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The use of faunal remains as tools by Neanderthals has long intrigued researchers. These remains
include mammal teeth, which are particularly durable and resistant. Nevertheless, there is a significant
gap in taphonomic analysis of dental remains, and archaeological experiments with tooth tools remain
scarce. Recent studies suggest that Paleolithic groups may have used rhinoceros teeth as tools. This work
seeks to elucidate this question by applying a multidisciplinary approach, including taphonomic and
traceological analyses using various microscopic imaging techniques. We applied this approach to
several rhinoceros teeth from key archaeological, paleontological, and contemporary collections. For the
first time, we also set up controlled archaeological experiments on rhinoceros teeth. The results shed
light on the potential role of rhinoceros teeth as versatile tools during the Middle Paleolithic in Western
Europe and contribute to our understanding of Neanderthals' adaptive subsistence strategies and ma-
terial culture.
© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Sparse occurrences of bone tools have been recorded in the
Lower Paleolithic in Eurasia (Stout et al., 2014; Rosell et al., 2015;
Van Kolfschoten et al., 2015) and Africa (Pante et al., 2020; Sano
et al., 2020; Hanon et al., 2021), consisting of various intention-
ally shaped artefact types, on the one hand, including bifaces or
bone scrapers, and other elements used as expedient tools, on the
other (Soressi et al., 2013; Boschian and Sacca, 2015; Julien et al.,
2015; Moigne et al., 2016; Santucci et al., 2016; De La Torre et al.,
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2025; Parfitt and Bello, 2026). However, bone tools are much
more widespread during the Middle Paleolithic, in particular with
the expansion of the use of bone retouchers in various regions
(Vincent, 1993; Patou-Mathis, 2002; d'Errico and Henshilwood,
2007; Mallye et al., 2012; Daujeard et al., 2014; Doyon et al,,
2018; Hutson et al., 2018; Mateo-Lomba et al., 2019; Alonso-
Garcia et al, 2020; Baumann et al., 2020; Martellotta et al.,
2020). Most of these tools are made on ungulate long bone shaft
fragments, mainly selected from butchery remains. On rare occa-
sions, Neanderthals made tools from other anatomical elements,
such as antlers or teeth (Patou-Mathis, 1993, 1994, 2002, 2004;
Patou-Mathis and Schwab, 2002; Abrams, 2018; Neruda and
Laznickova-Galetova, 2018; Rendu et al., 2023), and from other
species, such as carnivores, or even Neanderthal remains (Auguste,
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2002; Verna and d'Errico, 2011; Jéquier et al., 2012; Abrams et al.,
2014; Serangeli et al., 2015; Rougier et al., 2016). However, only a
few examples appear to derive from an intentional and specific
chaine opératoire (Patou-Mathis, 2002; Daujeard et al., 2014,
2018b; Abrams, 2018).

During the last two decades, the development of innovative
technologies, including scanning electron microscopy (e.g.,
Mallye et al., 2012; Blasco et al., 2013; Van Kolfschoten et al.,
2015), CT (e.g., Neruda and Laznickova-Galetova, 2018; Bello
and Galway-Witham, 2019), confocal microscopy (e.g., Samper
Carro, 2022; Ibanez et al., 2019), focus variation microscopy
(Bello and  Galway-Witham, 2019), and geometric
morphometrics (Kolobova et al., 2020), has enhanced our
knowledge of the macromorphometric and micromorphometric
characteristics of bone/teeth surface modifications. Analyses
with these new techniques have brought to light the possible
use of teeth as tools, which could be part of the chaine opératoire
of Paleolithic groups. However, one of the significant challenges
the researchers are facing in this field is the lack of a stan-
dardized methodological protocol. Currently, as a result of the
use of varying analytical techniques, magnifications, and trace
descriptions, it is extremely difficult to compare data and
replicate experimental works or analysis. Furthermore, tapho-
nomic analyses of dental remains are scarce compared to post-
cranial bones, and little is known about how biological agents
(such as humans with stone tools) or natural postdepositional
processes alter tooth components (cementum, enamel, and
dentine). Additionally, the identification of tooth tools in
archaeological contexts is subject to debate as traces can be
confused with marks generated by carnivores (Fisher, 1995;
Blumenschine et al., 1996; Dominguez-Rodrigo and Piqueras,
2003; Fernandez-Jalvo and Andrews, 2016; Bello and Parfitt,
2023; Parfitt and Bello, 2024), root vermiculation (Binford,
1981), and trampling (Blasco et al., 2008; Fernandez-Jalvo and
Andrews, 2016), which are common modifications in the
archaeological and paleontological record.

In the Middle Paleolithic site of Payre (MIS 7-6) in Ardeche
(France), a high proportion of isolated rhinoceros teeth (91% of the
rhinoceros remains from the species Stephanorhinus kirchbergensis
and Stephanorhinus hemitoechus) in relation to postcranial remains
was observed. The recent revision of these elements revealed
marks that have been associated with anthropogenic activity,
suggesting an intentional transport and exploitation of rhinoceros
teeth by Neanderthals (Daujeard et al., 2018a). In addition to Payre,
only two other cases of the probable use of rhinoceros teeth by
Paleolithic groups are known: at La Caune de I'Arago (in level F, ca.
400 ka), a cave with S. hemitoechus remains in south-western
France (Chen and Moigne, 2018), and in Panxian Dadong (Guiz-
hou province), a cave with Rhinoceros sinensis remains in Southern
China (ca. 300—130 ka) (Miller-Antonio et al., 2000; Schepartz and
Miller-Antonio, 2010a, 2010b). At La Caune de 1'Arago, the teeth
(40% of the rhinoceros remains) are highly fragmented. Chen and
Moigne (2018) suggested that these fractures may have occurred
nonintentionally during meat and grease extraction processes or
that they may have been intentionally produced for secondary
utilization for nonfood purposes. At Panxian Dadong, Miller-
Antonio et al. (2000) suggest that the high number of isolated
dental remains (74% of the rhinoceros remains) is due to the
intensive and selective collection of these elements by hominins to
obtain large enamel fragments to produce enamel flakes. These
examples could attest to the specialized recovery of rhinoceros
dental remains by Middle Pleistocene hominins for nonfood pur-
poses and their use in percussive activities on hard and sharp
materials. This behavior may also have occurred in other rhinoc-
eros assemblages with a high ratio of isolated dental elements,
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where taphonomic studies have not yet been carried out from this
perspective.

Although small- and medium-sized ungulates generally pre-
dominated in the Neanderthal diet, these humans also focused on
megafauna, such as rhinoceros (e.g., Bocherens et al., 2005;
Bocherens, 2011). Their presence and the evidence of their con-
sumption and exploitation, including the production of bone tools,
are documented at a considerable number of Middle Paleolithic
contexts (such as Auguste et al., 1998; Bratlund, 1999; Smith, 2015;
White et al., 2016; Wiping et al., 2016; Daujeard et al., 2018a; Chen
and Moigne, 2018; Luret et al., 2020; Martisius et al., 2020; Abrams
et al,, 2025). However, to date, no unequivocal evidence has been
documented that directly links rhinoceros teeth to intentional
anthropogenic modification or their systematic use as raw mate-
rials. Notably, the recurrent presence of rhinoceros remains, and
specially isolated teeth, has raised questions regarding acquisition
strategies: hunting with planned exploitation strategies vs. scav-
enging (Guérin, 1972, 1980; Guérin and Faure, 1983; Griggo, 1995;
Auguste et al., 1998; Gaudzinski et al., 2005; Louguet-Lefebvre,
2005; Villa et al., 2005; Gaudzinski-Windheuser and Kindler,
2012; Santucci et al., 2016; White et al., 2016; Daujeard et al.,
2018a; Baquedano et al., 2023; Gaudzinski-Windheuser et al.,
2023; Villaescusa et al., 2026).

This work aims to elucidate these research questions and
bridge the gap in the taphonomic analysis of dental remains by
describing and identifying the origin of the diverse marks that
can occur on rhinoceros teeth after the animal’s death. For this
purpose, rhinoceros dental remains from 16 archaeological and
paleontological sites in Western Europe were revised and
compared with 1) teeth used as tools by humans as part of
controlled experiments, 2) teeth subject to experimental
abrasion and sediment compaction tests to characterize these
postdepositional alterations, and 3) contemporary rhinoceros
teeth to distinguish between premortem and postmortem
alterations.

This work is the first multidisciplinary in-depth research on
this topic, carried out by different specialists in zooarchaeology,
taphonomy, lithic industry, dental wear, and microscopic
analysis in order to provide a complete taphonomic analysis of the
rhinoceros teeth and a detailed description of the different marks,
as well as illustrations with magnified images. Within this broader
framework, the presence of rhinoceros teeth in archaeological
assemblages could provide key insights into Neanderthal subsis-
tence practices and site-use patterns.

2. Materials
2.1. Archaeological materials

Here, we examine 12 Middle Paleolithic sites spread across
Spain and France. The criteria for site selection were well-known
contexts and chronologies with faunal assemblages (preferably
with abundant isolated rhinoceros teeth), produced primarily by
human activity. These archaeological sites are (Fig. 1) El Castillo
(number of identified specimens [NISP] analyzed = 202)
(Castanos, 2018), Abric Romani (NISP = 44) (Marin et al., 2017),
Cueva Anton (NISP = 11) (Zilhao et al., 2016; Sanz et al., 2019), and
level TD10 of the Gran Dolina in Atapuerca (NISP = 118)
(Rodriguez-Hidalgo et al., 2015) in Spain and Pech-de-I'Azé II
(NISP = 79) (Uzunidis-Boutillier, 2017), Le Moustier (NISP = 3)
(Gravina et al., 2015), La Ferrassie (NISP = 4) (Bertran et al., 2008),
Combe Grenal (NISP = 6) (Delpech and Prat, 1995), Rigabe
(NISP = 5) (Uzunidis-Boutillier, 2017), Grotte Vaufrey (NISP = 1)
(Delpech, 1989), Gatzarria (NISP = 1) (Ready, 2013), and La
Pronquiere (NISP = 1) (Coulonges and Lansac, 1954) in France.



A. Sanz-Royo, ]. Marin, D. Vettese et al.

Le Moustier

T

La Ferrassie O Pech-de-l'Azé Il
Vaufrey ~ Combe-Grenal

© LaPronquiére

100 km A

0 50

i

El Castillo 3
(o] o) Gatzarria

© Gran Dolina

A Les Plumettes

Journal of Human Evolution 214 (2026) 103829

A

0 250 500 km
)

[
Wasserbillig m e Paleontological site |
Oetrange L ‘
k m o Archaeological site 1
[
Payre
A !
2 Rigabe

Abric Romani
(o)

® Cova del Rinoceront

O Cueva Anton

Figure 1. Location of the archaeological and paleontological sites studied in this work. Map created using QGIS 3.40.6, basemap data ESRI (Environmental Systems Research
Institute). (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

Of all these sites, only two—El Castillo and Pech-de-I'Azé II
(detailed in the Supplementary Online Material [SOM]
Information)—displayed particular fractures and recurrent
enamel removal marks on rhinoceros tooth surfaces. Therefore,
the taphonomic analysis focused on a total of 281 teeth from these
two sites. In contrast, the other sites contained recurrent isolated
rhinoceros tooth fragments, but without the specific aforemen-
tioned repeated marks. Therefore, they are not described in the
results or discussion section. Table 1 shows the archaeological
teeth analyzed in this work.

Table 1

2.2. Comparative materials

Rhinoceros dental remains from several paleontological con-
texts (or with very little evidence of human presence), as well as
contemporary osteological collections, were studied to provide a
frame of reference for comparing our results. The selected
paleontological sites span a diverse chronological range and
comprise different geological and sedimentary contexts with
various accumulation agents (from natural origin to carnivore
accumulations) and therefore provide good references for

Minimum Number of Individuals (MNI) and Number of Remains (NR) of rhinoceros teeth from the different collections analyzed in this work: archaeological sites, pale-

ontological and contemporary comparative remains, and experimental materials.

Collection Level Sublevel MNI Upper teeth Lower teeth Total teeth
NR NR NR
El Castillo (Spain) Acheulean 7 3 16 19
Mousterian Alpha 25 62 81 143
Beta 9 17 20 37
Aurignacian Delta 1 3 3
Subtotal 42 85 117 202
Pech-de-I'Azé Il (France) 6 2 2 1 3
7 6 13 17 30
6—7 B 2 2 2 4
C 2 1 5
8 4 11 10 21
9 2 7 9 16
Subtotal 18 39 40 79
Total archaeological materials 60 124 157 281
Wasserbillig (Luxembourg) B 9 52 50 102
Oetrange (Luxembourg) — 2 1 8 9
Cova del Rinoceront (Spain) 111 4 7 4 11
Plumettes (France) II, IV 6 23 23 46
Total paleontological materials 21 83 85 168
Total Salle d'Anatomie Comparée (France) 17 97 139 236
Total experimental materials 3 11 7 18
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postdepositional modifications and alterations on teeth. These
materials include a total of 168 rhinoceros dental remains
from four Western European Pleistocene paleontological sites
(Fig. 1), briefly presented in the SOM Information: Wasserbillig
(Luxembourg), Oetrange (Luxembourg), Cova del Rinoceront
(Spain), and Plumettes (France). In order to establish a frame of
reference of the alterations that can affect rhinoceros teeth
throughout their lifetime, we also analyzed 236 teeth from the
comparative collection of the Salle d'’Anatomie Comparée from the
Muséum National d'Histoire Naturelle (MNHN) in Paris (France).
Table 1 shows the comparative teeth analyzed in this work.

2.3. Materials from the experiments

Obtaining rhinoceros teeth for the experiments proved to be an
extremely difficult but indispensable exercise for this study. The
use of other ungulates would not have been appropriate due to the
unique structure and exceptional hardness of rhinoceros teeth
(Fortelius, 1985; Teaford et al., 2000).

