2011a) separated those P4 with an asymmetric
crown, a large lingual cusp relative to the buccal cusp, a mesially
placed lingual cusp and a broad occlusal polygon from others.
Interestingly, Arago 26, the P4 of Steinheim, and the P4 of some
Neanderthals (e.g., Renne 8), share these features and the same
morphospace with earlier hominins (e.g., Paranthropus and some
H. habilis). In contrast, the TD6.2 specimens are revealed as more
symmetrical, with a reduced lingual cusp relative to the buccal
cusp, and a shortened axis between both foveae (G�omez-Robles
et al., 2011a). Most Asian H. erectus, the Atapuerca-SH hominins
andmost Neanderthals plot within the same region as the TD6.2 P4,
thus suggesting that all of them share the Eurasian pattern defined
by Martin�on-Torres et al. (2007).

The buccal and lingual cusps of the TD6.2 P4 are separated by a
continuous sagittal groove. This feature is observed in some
H. erectus s.l., like ZKD 25 and ZKD 133’, Sangiran 4, Sangiran 7e3,
KNM-ER 1803, Arago 26, most Atapuerca-SH specimens and Ne-
anderthals, as well as in H. sapiens. In contrast, the presence of a
continuous or interrupted transverse crest between the buccal and
lingual cusps is observed in some in other H. erectus s.l., such as
D2282, PA68, ZKD 27, Sangiran 7e29, and KNM-ER 3733, Austral-
opithecus and early Homo. Kaifu et al. (2015) considered that the
presence of a transverse crest is the primitive condition for the
Homo clade, due to the practical absence of this feature in
H. sapiens. However, and as in the P3, it seems that this feature is a
polymorphic trait in fossil Homo and, therefore, of restricted utility
despite its higher frequency in Eurasian early and Middle Pleisto-
cene specimens.

In some early hominins, like the D2282, ZKD 28, Sangiran 7e3,
and KNM-ER 1803, the buccal surface is vertical (Kimbel et al.,
1997), whereas in later Pleistocene hominins this surface bulges
(e.g., Sangiran 4, or PA 68). Again, the polymorphic status of this
feature prevents us from assessing its taxonomical utility
(Martin�on-Torres et al., 2008). Importantly, TD6.2 P4 have lost the
buccal cingulum usually present in early hominins, although the
expression of some buccal wrinkles and grooves could represent a
vestige of it.

The presence of two or three independent roots (coalesced or
not) is the norm in Australopithecus, early Homo and H. erectus s.l
(Wood, 1991; Moggi-Cecchi et al., 2006; Martin�on-Torres et al.,
2008). In the P4 of TD6.2 the two roots are separated but joined by a
dentine/cementum sheet, and form a robust structure, particularly
in ATD6-9 (Bermúdez de Castro et al., 1999a).

The relatively simple and smooth EDJ surface of the TD6.2 P4

contrasts with the dendrite-like EDJ surface of the Yiyuan P4

(Sh.y.007 and Sh.y.071; Xing et al., 2016).
Like the P3, the P4 from TD6.2 show an overall primitive aspect,

but a detailed analysis reveals that some features are derived with
regard to the Homo clade. Although the TD6.2 P4 share a Eurasian
pattern with Asian H. erectus, and the P4 of Arago, they are more
derived in features such as the relative reduction of the lingual
cusp.
Upper first molars (M1): ATD6-10, ATD6-11, left and right ATD6-69,
ATD6-103 Bermúdez de Castro et al. (1999a) described specimens
of ATD6-10, ATD6-11 and ATD6-69. However, ATD6-103 was
unpublished (Fig. 4). This tooth exhibits minimal enamel attrition
(grade 2) indicating a very short duration of functional occlusion
before death. The mesiolingual part of the root, which is the best
preserved one, measures 9.2 mm (Bermúdez de Castro et al.,
2010), and it is at stage F of the Demirjian et al. (1973)
classification. ATD6-103 exhibits some enamel crenulations with
a similar degree of complexity as those of the almost unworn M1

of ATD6-69. ATD6-103 exhibits a rounded rhomboidal occlusal
contour, with a protruding hypocone (Hy; Table 6). The protocone
(Pr) is the largest cusp, followed by the hypocone, the paracone
(Pa), and the metacone (Me; G�omez-Robles et al., 2011b). This
size relationship is similar to that of the M1 from the H1, the
holotype of H. antecessor (ATD6-10 and ATD6-11), but different
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from that of ATD6-69 (Pr > Pa > Hy > Me). The C5 is absent in the
sample, with the possible exception of ATD6-69, and there is
neither marginal accessory tubercle (grade 0) nor parastyle
(grade 0). A Carabelli pit is present in ATD6-103 (grade 2), and
the crista obliqua is continuous (grade 1), although it shows a
shallow depression at the level of the central fissure, as in ATD6-
69. In ATD6-10 and ATD6-11, the crista obliqua is also continuous.
A deep fissure-like posterior fovea runs parallel to the distal
marginal ridge and is bounded by the essential crest of the
hypocone and a distal ridge of the metacone. The transverse crest
joining the protocone and the paracone is interrupted by the
prolongation of the central fissure, as in ATD6-10 and ATD6-69.
This crest is absent in ATD6-11.

ATD6-103 exhibits a similar occlusal outline as the other TD6.2
M1, as was described by G�omez-Robles et al. (2007) in their geo-
metric morphometric study. This outline is characterized by a
rhomboidal occlusal polygon, a relative distal displacement of the
lingual cusps and protrusion in the external outline of a large and
bulging hypocone.

The roots of ATD6-10 and ATD6-11 bifurcate at about
4.0e4.5 mm from the cervical line and are clearly divergent (see a
detailed description in Bermúdez de Castro et al., 1999a). The root
apex of theM1 of ATD6-69 is closed. In this tooth the bifurcation is a
little higher, but the roots are not divergent.

Regarding the dentine morphology of the M1, none of them
exhibits a C5 (Fig. 3). The metacone and hypocone are large in the
case of ATD6-69, and very large in ATD6-10, ATD6-11 and ATD6-
103. The bulging and protruding hypocone gives the molar a
rhomboidal occlusal contour. While the transverse crest is absent,
the oblique crest is continuous in all the specimens. Whereas there
is no expression of parastyle, the Carabelli's complex is present in
all individuals, being a small relief without a free apex in ATD6-10
and ATD6-11, a large Y-shape depression in ATD6-103 (grade 3 from
Ortiz et al., 2012) and a pit in ATD6-69 (grade 2 from Ortiz et al.,
2012). Moreover, small mesial marginal accessory tubercles are
also present in all M1 except for ATD6-69, but the lower scan res-
olution could affect the identification.

Following the geometric morphometric analysis carried out by
G�omez-Robles et al. (2007), the shape of the TD6.2 M1 is derived
with regard to the hominin clade. The same derived morphology is
present in the Atapuerca-SH hominins and the Neanderthals,
whereas the primitive morphology (Australopithecus and early
Homo) is characterized by an approximately squared occlusal
polygon and a regular contour in which no cusp protrudes in the
external outline (G�omez-Robles et al., 2007; Martin�on-Torres et al.,
Figure 5. This picture shows virtual images of the crowns of the left M2 (left in the image) an
lower scan resolution of these specimens makes it difficult to give a thorough description
2013). Homo erectus s.l. and H. sapiens retain the primitive shape
and, thus, they exhibit a squared contour. Furthermore, the distance
between the lingual cusps in these species does not exceed the
distance between the buccal cusps, and the occlusal polygon is
expanded in relation to the external contour (G�omez-Robles et al.,
2007). The same configuration is present in the Arago specimens
(Arago 21, Arago 31, and Arago 54).

Unlike the TD6.2 M1, Australopithecus, early Homo, as well as
Dmanisi and H. erectus from Sangiran tend to express a well-
developed transverse crest connecting the mesial aspects of the
protocone and the paracone. The expression of a continuous crista
obliqua seems to be frequent from the Middle Pleistocene onwards,
but its variable frequency in earlier hominins prevents the drawing
of taxonomic conclusions (Martin�on-Torres, 2006).

The TD6.2 M1 exhibit the hominin general pattern of a relatively
simple a smooth EDJ surface. This pattern contrasts with the
complicated and dendrite-like pattern observed in the Hexian
PA836 specimen (Xing et al., 2014).
Upper second molars (M2): ATD6-12, ATD6-69 The right M2 from
ATD6-69 has been virtually extracted from the maxilla (Fig. 5).
This tooth is at stage E of development in the Demirjian et al.
(1973) classification. The root of this tooth grew to the level of
the bifurcation of the lingual and buccal radicals, and measures
about 5.0 mm. Like ATD6-12 (Bermúdez de Castro et al., 1999a),
the occlusal surface is largely complicated by the presence of
enamel crenulations. In ATD6-12 the protocone is the largest
cusp, followed by the paracone, hypocone (grade 5), and
metacone (grade 4; Table 6). In the M2 of ATD6-69 the size
order of the cusps is Pr > Pa > Me > Hy. In this tooth, the
metacone is large (grade 4), whereas the hypocone is reduced
(grade 3). In ATD6-12, the hypocone protrudes in the distal
aspect of the occlusal contour in a similar pattern as in the M1,
but not in ATD6-69. In both ATD6-12 and ATD-69 the crista
obliqua is continuous (grade 1), although there is a shallow
depression at its midpoint, at the level of the central fissure. A
Carabelli pit is present in ATD6-12 (grade 2), as well as a small
C5 (grade 3). In our reconstruction of the M2 of ATD6-69 it
seems that there is no expression of the Carabelli complex. The
C5 is also absent in this tooth (grade 0), but there is a small
tubercle placed at the mesiobuccal corner. The transverse crest
is absent (grade 0) in both ATD6-12 and ATD6-69. In ATD6-12,
the radicals are remarkably divergent from the crown base and
among them (see Bermúdez de Castro et al., 1999a:Fig. 4).

