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Abstract

Objectives: The analysis of dental wear provides a useful approach for dietary and

cultural habit reconstructions of past human populations. The analysis of macrowear

patterns can also be used to better understand the individual chewing behavior and

to investigate the biomechanical responses during different biting scenarios. The aim

of this study is to evaluate the diet and chewing performance of the adult Neander-

thal Bourgeois-Delaunay 1 (BD 1) and to investigate the relationship between wear

and cementum deposition under mechanical demands.

Materials and methods: The macrowear pattern of BD 1 was analyzed using the

occlusal fingerprint analysis method. We propose a new method for the bilateral mea-

surement of the cementum volume along both buccal and lingual sides of the

molar root.

Results: BD 1's anterior dentition is more affected by wear compared to the posterior

one. The macrowear pattern suggest a normal chewing behavior and a mixed-diet

coming from temperate environments. The teeth on the left side of the mandible dis-

play greater levels of wear, as well as the buccal side of the molar crowns. The

cementum analysis shows higher buccal volume along the molar roots.

Discussion: BD1 could have been preferably chewing on the left side of the mandi-

ble. The exploitation of various food resources suggested by the macrowear analysis
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is compatible with the environmental reconstructions. Finally, the greater wear on

the buccal side of the molar occlusal surface and the greater volume of cementum in

that side of the molar roots offers a preliminary understanding about the potential

correlation between dental wear and cementum deposition.

K E YWORD S

biomechanics, dental macrowear, diet, ecology, occlusal fingerprint analysis

1 | INTRODUCTION

Dental wear has been extensively studied for dietary and cultural

habits reconstructions (El Zaatari et al., 2016; Estalrrich et al., 2017;

El Zaatari & Hublin, 2014; Fiorenza et al., 2011; Fiorenza, Benazzi, &

Kullmer, 2011; Fiorenza, 2015; Molnar, 1972) and for the virtual simu-

lation of the masticatory behaviors in human fossils (Fiorenza

et al., 2011; Fiorenza & Kullmer, 2013; Kullmer et al., 2009). More

specifically, the analysis of tooth wear at the macroscopic scale has

been used to reconstruct the diet and cultural habits of Neanderthals

(Fiorenza, 2015; Fiorenza et al., 2015, 2018, 2019, 2020; Fiorenza

et al., 2011; Fiorenza & Kullmer, 2013) which, in combination with iso-

topic analyses (Naito et al., 2016; Salazar-García et al., 2013) and

study of dental calculus (Hardy et al., 2012; Henry et al., 2011;

Salazar-García et al., 2013), confirmed that this species relied on a

broader dietary spectrum than previously thought.

BD 1 is a fossil mandible with complete and well-preserved dental

crowns with moderate degree of wear that belonged to a Neanderthal

individual of 20–35 years of age (Condemi, 2001). This specimen was

recovered in 1967 from the layer 12 of Abri Bourgeois-Delaunay cave

shelter located in the final Middle to initial Late Pleistocene site com-

plex of La Chaise-de-Vouthon (Southwestern France) (Debénath,

1967). BD 1 has been dated between 127 and 116 ka (MIS 5e)

(Debénath, 2006) and was found in association with faunal remains

(Armand, 1998) and pollen of plant species (Blackwell et al., 1983;

David & Prat, 1965) corresponding to temperate environments. The

current study aims to investigate the diet and cultural habits of the

specimen BD 1, as well as its chewing behavior, through the analysis

of tooth macrowear patterns. This can be evaluated by the application

of the Occlusal Fingerprint Analysis (OFA) method (Kullmer

et al., 2009; Kullmer et al., 2020), which allows the identification and

characterization of the occlusal wear to interpret the masticatory

mechanisms, diet and possible cultural behaviors (Fiorenza, 2015;

Fiorenza et al., 2018; Fiorenza et al., 2019; Fiorenza et al., 2011;

Fiorenza et al., 2011; Fiorenza & Kullmer, 2013; Kullmer et al., 2009).

Based on faunal remains (cave lions, hyenas, wolves, foxes, cave bears,

bovids, cervids, and horses) and palynological data (hazel, ash, and

beech) recovered from the Abri Bourgeois-Delaunay layer of occupa-

tion and based on the interglacial landscape characterized by the veg-

etal cover proliferation of coniferous and Mediterranean forest tree

species (van Andel & Tzedakis, 1996) associated to BD 1's chronology

(Debénath, 2006), we expect to find a dental macrowear pattern simi-

lar to those of Pleistocene humans living in temperate deciduous

environments, who exploited plant and animal food resources

(Fiorenza et al., 2011).