For the archaeological experiments developed in this work, we
used 18 isolated contemporary white rhinoceros teeth (Cerato-
therium simum) (11 upper/seven lower) (Table 1) provided by three
French zoos: Safari de Peaugres, Réserve Africaine de Sigean, and
the Montpellier Zoo. One knapper (D.P.) reproduced several ges-
tures related to retouching, knapping, and the use of teeth as anvils
with 19 Cretaceous quartz and flint lithic tools from France (for
more details on the teeth and lithics used in the experiments, see
the SOM Tables 1 and 2). The whole activity was recorded by three
supervisors (A.S.-R., D.V,, and C.D.). Additionally, a taphonomic
experiment was conducted using three rhinoceros teeth (#RZM-
002, #RZP-001, and #RZS-008) to simulate the effects of abrasion
and compaction by sediment.

3. Methods

3.1. Methodology applied to the analysis of rhinoceros teeth
(archaeological, paleontological, and contemporary collections)

Taxonomic identification was carried out according to Guérin
(1980), Lacombat (2003), and Uzunidis-Boutillier (2017). For the
nomenclature of the dental areas of the cheek rhinoceros teeth, we
followed Antoine et al. (2010). Ontogenic age-at-death is based on
dental eruption and replacement patterns, as well as tooth wear
(Hitchins, 1978; Garutt, 1992, 1994; Forsten and Moigne, 1998;
Tong, 2001). Length, breadth, and thickness were recorded with
digital calipers.

We investigated dental microwear features associated with
the mastication of phytoliths, as well as dust and grit contained
in plants (Fox et al., 1994; Semprebon et al., 2004, 2011; Lucas
et al, 2013; Ungar, 2015; Gallego-Valle et al.,, 2020) from the
archaeological and paleontological collections, to rule out
mastication as the cause of the observed marks. The presence or
absence of these dietary marks in the traces confirms whether
the removals were produced premortem or postmortem. For this
purpose, the removal scars were cleaned with 96% ethanol and
molded with high-resolution silicone (vinyl polysiloxane).
Transparent casts were made using clear epoxy resin and
analyzed using a stereomicroscope (Nikon SMZ 1500) at 35x
magnification. The microtraces were classified into the following
categories: pits (circular or subcircular scars), scratches (elon-
gated microfeatures with straight and parallel sides), and gouges
(larger than pits and with irregular edges), following Solounias
and Semprebon (2002) and Semprebon et al. (2004). Micro-
traces related to trampling processes, sediment pressure, or
chemical alterations were also identified morphologically
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according to the descriptions of Uzunidis et al. (2021) and Mico
et al. (2024a, 2024b).

An exhaustive taphonomic analysis of the teeth was carried out.
The state of preservation of the dental surfaces is considered to be
good when the entire surface is preserved, medium when at least half
of the observable surface is preserved, and poor when less than half or
none of the surface is observable. We consulted a specialized bibli-
ography to help us identify, describe, and compare the traces (Binford,
1981; Vincent, 1993; Tartar, 2009; Mallye et al., 2012; Mozota, 2013;
Daujeard et al., 2014; Fernandez-Jalvo and Andrews, 2016; Vettese
et al.,, 2020; Martellotta, 2023). We followed the proposal of Téllez
et al. (2022) for thermoalterations, and the identification of fracture
types (fresh, dry, or recent) was based on dental fracture shapes,
features, and angles. Due to the absence of specialized literature on
tooth fractures, we considered the work of Pittard (1935), as well as
that of Villa and Mahieu (1991) for bone fractures. Regarding non-
anthropogenic modifications, we also distinguished between alter-
ations produced by carnivores, as well as natural postdepositional
modifications including root vermiculation, bacterial activity,
weathering, polish, abrasion, concretion, chemical corrosion, and
manganese (Behrensmeyer, 1978; Potter and Rossman, 1979; Binford,
1981; Fisher, 1995; Blumenschine et al., 1996; Dominguez-Rodrigo
and Piqueras, 2003; Fernandez-Jalvo and Andrews, 2016, among
others). All teeth were observed with the naked eye and with a 10x
hand-lens under high incident light. When necessary, we used a
portable digital microscope (Dino-Lite AM4515ZT, from 20x to 200x)
and a stereomicroscope (Leica S8 APO).

3.2. Methodology applied to the experiments

Archaeological experiments The experiments took place at
L'archéosite de la Haute-Ile (Paris, France) with the main objective
of reproducing the traces observed in the archaeological record.
One knapper reproduced the gestures, and three supervisors,
specialists in zooarchaeology and taphonomy, observed and
documented the activity. The teeth and lithic tools were photo-
graphed before, during, and after experiments, and the whole
activity was recorded by a camera. Particular attention was paid to
the relationship between the characteristics of the traces pro-
duced during percussive activities and the raw materials involved,
the position of the hands, the type of action (direct percussion,
anvil techniques, etc.), and tool orientation (i.e., Castel et al., 2003;
Mallye et al., 2012; Tartar, 2012; Mozota, 2013; Kolobova et al.,
2022; Mic6 et al., 2024c; Parfitt and Bello, 2024a, among others).
We used two different raw materials, quartz and flint (based on
their presence in the archaeological record), and performed three
main activities following different tooth orientations: retouching
(tangential gesture), knapping (re-entrant gesture), and the use of
teeth as anvils (Fig. 2). Gestures were mainly reproduced on the
upper part of the crown and between the lingual and buccal
sides to produce modifications on the occlusal surface while
generating flakes or retouching flakes (continuous retouch). In
total, 31 percussive activities on 15 rhinoceros teeth were carried
out: Five teeth were used to retouch quartz, two to retouch flint,
and four to knap flint; six teeth were knapped using a quartz
percussor to obtain enamel flakes, as referenced in some works
(Miller-Antonio et al., 2000); 10 teeth were used as anvils using
quartz (n = 8) and flint (n = 2) tools against the occlusal surface to
cut vegetal fibers and leather; and finally, three teeth were used to
remove cementum and roots (a detailed description of the activ-
ities can be consulted in SOM Table 4). Given the limited knowl-
edge of the use of rhinoceros teeth, we also explored the most
comfortable and advantageous ways to use the teeth during these
activities. The activity was stopped when traces developed, when
the intended tool was produced, or when tooth breakage occurred.
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Figure 2. Example of the activities carried out in the archaeological experiments and the associated products. A—C: percussive activities reproduced in this work: A) retouching
quartz; B) knapping flint; C) tooth as an anvil with quartz flake. D—E: Lithics used for this work: D) Flint flake retouched with a rhinoceros tooth and retouch flakes (Lithic n°3); E)
quartz flake (Lithic n°16) retouched with a rhinoceros tooth. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

Taphonomic experiments The taphonomic experiments aimed to
simulate the effects of abrasion and compaction on rhinoceros
teeth and were carried out in the Laboratory of Environmental
Analyses and Taphonomy of Madrid (Spain). The abrasion test was
simulated using two rotors with the same sediment on three
selected rhinoceros teeth (SOM Fig. 1). The sediment was provided
by the Laboratory of Environmental Analyses and Taphonomy and
collected from a semiarid area in Santaolalla (in Toledo, Spain)
with nearby trees. It was composed of clay, silt, and sand and is
similar to the sediment from numerous Paleolithic caves, such as
El Castillo. The grain size distribution was 70 ml of sediment
smaller than 1 mm, 20 ml between 1 and 2 mm, and 10 ml larger
than 2 mm. In addition, 150 ml of distilled water was also added to
the sample. All the teeth were separated from each other to avoid
tooth-to-tooth contact. The aim was to continue the abrasion test
until traces were produced on the teeth, for a maximum of seven
days in continuous movement. Descriptions and measurements
were noted throughout the process, as well as daily photographic
documentation of the teeth using a photographic camera and a
stereomicroscope Leica DFC450 camera. The compaction test was
performed to reproduce natural vertical compaction by the same
sediment surrounding the tooth. For this purpose, the Zwick/Roell
Z2.5 machine applied a vertical force of 5 KN and a speed of
30 mm/min on a selected lower molar (#¥RZM002) (SOM Fig. 1) in
order to deform 50% of the tooth.

Confocal microscope image acquisition The confocal microscope
(Sensofar S Neox 3D optical profilometer) from the Institut Catala de
Paleoecologia Humana i Evoluci6 Social (Tarragona, Spain) was used
to characterize and differentiate the traces generated on the teeth, as
well as to produce three-dimensional image reconstructions. The
SensoSCAN software (Sensofar Tech, https://www.sensofar.com/
metrology/industry-research/sneox/software/) scanned the tooth
surfaces with magnifications ranging from 5x to 20x (numerical
aperture from 0.15 to 0.45, working distance from 20 to 3 mm). The
SensoVIEW analysis software was also applied during this process.
Surface roughness measurements were carried out by S-L filtration

by eliminating small- and large-wavelength components. Surface
acquisitions were reviewed, and ‘Restore’ processing was applied to
fill in empty spots when the measured data were <95%. The
‘removal’ shape made it possible to flatten the surface, and the
aberrant points were corrected manually by a despiking filter.

4. Results
4.1. Analysis of rhinoceros teeth from the experiments

Archaeological experiments The reproduction of the 31 percussive
activities detailed earlier clearly modified the rhinoceros tooth
surfaces and produced significant traces in all but one of them
(Exp. n° 12.1). The detailed description of the activities, as well as
the modifications produced on each of them, can be consulted in
SOM Tables 4 and 5. A total of 56 marks related to these activities
were identified, 42 of which (75%) were macroscopically visible,
while 14 (25%) were identified with the help of the confocal
microscope.

Based on the methodology developed in this work (an evalua-
tion of the applied methodology is available in the SOM
Information), we have identified and classified the following
marks as modifications related to percussive activities:

e Scaled areas: These are the superposition of small irregular
fractures or the detachment of enamel/dentine plaques of the
tooth surface at the top of the crown or the occlusal surface
produced by the concentrated accumulation of blows on the
same area (Fig. 3A—D, F). Similar modifications have also been
observed on bone retouchers (Mallye et al.,, 2012; Mozota,
2013). Sometimes, these fractures are more marked, with a
‘stepped’ morphology (Fig. 3B, C), and can also be surrounded
by associated enamel/dentine fissures (tooth weaknesses that
run through the different tooth layers and stop before
breakage).
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Figure 3. Modifications documented on rhinoceros teeth during the archaeological experiments and 3D reproductions with confocal microscope (3D = three dimensional). A) P>
(#RZS002) used for quartz retouching: buccal side with groove and scaled area, occlusal view with notches and micronotches, and 3D reproduction. B) P* (#RZS006) used for
knapping flint: buccal side with scaled area. C) Upper premolar (#RZM001): buccal side with cementum removal and scaled areas produced during flint retouching. D) P
(#RZP008) used for quartz retouching: buccal side with cementum removal and scaled area, occlusal view with notches and micronotches, and 3D reproduction. E) P* (#RP004)
used for quartz retouching: occlusal view with notches and micronotches and 3D reproduction. F) P4 (#RZS005): buccal side with fracture produced during the removal of the root
and scaled area produced during flint knapping. G) P* (#RZP005): buccal side with fracture produced by knapping teeth with quartz percussor and sliding marks. H) P> (#RZP003)
used as anvil with quartz: buccal side, occlusal view with pitting areas, and 3D reproduction. I) M' (#RZS003): occlusal view with pitting areas on the hypocone, produced by the
use of tooth as an anvil with flint, and pitting areas in the paracone and metacone, produced by quartz, as well as and 3D reproduction of the pitting areas and microstriations
produced with quartz. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

o Pitting areas: These are depressions located in the dentine of short, and parallel, with a ‘V-shaped’ profile, and form when the
the occlusal area, sometimes also in the enamel, produced by roughness of a hammer or percussor scrubs the tooth surface.
the accumulation of blows in the same zone (Fig. 3H, I). They Pitting areas can also be associated with fissures or adhering
are generally shallow and grouped, similar to those observed on enamel/dentine flakes. Sometimes, the dentine may collapse or
bone retouchers (Mallye et al., 2012), which may bear micro- a tooth fracture can appear.
striations inside. The observation of these striations has been e Notch: It is the enamel/dentine flake scar, normally located at
possible with the confocal microscope. They are superficial, the occlusal level on the buccal or lingual sides, close to scaled
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areas or tooth fractures, and associated with small fissures

(Fig. 3A, D, and E). Generally, a notch comprises small micro-

notches inside it, with different lengths and depths, grouped

and lined up on the same notch orientation and separated by an
angular fracture line. This mark could be comparable to per-
cussion notch identified in long bones (i.e., Blumenschine,

1988; Vettese et al., 2020).

Adhering flake: It is an enamel or dentine flake with an

incomplete fracture line and is thus still attached to the tooth

(i.e., Vettese et al., 2020).

o Tooth fractures: Fractures can be a consequence of percussive
activities affecting the enamel or both the enamel and dentine
(Fig. 3G, F). Unlike in bones, it is difficult to identify the angle,
profile, and edge of tooth fractures since dentine and enamel
behave differently when they break: The enamel shows a more
irregular fracture, while dentine fractures are more similar to
green bone fractures, with a smoother edge, sometimes
accompanied by fissures and ripple marks (Vettese et al., 2020).
When tooth fractures occur in the crown, they extend
toward the roots following the morphology of the tooth and
previous cracks or fissures, sometimes showing a V-shaped
morphology.

¢ Sliding marks: These are shallow and thin striations, with

oblique orientations and internal microstriations, resulting

when the irregular edge of a lithic tool slides across the tooth
surface during percussive activities (Fig. 3G). Similar traces
have also been identified in bone retouchers (Daujeard et al.,

2014, 2018b; Costamagno et al., 2018; Bello et al., 2021).

