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INTRODUCTION

urn:lsid:zoobank.org:pub:1B7C6C65-5CF1-4AB4-BFD3-CFEF8CB983A3

Alichane H., Gunz P., Martin R. M. G., Coqueugniot H., El Hajraoui M., Oxilia G. & Hublin J.-J. 2026. — Comparative
analysis of the enamel-dentine junction of the lower molars among late Middle Stone Age hominins from northwestern
Africa, in Hublin J.-J., Mounier A. & Teyssandier N. (eds), Lucy’s Heirs — Tribute to Yves Coppens. Comptes Rendus
Palevol 25 (5): 77-98. https://doi.org/10.5852/cr-palevol2026v25a5

ABSTRACT

This study investigates the enamel-dentine junction (EDJ) morphology of the first and second
mandibular molars (LM1 and LM2) in late Middle Stone Age (MSA) hominins from northwestern
Africa, associated with Aterian technocomplexes. These Aterian specimens are compared with fos-
sil Homo sapiens from Jebel Irhoud, Qafzeh, Skhul, and Die Kelders, as well as with large samples
of H. neanderthalensis and recent H. sapiens. By focusing exclusively on the EDJ, this study aims to
clarify the evolutionary relationships between Aterians and other hominin groups during the Late
Pleistocene. Using micro-computed tomography (micro-CT), we analyzed the EDJ in three dimen-
sions, enabling detailed geometric morphometric comparisons. The results reveal a clear trend of
molar size reduction within the A. sapiens lineage, as well as a morphological distinction between
H. neanderthalensis and all forms of H. sapiens. Aterians are distinct from all other groups due to the
larger size of their dentition. Morphologically, the ED]J of the Aterian sample aligns more closely
with the sample of fossil H. sapiens than with the sample of H. neanderthalensis, particularly in LM1s.
LM2s display greater variability, with some specimens, such as El Harhoura LRM2 overlapping the
range of variation observed in H. neanderthalensis. However, this overlap likely reflects the retention
of primitive traits within Aterians, due partially to their geological age and partially to their larger
size. Our findings contribute to broader discussions on the morphological diversity and evolutionary
pathways of fossil H. sapiens. The mosaic of dental traits observed in Aterian hominins is discussed in
context of regional variations in the evolutionary trajectories of Late Pleistocene hominin populations.

RESUME

Analyse comparative de la jonction émail-dentine des molaires inférieures chez les hominines de la fin
du Middle Stone Age du nord-ouest de 'Afrigue.

Cette étude examine la morphologie de la jonction émail-dentine (EDJ) des premiéres et deuxiemes
molaires mandibulaires (LM1 et LM2) chez des hominines du Middle Stone Age (MSA) tardif en
Afrique du Nord-Ouest, associés aux technocomplexes Atériens. Les spécimens atériens sont comparés
a ceux d’Homo sapiens fossiles provenant de Jebel Irhoud, Qafzeh, Skhul et Die Kelders, ainsi qu’a de
larges échantillons d’H. neanderthalensis et d’ H. sapiens récents. En se concentrant exclusivement sur
I'ED]J, une région anatomique clé qui conserve des informations sur la forme et la taille, cette étude
vise & éclairer les relations évolutives entre les Atériens et d’autres groupes ' Hominines durant le
Pléistocene supérieur. A Paide de la tomodensitométrie 3 haute résolution (micro-CT), nous avons
reconstruit "ED]J en trois dimensions, permettant des comparaisons morphométriques géométriques
détaillées. Les résultats révelent une tendance marquée 4 la réduction de la taille des molaires au sein
de la lignée des H. sapiens, ainsi qu'une distinction morphologique claire entre H. neanderthalensis et
les différentes formes d’H. sapiens. Les spécimens Atériens se distinguent par la taille plus importante
de leur dentition par rapport aux autres groupes. Morphologiquement, 'ED] des Atériens s'aligne
davantage avec celle des H. sapiens fossiles, notamment pour les LM1, tandis que les LM2 montrent
une variabilité accrue; certains spécimens, tels qu’El Harhoura LRM2, chevauchent le domaine de
variation des H. neanderthalensis. Ce chevauchement pourrait refléter la rétention de traits primitifs
au sein de la population atérienne, attribuable & leur ancienneté géologique et a leur plus grande
taille. Nos résultats apportent une contribution significative aux discussions plus larges sur la diversité
morphologique et les trajectoires évolutives des H. sapiens fossiles. Le caractére mosaique des traits
dentaires observés chez les Hominines Atériens est analysé & la lumiére des variations régionales dans
les trajectoires évolutives des populations d’'Hominines du Pléistocéne supérieur.

logical assemblages. Within the MSA, there is a significant
chronological gap between the earliest representatives of

North Africa has yielded a rich Middle/Late Pleistocene  Homo sapiens in North Africa, dated to approximately 300 ka
fossil record of hominins associated with the Acheulean, (Hublin ez 2/ 2017; Richter et 2/ 2017), and the hominins
Middle Stone Age (MSA), and Iberomaurusian archaeo-  associated with late MSA assemblages, spanning a period
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of 145000 years from 160 000 years BP (Bouzouggar ez 4.
2018). This later period provides a substantial fossil record
documented across multiple sites.

In this study, we focus on fossils from Morocco associ-
ated with late MSA assemblages traditionally assigned to
the Aterian technocomplex. The Aterian technocomplex is
primarily defined by the presence of pedunculated pieces as
“fossiles directeurs”, in contrast to older MSA assemblages in
the same region, where they are absent (Balout 1955; Tixier
1967; Morel & Le Bretagne 1978; Aumassip 2004). Here,
we use “Aterian” to refer to the late MSA in North Africa.

The first Aterian hominin fossil was discovered by Howe
and Movius in 1939 at the Mugharet el’Aliya cave in northern
Morocco (Senyiirek 1940). In 1951, ]. Roche discovered a
fragmentary human parietal bone in northern Morocco at the
Taforalt Cave, near Oujda, and assigned it to the Aterian tech-
nocomplex. Subsequently, in the 1960s and 1970s, additional
human fossils associated with Aterian artifacts were unearthed
at various sites along the Atlantic coast south of Rabat.

The Rabat-Témara coastal region holds significant archaeo-
logical importance and plays a central role in understanding
the prehistoric populations of North Africa from the MSA
to the Neolithic period. Scholars have been researching
this area since the early 20th century, focusing on seven
main sites that have yielded Aterian assemblages. These
sites span approximately 9 km along the Atlantic coast and
have been the subject of research and excavation for over
40 years. Three of these sites, namely the Contrebandiers
Cave, El Harhoura I, and Dar es-Soltane II, have produced
Pleistocene hominins included in this study.

The Contrebandiers Cave in Témara was first discovered in
1955 by J. Roche, who conducted initial surveys from 1955
to 1957. Situated approximately 17 km from Rabat, on the
left side of the Rabat-Casablanca coastal road, the cave is
located about 250 m from the coastline. J. Roche continued
excavations at the site between 1967 and 1975, unearthing
additional material associated with Aterian tools. From 1975
onwards, J.-P. Texier also contributed to excavation efforts
(Roche & Texier 1976). In 1994, Bouzouggar reviewed the
stratigraphic sections and resumed limited-scale excava-
tions. Systematic excavations were carried out in 2005 by
M.A. El Hajraoui and H.L. Dibble. The Contrebandiers Cave
yielded several MSA human fossils. The mandible included
in this study was discovered in 1956 by J. Roche, who later
also unearthed the posterior portion of a skull.

In 2009, an immature individual represented by a skull,
mandible, and some post-cranial elements was discovered
by Dibble and El Hajraoui in layer 5 of the cave. The pre-
cise context of the adult mandible’s discovery is difficult
to establish (Vallois & Roche 1958; Roche 1976; Roche
& Texier 1976), but it was likely recovered from layer 9 of
the MSA series, which has been optically stimulated lumi-
nescence (OSL)-dated to 111-92 thousand years before
present (BP) (Dibble ez al. 2012).