The inner morphology of ATD6-12 is characterized by a com-
plex pattern where, in addition to the main cusps, there are
d the left M3 (right in the image) included in the maxilla ATD6-69 (Hominin 3, H3). The
of the dentine morphology of the M3.
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several ridges. However, the EDJ of ATD6-12 does not reach the
complexity of the dendrite-like pattern of H. erectus s.s. (Xing
et al., 2018:Figs 2 and 5). While the hypocone of ATD6-69 is
medium-sized, in ATD6-12 the hypocone is large and protruding.
None of the specimens presents a C5 at the EDJ, although ATD6-12
shows a small but clear one at the OES. There is no sign of a
parastyle and only a pit-like Carabelli's trait in the case of ATD6-
12 is present.

The occlusal contour of ATD6-12 resembles that of Austral-
opithecus, early Homo and H. erectus s.l. because of the skewed
distobuccal aspect of the crown, and the strong development of the
hypocone (Tobias, 1991; Martin�on-Torres, 2006; Moggi-Cecchi
et al., 2006). The M2 of ATD6-69 also shows a skewed distobuccal
outline of the crown, with reduction of themetacone. However, this
tooth shows a stronger hypocone reduction than ATD6-12. A
considerable reduction of the hypocone is characteristic of the
Atapuerca-SH hominins and some Neanderthals, so the occlusal
contour adopts a subtriangular and heart shape (Bermúdez de
Castro, 1988; Bailey, 2002; Martin�on-Torres, 2006). However,
among the European Middle Pleistocene hominins, we highlight
the M2 of Arago because of its rectangular primitive aspect, with
well-developed metacone and hypocone.

The presence of a C5 or evenmultiple distal tubercles placed in a
buccal position is characteristic of Australopithecus (Robinson,1956;
Moggi-Cecchi et al., 2006), H. habilis (Tobias, 1991), Dmanisi
(Martin�on-Torres et al., 2007), and Arago 21. In ATD6-12 there is a
small C5, but this cusp is absent in the M2 of ATD6-69.

The absence of crista obliqua seems to be a primitive feature,
as observed in the majority of Australopithecus, early Homo, and
H. erectus s.l., including Dmanisi (Wood and Engleman, 1988;
Martin�on-Torres, 2006; Martin�on-Torres et al., 2007) and, inter-
estingly, in Arago 14 and Arago 21. The frequent expression of a
continuous crista obliqua in later hominins, like the Atapuerca-
SH, Neanderthals and H. sapiens, would support this conclusion
(Bermúdez de Castro, 1988; Bailey, 2002; Martin�on-Torres,
2006).

As in the M,1 the general relatively simple and smooth EDJ
surface of the TD6.2 M2 differs from the dendrite-like pattern
Figure 6. The EDJ surfaces of the lower permanent TD6.2 teeth obtained from mCT. The EDJ o
specimens ATD6-94 and ATD6-144 are figured in Martínez de Pinillos et al. (2017). The im
observed in the EDJ surface of theM2s P833 and PA837 fromHexian
(Xing et al., 2014).
Upper thirds molars (M3): ATD6-69 This tooth has been extracted
virtually from the maxilla ATD6-69 and its development is not
finished (stage B of development of Demirjian et al., 1973). The
cuspal enamel was not totally formed and the morphology of the
crown was not complete. Due to the lack of contrast between the
enamel and the dentine it is not possible to reconstruct the EDJ.
The only morphological information we can recover from this
tooth is the strong reduction of the distal cusps (Fig. 5).

With regard to this, it is interesting to mention that, with some
isolated exceptions (e.g., Denisova and Xujiayao), the majority of
hominin specimens show a remarkable reduction of the M3 distal
cusps compared to the M1 andM2 (Martin�on-Torres et al., 2008 and
references therein).
Lower central incisors (I1): ATD6-52 The description of this tooth
was carried out byBermúdez de Castro et al. (1999a). It is interesting
to highlight that shovel shape in ATD6-52 is faint (grade 1) but the
labial convexity is pronounced (grade 4; Table 6). Furthermore, the
marginal ridges are not divergent and no tuberculum dentale is
observed (grade 0). The long root is mesiodistally compressed
with wide and shallow mesial and distal longitudinal grooves. It
measures about 17.6 mm. This length was taken on projection,
from the enamel-dentine junction at the buccal face to the apex
(see Bermúdez de Castro, 1988).

Although the lower central incisor ATD6-52 is broken (Fig. 6), at
the EDJ, the preserved distal marginal ridge hints at a faint shovel
shape. The convexity of the labial surface is pronounced and the
cingular region of the lingual surface is smooth, which means that
no tuberculum dentale is expressed.

Within the hominin fossil record, the permanent first lower
incisors show low intra- and inter-population variability, at least
regarding the expression of shovel shape. Nevertheless, it is inter-
esting to mention ATD6-52 does not show divergent marginal
ridges, a primitive feature observed in Dmanisi, H. habilis (OH 7, OH
16), Homo ergaster (KNM-WT 15.000, KNM-ER 820), and H. erectus
(Sangiran 7, ZKD 5, 56, 58), the Rabat specimen (Martin�on-Torres
et al., 2008), as well as in UA 369 from Buia (Zanolli et al., 2014).
f the molars of the mandibles ATD6-5, ATD6-112, ATD6-113, as well as that the isolated
ages are not scaled.



Figure 7. Occlusal view of the premolars of the mandible ATD6-96.
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In contrast, the marginal ridges are more parallel, as in Mauer, the
Atapuerca-SH hominins, and H. neanderthalensis. The labial con-
vexity of ATD6-52 is greater than that of D 211, and outside the
range of variation of the African Plio-Pleistocene specimens
(Martin�on-Torres et al., 2008).
Lower lateral incisors (I2) ATD6-2, ATD6-48, ATD6-146 Bermúdez
de Castro et al. (1999a) described the specimens ATD6-2 and
ATD6-48, but ATD6-146 was unpublished (Fig. 4). ATD6-146 wear
is in grade 1 and the crown is almost complete. In this tooth, the
mesial and distal marginal ridges diverge from the neck to the
incisal edge, like ATD6-48 (see Bermúdez de Castro et al.,
1999a:Fig. 5). In ATD6-2, the mesial ridge is almost vertical and
only the distal one diverges. The three I2 show faint marginal
ridges producing a shovel shape varying from grade 2 (ATD6-48)
to grade 3 (ATD6-2 and ATD6-146). The buccal convexity is
pronounced (grade 4) in ATD6-2 and ATD6-146, and moderate
(grade 3) in ATD6-48 (Table 6). Although the three specimens
exhibit a clear basal eminence, the lingual surface is smooth
(grade 0 of tuberculum dentale).

Regarding the dentine of the I2, all of them present a clear basal
eminence without traces of ridging or tubercles (Fig. 6). The labial
surface of ATD6-2 and ATD6-48 exhibit a pronounced convexity,
while in ATD6-146 it is moderate. In contrast with the degrees of
expression at the OES, ATD6-2 and ATD6-48 show traces of shovel
shape, whereas in ATD6-146 this feature is faint. At the enamel, the
three specimens present a clear divergence of the edges, however
at the dentine this aspect is less evident. The marginal edges are
almost vertical and parallel one to another, and only the distal edge
of ATD6-48 diverges towards the incisal surface.

Perhaps the more striking difference between the TD6 I2 and
those of the African specimens assigned to Australopithecus,
H. habilis and African H. erectus is the pronounced convexity of the
labial surface. In the African specimens, this surface tends to be flat
or barely convex (Tobias, 1991), a feature also observed in modern
humans (Martin�on-Torres et al., 2012) and in the I2 from D211. In
contrast, the specimen D3698 from Dmanisi exhibits a moderate
curvature (Martin�on-Torres et al., 2007), similar to that observed in
the TD6.2 I2. The same degree of labial convexity (grades 2e3) is
observed in Asian H. erectus (e.g., Sangiran S-18, Sangiran 7e50,
ZKD10, ZKD 12), Rabat, Arago, Mauer, the Atapuerca SH specimens,
and Neanderthals (Martin�on-Torres et al., 2012). Thus, this feature
seems to be characteristic of the Eurasian dental pattern (Martin�on-
Torres et al., 2007).

Shovel shape in I2 within the genus Homo is generally faint,
similar to that of the TD6.2 specimens, and is not particularly
helpful for taxonomic debates (Weidenreich, 1937; Tobias, 1991;
Moggi-Cecchi et al., 2006; Martin�on-Torres et al., 2007). The
divergence of themesial and distal ridges seems to bemoremarked
in African Pleistocene Homo, like OH7 and KNM-WT 15000,
whereas in TD6.2 and other populations, such as Asian H. erectus,
European Middle Pleistocene hominins and Neanderthals, the
marginal ridges run parallel to each other. Nevertheless, the
divergence is also remarkable in ATD6-48 (Bermúdez de Castro
et al., 1999a:Fig. 5), so this tooth, in particular, would have pre-
served a more primitive conformation. Like I1, the morphology of I2
has limited taxonomic value, and the lingual surface rarely express
pronounced shovel shape or tuberculum dentale.
Lower canines (C1) ATD6-1, ATD6-6 ATD6-1 was described by
Bermúdez de Castro et al. (1999a), and presents a grade 3 shovel
shape with a well-developed essential ridge (Table 6). ATD6-6 is
only a fragment of crown of the right C1 from individual H1, the
holotype of H. antecessor. At the dentine level, this specimen
exhibits a pronounced distal marginal ridge that merges with the
basal eminence (Fig. 6). This marginal ridge is also marked at the
buccal surface by a vertical groove. The mesial marginal ridge is
also elevated but less pronounced than the distal one. In lingual
view, the essential ridge is pronounced and well delimited.
Although ATD6-6 is broken and only the distal part is preserved,
the distal marginal ridge seems less pronounced than its
antimere, ATD6-1.