Zanolli et al. (2020) study on BD 1 reported a slight right domi-

nance in cortical bone thickness distribution at the molar level. How-

ever, this previous study did not quantify the extent and distribution

of tooth wear in BD 1, and in-depth analyses of the variation of dental

tissues with respect to occlusal wear patterns remain to be done fol-

lowing a systematic approach as previously determined for the Nean-

derthal mandible of Regourdou 1 (Fiorenza et al., 2019). Thereby, we

will combine BD 1's macrowear data with the cementum volume of

the molars to obtain information on how biomechanics affects dental

wear (Kullmer et al., 2009) and tissue distribution (Nanci, 2007). In the

specific case of Neanderthals, dental biomechanics was firstly dis-

cussed on the light of their large and heavily worn incisors and canines

(Rak, 1986; Smith, 1982). Moreover, the labially convex and lingually

concave surface of the root of Neanderthal's anterior dentition,

together with thicker dentine layer along that surface compared to

Homo sapiens, have also been interpreted as an adaptation to sustain

high biomechanical demands (Le Cabec et al., 2013). Measurements

of dental cementum in paleontological material are generally taken

using cross-sections of the roots at the cervical, mid-height, and apical

thirds levels, and by quantification of the total volume (Grine

et al., 2023; Le Cabec et al., 2013; Martin�on-Torres et al., 2011). In

this study, we aim to quantify the cementum volume along the buccal

and lingual sides of the molar roots in order to evaluate if larger levels

of tooth wear on the buccal or lingual aspect of the crown correlate

with greater cementum deposition on each side of the root. Cemen-

tum undergoes continuous remodeling throughout life (Bosshardt &

Selvig, 2000; Hillson, 2001). Its deposition variation has been related

to the compensatory mechanism of continuous eruption, and it was

also related to high levels of dental wear (Hillson, 2001). Nevertheless,

non-functioning/impacted teeth generally appear to have thicker

cementum than functioning teeth (Azaz et al., 1974; Bailey &

Hublin, 2006). Moreover, other factors such as periodontal diseases

can stimulate cementum deposition and eventually lead to hyperce-

mentosis (Brooks et al., 2019; Martin�on-Torres et al., 2011; Zhou

et al., 2012). Cementum covers the outer surface of the dentine along

the root and helps in providing support by reducing stress concentra-

tion during biting (Bosshardt & Selvig, 2000; Ren et al., 2010). While

acellular cementum is mainly implicated in tooth structure attachment

of the Sharey's fibers of the periodontal ligament (PDL) in the alveolar

process and it distributes along the coronal two-thirds of the root

(Bosshardt & Selvig, 2000; Nanci, 2007), cellular cementum has been
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hypothesized to develop in response to masticatory loadings and is

located in the apical third of the root (Bosshardt & Selvig, 2000;

Morgenthal et al., 2021; Nanci & Bosshardt, 2000; Rios et al., 2008).

A previous biomechanical study described highest stress occurring on

the root during intrusive forces, which was greatest on the cementum

layer (if compared to PDL and alveolar bone) (Shaw et al., 2004). This

is probably associated to the cementum tissue composition, which is

also the least mineralized (Ho et al., 2004; Ho et al., 2007). The lower

mineral content implies lower mechanical properties (Ho et al., 2010;

Shaw et al., 2004), which helps in reducing and in absorbing the

mechanical stress (Ren et al., 2010). During mastication, the PDL is

subjected to compressive, tensile, and shearing forces which trigger

both collagen degradation (due to compression) and collagen synthe-

sis (due to tension) within its fibrous matrix (Krishnan &

Davidovitch, 2009). Periodontal ligament transformation entails simul-

taneous remodeling of cementum since it contains precursor cells of

cementoblasts (involved in cementogenesis) (Bousnaki et al., 2022;

Consolaro et al., 2012). Periodontal ligament over-compression may

reduce the rate of cement deposition (Bosshardt & Selvig, 2000),

whereas the cementoblasts are activated by cyclic stretch stimuli

(Rego et al., 2011). The progressive cementum thickening reduces

tooth bending and it decreases the maximal tensile stress of tooth

structure (Morgenthal et al., 2021). Because thicker cementum layer

has been found at the buccal side of the roots in modern human man-

dibular molars (Nicklisch et al., 2023), we hypothesize that greater vol-

umes of cementum should be observed along BD 1 buccal side of the

roots, which, in turn, could also be accompanied by a greater level

of wear.

2 | MATERIALS AND METHODS

2.1 | Models acquisition

Three-dimensional (3D) digital models of molars were obtained from

surface scans of dental casts, while 3D models of anterior teeth and

premolars derived from micro-CT data. Firstly, the original dentition

was molded using a light viscosity polyvinylsiloxane silicone, Provil

Novo Light C.D.2 (Heraeus Kulzer GmbH). Dental replicas were cre-

ated using a special gypsum (EverestH Rock, KaVo) with non-

reflective properties and optimized for 3D scanning (Fiorenza

et al., 2009). Finally, 3D digital models were generated using a blue

LED light scanning system (Artec Micro 3D) with a resolution of

29 μm. The acquisition and alignment of the scan-data point clouds

was carried out using Artec Studio 15 Professional (Artec Micro 3D).

Regarding the micro-CT data collection, BD 1 fossil was scanned at

the European Synchrotron Radiation Facility of Grenoble, in France

(experiment SC1587c), according to the following parameters: energy,

70 keV; projections, 1500 in half acquisition mode; integration time,

22.9 ms. The synchrotron data were reconstructed to a voxel size of

45.5 μm.

We used a comparative human fossil sample published in Fior-

enza et al. (2011), where Neanderthals and anatomically modern

humans (AMH) were grouped into three eco-geographical groups

(deciduous woodland, Mediterranean evergreen and steppe/

coniferous forest), based on chronology, vegetation reconstruction

(van Andel & Tzedakis, 1996), and bibliographical information about

fauna and pollen data (SI, Table 1). The casts of the comparative sam-

ple were digitized using a white light scanning system with a resolu-

tion of 55 μm (smartSCAN 3D, Breuckmann GmbH) (Fiorenza

et al., 2011). The differences in the scanner resolution may lead to dif-

ferential decimation rates (reduction of the total amount of polygons

in a mesh while preserving the original geometry) (Friess, 2012). How-

ever, decimation of dental surfaces was not found to affect the char-

acterization of small features while assessing molar topography of

different sized teeth (Skinner et al., 2010). Moreover, the study of rel-

ative wear facet areas, and not of absolute dimensions, should further

minimize measurement discrepancies between 3D scans characterized

by different resolutions. The use of high-resolution digital models can

help to better identify the wear facets onto the 3D polygonal surface

of a tooth. However, for wear facet identification we also used high-

resolution dental casts and high-quality photos taken from the original

specimens. Thus, we expect to find negligible difference in wear facet

identification between 3D scans of slightly different resolutions.