Dar es-Soltane II cave is situated on an ancient coastal
cliff measuring 6 to 8 meters in height and is currently
located approximately 300 meters from the present shoreline.

COMPTES RENDUS PALEVOL e 2026 ¢ 25 (5)

Enamel-dentine junction of lower molars in North African hominins 4

The site was excavated by A. Debénath between 1969 and
1980. During the 1975 excavation campaign, Aterian human
remains were discovered in the lower levels of the cave. These
Aterian fossils include a partial adult skull, a left hemimandible,
and a child’s calvaria (Debénath 1976; Raynal & Occhietti
2012). They were found in an archacologically sterile layer
(layer 7) overlain by Aterian deposits. Amino acid racemiza-
tion dating on associated mollusk shells indicates a maximum
age of 85-75 ka BP (Raynal & Occhietti 2012), though an
age beyond 100 ka has been proposed based on OSL results
(Schwenninger ez al. 2010). Ferembach (1976) assigned the
human remains of Dar es-Soltane II to Homo sapiens.

The El Harhoura I cave was discovered by A. Debénath
and EZ. Sbihi-Alaoui in 1977 (Nespoulet & El Hajraoui
2012) and yielded a mandible and an isolated canine during
excavation in the same year (Debénath 1980). The age of the
specimen remains a topic of controversy. A thermolumines-
cence date obtained on burnt sandstone from a layer imme-
diately below that of the mandible suggests an age of only
32150 + 4800 years BP (Debénath ez al. 1986), which is out
of the range of the Aterian time span. However, Bergmann
et al. (2022) mention an unpublished uranium-thorium date
from a layer capping the one containing the mandible, which
would imply a minimum age of approximately 66000 BP
for the fossil. If this older age is confirmed, it would be more
consistent with the mandible’s archaic morphology.

The Aterian fossil hominins were initially regarded as
Neanderthal-like (Senyiirek 1940) or attributed to earlier
stages of the evolution of the genus Homo. A mandible dis-
covered at the Contrebandiers Cave was initially assigned to
an Acheulean hominin based on its robust bone structure
and tooth size (Vallois & Roche 1958). Ménard (1998,
2002) emphasized its dental volumes, which approximate
the dimensions observed in Homo erectus. However, it is
important to note that the archacological sequence of the
Contrebandiers Cave only includes MSA, Iberomaurusian,
and Neolithic layers (Dibble ez /. 2012).

Subsequently, in the 1970s, newly discovered Aterian
remains in Dar es-Soltane IT and El Harhoura I were described
as anatomically closer to extant humans and attributed to
carly forms of H. sapiens. In 1993, Minugh-Purvis re-ex-
amined the Mugharet el’Aliya specimen and rejected its
attribution to H. neanderthalensis (Minugh-Purvis 1993).
From an anatomical perspective, recent studies (Harvati
& Hublin 2012; Hublin ez 2/. 2012; Bergmann et al. 2022;
Réding ez al. 2022)but could be much older (35-90 ka
support the notion that Aterian hominins represent early
forms of H. sapiens. From a behavioral perspective, late
MSA sites in North Africa yield abundant evidence of
complex technological and symbolic behaviors, including
the production of bone tools, perforated shell bead orna-
ments, and the use of pigments (Morel 1974; El Hajraoui
1994; Vanhaereny ez al. 2006; Bouzouggar er al. 2007;
d’Errico er al. 2009; Richter ez al. 2010; Dibble ez al.
2012; M.A. El Hajraoui er /. 2012; M. El Hajraoui ez al.
2012; Bouzouggar et al. 2018; Steele ez al. 2019; Ichou
& Bouzouggar 2020; Sehasseh ez al. 2021).
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While Aterian human fossils are currently only known from
Morocco, Aterian lithic assemblages are documented across a
wide geographic area, ranging from the Atlantic coast of North
Africa to the western desert of Egypt and from the Mediter-
ranean to the southern regions of the modern Sahara. These
populations were contemporaneous with the first A. sapiens
populations found outside of Africa, and given their geo-
graphical distribution, they may have played a role as one of
the sources for the early peopling of Eurasia by H. sapiens.

The aim of this paper is to compare the dental evidence
provided by Aterian hominins with that of contemporane-
ous groups such as European H. neanderthalensis and early
forms of H. sapiens from Africa and southwest Asia to clarify
their taxonomical position. Teeth are abundant in the fossil
record and have proven to be valuable tools for taxonomic
discrimination (e.g., Weidenreich 1937; Robinson 1956;
Trinkaus 1978; Johanson & White 1979; Wolpoff 1979;
Wood ez al. 1983; Suwa er al. 1994; Bermtdez de Castro
et al. 1999; Bailey 2006; Martinén-Torres ez al. 2012). Spe-
cifically, this study focuses on analyzing the shape and size
of the enamel-dentine junction (EDJ).

The development and arrangement of dental cusps are
tightly regulated by genetic factors (Jernvall & Jung 2000;
Thesleff 2000, 2006), and the outer enamel surface (OES)
is commonly utilized, among others, to assess biomechan-
ics of natural teeth (e.g., Ding er al. 2023), stomatognatic
asymmetry (e.g., Khalaf ez 2. 2005; Oxilia ez /. 2018) and
taxonomic relationships among hominin groups (Romandini
et al. 2020; Oxilia ez al. 2023, 2025). Investigations into the
relationship between the ED]J and the OES have revealed that
the ED]J plays a primary role in shaping the morphology of
the OES (Skinner 2008; Skinner et 2/. 2008b, 2010; Morita
et al. 2014; Guy et al. 2015).

The application of micro-computed tomography (micro-CT)
allows for precise reconstruction of the EDJ and high-resolution
morphometric quantitative analysis of the internal structures
of teeth (e.g., Skinner 2008; Skinner ez a/. 2008b, 2009a).
By employing precise quantitative criteria to characterize the
topography of these surfaces, such as elevation, inclination,
orientation, curvature, and occlusal complexity, significant
covariation between ED]J and OES morphologies in primate
molars has been demonstrated (Guy ezal. 2013, 2015). Notably,
the EDJ is less affected by tooth wear compared to the OES
and exhibits a more conservative and ancestral morphology
(Butler 1956; Korenhof 1961). Consequently, investigations of
the EDJ provide valuable insights into developmental processes
(Korenhof 1961) and offer a means to address taxonomic and
phylogenetic inquiries (e.g., Corruccini 1987, 1998; Macchiarelli
etal. 2006; Skinner ez al. 2008a, b, 20092, b, 2010; Braga ez 4.
2010; Skinner & Gunz 2010; Bailey ez al. 2011; Ortiz ez al.
2012; Zanolli et al. 2012, 2014, 2015; Zanolli & Mazurier
2013; Martinén-Torres ez al. 2014; Martinez de Pinillos ez a/.
2014; Zanolli 2015; Martin et al. 2017; Ortiz et al. 2017).

Studies focusing on the EDJ have successfully discrimi-
nated between primate and hominin fossil species and have
also differentiated molars within the same jaw arch arch (e.g.,
Skinner et al. 2008a, 2009a, b).
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MATERIAL AND METHODS

MATERIAL

In addition to the Aterian specimens (n = 7), our com-
parative sample includes 98 permanent first and second
mandibular molars (LM2 and LM2) attributed to fossil
Homo sapiens (n = 15), H. neanderthalensis (n = 37), and
recent H. sapiens (n = 47), representing a broad range of
chronological and geographical origins (Table 1). The Ate-
rian molars (Fig. 1), which come from Middle Stone Age
(MSA) contexts in North Africa, were excavated from key
archaeological sites such as Dar es-Soltane II, El Harhoura,
and Contrebandiers Cave. These specimens provide valu-
able insights into the dental morphology of populations
associated with the Aterian technocomplex.

