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Table 1. General information regarding volunteers and bone elements 
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Fig 1. Superposition of GIS layers drawn over the photographic template 
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Table 2. Definition of categories separating shaft fragments by size according to Villa and Mahieu (1991) [38] 

Table 3. Definition of categories separating shaft fragments by circumference size according to Villa and Mahieu 

(1991) [38] 
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Fig 2. GIS stages for percussion mark analysis  
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Table 4 : Presentation of the studied faunal series and number of percussion marks.  

�NSP (number of specimens produced) = total number of fragments for each type of bone element, bNISP (Number of 

identified and refitted specimens), cIND (unidentified specimens), dPM (percussion marks)= number of percussion marks 

identified on each type of bone element. 

Bone Element NSP� NSP % NISP� NISP 

% 

INDc IND % NISP 

with 

dPM 

NISP 

with 

PM % 

IND 

with 

PM 

IND 

with 

PM % 

NISP 

weight 

(g) 

NISP 

weight 

(g) % 

IND 

weight 

(g) 

IND 

weight 

(g) % 

Humerus 289 24% 108 37% 181 63% 66 81% 15 19% 11156 98% 179 2% 

Radius-

ulna 

263 22% 119 45% 144 55% 61 79% 16 21% 8991 97% 108 3% 

Femur 228 19% 130 51% 129 49% 68 80% 17 20% 18467 99% 98 1% 

Tibia 439 36% 192 44% 247 56% 93 80% 23 20% 11207 98% 216 2% 

Total 1219 100% 549 44% 701 56% 288 80% 71 20% 49821 99% 601 1% 
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Fig 3. Distribution of NISP according to shaft length and circumference. Left column diagrams show 

relative frequencies of shaft length (L) and circumference (C) of all identified specimens; Right column 

diagrams show frequencies of percussion mark distribution according to relative frequencies of shaft 

length(L) and circumference (C) for specimens bearing percussion marks. 
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Fig  4. Bone survivorship composite of ten bone elements in a series for each bone element: humerus, radius-ulna, 

femur and tibia represented in each side in the following order: anterior, posterior, medial and lateral. Cortical 

preservation is indicated by shades of the colour red accompanied by a number from 1-10, darker shades and 

high numbers represent high cortical preservation.  
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aNumber of identified specimens (NISP), bCortical preservation rate per element, cTotal number of blows inflicted per 

element, dTotal number of percussion marks (PM) per element and side, ePM frequency calculated according to cortical 

preservation. 
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Table 6: Series 2 Radius.
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5� � ���	� .;� G?`� 3G� G� .�� -� -� .�� ��`�

5�<� 
�%�	� ?� G.`� �3� .-� �� -� �� .3� �-`�
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aNumber of identified specimens (NISP), bCortical preservation rate per element, cTotal number of blows inflicted per 

element, dTotal number of percussion marks (PM) per element and side, ePM frequency calculated according to cortical 

preservation. 
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Table 5: Series 1 Humerus. 
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Table 7: Series 3 Femur.
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aNumber of identified specimens (NISP), bCortical preservation rate per element, cTotal number of blows inflicted per 

element, dTotal number of percussion marks (PM) per element and side, ePM frequency calculated according to cortical 

preservation. 
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Table 8: Series 4 Tibia. 
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aNumber of identified specimens (NISP), bCortical preservation rate per element, cTotal number of blows inflicted per 

element, dTotal number of percussion marks (PM) per element and side, ePM frequency calculated according to cortical 

preservation. 
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Fig  5. Distribution of percussion marks along the long bone elements (humerus, radius-ulna, tibia and femur), 

divided by type of percussion mark (each percussion mark is indicated with a specific symbol) 

�

Table 9: Distribution of percussion marks by type of mark and element aspect. 

��$�
	�

�����	�

+#��� ���

���������
�

$��M�

D�$����� I������ -�$��� +�1��� +�	��

�
	������

 �	��� /�*.�`+� ���*��`+� ..�*.�`+� �3�*�;`+� G3�*�3`+�
,�	� .G�*�3`+� .?�*.3`+� ���*�;`+� 3;�*3/`+� ...�*�.`+�
�6���I��H�� .��*�;`+� ���*�;`+� �3�*�/`+� .3�*.;`+� .--�*�G`+�
#�
�����%� 3�*G`+� ?�*;`+� G�*�`+� .�*.`+� .��*;`+�
��������
� ..�*�.`+� .��*./`+� /�*G`+� ��*�`+� ���*..`+�

)��	������

 �	��� /�*./`+� ./�*�G`+� ;�*.;`+� �.�*��`+� ?-�*�?`+�
,�	� .G�*3�`+� .G�*�-`+� .G�*;;`+� ;.�*;�`+� .-;�*3;`+�
6���I��H�� .-�*�3`+� .3�*��`+� ��*�`+� ��*�`+� �?�*.?`+�
�
�����%� -� ?�*.-`+� -� -� ?�*�`+�
�������
� /�*./`+� ;�*G`+� /�*�.`+� ;�*;`+� �3�*.-`+�

������

 �	��� ��*.�`+� ;�*/.`+� �.�*�?`+� .-�*�.`+� 3;�*�3`+�
,�	� �G�*�G`+� .�*.3`+� ���*�/`+� .��*3-`+� /-�*�/`+�
6���I��H�� .��*�?`+� .�*.3`+� ;�*G`+� .3�*�-`+� ���*�.`+�
�
�����%� ��*3`+� -� ��*�`+� .�*�`+� ?�*�`+�
�������
� .;�*�-`+� -� ��*.;`+� ��*?`+� �/�*.3`+�

8�	����

 �	��� �-�*��`+� ..�*3.`+� ..�*��`+� .G�*�3`+� ?-�*�.`+�
,�	� ..�*.?`+� ��*��`+� ..�*��`+� �;�*3/`+� ;?�*��`+�
6���I��H�� �3�*�;`+� 3�*.;`+� .G�*�G`+� ?�*..`+� ;��*�/`+�
�
�����%� ��*3`+� -� ;�*.-`+� ��*3`+� .-�*;`+�
�������
� .-�*.;`+� ��*..`+� ��*?`+� ��*3`+� .G�*�`+�

Abbreviations: aAdh. Flake = Adhering flakes;b Crush =Crushing mark and cC.C. scar = Cortical conchoidal scar 
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Fig 6. Distribution of percussion marks along the long bone elements, with different colours representing the 

marks made by different experimental attempts 
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Fig 7.  GIS Kernel density analysis results of percussion mark distribution on the four aspects for each humerus. 