2.2 | Occlusal fingerprint analysis

The post-processing of the digital scans was carried out in Poly-

Works® V12.1 (InnovMetric Software Inc.), a 3D model editing soft-

ware (SI, Figure 1). The orientation of each 3D model was carried out

in the IMEdit module of PolyWorks® V12.1 by creating a reference

TABLE 1 Dentine exposures areas (mm2) and wear scores
(Smith, 1984) of BD 1's mandibular teeth.

Tooth Side Dentine area Wear score

I1 R 7.26 5

I1 L 8.53 5

I2 R 6.87 5

I2 L 6.37 5

C1 R 5.85 4

C1 L 3.75 3

P3 R 2.05 3

P3 L 2.28 3

P4 R 1.74 3

P4 L 0.19 2

M1 R 11.62 3

M1 L 13.13 4

M2 R 1.44 3

M2 L 5.85 3

M3 R 0.52 2

M3 L 1.47 2

Abbreviations: L, left; R, right.
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plane (cervical plane) (Kullmer et al., 2009). Subsequently we manually

outlined the occlusal wear facets and dentine exposures into the 3D

models' surface following the labeling system created by Maier and

Schneck (1981) and later modified by Kullmer et al. (2009) (Figure 2a).

The wear facets consist on the flat and polished surface resulting from

the worn enamel and not including the dentine exposures, which are

delimited and characterized separately. For each wear facet we calcu-

lated its area, inclination and direction. Both the inclination and the

direction were obtained in the IMInspect module of PolyWorks®

V12.1. The inclination was obtained by calculating the angle between

the facet plane and reference plane, while for the direction we used

the occlusal compass, obtained by translating and projecting the nor-

mal vector of each facet into the reference plane (Figure 2b) (Kullmer

et al., 2009).

Furthermore, we grouped the occlusal wear facets based on

chewing cycle phases (Fiorenza et al., 2011; Janis, 1990; Kay &

Hiiemae, 1974) (Figure 3): Buccal Phase I (facets 1, 2, 2.1, 3, and 4),

Lingual Phase I (facets 5, 5.1, 6, 6.1, 7, and 8) and Phase II (facets

(9, 10, 11, 12 and 13) (Figure 3). Finally, the wear stage was assessed

for each BD 1's teeth according to Smith (1984) methodology.

2.3 | Cementum volume distribution

We measured the cementum volume deposition along the buccal and

lingual aspects of the molar roots. Due to the lack of studies assessing

the bilateral distribution of the cementum, here we present a new

method to generate a mesio-distal plane that allows bilateral measure-

ments within the tooth structure (Figure 4). The central groove is a

typical feature of hominin molar crowns (Hillson, 2003) and it has

been used to delimit buccal and lingual molar cusps in previous

morphometric analyses (G�omez-Robles et al., 2011, 2015; Martin�on-

Torres et al., 2013). G�omez-Robles et al. (2015) employed four homo-

logous landmarks along the central groove placed at the following

anatomical points: 1. anterior fovea, 2. intersection between central

and mesio-buccal grooves, 3. intersection between central and lingual

grooves; 4. intersection between central groove and distobuccal

grooves. Due to molar size reduction and morphological variability along

the molar row (Kieser, 1990), we located equidistant semilandmarks

F IGURE 2 (A) Occlusal wear facets of BD 1 RM2. The color code is based on the dental occlusal concept (Douglass & DeVreugd, 1997;
Kullmer et al., 2009). (B) Occlusal compass of BD 1 RM2 showing the direction and inclination of all facet vectors schematizing the lower jaw
movements. The central image corresponds to the mandibular direction of possible occlusal movements behind wear facet formation. Facets 1, 4,
5, 5.1 and 8 form during lateroretrusive movements (LRT; in blue); facets 2, 2.1, 3, 6, 6.1 and 7 are produced by lateroprotrusion (LRT, in yellow);
facets 9, 11 and 12 start developing during mediotrusion (MT, in green) and immediate side shift (ISS, in red.) motion; and facets 10 and
13 contact when medioprotrusive movements occur (MPT, in orange). The dark red area corresponds to the facet developing around the tip of
the protoconid as a consequence of tip-crushing actions.

F IGURE 1 BD 1 mandible. Photography: Luca Fiorenza.

4 of 14 HERNAIZ-GARCÍA ET AL.
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among points 1 and 4 for first and second molars, and among

points 2 and 4 for third molars. Together with the landmarks

positioned along the central groove, a single landmark was placed in

the apex of the distal root to define the mesio-distal cutting plane

(Figure 4.1). A cervical plane was generated by several equidistant

landmark location along the cervical line (Figure 4.1) in order to

remove the crown of the molars (Figure 4.2). Finally, both buccal and

lingual root sides were isolated (Figure 4.4). Aiming to ensure an

equitable allocation of the radicular tissues the dentine volume was

measured so to check that both buccal and labial volumes were

similar. The calculation of the Average Cementum Thickness (ACT)

was based on the modified AET (Average Enamel Thickness) in Olej-

niczak et al. (2008). The 3D models were processed in Avizo®

V2021.2. The 3D occlusal surface area of each molar is also provided

as a dimensional value for the contextualization of the side-based

comparison of cementum volumes. The 3D occlusal area was

calculated by selecting the triangles of the 3D polygonal model

above the occlusal plane (Fiorenza et al., 2023; Harty et al., 2022).

The occlusal plane was obtained by translating the reference

(or cervical) plane along the z axis until it reached the deepest point

on the occlusal surface.