The fossil H. sapiens molars in our sample range in age
from Marine Isotope Stages (MIS) 9 to 4 and originate from
sites in North Africa, South Africa, and southwestern Asia.
These fossil H. sapiens serve as an important comparative
group for understanding the evolutionary relationships and
dental variation in Aterians.

The H. neanderthalensis sample includes specimens dating
from approximately 230 to 40 ka, notably individuals from
Krapina (Croatia) and Scladina (Belgium), as described
in Martin et al. (2017).

The recent H. sapiens sample consists of individuals from
Holocene archaeological sites in Belgium, along with specimens
from anatomical collections and clinical dental extractions. In
the case of antimeric teeth, only the best-preserved side was
considered. Due to the lack of sex data for most fossil speci-
mens, the recent H. sapiens sample was not divided by sex.

METHODS
The molars in this study were scanned using micro-computed
tomography (micro-CT) at the Max Planck Institute for
Evolutionary Anthropology in Leipzig, Germany. Scanning
was performed with either a BIR ACTIS 225/300 industrial
microscanner (130 kV; 100 pA, brass filter 0.25 or 0.50 mm)
or a SkyScan 1172 microscanner (100 kV, 94 pA, aluminum
and copper filter 0.5 + 0.04 mm), producing voxel sizes rang-
ing from 15 to 50 pm. To enhance the clarity of the images, a
three-dimensional median filter with a core size of either one or
three was applied, followed by a medium variance filter of the
same size. This filtering protocol was designed to standardize
grey levels across tissue regions, improving the differentiation
between enamel and dentine while preserving the structural
integrity of the EDJ (Skinner 2008; Wollny ez al. 2013).
Enamel and dentine were segmented using Avizo 9.0.1,
based on 3D voxel value histograms and grayscale thresh-
olds, and the ED]J surface was generated with unconstrained
smoothing. All analyses were conducted exclusively on the
ED] (Fig. 2). In certain specimens, such as the Contreband-
iers Mandible LLM1, Dar es-Soltane II H4 LLM1, and
El Harhoura LRM1, dental wear compromised the dentine
horn tips. For these teeth, the original height and position
of the cusp tips were estimated using a prediction pipeline
(Napolitano ez al. 2026). The predicted heights were applied
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Fic. 1. — 3D digital model of the dentine and enamel-dentine junction (EDJ) of the Aterian specimens: A, Dar es-Soltane I| H4 LLM2; B, El Harhoura LRM2;
C, Contrebandiers Mandible LLM2; D, Contrebandiers Mandible T3a LLM1; E, El Harhoura LRM1; F, Contrebandiers Mandible LLM1; G, Dar es-Soltane Il H4

LRM1. Abbreviations: b, buccal; d, distal; I, lingual; m, mesial; o, occlusal.

to the digital models at positions defined as the midpoints
between two reference points located mesially and distally to
the wear margin, a method shown to accurately reflect the
original cusp position.

The original cusp heights for the three worn Aterian molars
(Fig. 3) — Dar es-Soltane Il H4 LLM1, El Harhoura LRM,,
and Contrebandiers Mandible LLM1 — were estimated
using a standardized machine learning pipeline specifically
designed for the reconstruction of original cusp morphol-
ogy in worn mandibular molars (Napolitano ez a/. 2026).
This approach relies on three-dimensional morphometric
data derived from micro-computed tomography (micro-
CT) and integrates both Random Forest regression and
ensemble modeling strategies. The reference dataset used
for model development consisted of 40 unworn permanent
mandibular molars (19 M1 and 21 M2), spanning four
hominin groups (Middle Paleolithic Homo sapiens, recent
Homo sapiens, Neanderthals, and modern individuals). The
teeth were scanned at voxel resolutions between 15-50 pm
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and subsequently pre-processed to optimize image clarity
(median and variance filters, beam-hardening and ring cor-
rection) and segmentation accuracy, with enamel, dentine,
and pulp chamber reconstructed as separate volumes. The
ED]J, which preserves morphogenetic information even in
worn teeth, was extracted and used as the primary structural
reference. To model variation induced by wear, two digital
simulations of progressive occlusal attrition (“wornl” and
“worn2”) were generated for each tooth, yielding a total of
120 experimental observations. For each state, cusp-specific
morphometric variables (area and volume) were quantified,
while the original cusp height served as the predictive target
variable. Regression models (Random Forest and linear regres-
sion) were trained on unworn specimens and validated on
simulated worn specimens via a hold-out strategy, with root
mean square error (RMSE) and R? as performance metrics.
Species identity was deliberately excluded as a predictor to
maximize model generalizability across morphological diver-
sity. The Random Forest model consistently outperformed
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TaBLE 1. — Fossil and extant specimens included in this study.

Tooth
Group Chronology Source for chronology Locality position
Aterian
MIS 5 Barton et al. 2009 Dar es-Soltane Il, Morocco LLMA1
MIS 5 Barton et al. 2009 Dar es-Soltane Il, Morocco LLM2
MIS 5 Schwenninger et al. 2010 El Harhoura, Morocco LRM1
MIS 5 Schwenninger et al. 2010 El Harhoura, Morocco LRM2
MIS 5 Jacobs et al. 2011 Contrebandiers, Morocco LLMA1
MIS 5 Jacobs et al. 2011 Contrebandiers, Morocco LLM2
MIS 5 Jacobs et al. 2011 Contrebandiers, Morocco LLMA
Fossil Homo sapiens
MIS 5 Schwarcz & Rink 2000 Die Kelders, South Africa LRM1
MIS 5 Schwarcz & Rink 2000 Die Kelders, South Africa LLMA1
MIS 5 Schwarcz & Rink 2000 Die Kelders, South Africa LRM2
MIS 5 Grine & Klein 1985 Equus, South Africa LRM1
MIS 8-9 Richter et al. 2017 Irhoud, Morocco LRM2
MIS 8-9 Richter et al. 2017 Irhoud, Morocco LRM1
MIS 8-9 Richter et al. 2017 Irhoud, Morocco LLM2
MIS 5 Mercier et al. 1993; Valladas et al. 1988 Qafzeh, Israel LLMA1
MIS 5 Mercier et al. 1993; Valladas et al. 1988 Qafzeh, Israel LLM2
MIS 5 Mercier et al. 1993; Valladas et al. 1988 Qafzeh, Israel LLMA1
MIS 5 Mercier et al. 1993; Valladas et al. 1988 Qafzeh, Israel LLM2
MIS 5 Mercier et al. 1993; Valladas et al. 1988 Qafzeh, Israel LLM2
MIS 5 Mercier et al. 1993; Valladas et al. 1988 Qafzeh, Israel LLMA1
MIS 5 Mercier et al. 1993; Valladas et al. 1988 Qafzeh, Israel LRM2
MIS 5 Mercier et al. 1993; Valladas et al. 1988 Skhul, Israel LLMA1
Homo neanderthalensis
MIS 6 Teilhol 2002 Abri Suard, France LRM1
MIS 6 Teilhol 2002 Abri Suard, France LRM1
MIS 6 Teilhol 2002 Abri Suard, France LLMA1
MIS 6 Teilhol 2002 Abri Suard, France LLM2
MIS 5a-4 Guadelli & Laville 1988 Combe-Grenal, France LRM1
MIS 5a-4 Guadelli & Laville 1988 Combe-Grenal, France LLMA1
MIS 5a-4 Guadelli & Laville 1988 Combe-Grenal, France LRM1
MIS 5e Rink et al. 1995 Krapina, Croatia LLM2
MIS 5e Rink et al. 1995 Krapina, Croatia LLM2
MIS 5e Rink et al. 1995 Krapina, Croatia LRM2
MIS 5e Rink et al. 1995 Krapina, Croatia LLMA1
MIS 5e Rink et al. 1995 Krapina, Croatia LRM1
MIS 5e Rink et al. 1995 Krapina, Croatia LRM2
MIS 5e Rink et al. 1995 Krapina, Croatia LLMA
MIS 5e Rink et al. 1995 Krapina, Croatia LLM2
MIS 5e Rink et al. 1995 Krapina, Croatia LLMA1
MIS 5e Rink et al. 1995 Krapina, Croatia LLM2
MIS 5e Rink et al. 1995 Krapina, Croatia LRM2
MIS 5e Rink et al. 1995 Krapina, Croatia LRM2
MIS 5e Rink et al. 1995 Krapina, Croatia LLM2
MIS 5e Rink et al. 1995 Krapina, Croatia LRM1
MIS 5e Rink et al. 1995 Krapina, Croatia LRM2
MIS 5e Rink et al. 1995 Krapina, Croatia LLMA1
MIS 5e Rink et al. 1995 Krapina, Croatia LLM2
MIS 5e Rink et al. 1995 Krapina, Croatia LLM2
MIS 4-3 Martin 1920; Mercier 1992; La Quina France LLM2
Mercier & Valladas 1998
MIS 3 Mellars & Grin 1991; Valladas et al. 1986 Le Moustier, France LLMA1
MIS 3 Mellars & Griin 1991; Valladas et al. 1986 Le Moustier, France LLM2
MIS 5c-4 Cavanhié 2011; Delpech 1996; Turqg et al. Regourdou, France LLM2
2008; Vandermeersch & Trinkaus 1995
MIS 4 Guérin et al. 2012 Roc de Marsal, France LRM1
MIS 5¢ Ellwood et al. 2004; Pirson et al. 2014 cladina, Belgium LRM1
MIS 5¢ Ellwood et al. 2004; Pirson et al. 2014 Scladina, Belgium LRM2
MIS 5¢ Ellwood et al. 2004; Pirson et al. 2014 Scladina, Belgium LLM2
MIS 5¢ Ellwood et al. 2004; Pirson et al. 2014 Scladina, Belgium LRM2
MIS 5¢ Ellwood et al. 2004; Pirson et al. 2014 Scladina, Belgium LRM1
MIS 5¢ Ellwood et al. 2004; Pirson et al. 2014 Scladina, Belgium LLMA1
MIS 3 Wild et al. 2001 Vindija Cave, Croatia LRM2
Recent Homo sapiens
MIS 1 - Archaeological sites in Belgium LLM1
MIS 1 - Archaeological sites in Belgium LRM2
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Table 1. — Continuation.