They are observed in both enamel and dentine and are at

times only clearly perceptible when viewed through the

confocal microscope.

Grooves: These are superficial and sinuous impressions pro-

duced by the impact of the lithic edge during blows (Fig. 3A)

(Mallye et al., 2012; Daujeard et al., 2014, 2018b). They are short

and isolated with an oblique orientation.

¢ Cementum removal: It is the removal of the outermost layer of
the tooth covering the enamel. Removal is clean when the
cementum layer is completely separated from the underlying
enamel layer (Fig. 3G). This is observed in poorly preserved
teeth since fissures can appear in the cementum, facilitating its
natural separation. On the contrary, removal is not clean when
the outermost part of the underlying enamel layer is also
partially removed. For the latter, better tooth preservation
impedes the separation of the cementum and enamel layers
easily.

During the quartz/flint retouching activities, the most common
modifications produced were scaled areas on the lingual/buccal
edge (Fig. 3A, C, and D). For quartz, we also produced notches and
micronotches on the occlusal surface (Fig. 3A, D, and E) and,
sometimes, also grooves (Fig. 3A) and an adhering dentine flake.
The number of blows required to produce these modifications
varied from 10 (in less than 10 seconds) to 260 (during more than
two minutes of activity). On the contrary, retouching flint did not
produce notches and more blows were performed until visible
modifications occurred or until the lithic tool was completed
(between 250 and 460 blows per tooth with an average of 2.14 min.
per experiment). The experimenter’s feedback was that rhinoceros
premolars were too small to grip comfortably for retouching
quartz, whereas they were suitable for retouching the flint tools
used. The use of lower teeth in transverse orientation (use of the
mesial face) was felt to be the most comfortable.

The knapping activities produced enamel and dentine fractures
in the use area, generating scaled areas (Fig. 3B, F) or larger frac-
tures in the crown, sometimes with a ‘V-shaped’ morphology.
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These exercises did not exceed 27 blows (with an average of 40
seconds per exercise) since the activity was stopped several times
because the tooth was not effective or the tooth broke during the
process, causing the dispersion of numerous small enamel and
dentine fragments during the activity. In addition to knapping
flint, we used a quartz percussor to knap two rhinoceros premolars
(one upper and one lower) to obtain enamel flakes. Six attempts
were performed for this purpose, which did not produce relevant
modifications on the teeth, except for some enamel and dentine
fractures and sliding marks on the dentine when preparing the
blow (Fig. 3G).

Ten attempts were made using upper rhinoceros teeth as anvils.
Quartz and flint tools were used against the occlusal surface of the
tooth to cut vegetal fibers and leather, producing similar traces in
all of them, mainly pitting areas (Fig. 3H, I). However, in the case of
quartz, confocal microscope analysis identified microstriations
inside these depressions, whereas flint produced more circular
depressions without microstriations. The teeth resisted the blows
quite well (even with more than 100 blows), and the marks
appeared very quickly on the dentine (once after only two blows).
In general, all the exercises were considered to be effective by the
experimenter, successfully cutting plant fibers and leather,
although in some cases, not without discomfort, and another
experimenter stepped in to facilitate the task.

In sum, the most common modifications produced were

scaled areas, pitting areas, and tooth fractures (generated in 9/31
tests), followed by sliding marks (8/31) and notches (5/31)
(Table 2). It is interesting to note that the experiments involving
the use of quartz produced more modifications and sooner than
experiments with flint. Similar but fewer marks were produced
with flint, and we needed more blows to produce them. Sur-
prisingly, the dentine resisted the blows better than the enamel,
probably because it is more elastic, despite being less hard.
However, we cannot rule out the possibility that this may be
related to tooth preservation (some teeth showed previous fis-
sures produced by cleaning processes, as indicated in SOM
Table 1). Despite the large size of rhinoceros teeth and their
considerable weight (see SOM Table 1), the experimenters’
feedback maintained that in general, the teeth were suitable for
achieving the stated objectives, although they noted that larger
teeth and flatter areas were more comfortable, in keeping with
previous works on bone and tooth retouchers (i.e., Maylle et al.,
2012; Mico et al., 2024c).
Taphonomic experiments The abrasion test lasted for a total of
seven full days. During the first hours of the experiment, no visible
changes could be observed, either to the naked eye or with the
stereomicroscope. The first visible modifications appeared after
the second day of abrasion, especially rounding of the enamel on
the occlusal area. After the seventh day, we decided to stop the
experiment since the modifications produced were totally
different to those obtained during the archaeological experiments
developed in this work. The main alterations were abrasion and
polishing of the more protruding parts of the teeth, but there were
no enamel or dentine fractures and no notches, striations, or
pitting areas, as observed after percussive activities. The modifi-
cations from the first day of abrasion to the seventh day are
presented in Figure 4.

The compaction test did not produce traces similar to those
obtained during the archaeological experiments or to the abrasion
test. On the contrary, the lower rhinoceros tooth (#RZM-002)
supported a maximum force of 1170 N before being 50% deformed,
resisting vertical compaction with only a few fissures but no
fractures. The sediment probably contributed in some way to
protecting the teeth from fractures. However, these results must
be interpreted with caution as the sample is very small.
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4.2. Analysis of the archaeological assemblages

The rhinoceros teeth from El Castillo Cave (Spain) Most of the 202
S. hemitoechus teeth analyzed from the Obermaier collection are
from the Mousterian Alpha level, followed by the Mousterian
Beta, Acheulean, and Aurignacian Delta levels. Based on the NISP,
the most abundant elements are permanent upper premolars and
lower molars (SOM Table 3). In general, the tooth surface is well
preserved. Seventeen upper and eight lower isolated teeth (12.4%
of the total dental remains) revealed traces on the occlusal sur-
face and roots that were assumed to be related to anthropogenic
activity. Most of them (NISP = 22: 15 upper/7 lower) are from the
Mousterian Alpha level, followed by the Acheulean level
(NISP = 2: 1 upper/1 lower), and Mousterian Beta (NISP = 1:
upper tooth), while no such traces were observed in the Auri-
gnacian Delta level. In all cases, the upper teeth are more
intensely modified than the lower ones. The most abundant
marks are notches, observed on all the modified teeth (n = 25).
The impact points of the notches are mainly located not only in
the dentine of the occlusal area but also on the crown
enamel and, more rarely, on the roots. These conchoidal marks
occur between one and five times per tooth, are mainly isolated,
and are only occasionally consecutive or superimposed. Some-
times, there are also scaled areas (i.e., specimens #2754 and
#8557 of Figs. 5 and 6), which may be related to the accumulation
of notches or deep impacts in the same area. Large dentine ex-
tractions were also identified on some teeth (as in #2587 in
Fig. 5). Regarding fractures, two teeth (#2582 and #2490 in Fig. 5)
show a vertical fracture on the occlusal plane and, in six cases,
fresh fractures were observed on the roots (such as #2611 in
Fig. 5). In addition, four teeth show thermoalterations, all with
brown rubefaction (three in the Mousterian Alpha level and one
in the Mousterian Beta level). No cut marks were observed.
Alterations related to postdepositional processes were also
observed on the teeth, with variations according to the sedimen-
tary levels (Table 2). In the Acheulean level, fissures and weath-
ering are the most abundant, followed by chemical corrosion,
bacterial activity, and manganese, while in the Mousterian Alpha
and Beta levels, chemical corrosion is the most widespread alter-
ation. These modifications indicate constant humid conditions and
sediment flooding. Abrasion and polishing are marginal, affecting
less than 1% of the assemblage. There are no elements with
carnivore or rodent tooth marks.
The rhinoceros teeth from Pech-de-1'Azé II (France) The Pech-de-
I'Azé Il collection comprises a total of 79 rhinoceros teeth
(S. kirchbergensis in levels 9, 8, 7, 6-7b, and 6-7c and Coelodonta
antiquitatis in level 6). Level 7 is the richest archaeological level,
followed by levels 8, 9, 6, and finally, 6-7b and 6-7c with only seven
dental remains. Based on the NISP, the most numerous elements
are permanent lower teeth, followed by upper teeth (SOM Table 3).
Most of the teeth (84%) show good surface preservation. Four
upper teeth (5.6% of the total dental remains) from adult and senile
individuals revealed marks possibly related to anthropogenic ac-
tivity, consisting of notches on the occlusal surface with angular
scars and associated with fissures. These are (see Fig. 5) an M?
(#P.A.II-9-31) from level 9 with a notch affecting the enamel of the
buccal side in the occlusal area and with an associated sliding
mark; another M? (#P.A.II-7-D11-482) from level 7 with three
notches on the buccal side of the occlusal surface; a fragment of
the buccal side of a P3 (#P.A.lI-7-E10-458) with three notches; and
finally, a fragment of the buccal side of an upper tooth (#P.A.II-6-
7c-G13-455) from level 6-7c with three notches, with one of them
located on the occlusal surface, while the other two bear a possible
pseudo notch on the posterior face. No fresh fractures or cut marks
have been identified.
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Figure 4. Modifications on rhinoceros teeth (occlusal views) before abrasion (left)
and after abrasion (right) test after seven days: A) P? (#RZP001); B) P, (#RZS008); C)
lower molar (#RZMO002). (For interpretation of the references to color in this figure,
the reader is referred to the web version of this article.)

Postdepositional alterations are similar in all levels (Table 2).
The presence of manganese oxide dendrites is the most common
alteration, affecting 100% of the dental remains in all levels, except
in level 8, where the percentage drops to 90%. The second most
common alteration consists of fissures caused by sediment pres-
sure, except in level 6, where there are no such fissures. Finally,
trampling affects 75—70% of teeth in all levels.

4.3. Analysis of the comparative collections of extinct and extant
rhinoceroses

The rhinoceros teeth from Wasserbillig (Luxembourg) The surface
preservation of the dental remains recovered from this site can be
considered to be good to medium. Nine teeth bear dry fractures
located on the enamel and the roots, mostly with a straight plane
and associated with fissures (Fig. 7B). However, some fracture
planes are polished and abraded and cannot be accurately
described. No traces on the dentine or enamel similar to those
produced during the archaeological experiments were identified.
Some small and rounded impacts on the enamel and dentine were
observed, especially on the buccal face of the tooth, in all the teeth
of the skull #2055-1942, and in seven isolated teeth (Fig. 7A).
These particular marks differ from the pitting areas produced
during archaeological experiments, and we believe they could be
related to the animal’s diet. The most common postdepositional
alteration is the presence of fissures, which affects 64.8% of the
total dental remains, followed by weathering and exfoliation in
52.1—40.8%. Abrasion and polishing (47.9—11.3%) (Fig. 7C), chemi-
cal corrosion (23.9%) (Fig. 7D), and manganese (21.1%) are also
present (Table 2). However, varnish had been applied to all the
tooth surfaces for conservation purposes, and it is consequently
difficult to observe some modifications satisfactorily.
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The rhinoceros teeth from Oetrange (Luxembourg) In general, the
preservation of tooth surfaces is good. No modifications similar to
those produced during the archaeological experiments or fresh
fractures were observed in the dentine or the enamel. Only an
upper deciduous premolar displays dry fractures in the enamel of
the protocone and a fissure in the anteroposterior root. The main
postdepositional alteration is the presence of manganese in the
form of dendrites and fissures along all the teeth, with some small
dry fractures (Fig. 7E, F) (Table 2).

The rhinoceros teeth from Cova del Rinoceront (Spain) Tooth sur-
face preservation can be considered good to medium, with the
presence of several postdepositional alterations, such as fissures
and exfoliation (Fig. 7G, H). Some dry tooth fractures were iden-
tified in the assemblage, with regular planes delineated by fis-
sures. In some cases, the cracks are filled with sediment, producing
minor deformations in tooth morphology. These alterations may,
in part, be related to the effects of quarrying activity at the site and
the subsequent exposure of some materials (Daura et al., 2015).
Percussion marks or cut marks were not observed in this collec-
tion. However, the abundance of concretions limited the obser-
vation of the tooth surfaces (Table 2).

The rhinoceros teeth from Plumettes (France) Dental surface pres-
ervation is good, although some postdepositional modifications are
visible in the assemblage, mainly postdepositional dentine fractures
with regular planes following the delineation of fissures (in most
cases, only observed on the cementum) (Fig. 71, J). The fractures in
the roots also show planes typical of dry bone fractures (Fig. 7K). As
in Wasserbillig, modifications in the junction of the dentine and
enamel on the buccal side were observed, showing a reduction of the
enamel through small domes on the surface, probably as a result of
small impacts related to chewing activity. Chemical corrosion is also
widespread, affecting 56.5% of the assemblage. Concretions (39.1%),
manganese (34.8%), abrasion (32.6%), and root vermiculations
(23.9%) were also identified (Table 2). No notches or fresh fractures
in the enamel or dentine were observed.

The contemporary rhinoceros teeth from the Salle d'Anatomie
Comparée (Muséum National d'Histoire Naturelle) After the
detailed analysis of the 201 contemporary rhinoceros teeth from
the MNHN collection, we did not observe fresh fractures, notches,
or other modifications similar to those observed in the archaeo-
logical assemblages of El Castillo and Pech-de-I'Azé II. The most
common alteration is the presence of very abundant fissures on
the cementum covering the lingual and buccal surfaces of the
molars, especially on the upper teeth. These fissures seem to be
related to the laboratory cleaning processes of the skulls and
mandibles and to natural tooth degradation due to the loss of
organic matter. This is probably also the cause of the dry fractures
identified on the occlusal surface of the teeth, which follow the
vertical structure of the enamel or the delineation of the previous
fissures in all cases. In several lower teeth from the same indi-
vidual (#1928-310), some depressions in the enamel were iden-
tified on the buccal and lingual sides, similar to those observed in
Wasserbillig and Plumettes. These depressions do not extend
beyond the enamel and do not affect the dentine.