2.4 | Statistical analysis

BD 1 molar macrowear pattern was compared to an available dataset

of Neanderthal and AMH specimens from a previous study where the

fossil sample was grouped into three different biomes (deciduous

woodland, Mediterranean evergreen and steppe/coniferous forest)

(Fiorenza et al., 2011). For BD 1, we selected the RM2 for comparative

purpose with the already analyzed Neanderthal mandible of Regour-

dou 1 (Fiorenza et al., 2019). The visual representation is depicted in a

ternary plot, which is a diagram showing the proportions of three dif-

ferent variables within a triangle where each of the sides represent a

scale from 0 to 100%. In this study case, the variables represented are

the Buccal Phase I, Lingual Phase II and Phase II facets. The ternary

plot was created using the software PAST v4 (PAlaeontological STa-

tistics) (Hammer & Harper, 2006).

In order to analyze the masticatory behavior of BD 1 we

employed circular statistical methods (Fiorenza et al., 2019; Fiorenza

et al., 2011; Fiorenza & Kullmer, 2013, 2016). The facet's directions

have been reported by the following descriptive parameters: mean

angle, circular standard deviation and 95% confidence interval. We

also calculated the concentration parameter κ to assess the normal

distribution of the circular data. This variable measures the amount

of data comprised between two standard deviation values. The larg-

est κ value is, the larger sample size follows a normal distribution

(Fisher, 1993). The Rayleigh's and Rao's tests allow to evaluate if the

sample follows specific directions or if it is randomly distributed

(Fisher, 1993). The visual representations of the facet's major direc-

tions were depicted by using rose diagrams, where data frequency

and orientation are shown (Robson, 1994). Directional statistical

results and rose diagrams were obtained in Oriana™ v. 4.00 (Kovach

Computing Services, Pentraeth, UK).

F IGURE 4 (1) BD 1 RM2. (2) Cervical
plane and mesio-distal plane definition by
landmarks. (3) Crown and root separation.
(4) Buccal and lingual root side division for
cementum volume measurement.
Orientation: buccal (B), mesial (M), lingual
(L), distal (D).

F IGURE 3 Occlusal wear pattern of the Neanderthal right M1 of
BD 1. 3D virtual model showing the dentine exposures (in white) and
the wear facets divided into Buccal Phase I facets (purple), Phase II
facets (yellow), and Lingual Phase I facets (green). Numbering based
on Kullmer et al. (2009). Orientation: buccal (B), mesial (M), lingual (L),
distal (D).
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3 | RESULTS

3.1 | Occlusal fingerprint analysis

The anterior teeth of BD 1 mandible show a greater level of wear

compared to the posterior dentition (Table 1), with larger dentine

exposures (Figure 5). The incisors exhibit a flat dentine exposure area

along the incisal edge surrounded by a worn enamel rim. Tooth wear

appears to be more pronounced on the central incisors than on the

lateral ones. The canines display a similar wear pattern, but the worn

area is divided into two planes with different inclinations: a flat one

on the incisal edge and a second one located on a steep distolabial

facet. The flat facets display a dentine exposure surrounded by

enamel wear, whereas the steep facets do not show any dentine

exposures.

Regarding the postcanine dentition, the dentine exposures tend

to be moderate and decrease distally from M1 to M3. Third premolars

exhibit greater dentine exposures than fourth premolars, in the

same way that dentine exposure size decreases from first molars

toward third molars. This has an impact on the occlusal surface of the

molars leading to a flatter occlusal morphology in first molars and

more pronounced cusps' slopes in second and third molars. The

comparison between right and left molars rows reveals that the left

side of the mandible is characterized by a slightly greater level of

wear. Regarding premolars, there is no clear asymmetry in relation to

wear (Table 2).

The first molars show the most advanced wear of all postcanine

dentition. Well-developed and independent dentine areas are visible

in the five main cusps of both M1s. The dentine exposure on the ento-

conid nearly coalesces with the hypoconulid one on the right M1 gen-

erating a dentine concavity and leading to a flatter distal portion of

the crown. Although still significant, dental wear in M2s is less devel-

oped than in M1s, showing regular-shaped wear facets (Figure 6) with

discrete dentine exposures on each cusp, apart from the protoconid

one which is still moderate. Protoconid continues to be the cusp most

affected by wear in M3s while the rest of the cusps exhibit small or

even absent dentine exposures. There is no dental wear in the distal

portion of the right M3 entoconid.

Buccal Phase I facets tend to be the most developed among almost

all molars (Table 3). Overall, the presence of advanced wear stages it is

F IGURE 5 Dentine exposures (highlighted in red) of the BD
1 mandible in occlusal view.

TABLE 2 Posterior dentition enamel wear (mm2) and dentine
exposures areas (mm2) grouped together by buccal and lingual cusps.

Tooth Side

Enamel wear Dentine exposures

Buccal Lingual Buccal Lingual

P3 R 10.45 0 2.05 0

P3 L 13.24 0 2.30 0

P4 R 9.20 5.20 1.54 0.20

P4 L 8.30 3.93 0.19 0

M1 R 32.70 21.80 8.00 3.70

M1 L 39.90 26.00 8.30 4.80

M2 R 42.00 20.70 1.10 0.40

M2 L 50.70 26.70 5.00 0.80

M3 R 26.30 23.80 0.50 0

M3 L 37.60 21.80 1.00 0.40

Abbreviations: L, left; R, right.

F IGURE 6 Dental macrowear analysis showing the different wear
facets grouped by chewing cycle phases (Kay & Hiiemae, 1974):
Buccal Phase I wear facets, Phase II wear facets, and Lingual Phase I
wear facets.

TABLE 3 Relative wear facet areas (in %) of left and right molars
of the Neanderthal BD 1 mandible.