Dark red areas indicate the highest concentrations of percussion marks. 
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Fig 8. GIS Kernel density analysis results of percussion mark distribution on the four aspects for each radius. 

Dark red areas indicate the highest concentrations of percussion marks. 
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Fig 9. GIS Kernel density analysis results of percussion mark distribution on the four aspects for each femur. 

Dark red areas indicate the highest concentrations of percussion marks. 
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Fig 10.  GIS Kernel density analysis results of percussion mark distribution on the four aspects for each tibia. 

Dark red areas indicate the highest concentrations of percussion marks. 
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Fig 11. Summary of Kernel density cluster distribution according to side and shaft portion. 

����	�
� ��		�
��� W�
�� ����	������ ��
� ���� 	��� .-� #����� ��� ����� ��
���� ���#����� ����%�

K�	���:�����	� ���	�����&���� *I�%�.�+����� 
����	�� 
��
����	��� �&�	��������� 	��� �����������d�
����

�����	&����� ������	�� ���� 
������ 
����	�� ��

��������%� 	�� I�%� ..� ���� �����	�%�� ��� !�	� ���	�

����&�������	��	��	�#����������	�	�����%
����������	�
��%�#&�	�H��%���	���������
�	����	��������
��	�

���W����
�	�������&�����

Fig 12. Optimized Hot spot analysis of combined percussion marks from the ten bone elements in each series.  
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Fig 13. GIS Kernel density analysis results for notch distribution on the four aspects for each bone element 

series. Dark red areas indicate highest concentrations of notches.  

Fig 14. GIS Kernel density analysis results of pit distribution on the four aspects for each bone element series. 

Dark red areas indicate highest concentrations of pits. 
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Fig 15. GIS Kernel density analysis results for adhering flake distribution on the four aspects for each bone 

element series. Dark red areas indicate highest concentrations of adhering flakes. 
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S1 Table GIS Cluster Analysis for percussion marks for the four bone elements (Humerus, Radius, Femur and 

Tibia) using Average Nearest Neighbour.  Analysis was performed on the four aspects of the elements. The distance 

between each percussion mark and its nearest neighbour was measured. The nearest neighbour index (NNI) is the 

observed distance divided by the average expected distance in a hypothetical random distribution. If the NNI is less than 

1, the pattern is considered clustered. If the NNI is greater than 1, the trend is towards dispersion. Colour codes (Z score) 

indicate the degree of clustering or dispersion. Null values signify that the number of counted marks was 3 or less. 

S2 Table GIS Cluster Analysis for individual type of percussion marks for the four bone elements (Humerus, 

Radius, Femur and Tibia) using Average Nearest Neighbour.  Analysis was performed on the four aspects of the 

elements. The distance between each percussion mark and its nearest neighbour was measured. The nearest neighbour 

index (NNI) is the observed distance divided by the average expected distance in a hypothetical random distribution. If 

the NNI is less than 1, the pattern is considered clustered. If the NNI is greater than 1, the trend is towards dispersion. 

Colour codes (Z score) indicate the degree of clustering or dispersion. Null values signify that the number of counted 

marks was 3 or less. 

S1 Fig. Graduated maps of thickness measurements according to Barba et al (2005). Darker blue zones represent 

the thicker portions of the bone. 

S1 Protocol GIS percussion pattern analysis method 
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New evidence of butchery traditions within the Neandertal groups occupying 

Southwestern of Europe (MIS3-5) 
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Abstract

In archaeological assemblages the presence of percussion marks, on the surface of long

bones, is an indicator of long bone marrow extraction. The form, quantity and distribution of

percussion marks are analysed to gain a better understanding of the marrow extraction pro-

cess. Patterns of bone percussion damage in archaeological assemblages may highlight

standardized actions, possibly related to butchery traditions. However, additional factors

could underlie these patterns and should also be considered. In this article we test intuitive-

ness as a factor in appearance of percussion mark patterns, to see if patterns can appear

when bones are being fractured without prior experience with bone fracture properties. To

test this hypothesis, for this study we selected a sample of 40 cattle (Bos taurus) long limb

bones from a large bone breakage experiment (400 long limb bones), where participants

had no previous experience in bone breakage and may thus have broken bones intuitively.

We used Geographic Information System (GIS) software to analyse the distribution of per-

cussion marks. Using ArcGIS Spatial Analysts tools, we identified and quantified significant

concentrations of percussion marks. Results show that percussion mark patterns emerge

for the same bone element, and that specific sides and zones were recurrently selected by

experimenters. The distribution of patterns varies among the different long bone elements,

and we attribute this variance to an adjustment to bone morphology. In addition, we calcu-

lated and identified bone damage patterns resulting from hammerstone percussion. Cross-

ing bone survivorship with percussion mark patterns enabled us to recognise and evaluate

the effects of fragmentation and surface visibility in controlled experimental conditions. The

GIS method facilitates comparisons between different variables and provides a sophisti-

cated visual representation of results. Enlarging the sample will allow to constitute a more

substantial analogous model for fossil assemblages.

Introduction

Over the past decades, archaeology and human behaviour studies have progressively incorpo-

rated research tools and analytical approaches from geospatial sciences. More than 30 years

ago, the term GIS (Geographic Information System) was introduced to archaeology [1], and
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its application to the field has received mixed reviews over the years. Numerous articles discuss

its effectiveness and advantages but also the uncertainty of the system [2–5]. However, since

the late 2000s, GIS has rapidly gained momentum and is now an important asset to the archae-

ologist’s tool set.