The morphology of the TD6.2 lower canines can be considered
incisor-like and remarkably different from the primitive pattern
exhibited by Australopithecus, early Homo specimens and the
Dmanisi hominins. The primitive conformation in the genus
Homo, like the one exhibited by D211 and D2735 from Dmanisi,
consists of a markedly asymmetric crown in occlusal view, so the
tip of the canine is mesial to the buccolingual mid-plane of the
crown. Furthermore, apart from well-developed mesial and distal
marginal ridges that adopt the shape of an independent tubercle
in the case of the distal one, primitive canines display a prominent
essential ridge that occupies the totality of the lingual surface.
Additionally, these teeth show a remarkable labial cingulum
(Martin�on-Torres et al., 2008). This primitive morphology changes
around the Early to the Middle Pleistocene transition, so that
H. erectus s.l. shows a more incisor-like morphology (Weidenreich,
1937; Brown and Walker, 1993; Grine and Franzen, 1994). Never-
theless, it is important to note the presence of a buccal cingulum
in the various C1 from Zhoukoudian (Weidenreich, 1937), in that
from Yiyuan (Xing et al., 2016), and in those from the North Af-
rican Middle Pleistocene (Rabat, Tighenif, and Sidi-
Abderrahaman), which is however absent in TD6.2. Furthermore,
from the figures of Weidenreich (1937) a residual distal cuspule
can be identified in some of the Zhoukoudian specimens (ZKD 70,
ZKD 71, and ZKD 73).

Summarizing, the crown of ATD6-1 shows a derived
morphology for the genus Homo. Except for the size and robustness
of this tooth, themorphology of ATD6-1 is very similar to that of the
European Middle Pleistocene hominins (Mauer, Arago, Atapuerca-
SH, Lazaret, and the Neanderthals), with a variable expression of
the marginal ridges and a shovel shape that range from slight to
pronounced (grades 1 to 4; Martin�on-Torres et al., 2012). In ATD6-1,
the shovel shape may be grade 3. The essential ridge can be easily
seen in ATD6-1, as in Mauer, Arago 24, and Arago 101, but not in SH
hominins or Mountmaurin and Neanderthals. However, even in
these cases, the essential ridge never reaches the degree of devel-
opment of Australopithecus, early African Homo, Dmanisi, Homo
floresiensis and some of the Zhoukoudian C1 (Weidenreich, 1937;
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Robinson, 1956; Johanson et al., 1978; Tobias, 1991; Martin�on-
Torres et al., 2008; Kaifu et al., 2015).
Lower third premolars (P3): ATD6-3, ATD6-96 A detailed descrip-
tion of ATD6-3 was carried out by Bermúdez de Castro et al.
(1999a), and some notes about the P3 of ATD6-96 were published
in Carbonell et al. (2005). The P3 of this mandible is well
preserved (Fig. 7) and shows a grade 3 of occlusal wear. The
buccal cusp is flattened and exhibits a clear diamond-shape
dentine patch. The primitive aspect of ATD6-3 and ATD6-96 is
remarkable. Although ATD6-3 is larger than ATD6-96, their
morphology is very similar. In both cases, the occlusal contour is
asymmetrical, with a marked projection of the distolingual part
of the crown, and a more bulging mesial part of the buccal
surface (Table 6). The buccolingual axis of the tooth is clearly
oblique in relation to the mesiodistal axis. The tip of the lingual
cusp is mesially displaced and connected with the buccal cusp by
a transverse crest (grade 2). The lingual cusp is narrow and distal
to it there is a conspicuous talonid where up to four accessory
cusps (grade 5) are developed, with one of them at the
distobuccal aspect of the talonid. The anterior fovea is delimited
by the transverse crest and the mesial marginal ridge. It is
particularly deep in ATD6-3. The geometric morphometric
analysis carried out by G�omez-Robles et al. (2008) showed that
both ATD6-3 and ATD6-96 share the same morphospace in the
relative warp analysis as the majority of early hominins, due to
the asymmetrical morphology and the expanded talonid. While
the cingulum is vestigial in ATD6-96, it is well pronounced in the
case of ATD6-3, where two deep mesiobuccal and distobuccal
grooves form a clear U-shape.

Of particular interest is the root complex of this tooth. Although
a preliminary assessment of ATD6-96 P3 based on an X-ray
concluded that this tooth was single-rooted (Carbonell et al., 2005),
the analysis of this mandible with a mCT reveals that the same
complex morphology as described in ATD6-3 is present: a dis-
tolingual (DL) component with a root canal and a plate-like
mesiobuccal (MB) component with two independent root canals
(2R: MB þ DL). In ATD6-96, the root bifurcates about 5.0 mm from
the cervical line, followed by the bifurcation of the canals. This
process leads to the formation of a DL radicular component with a
root canal and a MB radicular component with only one root canal
placed in a buccal position (Fig. 8). An extensive discussion of the
evolution of the premolar roots and the peculiar aspect of the TD6.2
P3 root complex may be read in Wood et al. (1988) and Bermúdez
de Castro et al. (1999a).

As in the OES, the occlusal contour of the EDJ is asymmetric due
to the distolingual protrusion of the talonid (Fig. 6). The tips of the
Figure 8. Virtual image of the mandible ATD6-96, showing a transversal section of the
teeth at the root level. The images are not scaled.
main cusps are mesially displaced with regard to the external
contour, and the tip of the lingual one is mesially displaced with
regard to the tip of the buccal one. The buccal and lingual cusps are
connected by a high continuous transverse crest.

The geometric morphometric study carried out by G�omez-
Robles et al. (2008) clearly differentiated a primitive from a
derived morphology of the crown contour. The primitive contour is
observed in Australopithecus, Paranthropus, and early hominins, like
H. habilis, H. erectus s.l., and H. antecessor, whereas the derived one
is commonly found in Middle and Late Pleistocene hominins,
including H. sapiens. The primitive pattern includes a marked to
strongly pronounced asymmetrical outline, with a protruding dis-
tolingual contour. The lingual cusp is smaller than the buccal one
and it is mesially displaced. The talonid is well developed and
usually presents accessory tubercles and amore or less conspicuous
cingulum. The two cusps are frequently connected by a transverse
crest or separated by a shallow fissure. The two P3 from TD6.2 share
the plesiomorphic pattern with, among others, the Zhoukoudian,
Sangiran, OH 16, Tighenif, KNM-ER 992, KNM-ER 15000, and Arago
71 specimens (e.g., Wood, and Uytterschaut, 1987; Tobias, 1991;
Bermúdez de Castro et al., 1999a; G�omez Robles et al., 2008;
Martin�on-Torres et al., 2012; Xing et al., 2018). This primitive
pattern differs from the more symmetric outline found in later
hominins, where both the talonid and the occlusal polygon are
significantly reduced.

G�omez-Robles et al. (2008) examined the allometric variation
among taxa for the shape of this tooth. They observed that small
premolar crowns tend to have a circular and symmetrical outline
combined with a compressed and lingually-located occlusal poly-
gon, whereas larger premolars present strongly asymmetrical
outlines as a consequence of a conspicuous and well-developed
talonid. It is interesting that the two TD6.2 P3 are different sizes
(Table 3), but the shape is very similar.

The roots of the TD6.2 P3 are primitive and uncommon, but not
autapomorphic, since a similar morphology (even though some-
whatmore simplified) is observed in the Early Pleistocene right and
left P3 of ATE9-1 (Atapuerca-Sima del Elefante; Prado-Sim�on et al.,
2011), and in the P3 of the Atapuerca-SH mandible AT-173. A
polymorphic variability of the P3 root complex is observed within
the genus Homo (e.g, KGA 10e1, D2600, D211, the Zhoukoudian
specimens PA110, ZKD21 ZKD23, ZKD82, ZKD85, Trinil 5, Lantian, or
D211, the Sangiran specimens 5, 8, and 9, and Penghu 1), which can
display from one root, to a Tomes’ root type and two roots (2:
MB þ D; Weidenreich, 1937; Suwa et al., 2007; Martin�on-Torres
et al., 2008; Chang et al., 2014; Xing et al., 2018; also see
Bermúdez de Castro et al., 1999a:Table 14, and references therein).
A simplification of the P3 root is observed in later hominins, like
those of the Atapuerca-SH, H. neanderthalensis (see Genet-Varcin,
1962) and, of course, in H. sapiens (see Scott and Turner, 1997).
Lower fourth premolars (P4): ATD6-4, ATD6-96, ATD6-125 ATD6-4
was described by Bermúdez de Castro et al. (1999a), and only a
short note on the P4 of ATD6-96 was written by Carbonell et al.
(2005). ATD6-125 is unreported. This tooth is well preserved,
except for the missing distal radical and the apex of the mesial
radical of the root complex (Fig. 4). In ATD6-125 tooth wear has
affected only the enamel (grade 2). The occlusal contour of the P4
of ATD6-96 and ATD6-125 is a buccolingually elongated and
asymmetric oval, with a distolingual protrusion. The lingual cusp
is mesiodistally displaced with regard to the buccal cusp. In the
P4 of ATD6-96 and in ATD6-125 both cusps are connected by a
continuous transverse crest (grade 2), whereas in ATD6-4 the
connection is interrupted by the sagittal fissure (grade 1; Table 6).
Between the mesial marginal ridge and the transverse crest there
is an anterior fovea, particularly marked and deep in ATD6-4. In
all cases, the metaconid is mesially displaced and there is a



Figure 9. Occlusal view of the molars of the mandible ATD6-96.

M. Martin�on-Torres et al. / Journal of Human Evolution 127 (2019) 93e117108
conspicuous talonid where up to four accessory cusps develop
(ATD6-4, ATD6-125, and ATD6-96). In ATD6-125, one of the
accessory cusps occupies a remarkable distobuccal position
within the talonid. The posterior fovea is conspicuous and adopts
different shapes depending on the configuration of the crown. In
ATD6-125, the posterior fovea is defined by the confluence of the
sagittal groove, the groove separating the buccal cusp from the
talonid, and the groove that differentiates the distolingual
accessory tubercle of the talonid (Fig. 4). Two shallow vertical
grooves, which are present in the buccal face of ATD6-125, define
a vestige of cingulum, which is well marked in ATD6-4
(Bermúdez de Castro et al., 1999a).