Tooth
Group Chronology Source for chronology Locality position

MIS 1 - Archaeological sites in Belgium LLMA
MIS 1 - Archaeological sites in Belgium LLMA
MIS 1 - Archaeological sites in Belgium LRM1
MIS 1 - Archaeological sites in Belgium LLM1
MIS 1 - Anatomical collections / Clinical extractions LLM2
MIS 1 - Anatomical collections / Clinical extractions LRM2
MIS 1 - Anatomical collections / Clinical extractions LLM2
MIS 1 - Anatomical collections / Clinical extractions LRM1
MIS 1 - Anatomical collections / Clinical extractions LRM2
MIS 1 - Anatomical collections / Clinical extractions LLM2
MIS 1 - Anatomical collections / Clinical extractions LRM2
MIS 1 - Anatomical collections / Clinical extractions LRM2
MIS 1 - Anatomical collections / Clinical extractions LLM2
MIS 1 - Anatomical collections / Clinical extractions LLM1
MIS 1 - Anatomical collections / Clinical extractions LLM2
MIS 1 - Anatomical collections / Clinical extractions LLM1
MIS 1 - Anatomical collections / Clinical extractions LLM2
MIS 1 - Anatomical collections / Clinical extractions LLM1
MIS 1 - Anatomical collections / Clinical extractions LLM2
MIS 1 - Anatomical collections / Clinical extractions LRM1
MIS 1 - Anatomical collections / Clinical extractions LLM1
MIS 1 - Anatomical collections / Clinical extractions LLM1
MIS 1 - Anatomical collections / Clinical extractions LRM2
MIS 1 - Anatomical collections / Clinical extractions LLM2
MIS 1 - Anatomical collections / Clinical extractions LLM1
MIS 1 - Anatomical collections / Clinical extractions LRM2
MIS 1 - Anatomical collections / Clinical extractions LLM1
MIS 1 - Anatomical collections / Clinical extractions LLM2
MIS 1 - Anatomical collections / Clinical extractions LRM2
MIS 1 - Anatomical collections / Clinical extractions LLM2
MIS 1 - Anatomical collections / Clinical extractions LLM2
MIS 1 - Anatomical collections / Clinical extractions LLM2
MIS 1 - Anatomical collections / Clinical extractions LRM2
MIS 1 - Anatomical collections / Clinical extractions LLM1
MIS 1 - Anatomical collections / Clinical extractions LRM1
MIS 1 - Anatomical collections / Clinical extractions LRM2
MIS 1 - Anatomical collections / Clinical extractions LLM1
MIS 1 - Anatomical collections / Clinical extractions LLM1
MIS 1 - Anatomical collections / Clinical extractions LRM2
MIS 1 - Anatomical collections / Clinical extractions LRM1
MIS 1 - Anatomical collections / Clinical extractions LRM2
MIS 1 - Anatomical collections / Clinical extractions LLM2
MIS 1 - Anatomical collections / Clinical extractions LLM1
MIS 1 - Anatomical collections / Clinical extractions LRM1
MIS 1 - Anatomical collections / Clinical extractions LRM1

TABLE 2. — Summary table of dental cusps analyzed from three individuals (Dar es-Soltane Il H4 LLM1, El Harhoura LRM1, Contrebandiers Mandible LLM1),
indicating the strategy used, the best predictive model, input area and volume measurements, and the predicted height for each cusp. The predicted height
value is calculated from the cutting plane obtained from the occlusal basin, which was derived by applying an offset parallel to the cervical.

Tooth_ID Cusp Strategy used Best model Area input Volume input Predicted height
Dar es-Soltane Il H4 LLM1 Protoconid Uniti Random forest 23.18 34.84 3.314
Dar es-Soltane Il H4 LLM1 Metaconid Uniti Ensemble 13.61 20.14 3.708
Dar es-Soltane Il H4 LLM1 Entoconid Uniti Random forest 15.16 16.53 2.461
Dar es-Soltane Il H4 LLM1 Hypoconid Uniti Random forest 17.24 20.44 2.323
El Harhoura LRM1 Protoconid Uniti Random forest 22.31 33.57 3.04
El Harhoura LRM1 Metaconid Uniti Ensemble 22.84 30.94 3.837
El Harhoura LRM1 Entoconid Uniti Random forest 16.81 24.56 2.437
El Harhoura LRM1 Hypoconid Uniti Random forest 21.46 16.19 2.184
Contrebandiers Mandible LLM1  Protoconid Uniti Random forest 20.79 33.89 3.178
Contrebandiers Mandible LLM1  Metaconid Uniti Ensemble 23.67 28.2 3.533
Contrebandiers Mandible LLM1  Entoconid Uniti Random forest 21.89 13.39 2.447
Contrebandiers Mandible LLM1  Hypoconid Uniti Random forest 14.62 28.83 2.904
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Fic. 2. — Landmarking protocol for mandibular molar Irhoud3 LRM; Anatomical landmarks (big spheres) are placed on the tips of the four primary horns:
1, protoconid; 2, metaconid; 3, entoconid; 4, hypoconid. Curve semilandmarks (small spheres) are placed along the ridge of the enamel-dentine junction (EDJ).

linear regression, while ensemble predictions provided stable
intermediate results. Validation showed strong predictive
accuracy across all cusp types (RMSE < 0.25 mm; R? > 0.83),
even under conditions of advanced simulated wear. These
results demonstrate that the pipeline offers a robust and
reproducible solution for estimating original cusp heights
from worn teeth, overcoming the limitations imposed by
occlusal attrition. On this basis, the original cusp heights of
the Aterian molars reported here were reconstructed from
their measured occlusal areas and volumes (Table 2).