A GIS is a computer system capable of assembling, storing and manipulating, analysing and

displaying geographically referenced information, i.e. data identified according to their loca-

tion [6]. As stressed by many other definitions [7–9], the key word in GIS is geography and

working with this system requires the terrestrial projection of data, meaning a system of coor-

dinates in space that can correspond to latitudes and longitudes. Still, researchers from differ-

ent fields grasped the potential of the software for non-geographical data and recent studies

have used the system in an alternative way to apply the analytical capabilities of GIS to their

subjects [10–12]. In a similar manner, we used GIS to illustrate and analyse the distribution of

percussion marks produced during bone marrow extraction. The application of GIS to bone

was introduced to archaeology by Marean and colleagues [13] to calculate the MNE based on

anatomically overlapping specimens. All specimens are digitally drawn in vector mode over

templates and then converted into pixels. The maximum number of pixel overlaps detected by

the software indicates the MNE. The digitization of the method automated the process of

MNE counts and made it appropriate for large assemblages which are otherwise difficult and

time consuming to study. This innovative approach received a lot of attention. Lyman [14]

argued that MNE calculation with the software could be easily biased by a lack of precision

during the drawing of specimens. Others found it valid and continued to develop and adapt

the method to more recent versions of GIS [15] and expand its applicability to the analysis of

cut marks [16–17].

More recently, Parkinson and colleagues [18–20] proved the software to be well suited to

documenting gross bone damage and tooth mark distribution in carnivore-modified assem-

blages. Spatial point pattern analysis, within GIS, indicates the distribution of tooth marks

with greater resolution than previous methods. This allows comparisons with bone portion

data. Parkinson’s work complements a series of studies that have been developing methodolo-

gies for the past three decades to differentiate between human and non-human carnivore mod-

ifying agency [21–27]. Her experimental work analysing carnivore marks with GIS provides

analogous models for the interpretation of zooarchaelogical assemblages and helps to identify

the modifier or modifiers and their order of access. In recent years, many archaeological and

paleoanthropological research teams have conducted bone breakage experiments subsequent

to recurrent comments that bone fracturing and its diagnostic features (pits, notches, adhering

flakes and crushing marks) are underexplored. Experiments and consequently developed

methodologies broaden the possibilities and provide venues to explore bone breakage process-

ing intensity and butcher investment [28], distinguish grease rendering from marrow extrac-

tion [29], and identify cultural patterns in bone breakage processes [30–34]. Recently, Blasco

and colleagues [30] have argued that systemized patterns of long bone breakage for recovering

marrow can help to identify butchery traditions in Neanderthal groups. To further the subject,

of Neanderthal butchery know-how, Vettese [32] conducted a bone breakage experiment (400

long bones) in 2017 with participants that had no previous experience in bone breakage. The

main aim of the experiment was to test whether recurrent percussion mark patterns will

appear on the bone surface and if so to what extent, when the experimenters have no precon-

ceived concepts on how to perform the task i.e. they will perform the task based on their

intuition.

For this study, we selected a sample from this large experimental assemblage to analyse per-

cussion mark patterns with GIS. We adapted and expanded the methods developed for GIS to

a recent and updated version of the ArcGIS software (ArcMap 10.4) to explore and

GIS and percussion mark patterns
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demonstrate some of the analytical possibilities available with this software when applied to

percussion marks. More precisely, we set out to:

• Develop an effective GIS protocol to standardize the documentation process (database and

visual representation) for fragments and percussion marks deriving from marrow extraction

from long limb bones.

• Create an analytical workspace that allows a spatial link between the non-geographic data-

base and its visual representation.

• Explore GIS abilities to record, quantify and illustrate bone fragments and bone

survivorship.

• Explore new analytical methods to illustrate, quantify and analyse percussion marks and pat-

terns of percussion marks.

• Test different hypotheses related to intuitive fracturing.

• Choose a model that can provide valuable insights for analogous archaeological assemblages.

Here, we do not examine the issue of how to diagnose or define percussion marks. Rather,

our goal is to address the issue of how to record and then analyse them using GIS and ulti-

mately quantify the sample and concentrations of percussion marks for meaningful beha-

vioural analysis, through comparisons with other modern control assemblages or

archaeological assemblages.

Material andmethods

Material

The studied sample is composed of 40 long limb bones from adult Bos taurus species. A series

of ten bones was selected from the following elements: humerus, radius-ulna, femur and tibia.

Bones were supplied by a slaughterhouse where carcasses were defleshed by a professional

butcher. Metapodials are absent from the experiment as they were cut into two parts during

the defleshing process, and were thus useless for this experiment.

Non-trained experimenters broke a series of ten long bones to a sufficient extent to remove

all marrow (Table 1). Bones were broken with a non-modified quartzite hammerstone (pebble)

against a limestone anvil. The periosteum was not removed prior to marrow removal. The

experimental bone breakage was performed in a designated area, property of the Muséum

National d’Histoire Naturelle, for which all necessary permits were obtained.

After breakage, all the fragments of each element were collected in a single bag associated

with an identification code. This code provides information concerning the series and element

numbers, which facilitated later identification and refitting. Broken bones were cleaned by the

Service of Osteology and Taxidermy Treatment (SPOT) of the National Museum of Natural

History of Paris (MNHN). Each bone was treated separately to avoid the loss of small frag-

ments and dissociation from identification codes. Finally, we labelled each fragment with a

permanent marker.

Table 1. General information regarding volunteers and bone elements.

Volunteer sex Volunteer age Element Series n° Number of right elements Number of left elements

female 29 Humerus 1 3 7

male 40 Radius-ulna 2 6 4

male 25 Femur 3 6 4

male 30 Tibia 4 4 6

https://doi.org/10.1371/journal.pone.0216733.t001

GIS and percussion mark patterns
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Methods

Template/Image preparation and georeferencing. As a base for GIS analysis, we used

photographic images representing the four-sided visualization of bone elements [35]. The tem-

plates were georeferenced in GIS. As bones are not part of geography, reference coordinates

are assigned arbitrarily but they should be specified so that, data can be shared and made com-

patible with other GIS systems if needed. We used the WGS1984 Greenwich projection. A GIS

polygon layer was created over each bone image (Fig 1), replicating the bone silhouette from

four views (anterior, lateral, medial and posterior). These templates represent the basis for all

further analysis. It is important to note that the area defined by these templates does not reflect

the actual bone area. The measurements of all bones from the same element show slight varia-

tion and when projected with the software, for the purpose of standardization and superposi-

tion of layers, their metric measurements undergo deformations.