4.4. Dental microwear analysis

Dental microwear analysis carried out on the rhinoceros teeth
from the archaeological collections of El Castillo and Pech de I'Aze
revealed no dietary marks associated with the mastication of
phytoliths in the notches identified in the taphonomic analysis.
The tooth surface is rough and very irregular in these areas, with
no signs of abrasion or fracturing that could have been produced
during chewing or the consumption of dust particles contained in
plants (SOM Fig. 3).
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Figure 5. Rhinoceros teeth of El Castillo and Pech de I'Azé Il with traces related to anthropogenic origin. (For interpretation of the references to color in this figure, the reader is
referred to the web version of this article.)

5. Discussion recurrent notches and scaled areas, as well as some fresh fractures
and sliding marks (Table 2). In these sites, the alteration of the

5.1. What is the cause of the marks observed on rhinoceros teeth? faunal assemblage by Neanderthals has been proved mainly by
bone fractures and cut marks, although modifications produced by

The rhinoceros teeth analyzed from the Middle Paleolithic sites carnivore activity and natural postdepositional processes were

of El Castillo and Pech-de-I'Azé II show similar traces, mainly also documented (Texier, 2006; Luret et al., 2020; Sanz-Royo et al.,

10
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Figure 6. Drawing of the traces observed on #2754 and #8557 teeth from El Castillo
(drawings by Sophie Guégan).

2024). The taphonomic analysis of rhinoceros teeth shows no
carnivore marks or relevant postdepositional alterations (such as
abrasion/polishing), suggesting a different accumulation origin of
these remains inside the caves.

The traces identified in these archaeological sites differ from
those observed in the paleontological collections analyzed in this
work (Table 2). The taphonomic analysis of the teeth recovered in
Wasserbillig, Oetrange, Cova del Rinoceront, and Les Plumettes
brought to light the alteration of rhinoceros dental remains in
different sedimentary contexts and accumulation agents (natural
or carnivore accumulations). Dry fractures and other post-
depositional alterations, such as root vermiculation and abrasion/
polishing, were identified, but there were no recurrent scaled
areas, notches, or sliding marks as observed in teeth from EI Cas-
tillo and Pech-de-I’Azé II. Besides, the alterations produced by the
taphonomic experiments were completely different from those
observed in the archaeological record. Only abrasion/polishing and
fissures generated by sediment abrasion and compaction were
identified, which are common natural postdepositional alterations
in the fossil record. On the contrary, the archaeological experi-
ments carried out in this work produced relevant modifications in
the teeth (Table 2), mainly scaled areas, pitting areas, and tooth
fractures, followed by sliding marks and notches. The morphology,
recurrence, and location of these marks (mainly in the occlusal
area or at the top of the crown) are similar to those documented
in the archaeological assemblages. Unlike in the paleontological

1
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sites and taphonomic experiments, these activities did not pro-
duce polishing or dry fractures. Furthermore, dental microwear
analysis on the teeth from El Castillo and Pech-de-I’Azé Il rules out
the possibility that the observed modifications were produced
during the animal’s lifetime and confirms that they occurred
postmortem since no microwear signals were observed inside the
traces. The taphonomic analysis of contemporary rhinoceros teeth
from the MNHN collection also shows that natural alterations
during the lifetime of the animals do not produce marks similar to
those mentioned in the archaeological sites.

Therefore, this research demonstrates that percussive activities
can produce similar modifications of rhinoceros teeth to those
observed in the archaeological record, while natural post-
depositional processes (including abrasion and compaction) and
activities occurred during the animal’s lifetime do not. To date,
apart from this work, no experiments have been carried out on
rhinoceros teeth, and most of the mentions of the use of rhinoc-
eros bones and teeth as artefacts are old publications, now
considered unreliable (Guérin, 1980), except for two bone tools
identified by ZooMS in Scladina Cave (Belgium) (Abrams et al.,
2025) and Abri Peyrony (France) (Martisius et al., 2020).

In the Early Middle Paleolithic site of Payre, similar notches,
grooves, and pitting areas were also observed on the occlusal
surface of 38 rhinoceros teeth, mainly on very worn teeth from
senile individuals (Daujeard et al., 2018a). These marks appear to
be related to anthropogenic percussion activities. In unit F of La
Caune de I'Arago (France, MIS 11), fractures on rhinoceros teeth
have been interpreted as intentional, attributed to the extraction
of consumable cranial and mandibular elements or to the sec-
ondary utilization of tooth fragments (Chen and Moigne, 2018). At
Panxian Dadong (China, MIS 8-6) (Miller-Antonio et al., 2000;
Schepartz and Miller-Antonio, 2010a, 2010b), the accumulation of
many isolated rhinoceros teeth suggests that hominins could have
amassed them for use as possible tools, perhaps due to the poor
quality of the lithic raw materials available in the immediate
environment (limestone and basalt) and to difficult access
(forested environments). According to the aforementioned au-
thors, the large enamel surfaces on rhinoceros teeth (especially
upper ones), unlike those of other ungulates, can be easily frac-
tured following natural fault lines to obtain sharp-edged enamel
and dentine, similar to lithic flakes to use as tools. Enamel is the
hardest mammal component, with a chemical composition of 97%
hydroxyapatite, 1% collagen, and around 2% water. The structure of
enamel presents good mechanical properties and resistance to
fracture, capable of supporting large forces (Bajaj and Arola, 2009;
Darnell et al., 2010; Winkler and Kaiser, 2015; Renteria et al., 2021)
and, therefore, strong percussive activities. Specifically, the
structure of rhinoceros tooth enamel is particularly resistant to
shocks (Fortelius, 1985; Teaford et al., 2000), which may have
been an incentive for human groups to use it as raw material.
We noted that most of the teeth with traces had a flat occlusal
surface due to tooth wear. Thus, rhinoceros teeth may present
auspicious morphological characteristics in terms of size, weight,
morphology, flat occlusal surface, and resistance to breakage,
which could have made them suitable for use as tools.

If we compare the marks observed on rhinoceros teeth with
those identified on bone tools, and especially bone retouchers, flake
scars, fractures and crushing of the working edges, percussion
notches, pitting/hatched/scaled areas, and cut marks or sliding
marks are frequent (Mallye et al., 2012; Daujeard et al., 2014;
Costamagno et al., 2018; Doyon et al., 2021; Abrams, 2023). Some of
these modifications are similar to those observed in this work.
However, in accordance with the experiments carried out by Mico
et al. (2024c) on horse teeth, dental elements showed a relatively
higher frequency of traces than bones, especially scaled areas. This
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Figure 7. Main modifications observed on rhinoceros teeth (occlusal views) from the paleontological comparative collections: A) Rounded impacts on the enamel and dentine of a
tooth from the Wasserbillig site; B) dry fractures on the enamel and dentine from the Wasserbillig site; C) abrasion and polishing from the Wasserbillig site; D) chemical corrosion
from the Wasserbillig site; E, F) manganese dendrites and fissures along the teeth from the Oetrange site; G, H) fissures and desquamation from the Cova del Rinoceront site; I, J)
dentine fractures with regular planes following the delineation of fissures from the Plumettes site; K) root fractures showing planes typical of dry bone breakage from the
Plumettes site. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

is probably due to their chemical structure and composition
(cementum, enamel, and dentine layers). On the contrary, unlike
bone artefacts, we did not observe cut marks, intentional polish, or
associated scraping marks on rhinoceros teeth.

5.2. How did Neanderthals produce these marks?

Our results suggest that the traces observed on the rhinoceros
teeth recovered at El Castillo and Pech-de-I’Azé Il were caused by
percussive-related activities. This result is in keeping with the in-
formation provided by previous taphonomic and zooarchaeological
studies carried out in the faunal assemblages, which proposed that
the main accumulators of the faunal remains (including rhinoceros)
were Middle Paleolithic groups (Landry, 2005; Texier, 2006; Luret
et al., 2020; Sanz-Royo et al., 2024). But how did Neanderthals
produce these traces on rhinoceros teeth and for what purpose?

Given the type of identified traces and their predominant
location, the most likely hypothesis is the use of teeth as active
tools in direct percussion, possibly as retouchers or percussors, or
even as anvils, against hard materials like lithic tools. We cannot
exclude the possibility that some rhinoceros tooth fragments were
used as raw materials for producing large enamel flakes, as pro-
posed by Miller Antonio et al. (2000), especially for specimen
#P.A.Il-6-7c-G13-455 of Pech-de-I'Aze II. However, difficulties
encountered when attempting to produce enamel and dentine
flakes during our experiments show that rhinoceros teeth are not
conducive to flake production. Although we do not rule out the
possibility that this could be due to the state of preservation of the
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teeth. The fact that these modifications are mainly found on teeth
with advanced wear may suggest an intentional selection of older
individuals by Neanderthals, either due to a more suitable dental
morphology associated with flatter surfaces or because they were
easier prey.

The specialized recovery of rhinoceros teeth points to mega-
faunal exploitation by Middle Paleolithic populations, not only for
consumption but also for nondietary purposes, in a planned
framework (Auguste et al., 1998; Parfitt and Roberts, 1999;
Costamagno et al, 2006; Gaudzinski, 2006; Gaudzinski-
Windheuser and Kindler, 2012; Rendu et al., 2012; White et al.,
2016; Daujeard et al, 2018a). Similar behaviors have been
observed among Neanderthals from layer 4 in Molodova I
(Ukraine) (Demay et al., 2012), where mammoths were used as
food and as building resources. Many other herbivores, of all sizes,
were also used concomitantly as food resources and raw materials
during the Middle Paleolithic (e.g., Patou-Mathis and Schwab,
2002; Daujeard et al, 2012; Abrams, 2018; Neruda and
Laznickova-Galetov4, 2018; Hutson et al., 2018; Moclan et al.,
2023). Percussive Neanderthal tool kit is quite diverse, and both
mineral and organic raw materials were used for different pur-
poses (Roussel et al., 2009; Cuartero Monteagudo, 2014; Daujeard
et al., 2014; Arrighi et al., 2020; Mathias et al., 2021; Cuartero and
Bourguignon, 2022). The use of rhinoceros teeth as potential tools,
therefore, extends the range of tools in hard animal materials used
by Neanderthals, in addition to antlers and bone retouchers (i.e.,
Mallye et al., 2012; Daujeard et al., 2014; Hutson et al., 2018;
Baumann et al., 2020; Martellotta et al.,, 2020). This proposal,
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although it is the first one made on rhinoceros, aligns with other
studies on the use of teeth as tools, mainly with horse teeth (which
are also hypsodont with a similar morphology) (Bello et al., 2021;
Rendu et al., 2023; Mic6 et al., 2024c).

6. Conclusions

This work presents, for the first time, archaeological and
taphonomic experiments on present-day rhinoceros teeth and
proposes that human activities, rather than natural compaction
and abrasion processes, can cause similar traces to those observed
in the archaeological record. According to our results, the traces
identified on the rhinoceros teeth recovered at El Castillo (Spain)
and Pech-de-I'Azé Il (France) are potentially attributable to the use
of teeth as soft hammers and anvils, suggesting that these ele-
ments could be part of the Neanderthal tool kit and participate in
the chaine opératoire during the Middle Paleolithic. These human
groups might have focused on older rhinoceros individuals, either
because they were easier prey, because the advanced wear of their
teeth made them more useful and comfortable tools, or both. Our
results contribute to the knowledge of Neanderthal behavior,
technical choices, and capabilities, providing insights into the
human exploitation of animal resources, as well as expanding the
diversity of raw materials collected and used by Neanderthals.

This multidisciplinary work contributes to the development of
new methodologies and analytical techniques in the study of
mammal dental remains, such as confocal microscopy, providing
qualitative and quantitative data. With this study, we also
emphasize the relevance of multidisciplinary research and the
importance of the taphonomic analysis of dental remains from
archaeological contexts. We aim to encourage the replication of
archaeological experiments and to stimulate debate on the inter-
pretation of such experiments.

Declaration of competing interest
The authors declare no competing interests.
Acknowledgments

We are grateful to H. Lumley (Institut de Paléontologie Humaine
in Paris), B. Thuy and A. Faber (Natural Museum for Natural History
of Luxembourg), S. Madelaine (University of Bordeaux and Musée
national de Préhistoire of Les Eyzies), M. Sanz and ]. Daura (Uni-
versity of Barcelona), P. Saladié (Institut Catala de Paleoecologia
Humana i Evolucié Social), and finally to C. Beauval and J. Airvaux for
authorizing access to the archaeological and paleontological mate-
rials and allowing us to work in their facilities, as well as providing
information during the study. We would like to thank the zoological
parks of Peaugres, Sigean, and Montpellier in France for supplying
the rhinoceros teeth for the experiments. A special mention to B.
Drouet and A. Joris for their help with tooth extraction and cleaning.
We would also like to thank C. Hoerni and M. Lescene from L'arch-
éosite de la Haute-Ile, A. Macho Callejo and Y. Fernandez-Jalvo from
the Laboratory of Environmental Analyses and Taphonomy of
Madrid, and A. Francés from Institut Catala de Paleoecologia
Humana i Evoluci6 Social, for welcoming us in their centres, where
the experiments and subsequent analysis were developed. Finally,
we would like to thank T. Guiragossian (Laboratoire Méditerranéen
de Préhistoire Europe Afrique) for his help with the dental micro-
wear pictures, to S. Guégan for the drawings, and to the Working
Group ‘Taphonomy of Teeth’ (IRN TaphEN 0871 funded by CNRS,
Institute of Ecology and Environment) for the support. The English
manuscript was edited by L. Byrne. This research was funded by the
RINO Project (Sorbonne Université — Emergence project), lead by

13

Journal of Human Evolution 214 (2026) 103829

C.D. In addition, A.S.-R. carried out the taphonomic experiments
with a TaphEN (Taphonomy European Network) grant.