For geometric morphometric analysis, two sets of 3D land-
marks were collected following established protocols (Skinner
2008; Skinner et al. 2008a, 2009a; Skinner & Gunz 2010).
Four anatomical landmarks were digitized at the tips of the
dentine horns corresponding to the primary cusps (protoco-
nid, metaconid, entoconid, and hypoconid). Additionally,
semilandmarks were placed along the EDJ ridges connect-
ing the dentine horns, starting from the protoconid and
proceeding towards the metaconid (Fig. 2). The ED]J ridge
was divided into four sections, with a predefined number
of semilandmarks placed equidistantly within each section:
12 between the protoconid and metaconid, 12 between the
metaconid and entoconid, 24 between the entoconid and
hypoconid, and 12 between the hypoconid and protoconid. To
ensure uniformity in measurement points across all specimens
(n = 60), semilandmarks were resampled using a Mathematica
routine and subsequently adjusted using a sliding algorithm
to minimize thin-plate spline bending energy, thereby align-
ing each specimen with the Procrustes average shape (Gunz
et al. 2005; Mitteroecker & Gunz 2013).

Once the sliding was completed, a Procrustes superimposition
(Rohlf & Slice 1990) was applied to transform the landmark
data into shape coordinates. These Procrustes shape coordi-
nates were subsequently analyzed using multivariate statistics
in shape space (Mitteroecker ez al. 2013), providing a detailed
framework for examining shape variation among groups.

Beyond the shape analyses, Procrustes form space was also
explored by incorporating both the natural logarithm of cen-
troid size and the Procrustes shape coordinates in a principal
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component analysis (PCA). This dual approach allowed for
the evaluation of both size and shape differences across taxa,
adding a further dimension to the analysis.

To statistically assess the differences in centroid size among
groups, computations were performed using R software.
Separate ANOVA tests were conducted for LM1 and LM2,
followed by post hoc Tukey tests.

RESULTS

RECONSTRUCTION OF WORN ED]J
Predicted cusp heights for Dar es-Soltane I H4 LLM1 ranged
from 2.32 mm (hypoconid) to 3.71 mm (metaconid), while
El Harhoura LRM, showed values from 2.18 mm (hypoconid)
to 3.84 mm (metaconid). For the Contrebandiers Mandible
LLM]1, predicted heights ranged from 2.45 mm (entoconid)
to 3.53 mm (metaconid).

Subsequently, these predictions were applied on digital
models (Fig. 3) and used to optimally calibrate the placement
of the cusp landmark for each cusp.

CENTROID SIZES OF LM1 AND LM2

The centroid sizes in this study were analyzed to examine
the variation in molar sizes across different hominin groups
and positions (LM1 and LM2) (Appendices 1; 2). A box-
plot in Figure 4 visually represents this variation, where the
central line within each box denotes the median, dividing
the data into two halves. The edges of the box correspond
to the interquartile range (IQR), representing the central
50% of the data. Whiskers extend to capture the upper and
lower 25% of the distribution, providing an overview of
variability beyond the IQR.

This boxplot comparison allows for a clear visualization
of size differences between groups based on molar posi-
tion and taxonomic classification. Examining the centroid
size of the ED]J for LM1 and LM2 across Aterian, fossil
H. sapiens, H. neanderthalensis, and recent H. sapiens
offers insight into evolutionary trends in molar size.
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Fic. 3. — Predicted cusp heights for three Aterian molars where severe occlusal wear, extending to the enamel-dentine junction (EDJ), required estimation:
A, Dar es-Soltane Il H4 LLM1; B, El Harhoura LRM1; C, Contrebandiers Mandible LLM1.
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Fic. 4. — Boxplot of the centroid size by molar type LM1 and LM2, across Aterian (orange), fossil Homo sapiens (green), H. neanderthalensis (red), and recent
H. sapiens specimens (blue). Hn-M1 (n = 17), Hn-M2 (n = 20), RHS-M1 (n = 23), RHS-M2 (n = 24), FHS-M1 (n = 8), FHS-M2 (n = 7), Aterian-M1 (n = 4), Aterian-

M2 (n = 3).

TaBLE 3. — Statistical results summary of the first mandibular molars (LM1) across Aterian, fossil Homo sapiens, H. neanderthalensis and recent H. sapiens specimens.

Comparison

Mean difference

p-value (Tukey) Significance

Fossil H. sapiens vs Aterian

H. neanderthalensis vs Aterian

Recent H. sapiens vs Aterian

H. neanderthalensis vs fossil H. sapiens
Recent H. sapiens vs fossil H. sapiens
Recent H. sapiens vs H. neanderthalensis

-3.95
-4.02
-7.33
-0.07
-3.39
-3.31

0.012 Significant
0.003 Significant
0 Significant
1 Not significant
0 Significant
0 Significant

This comparative approach reveals patterns of size evolu-
tion across lineages, highlighting distinct size distributions
and overlaps among these groups.

LMI1 CENTROID SIZE

For the LM1 centroid size, significant differences are observed
across all hominin groups. The Aterian LM1 exhibits the
largest centroid size among the groups analyzed, with limited
overlap with other groups. This distinctively larger size range
suggests that Aterian LM 1s maintain unique morphological
characteristics, setting them apart from other groups in the
study. Statistical analysis further reinforces this observation,
indicating a clear separation between the centroid sizes of Ate-
rian LM 1s and those of fossil H. sapiens, H. neanderthalensis,
and recent H. sapiens (Table 3).

LM2 CENTROID SIZE

For the LM2 centroid size, the pattern reveals some
notable distinctions. Aterian LM2s maintain larger cen-
troid sizes compared to recent H. sapiens, whose sizes are
distinctly smaller. However, Aterian LM2s show some
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overlap in centroid size range with both fossil H. sapiens
and H. neanderthalensis (Fig. 3). This overlap, though
minimal, may indicate the retention of certain ancestral
traits within the Aterian group.

Statistical comparisons confirm that while recent H. sapiens
show significant differences from Aterians in LM2 centroid
size, the differences between Aterians, fossil H. sapiens, and
H. neanderthalensis are not statistically significant. This find-
ing highlights a closer similarity in the LM2 position among
these three groups (Table 4).

PRINCIPAL COMPONENT ANALYSIS

OF LM1 ED]J SHAPE AND FORM

In the shape space, the PCA of LM1 reveals distinct patterns of
morphological variation among Aterian, H. neanderthalensis,
fossil H. sapiens, and recent H. sapiens specimens. In the
PC1 (19.50% of variance) vs PC2 (14.57% of variance) plot
(Fig. 5A), Aterian specimens show a distinct and relatively
concentrated clustering compared to the other groups, indi-
cating a unique combination of shape characteristics. Along
PC2, Aterians exhibit substantial overlap with fossil and recent
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Fic. 5. — Principal component analysis (PCA) plots of enamel-dentine junction (EDJ) shape the first mandibular molar across Aterian (orange), fossil Homo sapiens
(green), H. neanderthalensis (red), and recent H. sapiens specimens (blue): A, first mandibular molars (LM1) EDJ shape (PC1 vs PC2); B, LM1 EDJ shape (PC1
vs PC3); C, LM1 EDJ shape (PC1, PC2, and PC3).

TaBLE 4. — Statistical results summary of the second mandibular molars (LM2) across Aterian, fossil Homo sapiens, H. neanderthalensis and recent H. sapiens specimens.