Bone refitting and analysis. We examined each specimen and percussion mark individu-

ally and in relation to each other through systematic bone refitting for every element. Each

fragment was measured (mm) and weighed (g), then labelled with its series number, element

number and an individual specimen number (e.g., 1-1-1 = series number-element number-

fragment number). Bone refitting generates more precise drawing and localization of frag-

ments and percussion marks in GIS. It also enhances the identification and comprehension of

percussion marks, as in some cases, a mark can be obliterated by subsequent blows in the same

area, which may be required to fracture the bone completely. When refitting two or more frag-

ments, at times we re-evaluated our judgment based on the analysis of a single fragment, i.e., a

single notch can be divided and appear on two (or more) fragments. With refitting we count

this as a single percussion mark.

We observed all specimens for surface modifications under a strong light (60 W), first with

the naked eye; then with a 15-20X lens. Identification and characterization of percussion mod-

ifications are based on descriptions and illustrations of bone surface modifications e.g., [23]

[28] [31–32], [36–38].

We recorded the following modifications regrouped in this study under the term percus-

sion marks:

Fig 1. Superposition of GIS layers drawn over the photographic template.

https://doi.org/10.1371/journal.pone.0216733.g001

GIS and percussion mark patterns
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• Percussion pits,

• Notches,

• Adhering flakes,

• Crushing marks,

• Cortical conchoidal scars.

Pseudo-notches and peeling were not taken into consideration because they are not direct

marks but successive results of fractures. We recorded the marks due to blows and counter-

blows. We did not observe chop-marks in our sample due to the roundness of the hammer-

stone pebble and in spite of the anvil’s sharp edge.

Drawing fragments in GIS. All identifiable fragments are digitally drawn in GIS, regard-

less of size. They are drawn in vector mode as polygon features relative to the anatomical land-

marks of the previously prepared templates (Fig 1). As defined by previous studies [13], [16],

[18–20], identifiable fragments are fragments for which the element and side can be identified

and precisely situated on the bone template. We would add to this definition that the outline

of the drawn fragment is determined by the outline of the cortical surface of the fragment.

This may seem irrelevant, but often fragments that lost part of their cortical surface but con-

served medullary surfaces overlap with cortical surface from other fragments from the same

bone element, and bias the results. Therefore drawing only the cortical surface circumvents

any possible overlapping of fragments of the same bone. Fragments from the same bone ele-

ment were drawn in a single layer. The radius and ulna were each drawn in a separate layer, in

order to eliminate possible errors when calculating bone survivorship or spatial statistics, even

though they are fused and generally considered as one element.

An attribute table storing data for every feature, added by the analyst, is linked to every

layer. We recorded the reference number for each fragment and the three dimensions (length,

width, thickness) were measured for each specimen. Shaft fragments were differentiated by

size (Table 2) and circumference classes (Table 3) according to Villa and Mahieu (1991) [38].

Drawing percussion marks. Separate point layers were created to illustrate all the identified

percussion marks on the bone surface (Fig 1). We marked them with a point symbol which is

also linked to an attribute table with information about the mark:

• n˚ bone element and n˚ fragment on which the percussion mark appears,

• Type of percussion mark (notch, pit, adhering flake and crushing),

• Percussion mark maximum length,

• Percussion mark maximum width,

• Percussion mark maximum thickness,

• Notch depth: three different categories: d1 (<½initial cortical height), d2 (>½and<1 initial

cortical height) and d3 (= 1, total cortical height),

Table 2. Definition of categories separating shaft fragments by size according to Villa andMahieu (1991) [38].

L1 Shaft fragments that are less than one-fourth the original length of the complete shaft

L2 Shaft fragment length is comprised between one-fourth and one-half of the complete shaft.

L3 Shaft fragment length is between one-half and three-fourths of the complete shaft

L4 Shaft fragment is more than three-fourths, essentially a complete or almost complete shaft.

https://doi.org/10.1371/journal.pone.0216733.t002
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• Notch form, three categories: fe1 (= symmetric to the fracture, longest depth is in the centre

part of the notch when the diaphysis is observed from a vertical angle); fe2 (= asymmetric,

longest depth of the notch is on the distal side) and fe3 (= asymmetric, longest depth is on

the proximal part),

• Text column for additional observations.

Points illustrating all the percussion marks are placed in the centre of the observed impact

recording anatomical landmarks and the drawings of the fragments, e.g., points representing

notches are situated in the middle of what is regarded as the fracture edge of the percussion

mark. Points representing the rest of the percussion marks are situated in the centre of the

observed impact area. We do not consider that the origin of the impact is at the centre of each

percussion mark, but this choice was essential for standardizing the drawing process. We

chose point features over line and polygon features to standardize and facilitate visualization

and to fully exploit GIS spatial pattern analyses.

Bone survivorship. The GIS software can calculate the area defined by the outline of a poly-

gon; therefore, we could calculate the area of each drawn fragment. With this information, we

adapted the equation from Abe et al. [16] to calculate the frequency of cortical bone survivor-

ship for each element:

Sum of fragments surface / whole bone surface �100 = preserved cortical bone surface %.

To illustrate cortical bone survivorship, we followMarean’s procedure for MNE calcula-

tions [13], to which we made modifications available with the more recent versions of ArcMap.

Previous studies [13], [15], [18–20] mainly used grid (pixel) overlapping, which requires con-

verting vector to raster files, making the process more time consuming. Our method, detailed

in supplementary material, consists of directly overlaying polygons to calculate cortical bone

survivorship.

Percussion mark frequency. The frequency of percussion marks was calculated in rela-

tion to the preserved area for each element of each series:

Number of percussion marks=preserved bone%�100 ¼ percussion mark %

This equation is an adaption of the Abe et al. [16] equation for calculating cut mark fre-

quency. It was developed to improve frequency calculations by taking into consideration the

fragmentation problem. Abe et al. [16] state that by dividing the number of cut marks by the

preserved surface area, cut mark frequencies would closely match the original frequencies.

Thus, “we can correct the number of cutmarks by the amount of examined surface area, much

as demographers standardize population size by estimating population density”. In the same

way as Lyman [14], we do not agree that this formula can be used to estimate the frequency of

marks that have been destroyed, but we consider that it is a fair estimation of the frequency of

preserved marks.