The root of ATD6-4 is 2R:MBþDL, inwhich three root canals are
present: a buccal, a distolingual, and a mesiolingual one (Bermúdez
de Castro et al., 1999a). The root complex of ATD6-125 is formed by
two radicals, mesial and distal, which diverge from around halfway
along the root. A shallow groove runs along the mesial root from
the cervical to the apical region. The P4 of ATD6-96 shows a single
root, with a broad canal.

At the EDJ level, we distinguish a mesially displaced and
continuous transverse crest in all cases, although in ATD6-96 and
ATD6-125 the crest is high and originates from the tip of the buccal
cusp, and in ATD6-4 it is low and starts from a point mesial to the
cusp tip (Fig. 6). This crest and the mesial marginal ridge enclose a
remarkable anterior fovea in the three specimens. In ATD6-125
there is a clear ridge distal to the essential ridge that could corre-
spond to a distal accessory ridge. The buccal surface exhibits two
vertical grooves that define a vestige of a cingulum. Whereas, at the
enamel, the talonid comprises several accessory cusps, these are
barely distinguished at the level of the enamel.

The primitivemorphology of the P4 of theHomo clade includes a
large talonid, which extends from the lingual to the buccal limits of
the crown, as in the Dmanisi P4 (Martin�on-Torres et al., 2008). This
molarized shape is also observed in Australopithecus (e.g., Sts 52,
A.L. 333w-20), H. habilis, and H. erectus s.l. The distobuccal
component of the talonid disappears in the European Pleistocene
hominins, and is only restricted to the lingual half of the crown
(Genet-Varcin, 1962; Patte, 1962, Martin�on-Torres, 2006). This is
the condition observed in ATD6-4 and in the P4 of ATD6-96.
However, in ATD6-125 the talonid exhibits the primitive condi-
tion, with both distolingual and distobuccal components. In gen-
eral, the asymmetric contour, conspicuous talonid with accessory
lingual cusps and the expression of a light cingulum provide a
primitive conformation to the H. antecessor P4. However, the
occlusal polygon is reduced with regard to H. habilis and H. erectus
s.l., falling close toMiddle Pleistocene hominins with regards to this
feature (Martin�on-Torres, 2006).

On the other hand, the lack of a continuous transverse crest is
considered the primitive condition for the genus Homo, as seen in
Australopithecus (with the exception of A.L.-333w60 and A.L.-277-
1), and African early Homo (H. habilis, and African H. erectusde.g.,
OH7, OH 13, KNM.WT 15000, KGA 10e1; Tobias, 1991; Martin�on-
Torres et al., 2007; Suwa et al., 2007). In recent H. sapiens the
crest is uncommon (Martin�on-Torres et al., 2012). In contrast, a
continuous transverse crest is characteristic of the European Mid-
dle Pleistocene hominins and the Neanderthals (Genet-Varcin,
1962; Bailey, 2002; Bailey and Lynch, 2005; Martin�on-Torres,
2006; Martin�on-Torres et al., 2007), and this is also frequent in
fossil H. sapiens (Martin�on-Torres et al., 2012), a well as in H. erectus
from Sangiran (e.g., S6, S9). In Arago 13 and Arago 28 the transverse
crest is interrupted by the sagittal fissure, but the crest is present in
Arago 89. In the TD6 P4 we observe a continuous transverse crest in
two specimens, whereas ATD6-4 lacks this feature at the enamel.

The morphology of the ATD6-4 root complex may be a pecu-
liarity of H. antecessor, although a similar morphology has been
observed in Arago 13 (Bermúdez de Castro et al., 2018), Hexian (Liu
et al., 2017) and Tighenif (Zanolli, 2013). The presence of mesial and
distal roots (2R: M þ D), like in ATD6-125, is also the most complex
condition of the polymorphisms of the genus Homo, and it is
observed in H. habilis and H. erectus s.l. (Weidenreich, 1937; Wood
et al., 1988; Tobias, 1991; see also Bermúdez de Castro et al.,
1999a:Table 14). The root of the left P4 of the mandible ATE9-1 is
classified as 2T (Wood et al., 1988) or grade 3 according to Turner
et al. (1991). A single root is seen in the P4 from Atapuerca-SH
(Bermúdez de Castro, 1988; Martin�on-Torres et al., 2012).

Lower first molars (M1): ATD6-5, ATD6-94, ATD6-96, ATD6-
112 The description of the M1 of ATD6-5 was carried out by
Bermúdez de Castro et al. (1999a). The rest of the M1 sample has
been mentioned in some previous reports (Carbonell et al., 2005;
Bermúdez de Castro et al., 2010), but their morphology has never
been published in detail. The M1 of the immature mandible
ATD6-112 has been virtually extracted (Bermúdez de Castro et al.,
2010), and it is at stage D of the Demirjian et al. (1973)
classification (Fig. 2). This tooth is unworn. The isolated M1 of
ATD6-94 (Fig. 4) shows a minimal wear in the enamel of the
highest region of the crown (grade 2). The mesial root length of
ATD6-94 is 9.0 mm and the distal root length is 8.0 mm
(Bermúdez de Castro et al., 2010). The root length is
approximately similar to the crown height (state F of the
Demirjian et al., 1973 classification). In the M1 of ATD6-96 (Fig. 9),
all the cusps exhibit dentine patches (grade 3), with the largest
one being observed at the protoconid.

The occlusal contour of all TD6.2 M1s is a mesiodistally elon-
gated and rounded rectangle. All M1 show the main five cusps well
integrated into the external contour of the tooth, and arranged in a
clear Y-pattern in ATD6-5, ATD6-94, and ATD6-96 (Table 6). In
ATD6-112, the main cusps are arranged in a cruciform (þ) pattern.
The hypoconulid is large (grade 4) or very large (grade 5), partic-
ularly in ATD6-96 and ATD6-112. This cusp occupies a central po-
sition, slightly buccally displaced along the distal margin in ATD6-5,
ATD6-94, and ATD6-96 and with a clear distobuccal protrusion in
the case of ATD6-112. A small metaconulid (C7) of grade 2 is present
in ATD6-94. This tooth also expresses a moderate entoconulid (C6)
of grade 2. ATD6-94 and ATD6-112 show an extensively crenulated
occlusal surface, with numerous ridges and grooves. In all M1 the
anterior fovea has the shape of a short deep fissure and is delimited
by a thick mesial marginal ridge and by the essential ridges of the
protoconid and metaconid. These ridges form a mid-trigonid crest,
which is continuous (grade 2) in only one of the fourM1 (ATD6-112;
Martínez de Pinillos et al., 2017). In ATD6-94, the sagittal groove
cuts the thick mesial marginal ridge. A distal trigonid crest, also
interrupted by the central groove (grade 1), is also present in all M1
(Martínez de Pinillos et al., 2017). A deflecting wrinkle (grade 2) is



Figure 10. Virtual reconstruction of the mandible ATD6-96, showing a parasagittal cut
at the level of the molars. Taurodontism increases progressively from M1 to M3. The
images are not scaled.
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present in ATD6-5 and ATD6-94. The protostylid is absent in all the
TD6.2 M1.

The mCT images of ATD6-5, ATD6-94, ATD6-96 reveal the
amplitude of the pulp cavity and point to hypotaurodontism
(Fig. 10), according to Shaw (1928) classification. In ATD6-94, we
can take direct measurements of the root, and the divergence of the
mesial and distal roots occurs about 4.0 mm from the cervical line.

With regard to the dentine (see Martínez de Pinillos et al.,
2017:Figs. 4 and 6), no traces of deflecting wrinkle, talonid crest
or protostylid are found, although ATD6-112 presents a marked
groove in the buccal surface. This molar is the only M1 that shows a
continuous trigonid crest (type 10 of Martínez de Pinillos et al.,
2014) that, together with the mesial marginal ridge, delimit a
linear-like anterior fovea. The hypoconulid is large in all the M1, and
only ATD6-94 exhibits a small metaconulid and an entoconulid that
has the aspect of a dentine wrinkle. Whereas the dentine surface of
ATD6-5 and ATD6-96 is relatively simple, the surface of ATD6-94
and ATD6-112 is crenulated with grooves and accessory ridges in
the main cusps, but never reaching the complexity of the dendrite-
like pattern observed in Chinese classicH. erectus, like Zhoukoudian
(PA 69) and Xichuan PA 531 (Xing et al., 2018).

The presence of the main five cusps in the M1 is constant in the
fossil record, with large or very large hypoconulids. The absence of
this cusp is exceptional, and has been reported in the specimens AT-
14 and AT-561 from the Atapuerca-SH dental sample (Bermúdez de
Castro, 1993). The lack of hypoconulid is also infrequent in archaic
and recent modern H. sapiens (Martin�on-Torres et al., 2012).
Regarding the expression of accessory cusps in early Homo and H.
erectus s.l. the prevalence of these cusps, particularly the C7, is high
and can be found in specimens like D211, D2735, OH 4, OH 7, OH 13,
KNM-ER 992, KNM-WT 15000, ZKD 35, ZKD 36, and S7-42, S7-43,
S7-62, and MA 93 (if this tooth is an M1), as well as in Arago 13,
Arago 89 and some specimens of the Atapuerca-SH M1 sample. The
prevalence of this cusp decreases in H. neanderthalensis and
H. sapiens (Axelson and Kirveskari, 1979; Martin�on-Torres et al.,
2012). The C6 is somewhat less frequent in early hominins, and
its expression is variable. Thus, the C6 is present in OH 4, OH 7, D
211, KNM-ER 992, and the Sangiran H. erectus (S5, S6, S7-20, S7-42,
S7-62), as well as in some Neanderthals. In contrast, the C6 is ab-
sent in the Atapuerca-SH hominins, in African H. erectus s.l. (e.g.,
MA 93) or in the Zhoukoudian M1 sample. Furthermore, the Y-
groove pattern and the presence of secondary ridges and grooves
(crenulations) is the primitive condition in Australopithecus and
early Homo. All the unworn TD6.2 M1 show crenulated enamel
surfaces, but the EDJ does not reach the level of complexity
described in H. erectus s.s. (Xing et al., 2014, 2016, 2018). ATD6-112
shows a cruciform grove pattern, a derived condition that is more
commonly found from the Middle Pleistocene onwards, particu-
larly in Eurasia (Martin�on-Torres et al., 2007) with the exception of
the Dmanisi sample (Martin�on-Torres et al., 2008). This feature has
been also observed in MA 93 from Buia (Zanolli et al., 2014). In
other features, such as the large, buccally placed, and protruding
hypoconulid, ATD6-112 would match the primitive condition
expressed by Australopithecus, H. habilis (OH 7, OH 13, OH 16), and
some H. erectus s.l. (D 211, D2735, KNM-WT-15000), and in some
Zhoukoudian and Sangiran specimens.