Author contributions

Alicia Sanz-Royo: Writing — review & editing, Writing —
original draft, Visualization, Validation, Methodology, Investiga-
tion, Data curation, Conceptualization. Juan Marin: Writing — re-
view & editing, Writing — original draft, Visualization, Validation,
Methodology, Investigation, Data curation, Conceptualization.
Delphine Vettese: Writing — review & editing, Validation, Meth-
odology, Investigation, Conceptualization. Antigone Uzunidis:
Writing — review & editing, Visualization, Validation, Methodol-
ogy, Investigation, Data curation, Conceptualization. Cyrielle
Mathias: Writing — review & editing, Visualization, Methodology,
Investigation, Data curation, Conceptualization. David Pleurdeau:
Writing — review & editing, Validation, Methodology, Investiga-
tion, Conceptualization. Magali Fabre: Writing — review & editing.
Christophe Falgueres: Writing — review & editing, Data curation.
Christine Hatté: Writing — review & editing, Data curation.
Qingfeng Shao: Data curation. Camille Daujeard: Writing — re-
view & editing, Writing — original draft, Validation, Supervision,
Resources, Project administration, Methodology, Investigation,
Funding acquisition, Conceptualization.

Supplementary Online Material

Supplementary Online Material related to this article can be
found at https://doi.org/10.1016/j.jhevol.2026.103829.

References

Abrams, G.C.M.G., 2023. Close Encounters of the Third Kind?: Neanderthals and
Modern Humans in Belgium, a Bone Story. Universiteit Leiden. https://hdl.
handle.net/1887/3618716.

Abrams, G., 2018. Palaeolithic bone retouchers from Belgium a preliminary over-
view of the recent research through historic and recently excavated bone
collections. In: Hutson, J.M., Garcia-Moreno, A., Noack, E.S., Turner, E., Gaud-
zinski-Windheuser, S. (Eds.), The Origins of Bone Tool Technologies. Verlag des
Romisch-Germanischen Zentralmuseums, Mainz, pp. 197—213.

Abrams, G., Auguste, P., Pirson, S., De Groote, I, Halbrucker, E., Di Modica, K.,
Pironneau, C., Dedrie, T., Meloro, C., Fischer, V., Bocherens, H., Vanbrabant, Y.,
Bray, F, 2025. Earliest evidence of Neanderthal multifunctional bone tool
production from cave lion (Panthera spelaea) remains. Sci. Rep. 15, 24010.
https://doi.org/10.1038/s41598-025-08588-w.

Abrams, G., Bello, S.M., Di Modica, K., Pirson, S., Bonjean, D., 2014. When Nean-
derthals used cave bear (Ursus spelaeus) remains: Bone retouchers from unit 5
of Scladina Cave (Belgium). Quatern. Int. 326—327, 274—287.

Alonso-Garcia, P., Navazo Ruiz, M., Blasco, R., 2020. Use and selection of bone
fragments in the north of the Iberian Peninsula during the Middle Palaeolithic:
Bone retouchers from level 4 of Prado Vargas (Burgos, Spain). Archaeol.
Anthropol. Sci. 12.

Antoine, P.O., Downing, K.F,, Crochet, ].Y., Duranthon, F, Flynn, LJ., Marivaux, L.,
Meétais, G., Rajpar, A.R., Roohi, G., 2010. A revision of Aceratherium blanfordi
Lydekker, 1884 (Mammalia: Rhinocerotidae) from the Early Miocene of
Pakistan: Postcranials as a key. Zool. ]J. Linn. Soc. 160 (1), 139—194. https://
doi.org/10.1111/j.1096-3642.2009.00597.x.

Arrighi, S., Marciani, G., Rossini, M., Pereira Santos, M.C., Fiorini, A., Martini, I,
Aureli, D., Badino, F., Bortolini, E., Figus, C., Lugli, F.,, Oxilia, G., Romandini, M.,
Silvestrini, S., Ronchitelli, A., Moroni, A., Benazzi, S., 2020. Between the ham-
merstone and the anvil: Bipolar knapping and other percussive activities in the
late Mousterian and the Uluzzian of Grotta di Castelcivita (Italy). Archaeol.
Anthropol. Sci. 12 (11), 271. https://doi.org/10.1007/s12520-020-01216-w.

Auguste, P., 2002. Fiche éclats diaphysaires du Paléolithique moyen: Biache-Saint-
Vaast (Pas-de-Calais) et Kulna (Moravie, République tcheque). In: Patou-
Mathis, M. (Ed.), Retouchoirs, Compresseurs, Percuteurs...Os a Impressions et a
Eraillures. Société Préhistorique Francaise, Paris, pp. 39—57.

Auguste, P., Moncel, M., Patou-Mathis, M., 1998. Chasse ou «charognage»: Acqui-
sition et traitement des rhinocéros au Paléolithique moyen en Europe occi-
dentale. In: Brugal, ]J.-P., Meignen, L., Patou-Mathis, M. (Eds.), Economie
Préhistorique: Les Comportements de Subsistance Au Paléolithique. Actes Des
XVIlle Rencontres Internationales d'Archéologie et d'Histoire d'Antibes.
APDCA, Sophia-Antipolis, pp. 133—-151.


https://doi.org/10.1016/j.jhevol.2026.103829
https://hdl.handle.net/1887/3618716
https://hdl.handle.net/1887/3618716
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref2
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref2
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref2
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref2
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref2
https://doi.org/10.1038/s41598%2D025%2D08588%2Dw
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref4
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref4
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref4
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref5
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref5
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref5
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref5
https://doi.org/10.1111/j.1096%2D3642.2009.00597.x
https://doi.org/10.1111/j.1096%2D3642.2009.00597.x
https://doi.org/10.1007/s12520%2D020%2D01216%2Dw
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref8
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref8
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref8
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref8
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref9
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref9
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref9
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref9
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref9
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref9

A. Sanz-Royo, ]. Marin, D. Vettese et al.

Bajaj, D., Arola, D.D., 2009. On the R-curve behavior of human tooth enamel.
Biomaterials 30 (23—24), 4037—4046. https://doi.org/10.1016/j.biomaterials.
2009.04.017.

Baquedano, E., Arsuaga, ].L., Pérez-Gonzdlez, A., Pellicena, M.A., Rodriguez, L.,
Garcia-Gonzdlez, R., Ortega, M.-C., Martin-Perea, D.M., Ortega, A.l, Hernandez-
Vivanco, L., Ruiz-Liso, G., Gdmez-Hernanz, J., Alonso-Martin, ].I, Abrunhosa, A.,
Moclan, A, Casado, All, Vegara-Riquelme, M., Alvarez-Fernandez, A., Domi-
nguez-Garcfa, A.C., Alvarez-Lao, D.J., Garcia, N., Sevilla, P, Blain, H.-A., Ruiz-
Zapata, B., Gil-Garcia, M.J., Alvarez-Vena, A., Sanz, T., Quam, R., Higham, T.,
2023. A symbolic Neanderthal accumulation of large herbivore crania. Nat.
Hum. Behav. 7, 342—352. https://doi.org/10.1038/s41562-022-01503-7.

Baumann, M., Plisson, H., Rendu, W., Maury, S., Kolobova, K., Krivoshapkin, A.,
2020. The Neandertal bone industry at Chagyrskaya cave, Altai Region, Russia.
Quatern. Int. 559, 68—88.

Behrensmeyer, A.K., 1978. Taphonomic and ecologic information from bone
weathering. Palaeobiology 4, 150—162.

Bello, S.M., Crété, L., Galway-Witham, ]., Parfitt, S.A., 2021. Knapping tools in
Magdalenian contexts: New evidence from Gough's Cave (Somerset, UK). PLoS
One 16 (12), e0261031. https://doi.org/10.1371/journal.pone.0261031.

Bello, S.B., Galway-Witham, J., 2019. Bone taphonomy inside and out: Application
of 3-dimensional microscopy, scanning electron microscopy and micro-
computed tomography to the study of humanly modified faunal assem-
blages. Quatern. Int. 517, 16—32.

Bello, S.M., Parfitt, S.A., 2023. Taphonomic approaches to distinguish chewing
damage from knapping marks in Palaeolithic faunal assemblages. ]. Archaeol.
Sci. Rep. 51, 104183.

Bertran, P, Caner, L., Langohr, R., Lemée, L., d'Errico, F.,, 2008. Continental palae-
oenvironments during MIS 2 and 3 in southwestern France: The La Ferrassie
rockshelter record. Quatern. Sci. Rev. 27, 21-22.

Binford, L.R., 1981. Bones: Ancient Men and Modern Myths. Academic Press, New
York, New York.

Blasco, R., Rosell, J., Cuartero, F., Fernandez Peris, ]., Gopher, A., Barkai, R., 2013.
Using bones to shape stones: MIS 9 bone retouchers at both edges of the
Mediterranean Sea. PLoS One 8.

Blasco, R., Rosell, ]., Fernandez Peris, ]., Caceres, I., Verges, ].M., 2008. A new
element of trampling: An experimental application on the level XII faunal
record of Bolomor Cave (Valencia, Spain). J. Archaeol. Sci. 35 (6), 1605—1618.

Blumenschine, RJ., 1988. An experimental model of the timing of hominid and
carnivore influence on archaeological bone assemblages. ]J. Archaeol. Sci. 15,
483—502. https://doi.org/10.1016/0305-4403(88)90078-7.

Blumenschine, RJ., Marean, C.W., Capaldo, S.D., 1996. Blind tests of inter-analyst
correspondence and accuracy in the identification of cut marks, percussion
marks, and carnivore tooth marks on bone surfaces. ]. Archaeol. Sci. 23,
493-507. https://doi.org/10.1006/jasc.1996.0047.

Bocherens, H., 2011. Diet and ecology of Neanderthals: Implications from C and N
isotopes. In: Conard, NJ., Richter, J. (Eds.), Neanderthal Lifeways, Subsistence
and Technology. Vertebrate Paleobiology and Paleoanthropology Series.
Springer, Dordrecht. https://doi.org/10.1007/978-94-007-0415-2_8.

Bocherens, H., Drucker, D.G., Billiou, D., Patou-Mathis, M., Vandermeersch, B.,
2005. Isotopic evidence for diet and subsistence pattern of the Saint-Césaire |
Neanderthal: Review and use of a multi-source mixing model. J. Hum. Evol. 49
(1), 71-87. https://doi.org/10.1016/j.jhevol.2005.03.003.

Boschian, G., Sacca, D., 2015. In the elephant, everything is good: Carcass use and
re-use at Castel di Guido (Italy). Quatern. Int. 361, 288—296.

Bratlund, B., 1999. Taubach revisited. Jahrbuch des Romisch-Germanischen Zen-
tralmuseums, Mainz 46 (1), 61-174.

Castanos, P.M., 2018. El Castillo: historia de una fauna olvidada. La fauna de las
excavaciones historicas (1910-1914) de la cueva de El Castillo (Puente Viesgo,
Cantabria) (1). Santander: Monografias del Museo de Prehistoria y Arqueologia
de Cantabria.

Chen, X., Moigne, A.M., 2018. Rhinoceros (Stephanorhinus hemitoechus) exploita-
tion in Level F at the Caune de I'Arago (Tautavel, Pyrénéés-Orientales, France)
during MIS 12. Int. J. Osteoarchaeol. 28, 669—680.

Costamagno, S., Bourguignon, L., Soulier, M.C., Meignen, L., Beauval, C., Rendu, W.,
Mussini, C., Mann, A., Maureille, B., 2018. Bone retouchers and site function in
the quina mousterian: The case of les pradelles (marillac-le-franc, france). In:
Retouching the Palaeolithic: Becoming Human and the Origins of Bone Tool
Technology, pp. 165—195.

Costamagno, S., Liliane, M., Cédric, B., Bernard, V., Bruno, M., 2006. Les Pradelles
(Marillac-le-Franc, France): A mousterian reindeer hunting camp? J. Anthropol.
Archaeol. 25, 466—484.

Coulonges, L., Lansac, H., 1954. La grotte de la Pronquiere, commune de Saint-
Georges (Lot-et-Garonne). Bulletin de la Société d'Etudes et de Recherches
préhistoriques Les Eyzies 4, 25—32.

Castel, J.-C., Chauviere, F.-X., Madelaine, S., 2003. Sur os et sur dents: les «retou-
choirs» aurignaciens de la Ferrassie (Savignac-de-Miremont, Dordogne).
Paleobiology 29—50.

Cuartero Monteagudo, F., 2014. Percutores y retocadores: Interpretacion de com-
portamientos técnicos en el Paleolitico medio peninsular desde el analisis del
instrumental del tallador. PhD thesis Universidad Auténoma de Madrid,
Madrid.

Cuartero, F.,, Bourguignon, L., 2022. Percuteurs et retouchoirs au Paléolithique
moyen en péninsule Ibérique: caractérisation et mode de fonctionnement.
Comptes Rendus. Palevol 21 (14), 273-301. https://doi.org/10.5852/cr-
palevol2022v21a14.

14

Journal of Human Evolution 214 (2026) 103829

d'Errico, F,, Henshilwood, C.S., 2007. Additional evidence for bone technology in
the southern African Middle Stone Age. J. Hum. Evol. 52, 142—163.

Darnell, LA, Teaford, M.F, Livi, K], Weihs, T.P, 2010. Variations in the
mechanical properties of Alouatta palliata molar enamel. Am. J. Phys. Anthro-
pol. 141, 7—15.