Patterns and clusters. When confronted with visual spatial data, we inherently organize,

group, differentiate and transform these data into information. “Mapping” them like some

previous studies [33–34] might result in a sense of the overall pattern of features and their

Table 3. Definition of categories separating shaft fragments by circumference size according to Villa and Mahieu
(1991) [38].

C1 Bone circumference is less than half of the original

C2 Bone circumference is more than half, but not a complete circumference, in at least a portion of the bone
length

C3 Bone circumference is complete in at least one portion of the bone length

https://doi.org/10.1371/journal.pone.0216733.t003
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associated values, but GIS spatial tools estimate concentrations of percussion marks by evaluat-

ing the interdistance between features. Calculating a statistic with GIS quantifies the pattern,

which makes it easier to compare patterns and gain a better understanding of clusters (Fig 2).

For this purpose, we used ArcGIS following spatial analyst and statistic tools:

Analysing patterns with Average Nearest Neighbour Distance (NND).We used the

Average NND tool to test for significant spatial clusters following Parkinson and colleagues’

method [18–20]. The tool calculates a nearest neighbour index based on the average distance from

every point (percussion mark) to its nearest neighbouring feature. If the average distance between

points is less than the average for a hypothetical random distribution, the distribution is consid-

ered to be clustered. If it is greater than one, the pattern is considered to be dispersed. The Z score

represented by colour codes (S1 and S2 Tables) determines the value of probability that the

observed pattern is significantly different from a random pattern [6]. The obtained values are sen-

sitive to changes to the study area or changes to the Area parameter. The results are most appro-

priate when the study area is fixed. The defined area in which we tested for clusters is the bone

surface calculated with the GIS polygon template. The NNDwas calculated for each view (ante-

rior, posterior, medial and lateral) separately to accurately represent the surface area of the bone.

We used the NND tool to test for:

• Clusters taking into consideration all the percussion marks on a single bone element. We

repeated this for the 10 bones in each series.

• Clusters taking into consideration one type of percussion mark (notch, pit and adhering

flakes) for the whole series.

Fig 2. GIS stages for percussion mark analysis.

https://doi.org/10.1371/journal.pone.0216733.g002
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Visual representation of clusters/mapping clusters. To visually represent clusters, we fol-

lowed Parkinson and colleagues’ method [18–20] for the Kernel density tool and implanted a

new method using the Optimized Hot Spot Analysis tool. The Kernel Density tool counts the

number of modifications in an area. This tool uses the quadratic kernel formula described in

Silverman [39] to fit a smoothly tapered surface to each point, which spreads out to a specified

radius around the point. The highest cell value is at the point located in the centre of the

spread, with the value tapering to zero at the boundary of the search radius distance. The sum

of the intersecting spreads is then calculated for each cell in the output raster [6]. Kernel Den-

sity analysis is to some extent subjective as the analyst must input a search radius and cell size,

which can significantly influence the results. The analysis can be carried out with only two

points and still display a cluster zone.

On the other hand, Optimized Hot Spot analysis is more objective and uses the Getis-Ord

Gi� statistic to question the probability that a spatial distribution of values is random. To do

this, the Optimized Hot Spot Analysis tool uses the average and median nearest neighbour cal-

culations for aggregation and also to identify an appropriate scale of analysis. The tool com-

putes each feature’s average nearest neighbour distance and evaluates the distribution of all

these distances. It defines high concentration zones (hot spots) and features that are more than

a three-standard deviation distance away from their closest noncoincident neighbour, consid-

ered as locational outliers (cold spots). The limit of this tool, and the reason why we chose Ker-

nel density for some analyses, is that Hot Spot analysis requires a minimum of 30 points to

perform calculations. The numbers of observed percussion marks in our assemblage are not

sufficient for testing all of our hypotheses with this tool.

Estimated cluster zones with the NND tool for separate bone elements are represented with

Kernel density, for which we used a fixed search radius (0.12) and cell size (between 1.1 and

3.2). Analyses were not performed for areas with three impacts or less. Optimized Hot Spot

analysis was used to estimate and illustrate clusters of all the percussion marks combined from

the ten bones in a series.

We used Spearman’s rho to test for correlations between several values. The coefficients

were calculated, and their statistical significance was tested using PAST software [40].

Results

Experimental bone breakage remains

The breakage of the 40 cattle long bones resulted in 1 219 fragments, for which element and

side were identified in 549 cases (44%) (Table 4). 701 fragments (56%) could not be identified,

however, in terms of weight, the unidentified fragments represent only 1% of the total assem-

blage. The tibia series generated the highest rate of fragments (number of specimens produced:

NSP), while the femur series produced the lowest, but these results are reversed in terms of

number of identified and refitted specimens (NISP%). Among the NISP, 288 fragments

(Table 4) bear at least one percussion mark, whereas among the unidentified fragments 71

have percussion marks. These latter are not included in our study.

The majority of NISP have a L1 and L2 length (Fig 3). Fragments with L1 length almost all

have a C1 circumference, while the L2 fragments display more diverse circumferences. Percus-

sion marks are most frequently identified on fragments with an L2 length and a C3 circumfer-

ence (Fig 3). Spearman’s test showed a positive correlation between the relative frequencies of

shaft length and circumference for all identified specimens and the relative frequencies of per-

cussion mark distribution of fragments bearing percussion marks (Humerus ρ = 0.09622

P = 0; Radius ρ = 0.85353 P = 0.00041, Femur ρ = 0.97268 P = 0 and Tibia ρ = 0 P = 0.00488.).
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Table 4. Presentation of the studied faunal series and number of percussion marks.