A high prevalence of the deflecting wrinkle has been reported in
the M1 of some modern human populations (Axelson and
Kirveskari, 1977). However, this feature does not have a clear
pattern of distribution in fossil hominins. It is present in some
specimens, like D211, KNM-WT 15000, in some M1 of the
Atapuerca-SH and Sangiran samples (Martin�on-Torres et al., 2008,
2012), to which we can add ATD6-5 and ATD6-94. None of the
specimens from Buia and Tighenif exhibits this morphological trait
(Zanolli, 2013; 2014). A well-developed distal trigonid crest (see
Scott and Turner, 1997) is another variable feature, without a clear
pattern among fossil hominins. It has been described in D211,
D2735, Sangiran 6, Sangiran 7e43, Xichuan PA531, Xujiayao PA1500,
Hexian PA831 and in some Atapuerca-SH specimens (Martin�on-
Torres et al., 2008). In addition, the expression of this feature may
be obscured by the presence of the deflecting wrinkle, a conspicu-
ousmetaconid essential ridge or a C7 (Martin�on-Torres et al., 2008).

Although the presence of some morphological features, like the
rounded and lobulated main cusps and the presence of additional
cusps and ridges, may help to distinguish the M1 of archaic homi-
nins from later humans and particularly from recent H. sapiens, the
majority of these features are of little significance in taxonomic or
phylogenetic studies. However, the morphology of the anterior
fovea is a remarkable tool for the identification of some taxa. Thus,
in Australopithecus, H. habilis, and African H. erectus the anterior
fovea is formed by a triangular depression that coalesces with the
mesial marginal ridge and is distally bounded by the mesial aspects
of the protoconid and the metaconid (Hrdlicka, 1924; Scott and
Turner, 1997). This morphology is also observed in some
Atapuerca-SH specimens and some Neanderthals, and it is the
predominant type in fossil and recent H. sapiens. In contrast, this
classic morphology differs from the deep fissure or pit-like fovea
bounded by a high and thick mesial marginal ridge and a contin-
uous or discontinuous mid-trigonid crest, usually found in Eurasian
fossils like the Sangiran specimens S6, S7-20, S7-43, S7-61, S7-62,
S7-76, NG8503, andMA 93 fromMulhuli-Amo (if we classify it as an
M1), most Atapuerca-SH M1 and Neanderthals, as well as in
Montmaurin, Arago 13, Arago 40, Arago 89 andMA 93 (Zubov,1992;
Bailey, 2002; Kaifu et al., 2005a,b; Martin�on-Torres, 2006; Martínez
de Pinillos et al., 2014; Zanolli et al., 2014). A continuous mid-
trigonid crest is also present in the M1 of MA 93, D211 and
D2735, although the morphology of the anterior fovea resembles
that of African contemporaneous populations (Martin�on-Torres
et al., 2008). The Zhoukoudian M1 sample also lacks a mid-
trigonid crest, except in ZKD34 (Xing et al., 2018). A mid-trigonid
crest is also identified in Xichuan PA531 whereas it is absent in
African H. erectus (Xing et al., 2018). Interestingly, the M1 of the
Mauer mandible (the holotype of H. heidelbergensis) and Mala
Balanica specimen lack anterior fovea and a mid-trigonid crest.
According to Zanolli and Mazurier (2013), the left M1 of Tighenif 2
shows a continuous mid-trigonid crest at the enamel and dentine.
However, unlike ATD6-112, this crest corresponds to a grade 2 ac-
cording to Bailey et al. (2011), since the height of the crest is rela-
tively reduced by the sagittal groove. The TD6.2 M1 are therefore
aligned with the Eurasian pattern by the morphology of the
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anterior fovea and the presence (albeit interrupted except for
ATD6-112) of a mid-trigonid crest.

The taxonomic value of this feature has been also revealed by the
geometric morphometric analysis carried out by G�omez-Robles
et al. (2015). This tooth is morphologically very stable, and the
first two principal components (PC1 and PC2) of the relative warp
analysis account for only 32.78% of total morphological variance and
are not useful to distinguish among taxa. However, the PC3 (10.0% of
the total variance) is able to distinguish the specimens with a
mesiodistally elongated shape, a well-developed hypoconulid, a
cruciform pattern, and a mesial displacement of the anterior fovea,
originated by the presence of a well-defined mid-trigonid crest.
Positive values of this component group and differentiate the Eu-
ropean Middle Pleistocene hominins and the Neanderthals from
other hominins (G�omez-Robles et al., 2015). Interestingly, the
specimens ATD6-5, ATD6-94, and ATD6-96 cluster together in a
region tangential to this group. The M1 of ATD6-112 was not
included in this study.

The absence of a protostylid in the M1 from TD6.2 could be
interpreted as a derived condition, considering that this feature is
frequent in early hominins, like those of Hexian and Yiyuan (see
Martin�on-Torres et al., 2008, and references therein; Xing et al.,
2014; 2016; Liu et al., 2017). However, the variable presence of
the protostylid in recent H. sapiens (e.g., Dahlberg, 1950) prevents
us from making a robust taxonomic evaluation of this feature.
Lower second molars (M2): ATD6-5, ATD6-96, ATD6-113, ATD6-
144 The description of the M2 of ATD5 was written by Bermúdez
de Castro et al. (1999a). Only some notes on the M2 of ATD6-96
were reported by Carbonell et al. (2005), and a short description
of the M2 of ATD6-113 can be found in Bermúdez de Castro et al.
(2008). Except for the analysis of the mid-trigonid crest
expression at the EDJ (Martínez de Pinillos et al., 2017), ATD6-144
is unreported (Fig. 4). This tooth is unworn and reached state E of
the Demirjian et al. (1973) classification. As in the other TD6.2 M2,
the occlusal contour is a rounded rectangle, mesiodistally
elongated. All the TD6.2 M2 exhibit the five main cusps, well
integrated in the body of the tooth and arranged in a Y-pattern
(Table 6). The hypoconulid is large or very large (grades 4 and 5),
and occupies a central (ATD6-113, ATD6-94, ATD6-5) or more
buccodistal position (ATD6-144). The presence of a C7 is
conspicuous in ATD6-5 (grade 3). ATD6-144 could also present a
C7 of grade 2, but the extensive crenulations of the occlusal
surface hamper its identification. The C6 is absent in the sample.
The deflecting wrinkle is absent in all M2. The occlusal surface of
ATD6-144 is complicated by several crenulations (secondary
ridges and grooves). In particular, the essential ridge of the
hypoconid shows a considerable development and forms an
independent central cusp in contact with the other main cusps. In
ATD6-5, the mesial ridge of the hypoconid is well developed, also
producing an outstanding relief in the center of the occlusal surface.

The anterior fovea is deep and fissure-like in all M2, and
delimited by a thick mesial marginal ridge (especially conspicuous
and crenulated in ATD6-144) and the mid-trigonid crest. This crest
is continuous (grade 2) in two of the four M2 (ATD6-5 and ATD6-
113). The distal trigonid crest is invariably interrupted by the cen-
tral groove. The protostylid is absent in all the TD6.2 M2.

When observed with mCT, the images of ATD6-5 and ATD6-96
point to mesotaurodontism (Fig. 10) and hypotaurodontism in the
case of ATD6-113.

Concerning the inner morphology of the M2 (see Martínez de
Pinillos et al., 2017:Figs. 4 and 6), ATD6-96 and ATD6-113 exhibit
a small depression in the buccal surface of the protoconid that
could be related to the lowest degree of protostylid expression. The
specimens display the five main cusps with a Y-pattern configu-
ration and a medium-sized hypoconulid, except for ATD6-144
where the C5 looks small. ATD6-5 is the only M2 that expresses a
metaconulid (C7), which is medium-sized. The occlusal surface of
the ATD6.2 M2 exhibits a discontinuous mid-trigonid crest with a
discontinuous distal trigonid crest (type 4), so there is a discrep-
ancy between the OES and the EDJ in three of the four specimens
(Martínez de Pinillos et al., 2017).