Tooth Buccal Lingual Phase II

R M1 0.40 0.40 0.20

L M1 0.36 0.40 0.24

R M2 0.40 0.35 0.25

L M2 0.41 0.35 0.24

R M3 0.36 0.21 0.43

L M3 0.36 0.30 0.34

Abbreviations: L, left; R, right.
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not accompanied by flatter facet inclination (Table 4). There is a lack of

correlation between the level of wear and the facet inclination. Only M3s

represent an exception: the greater level of wear of Phase II tie in with

flatter facet planes (in right M3), and higher values of wear for Buccal

Phase I facets match the flatter surface for those areas (in left M3).

3.2 | Ecogeographic analysis

For the comparative analysis of relative wear facet areas, we used the

right M2 of BD 1, which is characterized by 40% of Buccal Phase I facets,

35% of Lingual Phase I facets and 25% of Phase II areas (Table 5).

By representing these values on a ternary diagram (in which each

phase grades from 0% to 100%), BD 1 plots within the distribution range

of Neanderthals and AMH associated to temperate climates dominated

by deciduous woodland landscapes (DEW group; Figure 6, in green) and

separated to those attributed to steppe/coniferous forests (SCF; Figure 7,

in blue) and Mediterranean evergreen (MED; Figure 7, in orange).

3.3 | Major occlusal movements

Circular statistical analysis of BD 1 lower molars and premolars repre-

sented in the rose diagrams (Figure 8) confirm that all major occlusal

movements fall within a von Mises distribution due to the large

κ values. Moreover, lateroprotrusive, lateroretrusive and medioprotru-

sive movements displayed preferred directions, with statistically signifi-

cant values (p < 0.05) for Rayleigh's and Rao's tests. The mediotrusive/

immediate side shift movement seems to display a random distribution

since neither Rayleigh's test nor Rao's spacing tests provide with statis-

tically significant values (Table 6).

3.4 | Cementum thickness and 3D occlusal
surface area

Volumetric analyses (Table 7; SI, Table 2) performed on the roots of

BD 1 molars reveal that radicular dentine volume shows similar values

TABLE 4 Wear facet inclinations (in �) of left and right molars of
the Neanderthal BD 1 mandible.

Tooth Buccal Lingual Phase II

R M1 18.11 23.40 11.75

L M1 9.53 17.94 14.63

R M2 18.95 22.78 18.85

L M2 22.53 23.14 21.64

R M3 30.31 27.44 19.83

L M3 12.18 23.13 19.85

Abbreviations: L, left; R, right.

TABLE 5 Descriptive statistics of
relative wear facet areas (in %) within the
fossil biome groups and BD 1 individual.
Data for the three ecogeographic groups
(steppe/coniferous forest, deciduous
woodland and Mediterranean evergreen)
are from Fiorenza (2015) and Fiorenza
et al., 2011. Groups: DEW = Deciduous
woodland; MED = Mediterranean
evergreen; SCF = Steppe/coniferous
forest.

Groups/specimens n

Buccal phase I Lingual phase I Phase II

Mean SD Mean SD Mean SD

DEW 13 37 5.3 34.3 8.8 28.8 4.7

MED 11 39.3 4 23.2 6.7 37.5 5.6

SCF 11 45 3.8 20.6 5 34.4 5.8

BD 1 1 40 – 35 – 25 –

F IGURE 7 Ternary diagram showing the proportions (in %) of
relative wear areas of Buccal Phase I facets, Lingual Phase I facets,
and Phase II facets of BD 1 right M2. BD 1 is represented by a black
pentagone. Its wear pattern is compared to published data of upper
molars (Fiorenza, 2015; Fiorenza et al., 2011), where Neanderthals
(filled symbols) and AMH (open symbols) were grouped into three
distinct ecogeographical contexts: steppe/coniferous forest (SCF, blue
squares), deciduous woodland (DEW, green triangles), and
Mediterranean evergreen (MED, orange circles).
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in both buccal and lingual sides. The dentine surface area of the lin-

gual side of the root is smaller compared to the buccal side. Therefore,

all three molar type exhibit greater lingual ACT. The bilateral compari-

son reports the ACT to be higher in the right M1, right M3 and in the

left M2. The 3D occlusal surface area displays larger values for both

right M2 and M3 and left M1.

4 | DISCUSSION

4.1 | Chewing behavior

The macrowear distribution observed in BD 1 follows the typical

Neanderthal pattern, with incisors and canines displaying a more

advanced wear stage compared to the posterior dentition. This condi-

tion has been long-established as an association to the use of the

anterior dentition as a tool (Fiorenza et al., 2020; Molnar, 1972;

Smith, 1982; Trinkaus, 1992; Wolpoff, 1971). Overall, the left denti-

tion of BD 1 is the most affected by wear. This asymmetric macro-

wear pattern could tell us about the chewing preferences of this

individual, as previously highlighted by other studies (Fiorenza

et al., 2019; Khamnei et al., 2019; Lamontagne et al., 2013). Nonethe-

less, Diernberger et al. (2008) found no correlation between asymmet-

ric wear facets and an asymmetric chewing behavior. This opens the

possibility that asymmetry of the masticatory apparatus could have

also played a role in the appearance of an uneven wear pattern (Oxilia

et al., 2018) which, in turn, could impact the dietary interpretations.

Oxilia et al. (2018) found no statistically significant differences

between right and left macrowear pattern in mandibular molars. How-

ever, we should not rule out the possibility that antagonistic contacts,

affected by asymmetric tooth inclination, could also influence the

wear pattern distribution. This is based on the lack of correlation

between tooth inclination of opposed dental arches (Oxilia

et al., 2018). The asymmetry of the maxilla and mandible could change

the ratio of Buccal Phase I/Lingual Phase I facets which, in case of

significant differences, might lead to the perception of a meat-based

diet (larger Buccal Phase I facets) or a vegetable-preferred diet (larger

Lingual Phase I facets) (Fiorenza et al., 2011).