Bone
Element

NSPª NSP
%

NISPb NISP
%

INDc IND
%

NISP with
dPM

NISP with
PM %

IND
with
PM

IND with
PM %

NISP
weight (g)

NISP weight
(g) %

IND weight
(g)

IND weight
(g) %

Humerus 289 24% 108 37% 181 63% 66 81% 15 19% 11156 98% 179 2%

Radius-
ulna

263 22% 119 45% 144 55% 61 79% 16 21% 8991 97% 108 3%

Femur 228 19% 130 51% 129 49% 68 80% 17 20% 18467 99% 98 1%

Tibia 439 36% 192 44% 247 56% 93 80% 23 20% 11207 98% 216 2%

Total 1219 100% 549 44% 701 56% 288 80% 71 20% 49821 99% 601 1%

ªNSP (number of specimens produced) = total number of fragments for each type of bone element
bNISP (Number of identified and refitted specimens)
cIND (unidentified specimens)
dPM (percussion marks) = number of percussion marks identified on each type of bone element.

https://doi.org/10.1371/journal.pone.0216733.t004

Fig 3. Distribution of NISP according to shaft length and circumference. Left column diagrams show relative
frequencies of shaft length (L) and circumference (C) of all identified specimens; Right column diagrams show
frequencies of percussion mark distribution according to relative frequencies of shaft length(L) and circumference (C)
for specimens bearing percussion marks.

https://doi.org/10.1371/journal.pone.0216733.g003
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Bone survivorship

Results of cortical bone survivorship for each series of the four elements are represented in the

form of a graduated colour map generated with GIS (Fig 4), accompanied by the rate of preser-

vation (Tables 5–8). The maps represent composites of both left and right elements in the

assemblage. The darker shaded areas indicate higher cortical survivorship. The results show

that destruction resulting from percussion for marrow extraction affects exclusively the

Fig 4. Bone survivorship composite of ten bone elements in a series for each bone element: Humerus, radius-ulna,
femur and tibia represented in each side in the following order: Anterior, posterior, medial and lateral. Cortical
preservation is indicated by shades of the colour red accompanied by a number from 1–10, darker shades and high
numbers represent high cortical preservation.

https://doi.org/10.1371/journal.pone.0216733.g004

Table 5. Series 1 humerus.

Humerus ref. n° Lateralisation NISPa Cortical preservation %b Total n° of blowsc Number of PM per side Total n° of PMd PM frequencye

anterior posterior medial lateral

1–1 left 4 91% 110 2 1 4 11 18 20%

1–2 left 11 92% 78 3 0 7 10 20 22%

1–2 left 12 94% 93 0 8 9 2 19 20%

1–4 left 8 95% 38 0 2 8 9 19 20%

1–5 left 13 91% 40 3 4 4 12 23 25%

1–6 left 10 93% 50 13 4 9 4 30 32%

1–7 right 11 93% 51 11 1 3 3 18 19%

1–8 left 13 86% 50 4 3 8 11 26 30%

1–9 right 9 96% 32 8 4 7 4 23 24%

1–10 right 17 91% 30 9 15 15 2 41 45%

Mean 10.8 92% 57.2 5.3 4.2 7.4 6.8 23.7 26%

Standard deviation 3.4 2.8 27.2 4.6 4.4 3.4 4.1 7.2 8.1

aNumber of identified specimens (NISP)
bCortical preservation rate per element
cTotal number of blows inflicted per element
dTotal number of percussion marks (PM) per element and side
ePM frequency calculated according to cortical preservation.

https://doi.org/10.1371/journal.pone.0216733.t005
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diaphysis of long bones, but the zones concerned and the extent of destruction vary for the dif-

ferent elements.

Highest cortical survivorship was calculated for the ulna series with an average of 99%. This

is due to the nearly absent medullar cavity and scarcity of bone marrow in the element. Due to

this constant high preservation and the low number of observed percussion marks, the ulna

Table 6. Series 2 radius.

Radius ref. n° Lateralisation NISPa Cortical preservation %b Total n° of blowsc Number of PM per side Total n° of PMd PM frequencye

anterior posterior medial lateral

2–1 right 12 82% 115 12 3 6 4 23 30%

2–2 right 13 88% 88 18 8 0 3 28 33%

2–3 left 15 86% 48 8 12 0 0 19 23%

2–4 right 6 81% 94 10 3 0 3 14 20%

2–5 left 15 92% 29 16 2 0 0 17 20%

2–6 left 15 86% 108 13 11 0 5 27 34%

2–7 left 15 82% 131 14 9 0 3 25 32%

2–8 right 6 84% 71 6 4 1 6 16 20%

2–9 right 10 91% 67 17 4 0 2 22 25%

2–10 right 12 91% 53 9 6 0 1 15 17%

Mean 11.9 86% 80.4 12.3 6.2 0.7 2.7 20.6 25%

Standard deviation 3.5 4.1 32 4 3.6 1.9 2 5.2 6.3

aNumber of identified specimens (NISP)
bCortical preservation rate per element
cTotal number of blows inflicted per element
dTotal number of percussion marks (PM) per element and side
ePM frequency calculated according to cortical preservation.

https://doi.org/10.1371/journal.pone.0216733.t006

Table 7. Series 3 femur.

Femur ref. n° Lateralisation NISPa Cortical preservation %b Total n° of blowsc Number of PM per side Total n° of PMd PM frequencye

anterior posterior medial lateral

3–1 left 14 94% 83 11 2 4 5 21 23%

3–2 left 11 98% 56 3 5 6 1 14 15%

3–3 left 11 94% 87 8 1 9 12 29 32%

3–4 right 8 95% 41 13 2 2 10 26 18%

3–5 left 11 95% 55 10 3 7 11 30 33%

3–6 right 23 95% 30 11 2 13 1 26 28%

3–7 right 9 97% 50 11 3 2 2 17 19%

3–8 right 11 97% 12 1 4 12 6 22 24%

3–9 right 17 94% 49 16 6 4 8 33 36%

3–10 right 15 93% 37 8 5 0 2 14 16%

Mean 13 95% 50 9.2 3.3 5.9 5.8 23.2 24%

Standard deviation 4.4 1.6 22.6 4.5 1.6 4.3 4.3 6.7 7.5

aNumber of identified specimens (NISP)
bCortical preservation rate per element
cTotal number of blows inflicted per element
dTotal number of percussion marks (PM) per element and side
ePM frequency calculated according to cortical preservation.

https://doi.org/10.1371/journal.pone.0216733.t007
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series was excluded from further analysis. Average cortical preservation for the rest of the ele-

ments is as follows: hindlimb bones show a preservation rate of 95% for the femur and 94% for

the tibia series. For the front limbs, the humerus series presents an average of 92%, while the

radius series shows an average of 86%. The most recurrently affected zone for all elements is

the proximal to central part of the diaphysis, but this is not systematic for all sides. For the

humerus and tibia series, zones of low preservation are rare on the anterior side. The femur

posterior side shows no zones with low preservation. The radius series shows zones of low cor-

tical preservation on all four sides.