Daujeard, C., Fernandes, P., Guadelli, J.L., Moncel, M.H., Santagata, C., Raynal, J.P,
2012. Neanderthal subsistence strategies in Southeastern France between the
plains of the Rhone Valley and the mid-mountains of the Massif Central (MIS 7
to MIS 3). Quatern. Int. 252, 32—47. https://doi.org/10.1016/j.quaint.2011.
01.047.

Daujeard, C., Moncel, M., Fiore, 1., Tagliacozzo, A., Bindon, P., Raynal, J.-P.,, 2014.
Middle Paleolithic bone retouchers in South-eastern France: Variability and
functionality. Quatern. Int. 326—327, 492—-518.

Daujeard, C., Daschek, E.J., Patou-Mathis, M., Moncel, M., 2018a. Les néandertaliens
de Payre (Ardeche, France) ont-ils chassé le rhinocéros? Quaternaire 29 (3),
217-231.

Daujeard, C., Valensi, P, Fiore, I, Moigne, A.-M., Tagliacozzo, A., Moncel, M.,
Santagata, C., Cauche, D., Raynal, J., 2018b. A reappraisal of Lower to Middle
Paleolithic bone retouchers from south-eastern France (MIS 11 to 3). In:
Hutson, ].M., Garcia-Moreno, A., Noack, E.S., Turner, E., Gaudzinski-
Windheuser, S. (Eds.), The Origins of Bone Tool Technologies. Verlag des
Romisch-Germanischen Zentralmuseums, Mainz, pp. 93—132.

Daura, J., Sanz, M., Julia, R., Garcia-Fernandez, D., Fornés, ].J., Vaquero, M., Allué, E.,
Lopez-Garcia, J.M., Blain, H.A,, Ortiz, J.E., Torres, T., Albert, R.M., Rodriguez-
Cintas, A. Sanchez-Marco, A. Cerdefio, E. Skinner, A.R. Asmeron, Y.,
Polyak, VJ., Garcés, M., Arnold, L], Demuro, M., Pike, AW.G., Euba, I,
Rodriguez, R.F, Yagiie, A.S., Villaescusa, L., Gomez, S., Rubio, A., Pedro, M.,
Fullola, J.M,, Zilhao, J., 2015. Cova del Rinoceront (Castelldefels, Barcelona): A
terrestrial record for the Last Interglacial period (MIS 5) in the Mediterranean
coast of the Iberian Peninsula. Quatern. Sci. Rev. 114, 203—227. https://doi.org/
10.1016/j.quascirev.2015.02.014.

De La Torre, I, Doyon, L., Benito-Calvo, A., Mora, R, Mwakyoma, I, Njau, J.K,,
Peters, R.F., Theodoropoulou, A., Errico, F.d’, 2025. Systematic bone tool pro-
duction at 1.5 million years ago. Nature 640, 130—134. https://doi.org/10.1038/
s41586-025-08652-5.

Delpech, F, 1989. Les grands mammiferes de la grotte de Vaufrey a I'exception des
Ursidés. In: Rigaud, J.-P. (Ed.), La grotte Vaufrey a Cenac et Saint-Julien (Dor-
dogne): paleoenvironnements, chronologie et activités humaines. Société
Préhistorique Frangaise, Paris, pp. 213—290 (dir.).

Delpech, F, Prat, F., 1995. Nouvelles observations sur les faunes acheuléennes de
Combe-Grenal (Domme, Dordogne). Paléo 7 (1), 123—137.

Demay, L., Péan, S., Patou-Mathis, M., 2012. Mammoths used as food and building
resources by Neanderthals: Zooarchaeological study applied to layer 4,
Molodova I (Ukraine). Quatern. Int. 276—277, 212—226.

Dominguez-Rodrigo, M., Piqueras, A., 2003. The use of tooth pits to identify
carnivore taxa in tooth-marked archaeofaunas and their relevance to recon-
struct hominid carcass processing behaviours. J. Archaeol. Sci. 30, 1385—1391.
https://doi.org/10.1016/S0305-4403(03)00027-X.

Doyon, L., Li, Z., Li, H., d'Errico, F., 2018. Discovery of circa 115,000-year-old bone
retouchers at Lingjing, Henan, China. PLoS One 13, 1-16.

Doyon, L., Li, Z., Wang, H., Geis, L., d'Errico, F., 2021. A 115,000-year-old expedient
bone technology at Lingjing, Henan, China. PLoS One 16 (5), e0250156. https://
doi.org/10.1371/journal.pone.0250156.

Ferndndez-Jalvo, Y., Andrews, P., 2016. Atlas of Taphonomic Identifications.
Springer.

Fisher, J.W., 1995. Bone surface modifications in zooarchaeology. ]. Archaeol.
Method Theory 2, 7—68. https://doi.org/10.1007/BF02228434.

Forsten, A., Moigne, A.M., 1998. The horse from the Middle Pleistocene of Orgnac-3
(Ardeche, France). Quaternaire 9, 315—323.

Fortelius, M., 1985. Ungulate cheek teeth: Developmental, functional, and evolu-
tionary interrelations. Acta Zool. Fennica 180, 1-76.

Fox, C.L., Pérez-Pérez, A., Juan, J., 1994. Dietary information through the exami-
nation of plant phytoliths on the enamel surface of human dentition.
J. Archaeol. Sci. 21, 29—34. https://doi.org/10.1006/jasc.1994.1005.

Gallego-Valle, A., Colominas, L., Burguet-Coca, A., Aguilera, M., Palet, J.-M.,,
Tornero, C., 2020. What is on the menu today? Creating a microwear reference
collection through a controlled-food trial to study feeding management sys-
tems of ancient agropastoral societies. Quatern. Int. 557, 3—11. https://doi.org/
10.1016/j.quaint.2020.02.020.

Garutt, N., 1992. Ontogenesis of dentition of wooly rhinoceros, Coelodonta anti-
quitatis Blumenbach, 1799. In: Russian Academy of Sciences. Proceedings of the
Zoological Institute, vol. 246, pp. 81—101.

Garutt, N., 1994. Dental ontogeny of the woolly rhinoceros Coelodonta antiquitatis
(Blumenbach, 1799). Cranium 11, 37—48.

Gaudzinski, S., 2006. Monospecific or species-dominated faunal assemblages
during the Middle Paleolithic in Europe. In: Hovers, E., Kuhn, S.L. (Eds.),
Transitions Before the Transition: Evolution and Stability in the Middle
Paleolithic and Middle Stone Age. Springer, Boston, pp. 137—147.

Gaudzinski, S., Turner, E., Anzidei, A.P., Alvarez-Fernandez, E., Arroyo-Cabrales, J.,
Cing-Mars, J., Dobosi, V.T., Hannus, A., Johnson, E., Miinzel, S.C., Scheer, A.,
Villa, P, 2005. The use of Proboscidean remains in everyday Palaeolithic life.
Quatern. Int. 126—128, 179—194. https://doi.org/10.1016/j.quaint.2004.
04.022.

Gaudzinski-Windheuser, S., Kindler, L., 2012. Research perspectives for the study of
Neandertal subsistence strategies based on the analysis of archaeozoological


https://doi.org/10.1016/j.biomaterials.2009.04.017
https://doi.org/10.1016/j.biomaterials.2009.04.017
https://doi.org/10.1038/s41562%2D022%2D01503%2D7
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref12
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref12
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref12
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref13
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref13
https://doi.org/10.1371/journal.pone.0261031
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref15
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref15
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref15
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref15
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref16
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref16
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref16
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref17
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref17
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref17
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref18
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref18
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref19
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref19
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref19
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref20
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref20
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref20
https://doi.org/10.1016/0305%2D4403%2888%2990078%2D7
https://doi.org/10.1006/jasc.1996.0047
https://doi.org/10.1007/978%2D94%2D007%2D0415%2D2_8
https://doi.org/10.1016/j.jhevol.2005.03.003
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref25
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref25
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref26
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref26
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref27
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref27
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref27
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref27
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref29
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref29
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref29
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref30
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref30
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref30
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref30
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref30
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref31
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref31
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref31
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref32
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref32
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref32
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref28
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref28
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref28
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref33
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref33
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref33
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref33
https://doi.org/10.5852/cr%2Dpalevol2022v21a14
https://doi.org/10.5852/cr%2Dpalevol2022v21a14
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref35
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref35
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref36
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref36
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref36
https://doi.org/10.1016/j.quaint.2011.01.047
https://doi.org/10.1016/j.quaint.2011.01.047
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref38
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref38
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref38
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref39
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref39
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref39
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref40
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref40
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref40
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref40
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref40
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref40
https://doi.org/10.1016/j.quascirev.2015.02.014
https://doi.org/10.1016/j.quascirev.2015.02.014
https://doi.org/10.1038/s41586%2D025%2D08652%2D5
https://doi.org/10.1038/s41586%2D025%2D08652%2D5
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref43
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref43
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref43
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref43
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref44
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref44
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref45
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref45
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref45
https://doi.org/10.1016/S0305%2D4403%2803%2900027%2DX
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref47
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref47
https://doi.org/10.1371/journal.pone.0250156
https://doi.org/10.1371/journal.pone.0250156
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref49
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref49
https://doi.org/10.1007/BF02228434
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref51
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref51
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref52
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref52
https://doi.org/10.1006/jasc.1994.1005
https://doi.org/10.1016/j.quaint.2020.02.020
https://doi.org/10.1016/j.quaint.2020.02.020
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref55
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref55
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref55
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref56
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref56
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref57
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref57
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref57
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref57
https://doi.org/10.1016/j.quaint.2004.04.022
https://doi.org/10.1016/j.quaint.2004.04.022

A. Sanz-Royo, ]. Marin, D. Vettese et al.

assemblages. Int.
2010.11.029.

Gaudzinski-Windheuser, S., Kindler, L., Roebroeks, W., 2023. Beaver exploitation,
400,000 years ago, testifies to prey choice diversity of Middle Pleistocene
hominins. Sci. Rep. 13, 19766. https://doi.org/10.1038/s41598-023-46956-6.

Gravina, B., Discamps, E., Texier, ].-P,, Faure, J., Guérin, G., Lahaye, C., Royer, A., 2015.
Le Moustier (Saint-Léon-sur-Vézere, Dordogne). In: Rapport d'opération 2015,
projet de recherches 2016-2018. Rapport de recherche. Service régional de
I'archéologie Aquitaine.

Griggo, C., 1995. Significations environnementales des communautés animales
pléistocenes reconnues a I'Abri Suard (Charente) et a la grotte du Bois-Ragot
(Vienne). Université de Bordeaux 1.

Guérin, C., 1972. Lé rhinocéros pleistocene de la grotte de I'Hortus (Valflaunes,
Hérault). Etudes Quaternaires. Mémoire n°1, p. 207.

Guérin, C., 1980. Les rhinocéros (Mammalia, Perissodactyla) du Mioceéne terminal
au Pléistocene supérieur en Europe occidentale. Comparaison avec les especes
actuelles. Documents des Laboratoires de Géologie de Lyon 79 (3), 785—1185.

Guérin, C., Faure, M., 1983. Les hommes du Paléolithique européen ont-ils chassé le
rhinocéros? in La faune et 'homme préhistorique. Dix études en hommage a
Jean BOUCHUD réunies par Frangois POPLIN. Mémoires de la Société
Préhistorique Francaise 16, 29—36.

Hanon, R., d'Errico, F.,, Backwell, L., Prat, S., Péan, S., Patou-Mathis, M., 2021. New
evidence of bone tool use by Early Pleistocene hominins from Cooper's D,
Bloubank Valley, South Africa. J. Archaeol. Sci. Rep. 39, 103129. https://doi.org/
10.1016/j.jasrep.2021.103129.

Hitchins, P.M., 1978. Age determination of the black rhinoceros (Diceros bicornis
Linn.) in Zululand. S. Afr. J. Wildl. Res. 8, 71-80.

Hutson, J.M., Garcia-Moreno, A., Noack, E.S., Turner, E., Gaudzinski-Windheuser, S.,
2018. The origins of bone tool technologies. In: RGZM (Ed.), Verlag des
Romisch-Germanischen Zentralmuseums, Mainz.

Ibanez, ].J., Lazuen, T., Gonzélez-Urquijo, J., 2019. Identifying experimental tool use
through confocal microscopy. J Archaeol Method Theory 26, 1176—1215.
https://doi.org/10.1007/s10816-018-9408-9.

Jéquier, C.A., Romandini, M., Peresani, M., 2012. Les retouchoirs en matieres dures
animales: Une comparaison entre Moustérien final et Uluzzien. C. R. Palevol 11,
283-292.

Julien, M.A.,, Hardy, B., Stahlschmidt, M.C., Urban, B., Serangeli, J., Conard, NJ., 2015.
Characterising the Lower Paleolithic bone industry from Schoningen 12 II: A
multi-proxy study. J. Hum. Evol. 89, 264—286.

Kolobova, K. Kharevich, V., Chistyakov, P, Kolyasnikova, A., Kharevich, A.,
Baumann, M., Markin, S., Olsen, ].W., Krivoshapkin, A., 2022. How Neanderthals
gripped retouchers: Experimental reconstruction of the manipulation of bone
retouchers by Neanderthal stone knappers. Archaeol. Anthropol. Sci. 14 (26).
https://doi.org/10.1007/s12520-021-01495-x.

Kolobova, K., Rendu, W., Pavel Chistyakov, S., Kovalev, V. Baumann, M.,
Koliasnikova, A., Krivoshapkin, A., 2020. The application of geometric-
morphometric shape analysis to Middle Paleolithic bone retouchers from the
Altai Mountains, Russia. Quatern. Int. 559, 89—96.