It is worth mentioning that although dental tissue proportions are

equally distributed between the left and the right antimeres without a

clear asymmetric pattern, a slight right dominance in cortical bone

F IGURE 8 Circular rose diagrams generated in Oriana 4 software
(Kovach Computing Services) and representing the directions and
frequency of each occlusal movement: LRT (lateroretrusion); LPT
(lateroprotrusion); MPT (medioprotrusion); MT/ISS (mediotrusion/
immediate sideshift).

TABLE 7 Three-dimensional cementum thickness measurements.

Tooth

Vcem (mm3) Vd (mm3) Sd (mm2) ACT (mm)

3D occlusal surface area (mm2)Buccal Lingual Buccal Lingual Buccal Lingual Buccal Lingual

LLM1 63.35 65.59 277.47 279.59 435.66 294.14 0.15 0.22 117.68

LRM1 71.80 105.58 224.33 222.39 355.20 263.17 0.20 0.40 102.38

LLM2 66.20 58.67 282.24 285.56 403.00 262.58 0.16 0.22 126.48

LRM2 71.56 59.02 330.14 292.06 476.96 289.22 0.15 0.20 138.71

LLM3 29.01 27.77 262.78 189.09 366.68 184.22 0.08 0.15 109.27

LRM3 71.47 68.69 245.84 164.69 362.52 188.29 0.20 0.36 116.31

Abbreviations: ACT, average cementum thickness; Sdent, radicular dentine area; Vcem, radicular cementum volume; Vd, radicular dentine volume.

TABLE 6 Basic circular statistic
parameters measured for the major
occlusal movements' directions in BD 1
posterior dentition. Significant values
(p < 0.05) are highlighted in bold.

Facets Mean SD κ 95% Rayleigh (p) Rao (p)

LPT 114.1 59.9 1.3 – 0.03 0.50 > p > 0.10

LRT 58.5 36.2 2.2 32.3–84.7 0.0003 <0.01

MPT 236.9 58.4 1.4 – 0.025 <0.05

MT/ISS 299.1 69.8 0.88 – 0.13 0.50 > p > 0.10
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thickness is found at M1/M2 and M2/M3 levels (Zanolli et al., 2020).

The discrepancy between asymmetric wear and cortical bone distribu-

tion, similar to that observed in Regourdou 1 (Fiorenza et al., 2019),

could be partially due to the balancing movements that occur in the

non-working side of the mandible during mastication, since not every

mandibular strain during the chewing cycle necessarily correlates with

reaction forces along the dentition (Hylander & Crompton, 1986). In

fact, the mandible is subjected to maximum load before reaching cen-

tric occlusion (Buccal Phase I phase of the power stroke) (Hylander &

Crompton, 1986). Moreover, it has been proved that humans use rela-

tively greater amount of balancing-side muscle force when chewing

foodstuff of increasing toughness (Hylander, 1979b, 1983). Therefore,

if BD 1 had a mixed diet, it would not be surprising to find bilateral

asymmetries in cortical bone distribution along the mandibular corpus

(Zanolli et al., 2020).

Wear is affecting the occlusal morphology of posterior dentition

in a different way depending on tooth position, the mesially-located

teeth being the more worn in each tooth type. Overall, the evaluation

of each of BD 1's posterior tooth macrowear patterns reveals that the

buccal aspect of the crowns appears to exhibit the greatest level of

wear, which are associated with shearing movements during mastica-

tion (Kay, 1975a, 1975b; Kay & Hiiemae, 1974). It is especially

remarkable that Phase II areas of the right M3 exhibit the greatest

value for this tooth, which could be due to its buccally-oriented mesial

region of the crown. This orientation would have prevented a normal

occlusion situation, making the lingual cusps of the right M3 to have

greater contacts with the lower molar basin.

The directional data suggests that the macrowear patterns

observed in BD 1's postcanine teeth are formed during a normal

chewing behavior, in spite of the random distribution of MS/ISS

movements. Such variation might be related to the flat morphology of

the central portion of the crown, which allows a wider range of move-

ments between opposing teeth (; Anders et al., 2011; Fiorenza

et al., 2011; Maier & Schneck, 1981).

4.2 | Diet

The molar macrowear analysis of BD 1 indicates that this specimen

could have had a diet consisting of both meat and vegetable food-

stuff. A previous study based on the macrowear assessment of upper

molars' macrowear pattern found dominantly that meat-eating popu-

lations exhibited great Buccal Phase I facets compared to the more

developed Lingual Phase I facets of mixed-diet human groups

(Fiorenza et al., 2011). In spite of the difference in tooth class

between the comparative sample and BD 1, the wear pattern distribu-

tion between the upper and lower molars is not expected to be con-

siderably different. The study of Zanolli et al. (2019) showed a more

similar macrowear pattern of upper and lower molars for modern

humans and Neanderthals compared to apes, which perform greater

lateral motion during chewing (Hylander, 1979a). Moreover, Oxilia

et al. (2018) compared the macrowear patterns of upper and lower

molars of an Australian Aboriginal population finding no statistically

significant differences. Therefore, the fact that BD 1's macrowear pat-

tern displays almost equally values for Buccal Phase I and Lingual

Phase I facets could be associated to a mixed-diet.

The conception of Neanderthal as top predators with little varia-

tion through time and space (Bocherens et al., 2005; Richards &

Trinkaus, 2009) has gradually changed toward a population with a var-

ied diet. While the majority of isotopes studies suggest a carnivorous

diet for these human group (Bocherens, 2011; Bocherens et al., 2005;

Jaouen et al., 2022; Richards & Trinkaus, 2009), some others point at

a vegetal supplement when the environmental conditions allowed it

(Naito et al., 2016; Salazar-García et al., 2013). In fact, dental calculus

samples belonging to Neanderthal individuals revealed that their

diet also contained plant materials (Hardy et al., 2012; Henry

et al., 2011; Salazar-García et al., 2013).