Mean difference p-value (Tukey)

Significance

Comparison

Fossil H. sapiens vs Aterian -4.32
H. neanderthalensis vs Aterian -4.25
Recent H. sapiens vs Aterian -8.50
H. neanderthalensis vs Fossil H. sapiens 0.08
Recent H. sapiens vs fossil H. sapiens -4.18
Recent H. sapiens vs H. neanderthalensis -4.26

0.097
0.058
0
1
0.003
0

Not significant
Not significant
Significant
Not significant
Significant
Significant

H. sapiens, while remaining well-separated from H. neander-
thalensis. Although Aterians partly overlap with both fossil and
recent H. sapiens, their distribution is shifted toward higher
positive values on PC1, reflecting their larger size.
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In the PCA plot comparing PC1 (19.50% of variance) and
PC3 (14.37% of variance) (Fig. 5B), Aterian specimens show
some overlap with both H. neanderthalensis and fossil H. sapiens.
Contrebandiers T3a LLM1 clusters within the variation observed
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Fic. 6. — Principal component analysis (PCA) plots of enamel-dentine junction (EDJ) form the first mandibular molar across Aterian (orange), fossil Homo sapiens
(green), H. neanderthalensis (red), and recent H. sapiens specimens (blue): A, first mandibular molars (LM1) EDJ form (PC1 vs PC2); B, LM1 EDJ shape form

(PC1 vs PC3); C, LM1 EDJ form (PC1, PC2, and PC3).

Fic. 7. — Between taxa comparisons of mean enamel-dentine junction (EDJ) shape of first mandibular molars: A, first mandibular molars (LM1) occlusal
view; B, LM1 lateral view, across Aterians (orange), fossil Homo sapiens (green), H. neanderthalensis (red), and recent Homo sapiens (blue). Key landmarks:

1, protoconid; 2, metaconid; 3, entoconid; 4, hypoconid.

for H. neanderthalensis, while E1 Harhoura LRM1 and Dar es-
Soltane IT H4 LLM1 specimens closely align with both H. nean-
derthalensis and fossil H. sapiens. Additionally, El Harhoura
appears distinct from all other groups. Certain fossil /. sapiens
specimens, including Qafzeh 11, Irthoud 3, and Skhul 1, cluster
with both H. neanderthalensis and recent H. sapiens.

A 3D plot of the shape space following PC1, PC2, and PC3
(Fig. 5C) offers a clear depiction of the morphological distinc-
tions among the groups. Homo neanderthalensis individuals
are completely separated from all other groups, highlighting
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the uniqueness of their LM1 morphology. Aterian specimens,
though more closely clustered with fossil H. sapiens, retain
distinct characteristics. While there is some marginal overlap
with fossil H. sapiens, Aterians do not overlap with recent
H. sapiens. Interestingly, recent H. sapiens, fossil H. sapiens,
and Aterians form a separate cluster along PC2, which is
well-distinguished from H. neanderthalensis.

In the form space analysis of PC1 vs PC2 (Fig. 6A), PC1
accounts for 60.03% of variance, while PC2 explains 6.99%.
Aterian specimens occupy a distinct position with higher
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Fic. 8. — Principal component analysis (PCA) plots of enamel-dentine junction (EDJ) shape the second mandibular molar across Aterian (orange), fossil Homo
sapiens (green), H. neanderthalensis (red), and recent H. sapiens specimens (blue): A, second mandibular molars (LM2) EDJ shape (PC1 vs PC2); B, LM2 EDJ

shape (PC1 vs PC3); C, LM2 EDJ shape (PC1, PC2, and PC3).

positive values along PC1. This positioning reflects the larger
sizes observed in Aterian LM1s as well as in most H. nean-
derthalensis and fossil H. sapiens when compared to recent
H. sapiens. Fossil H. sapiens show the largest variability along
PC1, indicating considerable diversity in their molar size.
In PC1 vs PC3 form space (Fig. 6B), PC1 accounts for
60.03% of the total variance, while PC3 explains 6.30%.
Aterians are positioned distinctly from both H. neandertha-
lensis and H. sapiens. Along PC3, the differences between
recent H. sapiens, fossil H. sapiens, and Aterians appear largely
driven by size, which sets the Aterians apart from the others.
In a 3D shape form space (Fig. 6C), the extreme positioning
of Aterians becomes even more evident, while the distinctive
pattern of H. neanderthalensis is clearer. Aterians exhibit a smaller
range of variation, likely due to the limited number of available
specimens. They position close to the largest fossil H. sapiens.
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The ED]J shape differences of LM1 (Fig. 7) across Aterians,
fossil H. sapiens, H. neanderthalensis, and recent H. sapiens reflect
distinct morphological patterns at key cusp landmarks: 1) the
protoconid; 2) metaconid; 3) entoconid; and 4) hypoconid.

In the occlusal view of LM1 (Fig. 7A), Aterian molars
display an elongated distolingual crest linking the entoconid
and hypoconid, which extends distally in an open curve. The
crest between the entoconid and hypoconid extends distally in
an open curve. Meanwhile, the crest between the entoconid
and metaconid is displaced toward the center of the crown.
This elongated outline is present, albeit to a lesser extent, in
H. neanderthalensis and fossil H. sapiens.

In recent H. sapiens, the ED]J crest outlines are more com-
pact, with shorter and less mesiodistally elongated patterns
compared to other groups. In H. neanderthalensis, talonid
crests are narrower and shorter than those observed in fossil
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Fic. 9. — Principal component analysis (PCA) plots of enamel-dentine junction (EDJ) form the second mandibular molar across Aterian (orange), fossil Homo
sapiens (green), H. neanderthalensis (red), and recent H. sapiens specimens (blue): A, second mandibular molars (LM2) EDJ form (PC1 vs PC2); B, LM2 EDJ

form (PC1 vs PC3); C, LM2 EDJ shape form (PC1, PC2, and PC3).

and recent H. sapiens. Aterians accentuate the expansion of
the talonid crests seen in H. sapiens groups.

Another similarity between Aterians and both groups of
H. sapiens is the placement of the metaconid. As noted by
Martin ez al. (2017), this cusp is more centrally positioned in
H. neanderthalensis. In Figure 7A, the metaconid and proto-
conid horns of H. neanderthalensis appear more protruding
and tilted toward the central basin than in recent and fossil
H. sapiens. For this feature, Aterians align more closely with
H. sapiens. A distinctive trait of the Aterian mean shape,
however, is that all cusp horns — except the metaconid — are
much lower than in both H. sapiens and H. neanderthalensis.

PRINCIPAL COMPONENT ANALYSIS

OF LM2 ED]J SHAPE AND FORM

Shape analysis of the LM2 ED]J is less discriminant in shape
space than that of LM1 in separating the studied groups.
Figure 8A shows the PCA plot of shape space (PC1 vs PC2),
which explains 34.42% of variance on PC1 and 14.44% on PC2.
Aterian specimens, including El Harhoura, Dar es-Soltane I1
H4, and Contrebandiers, are positioned almost entirely within
the fossil H. sapiens distribution, with marginal overlap with
H. neanderthalensis and recent H. sapiens. Dar es-Soltane 11
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H4 is positioned at the limits of the distributions of recent
H. sapiens and H. neanderthalensis. El Harhoura is the only
individual well within the H. neanderthalensis distribution and
outside the fossil and recent H. sapiens groups. Contrebandiers
is positioned near the limit of the fossil H. sapiens variation.

Figure 8B shows the PCA plot of shape space (PC1 vs PC3),
where PC1 explains 34.42% and PC3 explains 10.06% of
variance. Aterians remain entirely within the variation of fossil
H. sapiens but also overlap with H. neanderthalensis and recent
H. sapiens. Contrebandiers aligns with the fossil H. sapiens
and recent H. sapiens clusters, far from H. neanderthalensis.
Dar es-Soltane II H4 retains a more primitive pattern closer
to H. neanderthalensis. The PC1 vs PC3 shape space plot
illustrates the Aterian position within a complex evolutionary
framework. El Harhoura and Contrebandiers show stronger
affinities with fossil and recent H. sapiens. Dar es-Soltane 11
H4 retains more H. neanderthalensis-like traits.