The TD6.2 M2 show a primitive morphology, well defined by the
presence of the five main cusps arranged in a Y-pattern and the
extensive crenulations of the occlusal surface. Along the evolution
of the genus Homo, the reduction or lack of the hypoconulid also
implies the reduction of the MD dimension. This fact is remarkable
in the M2 sample from Atapuerca-SH, in which one-third of the
specimens lack the hypoconulid. This cusp is very small (grade 1) in
Arago 13, and it is difficult to differentiate from the hypoconid in
Arago 6. The C5 is absent in two of the 23 Neanderthal specimens
examined by Martin�on-Torres et al. (2012), and it is the most
frequent situation in archaic and recentH. sapiens. The hypoconulid
is also absent in the four M2 identified by Zanolli (2013) from the
Kabuh Formation of the Sangiran Dome (Central Java), attributed to
H. erectus. The absence of the hypoconulid and the concomitant
reduction of the MD dimension are captured by the geometric
morphometric analysis carried out by G�omez-Robles et al. (2015).
The three TD6.2M2 included in this analysis (ATD6-5, ATD6-96, and
ATD6-113) occupy an extreme position in the negative region of the
PC1 of the relative warp analysis, close to KNM-ER 992, Arago 10,
Arago 89, OH13, and some Paranthropus specimens. The cruciform
and X-groove pattern are also associated with the reduction of the
hypoconulid in the analysis carried out by G�omez-Robles et al.
(2015), as is observed in H. sapiens, in the Atapuerca-SH M2, in
the sample of H. erectus studied by Zanolli (2013), as well as in
Sangiran 22, S7-64, and S7-45 (Martin�on-Torres et al., 2008). It is
interesting to note the buccolingual expansion of the mesial cusps
in the classic H. erectus from Yiyuan, Hexian and Zhoukoudian
(Weidenreich, 1937; Xing et al., 2014, 2016, 2018), a feature that is
absent in the TD6.2 M2.

The deflecting wrinkle is relatively frequent in the M2 of Aus-
tralopithecus, H. habilis (OH 16) and H. erectus s.l. (e.g., D211, KNM-
WT 15000, KNM-ER 992, S7-62, S7-65, KNM-BK7905, SB8103, NG
8503, ZKD 107, ZKD 108, Yiyuan Sh.y.072, Hexian PA838 and PA839;
Martin�on-Torres et al., 2008; Xing et al., 2014, 2016) so it is likely a
primitive feature. However, as in the M1, the variability of this
dental trait in H. sapiens (e.g., Hanihara et al., 1964; Sakuma et al.,
1987) prevents us from drawing conclusions on its diagnostic value.

The deep pit or fissure-like fovea, delimited by the thick mesial
marginal ridge and the mid-trigonid crest (interrupted or not), is
very frequent in the Atapuerca-SH hominins, other European
Middle Pleistocene hominins like Montmaurin and some Arago
specimens (Arago 10, Arago 32, Arago 68), and the Neanderthals,
but infrequent in Pleistocene African specimens (except in MA 93)
and in the archaic and recent H. sapiens (Martin�on-Torres et al.,
2012). According to these authors, 66.6% of the Neanderthals and
71.4% of the Atapuerca-SH M2 show the concomitant expression of
a deep pit or fissure-like fovea and a continuous mid-trigonid crest.
Therefore, this combination has been considered a derived char-
acteristic of these hominins (Bailey, 2002; Martin�on-Torres et al.,
2007). Exceptions to this pattern are KNM-ER 1808, D2735, San-
giran 9, and PA70 from Zhoukoudian (Xing et al., 2018). In Arago 13
and Arago 89, as well as in ATD6-144, the mid-trigonid crest is
interrupted by the central fissure, whereas in ATD6-5, ATD6-96 and
ATD6-113 this crest is continuous at the enamel but discontinuous
at the dentine. This lack of correlation between the expression of
the mid-trigonid crest in both surfaces is also observed in the left
M2 from Tighenif 1 and Tighenif 2, whereas the right M2 of Tighenif
1 shows a continuous mid-trigonid crest at the enamel and dentine
but its height is considerably reduced. The anterior fovea and the



M. Martin�on-Torres et al. / Journal of Human Evolution 127 (2019) 93e117 111
mid-trigonid crest are absent in the M2 of the Mauer and Mala
Balanica mandibles. A mesially located anterior fovea is also
captured by the PC2 of the morphometric analysis carried out by
G�omez-Robles et al. (2015) in most Neanderthals, Atapuerca-SH
specimens, Arago 10, Arago 13, Arago 89, and the TD6.2 M2,
among others. The distal trigonid crest is less frequent in hominins,
except for the H. neanderthalensis sample studied by Martin�on-
Torres et al. (2012), so the taxonomic significance is limited.

The root complex of the TD6.2 M2 is very different from the
particularly robust morphology of the Penghu 1 specimen (Chang
et al., 2014). Taurodontism has been considered as a frequent
feature of Neanderthals (e.g., Blumberg et al., 1971; Kricun et al.,
1999; Bailey, 2002, 2004; 2006; Kupczik and Hublin, 2010). How-
ever, this feature is also common in other Pleistocene hominins.
Thus, the Asian H. erectus M2 is characterized by having stout roots
and some degree of taurodontism (Weidenreich, 1937), which ac-
cording to Xing et al. (2018), could be a mechanism to withstand
high biomechanical demand. According to Benazzi et al. (2015),
taurodontism should be considered either an adaptation to a diet
which implies a high attrition or, most likely, the result of pleio-
tropic or genetic drift effects.

The EDJ surface of the TD6.2 M2 is relatively simple and smooth
as in most hominins. In contrast, and as we have noted in other
tooth classes, the classic H. erectus from Zhoukoudian (PA70),
Hexian (PA839, PA831, PA834-1), Yiyuan (Sh.y.072), and Xichuan
(PA532 and PA533) exhibit a complicated and derived dendrite-like
pattern (Xing et al., 2014, 2016, 2018).
Lower third molars (M3): ATD6-5, ATD6-96, ATD6-113 The M3 has
been virtually extracted from the immature mandible ATD6-5
(Bermúdez de Castro et al., 1999a), and it is between stage D and
E of the Demirjian et al. (1973) classification. The root reaches a
maximum length of 2.4 mm at the level of the distolingual
aspect. Except for the analysis of the trigonid crest at the EDJ
(Martínez de Pinillos et al., 2017), the morphology of this tooth is
unreported. Regarding the M3 of ATD6-96 only some aspects
related to its size have been mentioned in Carbonell et al. (2005),
but it is the first time that its OES and EDJ is reported. Finally,
only a brief description of the M3 of the mandible ATD6-113
(Bermúdez de Castro et al., 2008) and the trigonid crests
(Martínez de Pinillos et al., 2017) has been published.

The occlusal contour of ATD6-5 (see Martínez de Pinillos et al.,
2017:Figs. 4 and 6) is a mesiodistally elongated rectangle that ta-
pers at the distolingual side. The five main cusps are arranged in a
Y-pattern (Table 6). The hypoconulid is large (grade 4) and placed in
a distobuccal position. A small C6 (grade 1) is present in this tooth
and a large C7 (grade 4) is also expressed. The unworn occlusal
surface exhibits secondary ridges and grooves, giving a complicated
aspect to its surface. The essential ridges of the main cusps are well
defined, except that of the metaconid, and a well-defined mid-
trigonid crest is absent. The anterior fovea takes the form of a broad
and long valley limited by a thin mesial marginal ridge and, in part,
by the essential ridge of the protoconid. The sinuous central groove
cuts both the mesial and distal trigonid crests. No signs of a
deflecting wrinkle or protostylid are present in this tooth.

In contrast to the size and complexity of ATD6-5, the M3 of
ATD6-96 is very reduced in comparisonwith theM1 andM2 (Fig. 9),
and it is difficult to identify the key elements of the tooth. Thus, the
hypoconid is placed in the trigonid area of the molar and the distal
cusps adopt a triangular shape with unclear limits. Because this
tooth shows little occlusal wear (grade 2) it is possible to identify at
least 12 successive ridges converging to the center of the occlusal
surface. The more conspicuous ridge probably corresponds to the
essential ridge of the entoconid, and forms a notable central tu-
bercle. The hypoconulid is medium-size (grade 3) and the C6 is
delimited by two grooves (grade 2). The anterior fovea may be
defined by the most anterior depression, between the thick mesial
marginal ridge and the most anterior two ridges. The protostylid is
represented by a small pit (grade 1). The root complex of the M3 of
ATD6-96 is hypertaurodont (Fig. 10). The divergence of the two
roots occurs only at the last one-third of their length. The roots
remain open and they are at stage G of the Demirjian et al. (1973)
classification.

The M3 of ATD6-113 is well developed, exhibiting moderate
occlusal wear (grade 2) and a crenulated occlusal surface. This tooth
exhibits the fivemain cusps arranged in a Y-pattern. In this case, the
hypoconulid occupies a more distal than buccal position. A small C6
is present. The deep and short fissure-like anterior fovea is bounded
by the thick mesial marginal ridge and the continuousmid-trigonid
crest (grade 2). There is a discontinuous distal trigonid crest. The
secondary fissure differentiates two small tubercles between the
entoconid and the hypoconulid at the distobuccal corner of the
crown. The mCT images suggest that the M3 of ATD6-96 is hyper-
taurodont (Fig. 10), whereas the M3 of ATD6-113 shows
mesotaurodontism.

Concerning the dentine surface, there is no expression of talonid
crests or a deflecting wrinkle in all the TD6.2 M3 (see Fig. 6 and
Martínez de Pinillos et al., 2017). Only ATD6-113 exhibits a deep
anterior fovea and a continuous mid-trigonid crest, a small hypo-
conulid and a C6 with the aspect of a low dentine wrinkle. ATD6-5
presents the five main cusps and a large C7 with a well-developed
essential ridge. ATD6-96 shows a small pit in the buccal surface that
could correspond to a protostylid. In contrast to what is seen in the
enamel, the hypoconulid and the C6 appear as weak elevations in
the occlusal rim.