Patterns and cluster distributions

A total of 967 percussion marks were identified, comprising 237 in the humerus series, 206 in

the radius, 232 in the femur and 292 in the tibia series. The most recurrent percussion marks

in our sample are notches, pits andhering flakes (Table 9). Fig 5 shows obvious concentration

zones for some percussion marks, e.g., the proximal part of the femur’s anterior side shows an

important cluster of adhering flakes. However, it is more difficult to identify other marks that

seem more dispersed or mixed up with others.

We compared the number of inflicted blows and percussion mark frequency to see if there

is a correlation between the two values (Tables 5–8). None of the elements showed statistically

significant correlation for the two variables (Humerus ρ = 0.56618 and P = 0.08797; Radius-

Ulna ρ = 0.61968, P = 0.05602; Femur ρ = 0.06667 P = 0.85481 and Tibia ρ = 0.29632

P = 0.40578).

We also wanted to determine whether the experimenter found a more effective technique

for breaking the bone over time and after several bone element breakages. For this, we ran a

Spearman’s correlation test between the total number of inflicted blows and the number of

experimental attempts (from 1 to 10) (Tables 5–8) (Fig 6). Results showed a significant nega-

tive correlation for the humerus (ρ = -0.77204 and P = 0.00888) and femur (ρ = -0.72121 and

Table 8. Series 4 tibia.

Tibia ref. n° Lateralisation NISPa Cortical preservation %b Total n° of blowsc Number of PM per side Total n° of PMd PM frequencye

anterior posterior medial lateral

–1 left 22 92% 16 6 7 9 4 26 28%

4–2 left 19 96% 13 1 8 3 6 18 19%

4–3 left 16 92% 27 7 15 0 4 26 28%

4–4 left 20 98% 15 3 8 5 10 26 26%

4–5 left 21 90% 26 7 8 2 6 23 25%

4–6 right 22 93% 26 21 16 6 4 47 50%

4–7 right 24 90% 28 22 3 5 2 32 35%

4–8 left 14 94% 26 4 6 7 6 23 24%

4–9 right 18 95% 21 11 12 6 6 35 37%

4–10 right 16 95% 21 14 13 4 5 36 38%

Mean 19.2 94% 21.9 9.6 9.6 4.7 5.3 29.2 31%

Standard deviation 3.2 2.6 5.5 7.2 4.2 2.6 2.1 8.4 9

aNumber of identified specimens (NISP)
bCortical preservation rate per element
cTotal number of blows inflicted per element
dTotal number of percussion marks (PM) per element and side
ePM frequency calculated according to cortical preservation.

https://doi.org/10.1371/journal.pone.0216733.t008
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P = 0.01857), which means that the number of blows required to breach the cavity and fully

extract the marrow tends to decrease from the first attempt to the last. Non-significant correla-

tion was found for the radius (ρ = -0.22424 and P = 0.5334) and tibia series (ρ = 0.32004 and

P = 0.36732).

Table 9. Distribution of percussion marks by type of mark and element aspect.

Element
aspect

Type of percussion mark Humerus Radius Femur Tibia Total

Anterior Notch 7 (13%) 32 (29%) 11 (12%) 34 (35%) 84 (24%)

Pit 18 (34%) 16 (14%) 32 (35%) 45 (47%) 111 (31%)
aAdh. Flake 13 (25%) 39 (35%) 34 (37%) 14 (15%) 100 (28%)
bCrushing 4 (8%) 6 (5%) 8 (9%) 1 (1%) 19 (5%)
cC. c. scar 11 (21%) 19 (17%) 7 (8%) 2 (2%) 39 (11%)

Posterior Notch 7 (17%) 17 (28%) 5 (15%) 31 (32%) 60 (26%)

Pit 18 (43%) 18 (30%) 18 (55%) 51 (53%) 105 (45%)

Adh. Flake 10 (24%) 14 (23%) 3 (9%) 9 (9%) 36 (16%)

Crushing 0 6 (10%) 0 0 6 (3%)

C. c. scar 7 (17%) 5 (8%) 7 (21%) 5 (5%) 24 (10%)

Medial Notch 9 (12%) 5 (71%) 21 (36%) 10 (21%) 45 (24%)

Pit 28 (38%) 1 (14%) 22 (37%) 19 (40%) 70 (37%)

Adh. Flake 19 (26%) 1 (14%) 5 (8%) 14 (30%) 39 (21%)

Crushing 3 (4%) 0 2 (3%) 1 (2%) 6 (3%)

C. c. scar 15 (20%) 0 9 (15%) 3 (6%) 27 (14%)

Lateral Notch 20 (29%) 11 (41%) 11 (23%) 18 (34%) 60 (31%)

Pit 11 (16%) 9 (33%) 11 (23%) 25 (47%) 56 (29%)

Adh. Flake 24 (35%) 4 (15%) 18 (38%) 6 (11%) 52 (27%)

Crushing 3 (4%) 0 5 (10%) 2 (4%) 10 (5%)

C. c. scar 10 (15%) 3 (11%) 3 (6%) 2 (4%) 18 (9%)

Abbreviations
aAdh. Flake = Adhering flakes
b Crush = Crushing mark
cC.C. scar = Cortical conchoidal scar

https://doi.org/10.1371/journal.pone.0216733.t009

Fig 5. Distribution of percussion marks along the long bone elements (humerus, radius-ulna, tibia and femur),
divided by type of percussion mark (each percussion mark is indicated with a specific symbol).

https://doi.org/10.1371/journal.pone.0216733.g005
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Testing for clusters per element. Using the GIS average NND tool we determined the

existence of cluster zones per side on each bone element (S1 Table). Results show percussion

mark clusters on 37 out of 40 long bone elements. Only one radius element (ref n˚ 2–9) and

two tibia elements (ref. n˚ 4–2 and 4–5) showed no significant clusters.

To illustrate the identified cluster zones, we used the kernel density tool (Figs 7–10), which

shows significant variation in the distribution of these clusters across the different elements.

The distribution of number of clusters by side (Anterior, Posterior, Medial and Lateral) and

portion of the shaft (Proximal, Central, Distal) is calculated and summarized in Fig 11.