The distribution of specimens in a 3D shape space (PC1,
PC2, and PC3) (Fig. 8C) highlights distinctions between
recent H. sapiens and H. neanderthalensis, H. neanderthalensis
are discriminated from recent H. sapiens. Fossil H. sapiens
and Aterians plot in the intermediate domain of overlap
between these poles.
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Fic. 10. — Between taxa comparisons of mean enamel-dentine junction (EDJ) shape of second mandibular molars: A, second mandibular molars (LM2) oc-
clusal view; B, LM2 lateral view, across Aterians (orange), fossil Homo sapiens (green), H. neanderthalensis (red), and recent H. sapiens (blue). Key landmarks:

1, protoconid; 2, metaconid; 3, entoconid; 4, hypoconid.

Figure 9A shows PC1 vs PC2 in form space, with PC1 explain-
ing 65.42% of the variance and PC2 explaining 11.34% of the
variance. The distribution of Aterian specimens (El Harhoura,
Dar es-Soltane I H4, and Contrebandiers) reveals a distinction
in overall form compared to fossil H. sapiens, H. neandertha-
lensis, and recent H. sapiens. Fossil H. sapiens display very large
shape variation, encompassing most of the variation observed
in other groups and bridging the smaller recent H. sapiens and
Aterians. Homo neanderthalensis displays reduced variation
compared to fossil H. sapiens, but also occupies an intermediate
position between Aterians and recent H. sapiens.

Figure 9B shows PC1 vs PC3 in form space, with PC1
explaining 65.42% of the variance and PC3 explaining 4.85%
of the variance. Similar patterns to those observed in LM1 are
evident. El Harhoura displays an extreme positioning along
PC1, placing it far from the recent H. sapiens hull. Recent
and fossil H. sapiens largely overlap along PC1 but do not
separate significantly along PC2 or PC3, emphasizing the
reduction in size in modern populations.

The 3D representation of the shape form space (PC1, PC2,
and PC3) (Fig. 9C) highlights the morphological continuum
between recent H. sapiens, fossil H. sapiens, and Aterians.
Homo neanderthalensis individuals cluster tightly, exhibiting
a well-defined form space. Fossil H. sapiens display greater
variability, reflecting their wider geographical and temporal
range. Recent H. sapiens, fossil H. sapiens, and Aterians range
by increasing size along PC1, exhibiting larger size variability
than H. neanderthalensis. This 3D plot shows a better separa-
tion of H. neanderthalensis from other groups, with less overlap
compared to the LM1 ED]J analysis.

The ED]J contours of LM2 show less clear distinctions in
their overall morphology compared to LM1 (Fig. 10C, D).
Some of the distinctive features of each group observed in
LMTI are still present, although less pronounced.

The difference in elongation of the crest outline between
Aterians and other groups is barely visible. However, the more
central positioning of the metaconid and the shortening of the
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spacing between the metaconid and protoconid in H. nean-
derthalensis remain evident. Aterians display an incipient tilt
of the metaconid, along with a more central positioning of
the entoconid, similar to H. neanderthalensis.

In general, across all groups, except for the metaconid in
Aterians and H. neanderthalensis and the entoconid in Ateri-
ans, the occlusal projection of the horns relative to the crests
is weaker than that observed in LM1.

DISCUSSION AND CONCLUSION

As previously concluded by other studies (e.g., Martin e .
2017), H. neanderthalensis ED] displays several distinctive
features that separate them from H. sapiens, a finding fully
confirmed by our study. When considered separately in the
shape and form analysis of the ED]J, the Aterian sample tends
to group with fossil H. sapiens and not with H. neandertha-
lensis. However, it also displays distinctive features.

In general, LM1 displays more discriminative features than
LM2 in separating these groups. One of the most striking
features is the very large size of the molars, with centroid size
values of Aterian teeth statistically higher than those of all
other groups for LM1. For LM2, the differences in centroid
size between Aterians and fossil H. sapiens, as well as between
Aterians and H. neanderthalensis, are not statistically significant.
Still, the median values of Aterian molars remain higher than
in all other groups, and the lack of statistical significance likely
results from the small size of our Aterian sample.

In terms of shape and form, when compared with recent
and fossil H. sapiens, Aterians seem to represent an extreme
in size within the species’ variability. Differences in mor-
phology might partly result from their older age and large
size. This age may explain the occurrence of some primi-
tive retentions, such as the more elongated outline of the
basin surrounded by the ED]J crests of LM1, which is also

present to a lesser extent in H. neanderthalensis and fossil
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H. sapiens. For the largest individuals, such as El Harhoura,
the form analyses clearly place them at the extremity of
fossil H. sapiens variations. However, the same reasons
may place these specimens within the H. neanderthalensis
distribution in some shape analyses (e.g., PC1-PC2 shape
space of LM2 EDJ, Fig. 8A).

Although the Aterian can be seen as a northwestern
African representative of early H. sapiens, they still display
unique features in addition to their extremely large size.
Examples include the tilt and more centrally placed LM2
entoconid horn of the ED]J and the lower protrusion of the
LM1 horns (except for the metaconid). These features are
not observed in other groups.

Recent H. sapiens display a significant reduction in size
compared to fossil H. sapiens, accompanied by some level of
morphological simplification. The Klasies River site provides an
informative comparison for understanding the broader trajec-
tory of dental evolution in MSA populations toward Recent
H. sapiens patterns. As documented by Grine er al. (2021),
the molars from Klasies River exhibit marked cusp reduction
and occlusal flattening, with significant height reduction.
The protoconid, metaconid, and hypoconid of the Klasies
River molars are consistently reduced in height and display
smooth occlusal surfaces. The hypoconid and entoconid are
particularly flactened compared to the elevated cusps seen in
H. neanderthalensis and Aterians.

Interestingly, while Klasies River molars show dental sim-
plification earlier than other populations, they also exhibit
notable variability, including pronounced differences in EDJ
characteristics. These patterns mirror the diversity observed
in Aterian specimens, which share robust ED] features but
also display unique features.

It remains to explain why the Aterians, displayed larger
dentition compared to penecontemporaneous groups, includ-
ing H. neanderthalensis and other fossil H. sapiens. One
potential explanation could involve some degree of isolation
relative to other African and southwestern Asian groups of
early H. sapiens. This isolation, combined with local adap-
tation, could have contributed to the observed large vari-
ability within fossil H. sapiens. Limited gene flow between
these groups may have promoted evolutionary divergence
resulting from episodes of genetic drift.

The period of the Aterian technocomplex is characterized
by increasing aridity in North Africa. Aterian toolmakers
are sometimes described as “desert-adapted”. Toward the
end of their chronological range, the density of Aterian sites
declined in Sahara, with the last populations surviving in
oases and coastal areas (Garcea 2012). The dental remains
analyzed in this study derive exclusively from Moroccan
coastal sites, which eventually represented one of the last
refugia of Aterian populations.

The comparative analysis of EDJ morphology in both
LM1 and LM2 sheds light on the evolutionary trajectory
of Aterians, an enigmatic population from the MSA of
northwestern Africa. The distinctiveness of Aterian ED]J
morphology reinforces their evolutionary separation from
H. neanderthalensis and recent H. sapiens. This distinctiveness
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illustrates the mosaic nature of hominin evolution during
the Middle to Late Pleistocene and the diversity of fossil
H. sapiens African and southwestern Asian populations.

Future research, incorporating broader comparative mate-
rial, will be essential to further elucidate the evolutionary
relationships between Aterians, other fossil H. sapiens, and
H. neanderthalensis. Such studies will contribute to a deeper
understanding of hominin diversity during the Middle to
Late Pleistocene.
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APPENDICES

ApPENDIX 1. — Centroid sizes of the first mandibular molars (LM1).