Lacombat, F, 2003. Etude des rhinocéros du Pléistocéne de I'Europe
méditerranéenne et du Massif Central. Paléontologie, phylogénie et bio-
stratigraphie. Muséum national d'Histoire naturelle, Paris.

Landry, G., 2005. Contribution “a I'étude des restes fauniques de la grotte d’El
Castillo: stratégies de subsistance. Mémoire de Master. Département d’an-
thropologie, faculté des Arts et des Sciences. Université de Montréal, p. 171.

Louguet-Lefebvre, S., 2005. In: Archaeopre (Ed.), Les mégaherbivores (Eléphantidés
et Rhinocérotidés) au Paléolithique moyen en Europe du Nord-Ouest.
Paléoécologie, taphonomie et aspects palethnographiques. BAR International
Series, Oxford.

Lucas, PW., Omar, R., Al-Fadhalah, K., Almusallam, A.S., Henry, A.G., Michael, S.,
Thai, L.A., Watzke, ]., Strait, D.S., Atkins, A.G., 2013. Mechanisms and causes of
wear in tooth enamel: Implications for hominin diets. J. R. Soc. Interface 10,
20120923. https://doi.org/10.1098/rsif.2012.0923.

Luret, M., Burke, A., Bernaldo de Quiros, F., Besse, M., 2020. El Castillo cave
(Cantabria, Spain): Archeozoological comparison between the Mousterian
occupation level (unit 20) and the “Aurignacien de transition de type El
Castillo” (unit 18). J. Archaeol. Sci. Rep. 31, 102339. https://doi.org/10.1016/
j.jasrep.2020.102339.

Mallye, J.B., Thiébaut, C., Mourre, V., Costamagno, S., Claud, E., Weisbecker, P., 2012.
The Mousterian bone retouchers of Noisetier Cave: Experimentation and
identification of marks. J. Archaeol. Sci. 39, 1131-1142.

Marin, J., Saladié, P, Rodriguez-Hidalgo, A., Carbonell, E., 2017. Neanderthal
hunting strategies inferred from mortality profiles within the Abric Romani
sequence. PLoS One 12 (11), e0186970. https://doi.org/10.1371/journal.pone.
0186970.

Martellotta, E.F., 2023. Taking a closer look: The advantages and disadvantages of
3D imaging functional analysis of use-wear on bone retouchers. Quatern. Int.
665—666, 34—47. https://doi.org/10.1016/j.quaint.2023.03.009.

Martellotta, E.F., Delpiano, D., Govoni, M., Nannini, N., Duches, R., Peresani, M.,
2020. The use of bone retouchers in a Mousterian context of Discoid lithic
technology. Archaeol. Anthropol. Sci. 12.

Mateo-Lomba, P, Rivals, E, Blasco, R., Rosell, J., 2019. The use of bones as re-
touchers at Unit Il of Teixoneres Cave (MIS 3; Moia, Barcelona, Spain).
J. Archaeol. Sci. Rep. 27, 101980.

Mathias, C., Bourguignon, L., Ivorra, J., Barsky, D.R., Grégoire, S., Viallet, C., 2021.
Adaptation to raw materials intra-variability: Examples from three Middle

Quatern. 247, 59—68. https://doi.org/10.1016/j.quaint.

15

Journal of Human Evolution 214 (2026) 103829

Palaeolithic surface stations of the Hérault Valley, France (Les Geissieres, Saint-
Saturnin and Camillo). J. Lithic Stud. 8 (2), 40. https://doi.org/10.2218/j15.4486.
Martisius, N.L., Welker, F.,, Dogandzi¢, T., Grote, M.N., RendU, W., Sinet-Mathiot, V.,
Wilcke, A., McPherron, S.J.P., Soressi, M., Steele, T.E., 2020. Non-destructive
ZooMS identification reveals strategic bone tool raw material selection by
Neandertals. Sci. Rep. 10, 7746. https://doi.org/10.1038/s41598-020-64358-w.

Maylle, J.P., Thiébaut, C., Mourre, V., Costamagno, S., Claud, E., Weisbecjer, P., 2012.
The Mousterian bone retouchers of Noisetier Cave: experimentation and
identification of marks. J. Archeol. Sci. 39, 1131-1142.

Micd, C., Blasco, R., Munoz Del Pozo, A., Jiménez-Garcia, B., Rosell, ]., Rivals, F.,
2024a. Differentiating taphonomic features from trampling and dietary
microwear, an experimental approach. Hist. Biol. 36, 760—782. https://doi.org/
10.1080/08912963.2023.2184690.

Micé, C., Blasco, R, Rivals, F., 2024b. Simulating taphonomic processes on teeth:
The impact of sediment pressure and thermal alteration on dental microwear.
Quatern. Sci. Adv. 14, 100195. https://doi.org/10.1016/j.qsa.2024.100195.

Mico, C., Cuartero, F, Llamazares, ]., Sanudo, P., Zalbidea, L., Rivalsl, F,, Blasco, R.,
2024c. Using horse teeth to shape stone tools: An experimental approach to
characterise use-wear traces. Archaeol. Anthropol. Sci. 16, 87. https://doi.org/
10.1007/s12520-024-01988-5.

Miller-Antonio, S., Schepartz, L.A., Bakken, D., 2000. Raw material selection and
evidence for rhinoceros tooth tools at Dadong Cave, southern China. Antiquity
74, 372—-379. i

Moclan, A., Huguet, R., Mdrquez, B., Alvarez-Fernandez, A., Laplana, C., Arsuaga, J.L.,
Pérez- Gonzdlez, A., Baquedano, E., 2023. Identifying activity areas in a
Neanderthal hunting camp (the Navalmaillo Rock Shelter, Spain) via spatial
analysis. Archaeol. Anthropol. Sci. 15 (4), 44. https://doi.org/10.1007/s12520-
023-01746-z.

Moigne, A.-M., Valensi, P., Auguste, P., Garcia-Solano, J., Tuffreau, A., Lamotte, A.,
Barroso, C., Moncel, M.-H., 2016. Bone retouchers from Lower Palaeolithic
sites: Terra Amata, Orgnac 3, Cagny-I'Epinette and Cueva del Angel. Quatern.
Int. 409, 195-212.

Mozota, M., 2013. Un programa experimental para la obtencion y uso de retoca-
dores en fragmentos 6seos de grandes ungulados (C. elaphus y B. taurus). In:
Experimentacion en arqueologia: estudio y difusion del pasado. Serie mono-
grafica del MAC-Girona 25.1, pp. 55—62.

Neruda, P., Laznickova-Galetova, M., 2018. Retouchers from mammoth tusks in the
Middle Palaeolithic: A case study from Kulna cave layer 7al (Czech Republic).
In: Hutson, ].M., Garcia Moreno, A., Noack, E.S., Turner, E. Villaluenga
Martinez, A., Gaudzinski, S. (Eds.), The Origins of Bone Tool Technologies:
Retouching the Palaeolithic: Becoming Human and the Origins of Bone Tool
Technology. Conference at Schloss Herrenhausen in Hannover, Germany, 2015.
Romisch-Germanisches Zentralmuseum (EAN 9783884673058).

Pante, M., Torre, L.D.L., Errico, F.d’, Njau, J., Blumenschine, R., 2020. Bone tools from
Beds II-1V, Olduvai Gorge, Tanzania, and implications for the origins and
evolution of bone technology. J. Hum. Evol. 148, 102885. https://doi.org/
10.1016/j.jhevol.2020.102885.

Parfitt, S.A., Bello, S.M., 2024. Bone tools, carnivore chewing and heavy percussion:
Assessing conflicting interpretations of Lower and Upper Palaeolithic bone
assemblages. R. Soc. Open Sci. 11, 231163. https://doi.org/10.1098/rs0s.231163.

Parfitt, S.A., Bello, S.M., 2026. The earliest elephant-bone tool from Europe: An
unexpected raw material for precision knapping of Acheulean handaxes. Sci.
Adv. 12 (4), eady1390. https://doi.org/10.1126/sciadv.ady1390.

Parfitt, S.A., Roberts, M.B., 1999. Boxgrove. A Middle Pleistocene hominid site at
Eartham Quarry, Boxgrove, West Sussex. English Heritage Archaeological
Report 17. English Heritage, London, pp. 395—415.

Patou-Mathis, M., 1993. Taphonomic and Paleoethnographic study of the fauna
associated with the Neandertal of St Césaire. In: Lévéque, F., Backer, AM.,
Guilbaud, M. (Eds.), Context of a Late Neandertal, pp. 79—102.

Patou-Mathis, M., 1994. In: Artefacts (Ed.), Outillage peu élaboré en os et en bois de
Cervidés, IV. CEDARC, Treignes.

Patou-Mathis, M., 2002. In: Patou-Mathis, M. (Ed.), Compresseurs, Percuteurs, Retou-
choirs, ... Os a Impressions et Eraillures. Société Préhistorique Francaise, Paris.
Patou-Mathis, M., 2004. Origine des bois de chute de Renne dans un site du

Paléolithique moyen: la grotte Raj, Pologne. Zona Arqueologica 1V, 336—350.

Patou-Mathis, M., Schwab, C., 2002. Fiche générale. In: Patou-Mathis, M. (Ed.),
Compresseurs, Percuteurs, Retouchoirs, ... Os a Impressions et Eraillures.
Société Préhistorique Frangaise, Paris, pp. 11—-19.

Pittard, E., 1935. Dents de BOS intentionnellement fracturées (et sectionnées) de la
période moustérienne provenant de la station «Les Rebieres I» (Dordogne).
Bulletin de la Société préhistorique de France 32 (11), 554—558.

Potter, R.M., Rossman, G.R., 1979. The tetravalent manganese oxides: Identification,
hydration, and structural relationships by infrared spectroscopy. Am. Mineral.
64 (11-12), 1199—1218.

Ready, E., 2013. Neandertal foraging during the late Mousterian in the Pyrenees:
New insights based on faunal remains from Gatzarria Cave. J. Archaeol. Sci. 40,
1568—1578. https://doi.org/10.1016/j.jas.2012.10.021.

Rendu, W., Costamagno, S., Meignen, L., Soulier, M.C., 2012. Monospecific faunal spectra
in Mousterian contexts: Implications for social behaviour. Quatern. Int. 247, 50—58.

Rendu, W., Renou, S., Koliasnikova, A., Baumann, M., Plisson, H., Discamps, E.,
Soulier, M.-C., Gicqueau, A., Augoyard, M., Bocquel, M., Guerin, G., Shnaider, S.,
Kolobova, K., 2023. Neanderthal subsistence at Chez-Pinaud Jonzac (Charente-
Maritime, France): A kill site dominated by reindeer remains, but with a horse-
laden diet? Front. Ecol. Evol. 10, 1085699. https://doi.org/10.3389/
fevo.2022.1085699.


https://doi.org/10.1016/j.quaint.2010.11.029
https://doi.org/10.1016/j.quaint.2010.11.029
https://doi.org/10.1038/s41598%2D023%2D46956%2D6
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref61
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref61
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref61
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref61
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref62
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref62
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref62
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref63
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref63
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref64
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref64
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref64
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref65
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref65
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref65
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref65
https://doi.org/10.1016/j.jasrep.2021.103129
https://doi.org/10.1016/j.jasrep.2021.103129
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref67
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref67
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref68
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref68
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref68
https://doi.org/10.1007/s10816%2D018%2D9408%2D9
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref70
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref70
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref70
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref71
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref71
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref71
https://doi.org/10.1007/s12520%2D021%2D01495%2Dx
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref73
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref73
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref73
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref73
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref74
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref74
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref74
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref75
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref75
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref75
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref76
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref76
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref76
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref76
https://doi.org/10.1098/rsif.2012.0923
https://doi.org/10.1016/j.jasrep.2020.102339
https://doi.org/10.1016/j.jasrep.2020.102339
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref79
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref79
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref79
https://doi.org/10.1371/journal.pone.0186970
https://doi.org/10.1371/journal.pone.0186970
https://doi.org/10.1016/j.quaint.2023.03.009
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref82
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref82
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref82
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref83
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref83
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref83
https://doi.org/10.2218/jls.4486
https://doi.org/10.1038/s41598%2D020%2D64358%2Dw
http://refhub.elsevier.com/S0047-2484(26)00023-0/optYBSW2mlWQt
http://refhub.elsevier.com/S0047-2484(26)00023-0/optYBSW2mlWQt
http://refhub.elsevier.com/S0047-2484(26)00023-0/optYBSW2mlWQt
https://doi.org/10.1080/08912963.2023.2184690
https://doi.org/10.1080/08912963.2023.2184690
https://doi.org/10.1016/j.qsa.2024.100195
https://doi.org/10.1007/s12520%2D024%2D01988%2D5
https://doi.org/10.1007/s12520%2D024%2D01988%2D5
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref89
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref89
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref89
https://doi.org/10.1007/s12520%2D023%2D01746%2Dz
https://doi.org/10.1007/s12520%2D023%2D01746%2Dz
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref91
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref91
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref91
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref91
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref92
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref92
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref92
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref92
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref93
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref93
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref93
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref93
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref93
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref93
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref93
https://doi.org/10.1016/j.jhevol.2020.102885
https://doi.org/10.1016/j.jhevol.2020.102885
https://doi.org/10.1098/rsos.231163
https://doi.org/10.1126/sciadv.ady1390
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref97
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref97
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref97
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref98
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref98
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref98
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref99
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref99
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref100
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref100
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref101
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref101
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref102
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref102
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref102
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref103
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref103
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref103
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref104
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref104
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref104
https://doi.org/10.1016/j.jas.2012.10.021
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref106
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref106
https://doi.org/10.3389/fevo.2022.1085699
https://doi.org/10.3389/fevo.2022.1085699

A. Sanz-Royo, ]. Marin, D. Vettese et al.

Renteria, C., Ferndndez-Arteaga, J.M., Grimm, ]., Ossa, E.A., Arola, D., 2021.
Mammalian enamel: A universal tissue and diverse source of inspiration. Acta
Biomater. 136, 402—411. https://doi.org/10.1016/j.actbio.2021.09.016.