More specifically, dental microwear investigations have been

effective in distinguishing between Neanderthals from cold open envi-

ronments, who tend to mainly rely on the consumption of meat, and

those from wooded environments, who also include plant material

(El Zaatari et al., 2011; El Zaatari et al., 2016; Estalrrich et al., 2017).

This has been also corroborated by occlusal macrowear studies in

Neanderthal specimens that have been associated to a mixed-diet

(Fiorenza et al., 2015; Fiorenza et al., 2019; Fiorenza et al., 2011).

In the particular case of BD 1, the wear pattern of its right M2 is

within the range of variation of individuals inhabiting deciduous

woodland ecosystems. This is consistent with the macrofaunal and

floral species recovered at the Abri Bourgeois-Delaunay site, and that

is associated to temperate environments (Armand, 1998; Blackwell

et al., 1983; David & Prat, 1965). The chronology of BD 1 places that

individual between 127 and 115 ka, period linked to the MIS 5e

(Debénath, 2006) and characterized by mild climatological conditions

related to the interglacial event Riss/Würm (Debénath, 1967). During

the last interglacial event the ice-sheets covering the northern regions

of Europe started to melt, the sea level rose reaching levels similar to

those of nowadays and trees spread over the open landscapes in

Europe (van Andel & Tzedakis, 1996). The vegetal succession began

with the appearance of deciduous Quercus, Ulmus and Corylus, fol-

lowed by the progression of coniferous evergreen species, such as

Picea, Pinus or Taxus, and Mediterranean forest characterized by Olea

and evergreen oak (van Andel & Tzedakis, 1996). The changing habi-

tats in Europe provided with new resources to many other Neander-

thals who, like BD 1, inhabited the deciduous woodland ecosystems

and relied on the intake of mixed food resources thanks to the abun-

dance of edible vegetable materials coming from the wooded environ-

ments (Fiorenza, 2015; Fiorenza et al., 2019; Fiorenza et al., 2011).

Differing from the interglacial environmental conditions of the

OIS 5e that BD 1 lived in (Debénath, 2006), the OIS 4 was overall

characterized by a gradual climate deterioration after OIS 5 with a

major ice advance in Europe around 65 ka (van Andel &

Tzedakis, 1996). This was the environmental frame for the Neander-

thal individual Regourdou 1 (Plavcan et al., 2014). However, the faunal

remains in the layer of occupation of Regourdou 1 and the palaeocli-

matological reconstructions of the zone suggest a mild phase within

OIS 4 when this specimen could have also enjoyed warm ecological
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conditions (Bonifay et al., 2007; Nicholson, 2017; Plavcan

et al., 2014). The animal remains associated to Regourdou 1 consist of

bovids, cervids, bears, suids, leporids and castors (Vandermeersch &

Trinkaus, 1995). This wildlife entails similarities with the one gathered

at the Abri Bourgeois-Delaunay, where cave lions, hyenas, wolves,

fox, cave bears, bovids, cervids and horses have been found

(Armand, 1998). These faunal affinity makes it feasible that both Nean-

derthals, BD 1 and Regourdou 1, were exploiting animal resources

within their respective habitats. In fact, the study of Dodat et al. (2021)

analyzed the calcium isotopic composition from bone sample of

Regourdou 1 finding a low δ44/42Ca values, which is generally associ-

ated to the consumption of meat. Yet, Tacail et al. (2019) suggested

close values of δ44/42Ca for meat and plant consumption. This rein-

forces the data obtained from the macrowear analysis that found simi-

lar percentages of Buccal Phase I facets (30%) and Lingual Phase I

facets (38%) for Regourdou 1 (Fiorenza et al., 2019), respectively asso-

ciated to carnivorous and mixed-dietary habits (Fiorenza et al., 2011).

For this reason, the similar pattern found in BD 1 (40% of Buccal Phase

I facets and 35% of Lingual Phase I facets) along with the findings of

hazel, ash and beech associated to the specimen (Blackwell et al., 1983;

David & Prat, 1965) are now interpreted as evidence for having a

mixed-diet favored by the moderate climatological conditions of the

interstadial event OIS 5e (Debénath, 1967, 2006).

4.3 | Cementum thickness

Our findings show greater cementum volume depositions along the

lingual side of the molar roots compared to the buccal counterpart.

Larger Buccal Phase I facets developed on the occlusal surface of BD

1 posterior dentition, which may indicate that cementum develop-

ment could not be necessarily correlated to dental wear but more

associated to the distribution of mechanical loads during the chewing

cycle.

Considering that mastication likely occurs more frequently on

the left side of BD 1's mandible, the less biomechanical pressure on

the right side during the individual's life could be related to the

higher total cementum volume on the right molars of BD 1 (Azaz

et al., 1974; Bailey & Hublin, 2006), along with thicker cortical bone

on this side (Zanolli et al., 2020). When evaluating both cementum

and cortical bone more in detail, they seem to provide with thicker

tissue under the same regions within the left side of the mandible

and presents asymmetry on the right side. Zanolli et al. (2020)

pointed at the thicker cortical bone on the lingual side of the man-

dibular corpus in the preferential side of mastication and on the buc-

cal aspect of the mandible in the non-preferred side. Cementum

volume appears to be greater on the lingual aspect of the molar

roots of both mandible sides. Therefore, the lingually-located distri-

bution of cementum could be more related to the strain's distribu-

tion pattern along the tooth and surrounding tissues rather than to

wear. Considering the working side of the mandible during a normal

chewing activity, the mandibular corpus mainly undergoes twisting

forces along its long axis (Hylander, 1979a). While, the muscle force

tends to evert the lower edge of the mandible and invert the alveolar

process, the bite force twists the mandible in the opposite direction,

everting the alveolar process and inverting the lower mandibular

border (Hylander, 1979a). Benazzi et al. (2016) considered the

dynamic simulation of occlusal loads during a normal chewing cycle

in a modern human lower molar. They reported that tensile stress

increases in the alveolar portion of the mandible, mainly in the lin-

gual side. In addition, the tensile stress concentrated along the buc-

cal side of the PDL (Benazzi et al., 2016). Tension has been

hypothesized as the driving mechanism for cementum secretion (Ho

et al., 2010; Rego et al., 2011), hence the findings of thicker cemen-

tum layer along the buccal side of the modern humans' mandibular

molars (Nicklisch et al., 2023) agrees with previous studies. How-

ever, BD 1 shows the opposite pattern with more cementum volume

deposition over the lingual side of the mandibular molar's root. This

variation could be due to: 1. different measurements comparison.