It seems that the size reduction of the M3 occurred during the
Early Pleistocene. Despite its complex occlusal morphology, the size
of D211 M3 from Dmanisi is very small (Martin�on-Torres et al.,
2008). Therefore, the extreme size reduction of the M3 of the
mandible ATD6-96 (like the extreme reduction of the M3 of the
maxilla ATD6-69) is not surprising. The size reduction, together
with the loss of the hypoconulid, would be a derived condition of
the Homo clade, particularly apparent in the case of the Atapuerca-
SH teeth (Bermúdez de Castro and Nicol�as, 1995; Martin�on-Torres
et al., 2012), as well as in some Neanderthals. This trend has been
also noted in the Chinese H. erectus (ZKD B2-64 and ZKD F1225;
Weidenreich,1937), and in theH. erectus specimens from the Kabuh
Formation of the Sangiran Dome (Central Java; Zanolli, 2013).
Furthermore, the congenital absence of theM3 has been reported in
Penghu 1 (Chang et al., 2014), and it is also a feature of the Lantian
specimen (authors’ pers. obs.). In consonance with this reduction, a
change from the primitive Y-pattern to the X and cruciform pat-
terns is also a relatively derived condition, a common pattern in the
Middle Pleistocene (Weidenreich, 1937; Bermúdez de Castro, 1988;
Martin�on-Torres, 2006; Zanolli, 2013). The complicated topography
of the occlusal surface of the TD6.2 M3 is common (and plesio-
morphic) in early hominins, as in OH 13, D211, Zhoukudian, and
some Neanderthals (Weidenreich, 1937; Tobias, 1991; Martin�on-
Torres et al., 2008).

The ATD6-113 M3 has a well-defined anterior fovea. This feature
is very frequent in the European Middle Pleistocene hominins and
the Neanderthals. Furthermore, the concomitant presence of an
anterior foveawith a continuousmid-trigonid crest is characteristic
of the Montmaurin M3, Atapuerca-SH hominins (57.1%) and Nean-
derthals (64.7%), and is not uncommon in the Sangiran specimens
(Martin�on-Torres, 2006; Martin�on-Torres et al., 2012). The anterior
fovea is less frequent and conspicuous in H. sapiens, and is not
distally bounded by the mid-trigonid crest. ATD6-113 and the left
M3 from Tighenif 1 show a continuous mid-trigonid crest, although
the height of the latter is remarkably depressed. However, ATD6-5
and ATD6-96 exhibit an absent or discontinuousmid-trigonid crest.
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This configuration is also present in the M3 from Arago (Arago 106),
Tighenif 1 (right M3) and Tighenif 2.

The expression of a continuous distal trigonid crest has been
described as more frequent in Neanderthals and their ancestors
(Bailey et al., 2011; Martínez de Pinillos et al., 2014), but this feature
is absent in the TD6.2 sample.

The geometric analysis carried out by G�omez-Robles et al.
(2015) is not particularly discriminant, since there is an overlap
among the different taxa given the large variability of this dental
class. Those M3 with large talonids are differentiated from the M3
without a hypoconulid and reduction of the hypoconid and ento-
conid. In the positive values of the PC2 of the relative warp analysis
of G�omez-Robles et al. (2015) we find specimens with a well-
developed mid-trigonid crest and an associated mesial displace-
ment of the anterior fovea. In this region of the morphospace, we
find the Atapuerca-SH hominins, Arago 13, ATD6-113, and some
Neanderthals, as well as the specimens assigned to Paranthropus
boisei. It is interesting that the Atapuerca-SH hominins are well
differentiated from modern humans, despite the size reduction in
both cases. The Atapuerca-SH hominins have a relatively reduced
buccolingual dimension, as well as centrally compressed cusp
apices, a feature shared with ATD6-113. The extremely reduced M3
of ATD-96 represents one of the exceptions observed so far in the
Early Pleistocene hominins.

At the EDJ, ATD6-5 exhibits awell-marked C7. TheM3 of Tighenif
2 also shows a C7, as well as a C6. These additional cusps are not
present in the M3 of Tighenif 1. The dendrite-like EDJ surface is
observed in the M3 PA831 and PA834-2 from Hexian (Xing et al.,
2014), thus confirming that this derived pattern is characteristic
of the classic H. erectus from Hexian, Zhoukoudian, and Yiyuan
(Xing et al., 2018).

4. Discussion and conclusions

Through the description of the TD6.2 permanent teeth we show
that these hominins exhibit a combination of primitive and derived
features with regard to the genus Homo. Several authors have
investigated the mechanisms behind the mosaicism in the denti-
tion. From a systematic geometric morphometric analysis of the
TD6.2 premolars and molars, G�omez-Robles et al. (2015) concluded
that most of the features of the mandibular dentition of
H. antecessor were plesiomorphic, whereas the maxillary dentition
was more derived, showing a higher resemblance to the Neander-
thal species. According to G�omez-Robles et al. (2015), these results
probably reflect the stronger integration and more static pattern of
evolution undergone by the mandibular dentition, whereas the
opposite may be characteristic of the maxillary dentition (G�omez-
Robles and Polly, 2011). Although a certain degree of coevolution
is expected between teeth and jaws (e.g., Plavcan and Daegling,
2006; Boughner and Hallgrímsson, 2008), G�omez-Robles and
Polly (2011) considered that the differences in the strength of
integration between the maxillar and the mandible could be
related to different anatomical constraints. For these authors, the
more stable environment of the mandible could facilitate a high
integration of the lower teeth, whereas the maxillary dentition is
more sensitive to the strong evolutionary changes in the cranium
and in the face, leading to a weaker integration of the upper teeth.

These patterns can be explained by the modular nature of the
dentition and its evolution in mosaic (Klingenberg, 2008). In fact,
the dentition as a whole constitutes a developmental module
partially independent from other skeletal related parts (Stock,
2001), although the precise degree of genetic and phenotypic in-
dependence is still a matter of research (e.g., Butler, 1995; Stock,
2001; Miller et al., 2007, and references therein). Furthermore,
the presence of different modules within the dentition has been
postulated, apparently following different pathways. Thus, the
anterior teeth seem to follow different evolutionary size changes
with regard to the postcanine dentition in both modern humans
and fossil hominins (e.g., Mizoguchi, 1981; Kieser and Groeneveld,
1987; Kieser, 1990; Bermúdez de Castro, 1993; Martin�on-Torres
et al., 2007). Although G�omez-Robles and Polly (2011) have found
a significant covariation between premolars andmolars, suggesting
no modularization of premolar and molar fields, quantitative ge-
netic studies have postulated the existence of a premolar module
that has incomplete pleiotropy with the molar module (Hlusko and
Mahaney, 2009; Hlusko et al., 2011). The latter would be in line
with the different evolutionary trends ascertained in the
morphology of the premolars in several hominin species, including
H. antecessor (Martin�on-Torres, 2006; G�omez-Robles et al., 2008).

It is important to acknowledge that late Early Pleistocene
hominins from Europe retained a significant suite of plesiomorphic
dental features, even if these primitive features have limited utility
to elucidate their phylogenetic relationships. Some of these prim-
itive features are the asymmetric crown, a buccal cingulum vestige,
and complex root system of lower premolars with an expanded
occlusal polygon in the case of the P3, complex, and crenulated
occlusal and buccal surfaces in molars and premolars as well as the
M1 < M2 sequence in all molar specimens (see Fig. 11 for a
comparative illustration of some of these traits). Although the
crown shape of the TD6.2 upper premolars, especially the P4, is
nearly symmetric and the lingual cusp is proportionately reduced
in comparison to the buccal one, these teeth still retain a vestige of
a buccal cingulum, several crenulations at the buccal surface, con-
spicuous essential ridges and wide and robust root systems. These
traits are common in most of the Early and Middle Pleistocene
hominins from Africa such as H. habilis, H. ergaster and the Buia and
Tighenif specimens.

The identification of primitive features in the mandibular and
dental evidence was the main reason to propose a direct relation-
ship between African H. erectus and H. antecessor (Carbonell et al.,
1995; Bermúdez de Castro et al., 1997) back in the 1990s. Howev-
er, the identification of some features in the TD6.2 sample that are
present in Asian H. erectus but are absent in contemporaneous
African populations has brought this hypothesis into question. The
ascription of the H. antecessor teeth to a Eurasian dental pattern
(Martin�on-Torres, 2006; Martin�on-Torres et al., 2007) suggests an
early differentiation of the Eurasian Early Pleistocene groups from
their African counterparts that may have started soon after the first
documented hominin colonization of Eurasia (Gabunia and Vekua,
1995). Among the features that cluster H. antecessor with the
Eurasian groups we can highlight the morphology of TD6.2 anterior
teeth. Although the TD6.2 anterior teeth sample is limited, both the
maxillary andmandibular incisors show the characteristic Eurasian
pattern, particularly in the combination of pronounced labial con-
vexity and shovel shape in this dental class and an incipient
triangular shovel shape in the TD6.2 I2 (Martin�on-Torres, 2006;
G�omez-Robles, 2010; Fig. 11). Furthermore, the strong bulging of
the upper part of the buccal surface of upper premolars is a derived
trait within the genus Homo, characteristic of the Eurasian groups.
Both the M1 and M2 display largely divergent roots that delimit an
area of anchorage in the maxilla that is clearly greater than the
crown area. This configuration may be an effective mechanism to
dissipate the forces exerted during powerful mastication and has
been observed in some Asian specimens like ZKD 33 and ZKD 95
(Weidenreich, 1937). Finally, the compressed occlusal polygon of P4
together with the expression of a continuous transverse crest in
most of the TD6.2 specimens (Martin�on-Torres, 2006) reinforce the
departure from the African H. erectus morphologies.