Specimens Group Tooth Centroid size
Abri Suard 14-7 H. neanderthalensis LMA1 31.378
Abri Suard 49 H. neanderthalensis LM1 33.055
Abri Suard 5 H. neanderthalensis LM1 32.954
Combe-Grenal | H. neanderthalensis LMA 31.793
Combe-Grenal IV H. neanderthalensis LMA 33.189
Combe-Grenal 1048-69 H. neanderthalensis LM1 31.186
Krapina 52 H. neanderthalensis LMA1 29.819
Krapina 53 H. neanderthalensis LMA1 35.378
Krapina 54 H. neanderthalensis LMA1 29.628
Krapina 55 H. neanderthalensis LM1 35.572
Krapina 79 H. neanderthalensis LMA 37.440
Krapina 81 H. neanderthalensis LMA1 31.651
Le Moustier H. neanderthalensis LM1 33.495
Roc de Marsal H. neanderthalensis LM1 32.724
Scladina A4A1 H. neanderthalensis LMA1 30.752
Scladina 756 H. neanderthalensis LMA 33.293
Scladina 780 H. neanderthalensis LM1 32.795
Combe-Grenal -| H. neanderthalensis LMA 31.761
Krapina 52 H. neanderthalensis LMA1 29.684
Krapina 53 H. neanderthalensis LM1 35.040
Die Kelders SAM AP 6242 Fossil H. sapiens LM1 32.213
Die Kelders SAM AP 6277 Fossil H. sapiens LM1 32.286
Equus EQ H5 Fossil H. sapiens LMA1 32.221
Irhoud 3 Fossil H. sapiens LMA1 38.178
Qafzeh11 Fossil H. sapiens LM1 27.824
Qafzeh15 Fossil H. sapiens LMA 34.772
Qafzeh9 Fossil H. sapiens LM1 34.130
Skhuld Fossil H. sapiens LM1 29.995
Contrebandiers Mandible T3a Aterian LM1 37.267
Dar es-Soltane Il H4 Aterian LMA1 35.121
El Harhoura Aterian LM1 35.146
Contrebandiers Mandible Aterian LM1 39.071
Archaeological sites in Belgium Belgian 129a Recent H. sapiens LMA 28.641
Archaeological sites in Belgium Belgian 89a Recent H. sapiens LM1 30.422
Archaeological sites in Belgium Belgian 93a Recent H. sapiens LM1 32.197
Archaeological sites in Belgium Belgian A31 Recent H. sapiens LM1 29.251
Archaeological sites in Belgium Belgian A32 Recent H. sapiens LMA1 30.803
Anatomical collections / Clinical extractions M161 Recent H. sapiens LM1 29.304
Anatomical collections / Clinical extractions M3 Recent H. sapiens LMA 28.971
Anatomical collections / Clinical extractions M5 Recent H. sapiens LMA1 29.603
Anatomical collections / Clinical extractions R1101-1498 Recent H. sapiens LMA1 29.916
Anatomical collections / Clinical extractions R1140-899 Recent H. sapiens LMA1 26.676
Anatomical collections / Clinical extractions R1160-440 Recent H. sapiens LM1 29.775
Anatomical collections / Clinical extractions R123 Recent H. sapiens LMA 28.466
Anatomical collections / Clinical extractions R167-175 Recent H. sapiens LM1 30.458
Anatomical collections / Clinical extractions R1989-1382 Recent H. sapiens LMA1 31.775
Anatomical collections / Clinical extractions R258-144 Recent H. sapiens LMA1 29.827
Anatomical collections / Clinical extractions R2602-1673 Recent H. sapiens LM1 29.301
Anatomical collections / Clinical extractions R433 Recent H. sapiens LM1 28.406
Anatomical collections / Clinical extractions R488-274 Recent H. sapiens LM1 27.583
Anatomical collections / Clinical extractions R605-1185 Recent H. sapiens LMA1 26.784
Anatomical collections / Clinical extractions SI12 Recent H. sapiens LM1 28.707
Anatomical collections / Clinical extractions ULAC-58 Recent H. sapiens LMA 30.224
Anatomical collections / Clinical extractions ULAC-66 Recent H. sapiens LMA 27.293
Anatomical collections / Clinical extractions ULAC-797 Recent H. sapiens LMA 29.905
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ApPPENDIX 2. — Centroid sizes of the second mandibular molars (LM2).

Specimens Group Tooth  Centroid size
Abri Suard S36 H. neanderthalensis LM2 27.675
Krapina 105 H. neanderthalensis LM2 35.197
Krapina 107 H. neanderthalensis LM2 35.535
Krapina 1 H. neanderthalensis LM2 36.267
Krapina 53 H. neanderthalensis LM2 35.362
Krapina 54 H. neanderthalensis LM2 28.605
Krapina 55 H. neanderthalensis LM2 34.128
Krapina 57 H. neanderthalensis LM2 33.473
Krapina 59 H. neanderthalensis LM2 31.695
Krapina 6 H. neanderthalensis LM2 31.062
Krapina 80 H. neanderthalensis LM2 32.348
Krapina 86 H. neanderthalensis LM2 32.411
Krapina 9 H. neanderthalensis LM2 27.742
La Quina H9 H. neanderthalensis LM2 31.676
Le Moustier H. neanderthalensis LM2 33.797
Regourdou H. neanderthalensis LM2 28.698
Scladina 4A1 H. neanderthalensis Lm2 30.374
Scladina 540 H. neanderthalensis LM2 33.619
Scladina 755 H. neanderthalensis LM2 31.647
Vindija Cave -11-39 H. neanderthalensis LM2 30.536
Irhoud 11 Fossil H. sapiens LMm2 33.846
Irhoud 3 Fossil H. sapiens LM2 38.977
Qafzeh 11 Fossil H. sapiens LM2 25.835
Qafzeh 15 Fossil H. sapiens LM2 33.502
Qafzeh 26 Fossil H. sapiens LM2 32.901
Qafzeh 9 Fossil H. sapiens LM2 30.957
Die Kelders SAM AP 6282 Fossil H. sapiens LM2 26.583
Dar es-Soltane Il H4 Aterian LM2 34.665
El Harhoura Aterian LM2 40.377
Contrebandiers Mandible Aterian LM2 33.333
Archaeological sites in Belgium Belgian 13e Recent H. sapiens LM2 31.501
Anatomical collections / Clinical extractions M123 Recent H. sapiens LMm2 26.154
Anatomical collections / Clinical extractions M145 Recent H. sapiens LM2 25.456
Anatomical collections / Clinical extractions M146 Recent H. sapiens LM2 28.197
Anatomical collections / Clinical extractions M162 Recent H. sapiens LM2 27.242
Anatomical collections / Clinical extractions M181 Recent H. sapiens LM2 30.043
Anatomical collections / Clinical extractions M185 Recent H. sapiens LM2 29.022
Anatomical collections / Clinical extractions M19 Recent H. sapiens LM2 26.742
Anatomical collections / Clinical extractions M232 Recent H. sapiens LM2 29.666
Anatomical collections / Clinical extractions M53 Recent H. sapiens LM2 29.398
Anatomical collections / Clinical extractions M6 Recent H. sapiens LM2 26.974
Anatomical collections / Clinical extractions R1101-1498 Recent H. sapiens LM2 25.943
Anatomical collections / Clinical extractions R123 Recent H. sapiens LM2 26.716
Anatomical collections / Clinical extractions R1639-1186  Recent H. sapiens LMm2 25.460
Anatomical collections / Clinical extractions R1719-1237 Recent H. sapiens LM2 26.050
Anatomical collections / Clinical extractions R1989-1382 Recent H. sapiens LM2 28.752
Anatomical collections / Clinical extractions R2070-1423 Recent H. sapiens LMm2 27.913
Anatomical collections / Clinical extractions R2207-1493 Recent H. sapiens LM2 27.591
Anatomical collections / Clinical extractions R2525-1641 Recent H. sapiens LM2 27.448
Anatomical collections / Clinical extractions R258-144 Recent H. sapiens LM2 25.842
Anatomical collections / Clinical extractions R433 Recent H. sapiens LM2 28.324
Anatomical collections / Clinical extractions R752-692 Recent H. sapiens LM2 28.669
Anatomical collections / Clinical extractions ULAC-151 Recent H. sapiens LM2 26.235
Anatomical collections / Clinical extractions ULAC-536 Recent H. sapiens LM2 27.522
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