Nicklisch et al. (2023) measured the thickness of the cementum in a

transverse section of the root at its cervical third, which could be

disregarding the whole cementum distribution. Since tensile stress

distributes differently along the entire PDL length depending on the

occlusal loading conditions (Benazzi et al., 2016), the cementum

thickness may vary accordingly. Consequently, the volumetric mea-

surements of the cementum on both root sides provides a more

comprehensive understanding about this tissue's behavior; 2. differ-

ences in mandibular strain locations between Neanderthals and

modern humans during mastication due to their distinct cranio-

mandibular architecture (Stringer & Gamble, 1993). Although, prog-

nathism has been associated to greater stress under several facial

regions in modern humans (Patriquin, 2013), its relation to dental

stress distribution is still unknown. Further investigations need to be

performed in order to assess the possible masticatory differences

between Neanderthals and modern humans.

When comparing lingual cementum deposition between left and

right molars, the results are uneven. Even if left molars are more worn

than the right ones, their wear pattern does not match with greater

cementum volumes in the lingual side of the root for every molar. In

fact, only the left M2 appears to exhibit greater cementum volume

compared to its right antimere. M1 is the first reaching occlusion dur-

ing ontogeny, which means that its chewing activity has taken place

for longer compared to M2 and M3, thus, increased mechanical

demands (Morgenthal et al., 2021). The larger wear of the left M1,

linked to greater occlusal loads (Edmonds & Glowacka, 2020; Kullmer

et al., 2009), could have entailed PDL over-compression compared to

its antimere, which has been suggested as a factor that may reduce

cementum deposition (Bosshardt & Selvig, 2000). Moreover, the more

advanced wear stages reduce tooth topography favoring wider range

of occlusal movements (Hylander, 1983) along with a more variable

stress dispersion due to the change in loading directions (Benazzi

et al., 2013) and reduction in tooth tilting (Morgenthal et al., 2021).

This, could have led to a more variable cementum volume deposition

along the roots of M1s. Zanolli et al. (2020) reported greater total

cementum volume in right molars. Nevertheless, the differences

between antimeric molars were minimal for M1s and M2s, whereas
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right M3 presented more than double the cementum volume of the

left M3. The lateral orientation of the right M3 might have influenced

load distributions favoring cementum secretion and, eventually, lead-

ing to a non-reliable comparison between the cementum volume mea-

surements along the buccal and lingual aspects for this tooth. The 3D

occlusal surface data shows that molar dimensions seem not to be

linked to the side-based difference in cementum volume deposition.

Right M3 represents the only exception to this since it shows greater

3D occlusal surface and lingual cementum volume compared to its

counterpart. However, due to the increasing intra-observer error

when measuring cementum volumes in M3s compared to M1s and

M2s (SI, Table 2) which, in turn, could be affected by the morphologi-

cal variability along the molar row (Kieser, 1990), we prefer to remain

cautious with our interpretations. Future studies analyzing larger sam-

ples will help in better understanding the relation between tooth size

and dental tissue development.

Overall, BD 1 shows a distinct pattern of cementum volume

distribution along the molar roots characterized by greater lingually-

located accumulation compared to modern humans. Future biome-

chanical studies based on accurate masticatory loading scenarios

along with mandibular tissues structure, can help to reveal whether

different anatomical configurations in Neanderthals could lead to this

difference.

The principal limitation of this work is that we only studied a few

individuals. Future studies will need to increase the sample size to

better understand the Neanderthal chewing behavior and diet. This

links with the second limitation of our study, which refers to the infer-

ence of BD 1's diet in comparison to upper molar macrowear data.

Future studies should consider the wider variability in terms of tooth

type and populations which could help in accurately assessing diet in

relation to lower molar macrowear. Besides, the use of a broader man-

dibular sample would provide important information to understand

the complexity of the strain patterns along the human mandible (Ichim

et al., 2007) and their relation to dental wear and tissue remodeling. It

is important to note that this study does not differentiate between

acellular and cellular cementum, therefore we should consider

our results as preliminary. It has been hypothesized that only

cellular cementum responds to masticatory loadings (Bosshardt &

Selvig, 2000; Morgenthal et al., 2021; Nanci & Bosshardt, 2000; Rios

et al., 2008). Future studies differentiating between both cementum

types will provide more accurate insights into tooth adaptation in rela-

tion to occlusal activity. Moreover, dental macrowear could also be

integrated with kinematic simulations of the chewing cycle as well as

with finite element analyses. The occlusal movements' simulation

enables the detection of the contact areas between antagonistic teeth

for the posterior incorporation in the finite element models (Benazzi

et al., 2011). The accurate loading conditions in high resolution finite

element models will help evaluating the biomechanical performance

of the mandibular system (Benazzi et al., 2012; Benazzi et al., 2013;

Benazzi et al., 2016; Fiorenza et al., 2015) to interpret the relationship

between macrowear patterns, mandibular anatomy and occlusal

loadings.
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