Rodriguez-Hidalgo, A., Saladié, P, Ollé, A., Carbonell, E., 2015. Hominin subsistence
and site function of TD10.1 bone bed level at Gran Dolina site (Atapuerca)
during the late Acheulean. ]. Quatern. Sci. 30, 679—701. https://doi.org/
10.1002/jqs.2815.

Rosell, J., Blasco, R., Ferndndez Peris, ]., Carbonell, E., Barkai, R., Gopher, A., 2015.
Recycling bones in the middle pleistocene: Some reflections from Gran Dolina
TD10-1 (Spain), Bolomor cave (Spain) and Qesem cave (Israel). Quatern. Int.
361, 297—312.

Rougier, H., Crevecoeur, I., Beauval, C., Posth, C,, Flas, D., WiRing, C., Furtwangler, A.,
Germonpré, M., Gomez-Olivencia, A., Semal, P., Van Der Plicht, J., Bocherens, H.,
Krause, J., 2016. Neandertal cannibalism and Neandertal bones used as tools in
Northern Europe. Sci. Rep. 6, 1-11.

Roussel, M., Bourguignon, L., Soressi, M., 2009. Identification de la percussion au
percuteur de calcaire au Paléolithique moyen: le cas du fagonnage des racloirs
bifaciaux de chez Pinaud (Jonzac, Charentes-Maritimes). Bull. Soc. Prehist. Fr.
106 (2), 219-238.

Samper Carro, S.C., 2022. Wiggly lines: Multivariate analysis of laser scanning
confocal microscopy for the study of anthropogenic bone surface modifica-
tions on small vertebrates. ]. Archaeol. Sci. Rep. 43, 103474.

Sano, K., Beyene, Y., Katoh, S., Koyabu, D., Endo, H., Sasaki, T., Asfaw, B., Suwa, G.,
2020. A 1.4-million-year-old bone handaxe from Konso, Ethiopia, shows
advanced tool technology in the early Acheulean. Proc. Natl. Acad. Sci. 117,
18393—-18400. https://doi.org/10.1073/pnas.2006370117.

Santucci, E., Marano, F., Cerilli, E., Fiore, I, Lemorini, C., Palombo, M.R,
Anzidei, A.P., Bulgarelli, G.M., 2016. Palaeoloxodon exploitation at the Middle
Pleistocene site of La Polledrara di Cecanibbio (Rome, Italy). Quatern. Int.
406, 169—182.

Sanz, M., Rivals, F., Garcia, D., Zilhao, J., 2019. Hunting strategy and seasonality in
the last interglacial occupation of Cueva Antén (Murcia, Spain). Archaeol.
Anthropol. Sci. 11, 3577—3594. https://doi.org/10.1007/s12520-018-0768-6.

Sanz-Royo, A., Terlato, G., Marin-Arroyo, A.B., 2024. Taphonomic data from the
Transitional Aurignacian of El Castillo Cave (Spain) reveals the role of carni-
vores at the Aurignacian Delta level. Quatern. Sci. Adv. 13, 100147. https://
doi.org/10.1016/j.qsa.2023.100147.

Schepartz, L.A., Miller-Antonio, S., 2010a. Large mammal exploitation in Late
Middle Pleistocene China: A comparison of rhinoceros & stegodonts at Panxian
Dadong. Before Farming 2, 1—14.

Schepartz, L.A., Miller-Antonio, S., 2010b. Taphonomy, life history, and human
exploitation of rhinoceros sinensis at the middle pleistocene site of Panxian
Dadong, Guizhou, China. Int. J. Osteoarchaeol. 20, 253—268.

Semprebon, G., Godfrey, L.R., Solounias, N., Sutherland, M.R., Jungers, W.L., 2004.
Can low-magnification stereomicroscopy reveal diet? . Hum. Evol. 115—144.

Semprebon, G., Sise, PJ., Coombs, M.C., 2011. Potential bark and fruit browsing as
revealed by stereomicrowear analysis of the peculiar clawed herbivores
Known as Chalicotheres (Perissodactyla, Chalicotherioidea). ]. Mammal Evol.
18, 33—55. https://doi.org/10.1007/s10914-010-9149-3.

Serangeli, J., Van Kolfschoten, T., Starkovich, B.M., Verheijen, L., 2015. The European
saber-toothed cat (Homotherium latidens) found in the "Spear Horizon" at
Schoningen (Germany). J. Hum. Evol. 89, 172—180.

Smith, G.M., 2015. Neanderthal megafaunal exploitation in Western Europe and its
dietary implications: A contextual reassessment of La Cotte de St Brelade
(Jersey). J. Hum. Evol. 78, 181-201.

Solounias, N., Semprebon, G., 2002. Advances in the reconstruction of
ungulate ecomorphology with application to early fossil equids. Am. Mus. Novit.
3366, 49.

Soressi, M., McPherron, S.P., Lenoir, M., Dogandzic, T., Goldberg, P., Jacobs, Z.,
Maigrot, Y., Martisius, N.L., Miller, C.E., Rendu, W., Richards, M., Skinner, M.M.,
Steele, T.E., Talamo, S., Texier, ].-P., 2013. Neandertals made the first specialised
bone tools in Europe. Proc. Natl. Acad. Sci. 110, 14186—14190.

Stout, D., Apel, J., Commander, J., Roberts, M., 2014. Late Acheulean technology and
cognition at Boxgrove, UK. J. Archaeol. Sci. 41, 576—590. https://doi.org/
10.1016/j.jas.2013.10.001.

16

Journal of Human Evolution 214 (2026) 103829

Tartar, E., 2009. De I'os a l'outil: caractérisation technique, économique et sociale de
l'utilisation de I'os a I'Aurignacien ancien. Etude de trois sites: I'’Abri Castanet
(secteurs nord et sud), Brassem- pouy (grotte des Hyenes et abri Dubalen) et
Gatzarria. Ph.D. Dissertation, Université Paris I — Panthéon- Sorbonne.

Tartar, E., 2012. The recognition of a new type of bone tools in Early Aurignacian
assemblages: Implications for understanding the appearance of osseous
technology in Europe. J. Archaeol. Sci. 39 (7), 2348—2360.

Teaford, M.F,, Smith, M.M., Ferguson, M.\W.J., 2000. Development, Function and
Evolution of Teeth. Cambridge University Press.

Téllez, E., Saladié, P., Pineda, A., Marin, ]., Vallverdd, J., Chacén, M.G., Carbonell, E.,
2022. Incidental burning on bones by Neanderthals: The role of fire in the Qa
level of Abric Romani rock-shelter (Spain). Archaeol. Anthropol. Sci. 14, 119.
https://doi.org/10.1007/s12520-022-01577-4.

Texier, J.-P., 2006. Nouvelle lecture géologique du site paléolithique du Pech-de-
I'Azé 11 (Dordogne, France). Paleo Revue d'archéologie préhistorique 18,
217-236. https://doi.org/10.4000/paleo.339.

Tong, H., 2001. Age profiles of Rhino Fauna from the Middle Pleistocene Nanjing
man site, South China - Explained by the Rhino specimens of living species. Int.
J. Osteoarchaeol. 11, 231—-237.

Ungar, P.S., 2015. Mammalian dental function and wear: A review. Biosurf. Bio-
tribol. 1, 25—41. https://doi.org/10.1016/j.bsbt.2014.12.001.

Uzunidis-Boutillier, A., 2017. Grands herbivores de la fin du Pléistocéne moyen au
début du Pléistocene supérieur dans le sud de la France. Implications
anthropologiques pour la lignée néandertalienne. PhD thesis. Aix-Marseille
Université.

Uzunidis, A., Pineda, A., Jiménez-Manchon, S., Xafis, A., Ollivier, V., Rivals, F,, 2021.
The impact of sediment abrasion on tooth microwear analysis: An experi-
mental study. Archaeol. Anthropol. Sci. 13, 134. https://doi.org/10.1007/
s12520-021-01382-5.

Van Kolfschoten, T., Parfitt, S.A., Serangeli, J., Bello, S.M., 2015. Lower Paleolithic
bone tools from the "Spear Horizon" at Schoningen (Germany). J. Hum. Evol.
89, 226—263.

Verna, C., d'Errico, F.,, 2011. The earliest evidence for the use of human bone as a
tool. J. Hum. Evol. 60, 145—157.

Vettese, D., Blasco, R., Caceres, 1., Gaudzinski-Windheuser, S., Moncel, M.H., Thun
Hohenstein, U., Daujeard, C., 2020. Towards an understanding of hominin
marrow extraction strategies: A proposal for a percussion mark terminology.
Archaeol. Anthropol. Sci. 12. https://doi.org/10.1007/s12520-019-00972-8.

Villa, P, Mahieu, E., 1991. Breakage patterns of human long bones. J. Hum. Evol. 21,
27-48.

Villa, P, Soto, E., Santonja, M., Pérez-Gonzalez, A., Mora, R., Parcerisas, J., Sesé, C.,
2005. New data from Ambrona: Closing the hunting versus scavenging debate.
Quatern. Int. 126, 223—250. https://doi.org/10.1016/j.quaint.2004.03.001.

Villaescusa, L., Baquedano, E., Martin-Perea, D.M., et al., 2026. Towards a formation
model of the Neanderthal symbolic accumulation of herbivore crania: Spatial
patterns shaped by rockfall dynamics in Level 3 of Des-Cubierta Cave (Lozoya
valley, Madrid, Spain). Archaeol. Anthropol. Sci. 18, 16. https://doi.org/10.1007/
$12520-025-02382-5.

Vincent, A., 1993. L'outillage osseux au Paleolithique moyen: une nouvelle
approche. Paris X-Nanterre.

White, M., Pettitt, P., Schreve, D., 2016. Shoot first, ask questions later: Interpre-
tative narratives of Neanderthal hunting. Quatern. Sci. Rev. 140, 1-20.

WiRing, C., Rougier, H., Crevecoeur, I, Germonpré, M., Naito, Y., Semal, P,
Bocherens, H., 2016. Isotopic evidence for dietary ecology of late Neandertals
in North-Western Europe. Quatern. Int. 411 (Part A), 327—345. https://doi.org/
10.1016/j.quaint.2015.09.091.

Winkler, D.E., Kaiser, T.M., 2015. Structural morphology of molars in large
mammalian herbivores: Enamel content varies between tooth positions. PLoS
One 10 (8), e0135716. https://doi.org/10.1371/journal.pone.0135716.

Zilhao, J., Ajas, A., Badal, E., Burow, C., Kehl, M., Lopez-Saez, J.A., Pimenta, C.,
Preece, R.C., Sanchis, A, Sanz, M., Weniger, G.-C., White, D., Wood, R,
Angelucci, D.E., Villaverde, V., Zapata, ]J., 2016. Cueva Anton: A multi-proxy
MIS3 to MIS5 a paleoenvironmental record for SE Iberia. Quatern. Sci. Rev.
146, 251—273. https://doi.org/10.1016/j.quascirev.2016.05.038.


https://doi.org/10.1016/j.actbio.2021.09.016
https://doi.org/10.1002/jqs.2815
https://doi.org/10.1002/jqs.2815
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref111
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref111
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref111
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref111
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref112
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref112
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref112
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref112
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref113
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref113
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref113
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref113
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref114
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref114
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref114
https://doi.org/10.1073/pnas.2006370117
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref116
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref116
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref116
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref116
https://doi.org/10.1007/s12520%2D018%2D0768%2D6
https://doi.org/10.1016/j.qsa.2023.100147
https://doi.org/10.1016/j.qsa.2023.100147
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref119
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref119
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref119
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref120
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref120
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref120
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref121
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref121
https://doi.org/10.1007/s10914%2D010%2D9149%2D3
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref123
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref123
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref123
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref124
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref124
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref124
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref125
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref125
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref125
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref126
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref126
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref126
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref126
https://doi.org/10.1016/j.jas.2013.10.001
https://doi.org/10.1016/j.jas.2013.10.001
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref147
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref147
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref147
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref147
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref128
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref128
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref128
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref129
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref129
https://doi.org/10.1007/s12520%2D022%2D01577%2D4
https://doi.org/10.4000/paleo.339
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref132
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref132
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref132
https://doi.org/10.1016/j.bsbt.2014.12.001
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref134
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref134
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref134
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref134
https://doi.org/10.1007/s12520%2D021%2D01382%2D5
https://doi.org/10.1007/s12520%2D021%2D01382%2D5
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref136
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref136
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref136
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref137
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref137
https://doi.org/10.1007/s12520%2D019%2D00972%2D8
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref139
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref139
https://doi.org/10.1016/j.quaint.2004.03.001
https://doi.org/10.1007/s12520%2D025%2D02382%2D5
https://doi.org/10.1007/s12520%2D025%2D02382%2D5
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref141
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref141
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref142
http://refhub.elsevier.com/S0047-2484(26)00023-0/sref142
https://doi.org/10.1016/j.quaint.2015.09.091
https://doi.org/10.1016/j.quaint.2015.09.091
https://doi.org/10.1371/journal.pone.0135716
https://doi.org/10.1016/j.quascirev.2016.05.038