In relation to this, it is interesting to highlight the expression in
TD6.2 of some features within the Eurasian dental pattern that will



Figure 11. Comparative morphology of the lingual side of upper lateral incisors (a), occlusal view of lower third premolars (b), and occlusal view of upper first molars (c).
1 ¼ Dmanisi D2677; 2 ¼ Gran Dolina ATD6-69; 3 ¼ Sima de los Huesos AT-1124; 4 ¼ Homo sapiens from Maltravieso MTV 1418; 5 ¼ Sangiran S7-25; 6 ¼ Gran Dolina ATD6-3;
7 ¼ Homo neanderthalensis from Hortus IV; 8 ¼ Homo sapiens from Hayonim H19; 9 ¼ Homo erectus from Chaoxian; 10 ¼ Gran Dolina ATD6-103; 11 ¼ Sima de los Huesos AT-
2071; 12 ¼ Qafzeh 11. Photographs denoted with an asterisk have been horizontally flipped to show the same side as Gran Dolina teeth. Scale bar ¼ 10 mm.
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be retained by the European Middle Pleistocene hominins, such as
the Atapuerca-SH specimens, and that will become the typical
condition of the Neanderthal species (Martin�on-Torres et al., 2007;
this study). These features highlight the deep chronological roots of
the Neanderthal morphology and warn about the fact that some
traits largely interpreted as Neanderthal apomorphies are indeed
primitive features that appeared in the fossil record close to 1 Ma
and became the typical Neanderthal pattern by an increase in the
frequencies and degrees of expression. Among those, the
concomitant presence of a fissure-like anterior fovea and a
continuousmid-trigonid crest, typical of the Neanderthal lineage, is
already present in the TD6.2 sample although at lower frequencies
(Martínez de Pinillos et al., 2017). This combination is also present
in the Dmanisi hominins (Martin�on-Torres et al., 2008) although
information on the EDJ is not available. This pattern is interpreted
as the morphological base from which the typical Neanderthal
morphology developed, with not only a continuous but a higher
mid-trigonid crest than in the Early Pleistocene hominins (Bailey
et al., 2011; Martínez de Pinillos et al., 2014, 2017). Concerning
other skeletal parts, it is equally interesting to consider the size and
shape of the clavicle (Carretero et al., 1999), the size and shape of
the distal part of the humerus (Bermúdez de Castro et al., 2012), the
presence of the medial pterygoid tubercle in the mandible
(Bermúdez de Castro et al., 2014), as well as some other cranial
features that reinforce the link of H. antecessor with Neanderthals
and their ancestors (Arsuaga et al., 1999).

In this context, we suggest that TD6.2 hominins entered Europe
probably after the Jaramillo event or perhaps before (Carbonell
et al., 2008). The analysis of the ca. 1 Ma old specimens from Buia
in Eritrea (Zanolli et al., 2014) points to some similarities with
H. antecessor in the early expression of features such as a cruciform
groove pattern and a continuous mid-trigonid crest, but the Buia
incisors do not present the Eurasian signature of the TD6.2
specimens, suggesting that their separation may have occurred
around 1 Ma or before. The origin of the TD6.2 hominins could be
an ancient population living in Africa or perhaps in Southwest Asia,
in the crossroad between both continents (see Bermúdez de Castro
and Martin�on-Torres, 2013; Bermúdez de Castro et al., 2017a). T his
population would have already differentiated from the African
Pleistocene Homo and would express some of the derived features
later inherited by Neanderthals and their ancestors in the Middle
Pleistocene, as well as by modern humans. This source population
could have given rise to H. sapiens in Africa whereas in Eurasia it
would have evolved towards the Neanderthal clade (Bermúdez de
Castro and Martin�on-Torres et al., 2013). The settlement of
Europe may not have been necessarily linear and continuous, but
may have been the result of several intermittent and successive
dispersals from a source outside Europe, conditioned by the
changing climatic conditions (Dennell et al., 2011; Bermúdez de
Castro and Martin�on-Torres et al., 2013; Bermúdez de Castro
et al., 2016, and references therein). This pattern of discontinuous
settlement could explain the high morphological variability of the
European Pleistocene populations despite their phylogenetic link.
In this scenario, we cannot discard the idea that some groups of
H. antecessor may have persisted in southern Europe coexisting in
time with later Homo groups.

Among the dental features that link H. antecessor with the
Neanderthal lineage, it is important to highlight the derived shape
of the M1 (Fig. 11). TD6.2 hominins share with Neanderthals and
most of their ancestors the expression of a rhomboidal occlusal
polygon, the relative displacement of the lingual cusps and the
protruding hypocone of theM.1 This conformation has been seen so
far only in the European Middle Pleistocene hominins and
Neanderthals.

A possible explanation of the M1 synapomorphy would be the
direct in situ evolution of the Early Pleistocene hominins found in
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Europe into the Neanderthal lineage. Despite the hard climatic
oscillations in the continent during the Early and, particularly, the
Middle Pleistocene periods (e.g., Dennell et al., 2011) the Iberian
Peninsula may have been one of the most effective refugia of the
whole European continent. The relatively abundant fossil record of
Iberia during this period (e.g., Carbonell et al., 2008; Bermúdez de
Castro et al., 1999a,b; Toro-Moyano et al., 2013; Bermúdez de Castro
et al., 2017a; Daura et al., 2017) could be additional evidence of the
potential role of Iberia as a speciation center and would explain the
early presence of Neanderthal traits in the TD6.2 hominins, one of
them (the derived shape of theM1) not found so far outside Europe.
However, this scenario seems less parsimonious and would imply a
very early divergence of the Neanderthal and H. sapiens lineages.

Alternatively, the shape of the M1 might have been polymorphic
in the original population (i.e., with some specimens more derived
than others) and later inherited by some (but not all) European
Middle Pleistocene groups, becoming fixed in Neanderthals as one
of its most characteristic features (Bailey, 2002; G�omez-Robles
et al., 2008). As an example of this variability, the Arago dental
sample exhibits a majority of plesiomorphic features, combined
with some derived traits shared with Neanderthals (Bermúdez de
Castro et al., 2003, 2018). The primitive aspect of the M1 in this
sample is remarkable, with an approximately square occlusal
polygon and a regular contour in which no cusp protrudes on the
external outline (G�omez-Robles et al., 2007). Interestingly, the
Arago hominins also lack the modern features present in
H. antecessor (Bermúdez de Castro et al., 1997; Arsuaga et al., 1999).
In addition, we cannot rule out complex population dynamics and
interactions underlining the great variability of the European
hominin fossil record. This variability has been already interpreted
as the result of the coexistence of different lineages in the continent
(Tattersall, 2011; Martin�on-Torres et al., 2012; Arsuaga et al., 2014;
Bermúdez de Castro et al., 2018).

Another important aspect derived from the study of the teeth,
and confirmed by the examination of other anatomical parts
(Bermúdez de Castro et al., 1997; Arsuaga et al., 1999) is the dif-
ferentiation of H. antecessor from the Asian H. erectus. For instance,
TD6.2 upper and lower canines have lost the cingulum and asso-
ciated structures, whereas these features are present at least in the
Zhoukoudian and Yiyuan specimens (Weidenreich, 1937; Xing
et al., 2016). In addition, the reduction of the lingual cusp and the
occlusal polygon in the TD6.2 P3 and the compressed occlusal
polygon in the P4 are also derived features in this sample with re-
gard to the Asian hypodigm. The buccolingual expansion of the
mesial cusps in the M2 and M3 of some classic H. erectus (Zhou-
koudian, Hexian, and Yiyuan) seems to be a particularity of the
Asian hominins and absent in TD6. Likewise, the dendrite-like
pattern of the EDJ of the premolars and molars of some Chinese
classic H. erectus, like Hexian, Zhoukoudian, Yiyuan, and Xichuan
(Xing et al., 2014, 2016, 2018) has been found, so far, in only the
Asian hypodigm and the only I1 preserved in TD6 does not show the
labial crenulations present in Hexian and Zhoukoudian (Xing et al.,
2014, 2018). These features reinforce the idea that the TD6.2
hominins represent a European lineage, clearly divergent from the
lineage formed by hominins attributed to the classic H. erectus,
represented by paleodemes like Zhoukoudian, Yiyuan, Hexian, or
Xichuan (Xing et al., 2018).

Finally, while H. antecessor shares some cranial and postcranial
features with H. sapiens, the teeth, in particular, do not show any
synapormophy with modern humans. The fact that TD6.2 teeth do
not share any derived feature with H. sapiens warns about the
possibility that the last common ancestor (LCA) may not display a
‘neutral’ or ‘undefined’ morphotype but, as is the case for the
dentition, the LCAmay displaymore Neanderthal-like features than
H. sapiens-like (see G�omez-Robles et al., 2015 and Mounier and
Miraz�on Lahar, 2016 for discussion about the LCA morphology).
Previous analysis of the hominin dental evidence from the Pleis-
tocene revealed a relatively high number of autapomorphies in
H. sapiens (Martin�on-Torres et al., 2007), whereas the Neanderthal
phenotype was built on the high frequencies and pronounced de-
grees of expression of plesiomorphic features.

Overall, the data presented here support the taxonomic validity
of H. antecessor, since this species presents a mosaic of traits that is
unique to this group. More than twenty years ago,H. antecessorwas
proposed as the best candidate to represent the LCA of modern
humans and Neanderthals (Bermúdez de Castro et al., 1997). The
fact that the paleogenetic studies were pointing to a more recent
split for both lineages (Ovchinnikov et al., 2000; Ho et al., 2005;
Green et al., 2010; Endicott et al., 2010; Krause et al., 2010; Reich
et al., 2010; Meyer et al., 2016; but see Langergraber et al., 2012)
was an important handicap for the acceptance by the scientific
community of this phylogenetic hypothesis for the TD6.2 sample.
The molecular study of the Sima de los Huesos hominins has led to
the proposal of an earlier split for Neanderthals and modern
humans (Meyer et al., 2016), so the genetic data are nowcompatible
with the proposal of a split in the late Early Pleistocene/early
Middle Pleistocene. Currently, TD6.2 hominins represent the best
opportunity to infer the morphology of the last common ancestor
(Bermúdez de Castro et al., 2018) although more fossil evidence is
needed in order to have a more precise picture of the scenario.

Summarizing, the evidence presented in this study is compatible
with previous hypothesis about the TD6.2 hominins (Bermúdez de
Castro et al., 1997, 2018 and references therein). This evidence sug-
gests that H. antecessor could belong to the basal populations from
which other populations such as H. sapiens, H. neanderthalensis and
Denisovans emerged. Future findings and additional research may
help to elucidate the precise phylogenetic link among them.
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