In the humerus series, clusters are most recurrent on the lateral and medial sides (Fig 7),

(S1 Table). The most impacted zones on the lateral side are the central and distal parts of the

diaphysis, and the proximal and distal parts of the diaphysis on the medial side. The identified

clusters on the posterior and anterior sides are randomly distributed on the diaphysis (Fig 11).

The radius series clusters are most frequently identified on the anterior side of the diaphysis

(Fig 8), (S1 Table), with the highest rate on the central part (Fig 11). Posterior side clusters are

less recurrent, but are consistent on the proximal and central parts of the diaphysis. The lateral

and medial sides rarely show cluster zones, but the few representative zones are situated on the

proximal part of the diaphysis. Femur clusters are most recurrent on the anterior and medial

sides (Fig 9), (S1 Table). The anterior side clusters are located on the proximal and distal parts

of the diaphysis, and the medial side clusters on the central and distal parts. Clusters on the

posterior and lateral sides are less frequent and equally distributed on the shaft. Like the radius

series, tibia clusters are most recurrent on the anterior and posterior sides, although with a

lower rate. No single portion of the diaphysis can be differentiated (Fig 11).

Cluster patterns were identified for all the 10 bones of each series combined using Opti-

mized hot spot analysis (Fig 12). The results represent a synthesis of the individual Kernel den-

sity map elements and reveal results corresponding to Fig 11. The advantage of Hot spot

analysis is that it balances out the degree of clustering by taking into consideration the different

views for the analysis.

In sum, the proximal and distal parts of the humerus diaphysis are cold spots, except for the

medial side. The whole humerus diaphysis represents a hot spot zone for the lateral side.

Fig 6. Distribution of percussion marks along the long bone elements, with different colours representing the
marks made by different experimental attempts.

https://doi.org/10.1371/journal.pone.0216733.g006
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Anterior and posterior side hot spot zones display lower confidence levels of clustering (Fig

12) and correspond to the central to distal parts of the diaphysis.

The combined radius series percussion mark cluster analysis defines a high confidence hot

spot zone on the anterior side of the diaphysis. The posterior side shows a well-defined hot spot

zone on the proximal and central shaft. The lateral medial sides are identified as cold spots.

For the femur series, the well-defined hot spot zones are located on the anterior, proximal

and distal parts of the diaphysis. Other significant hot spots are located on the medial central

to distal part of the shaft and the distal part of the lateral shaft.

The most impacted sides for the tibia series are the anterior and posterior sides. However,

the whole diaphysis is affected and the most impacted zone is the distal part of the shaft. The

same zone is impacted for the lateral side as well.

Fig 7. GIS Kernel density analysis results of percussion mark distribution on the four aspects for each humerus.
Dark red areas indicate the highest concentrations of percussion marks.

https://doi.org/10.1371/journal.pone.0216733.g007
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Testing for clusters per type of percussion mark. The three most recurrently identified

percussion marks for the whole sample (notches, pits and adhering flakes) were tested using

the NND tool (S2 Table) for clusters separately. Kernel density results show that while the

overall patterns were quite distinct between the elements when all percussion marks were con-

sidered (Fig 12), similarities appear when we consider a single type of percussion mark. Notch

clusters are more variable but frequently appear in the central part of the shaft (Fig 13). Pit

clusters, with the exception of the radius series, are most recurrent on the distal part of the

shaft (Fig 14). Adhering flake clusters are most recurrent in the proximal and distal parts of

the shaft for all elements (Fig 15).

Fig 8. GIS Kernel density analysis results of percussion mark distribution on the four aspects for each radius.
Dark red areas indicate the highest concentrations of percussion marks.

https://doi.org/10.1371/journal.pone.0216733.g008
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Discussion

Standardizing the documentation process

GIS software can be adapted and can provide valuable insights for non-geographical data, but

it is important to clarify that this application has certain limitations. For the time being, geore-

ferenced and uniformized templates constitute an appropriate option for establishing a work-

space in GIS. However, this adjustment deforms all metric measurements, and therefore the

drawings made using the software are not an exact replication. To adjust these values, most of

the calculations can be expressed in frequency rates. Considering this, we underline the need

for standardization and clear protocols for recording spatial data, i.e., precise criteria to define

the placement of points (percussion marks) or outlines of polygons (fragments). If this is

Fig 9. GIS Kernel density analysis results of percussion mark distribution on the four aspects for each femur.
Dark red areas indicate the highest concentrations of percussion marks.

https://doi.org/10.1371/journal.pone.0216733.g009
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Fig 10. GIS Kernel density analysis results of percussion mark distribution on the four aspects for each tibia.Dark
red areas indicate the highest concentrations of percussion marks.

https://doi.org/10.1371/journal.pone.0216733.g010

Fig 11. Summary of Kernel density cluster distribution according to side and shaft portion.

https://doi.org/10.1371/journal.pone.0216733.g011
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carried out correctly, the ArcGIS database can be used to organize and analyse big data and

provide venues to explore a variety of questions in a short amount of time. For this study, we

precisely calculated the examined surface and evaluated concentrations of percussion marks

based on their spatial interdistances and not on imposed predefined portions. The principal

advantage of GIS is the visual representation of the results. “Bone maps” of survivorship and

clusters capture and convey information in a particularly insightful manner for the purpose of

this study. This becomes clear when we compare figures with simply mapped features (Figs 5

and 6) to mapped clusters (Figs 7–12).

Fragmentation and bone survivorship

Bone survivorship analysis evaluates bone loss, which is usually neglected in experiments.

Here, all the fragments were directly identified as belonging to each element during the

Fig 12. Optimized Hot spot analysis of combined percussion marks from the ten bone elements in each series.

https://doi.org/10.1371/journal.pone.0216733.g012

Fig 13. GIS Kernel density analysis results for notch distribution on the four aspects for each bone element series.
Dark red areas indicate highest concentrations of notches.

https://doi.org/10.1371/journal.pone.0216733.g013
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experiment and were collected, and in theory we should have approximately 100% bone survi-

vorship, but this is not the case, due to several factors, referred to as laboratory taphonomy by

Costamagno [41] and Bartram and Marean [42]. Costamagno discusses loss due to sampling

procedures and analytical methods. In our case, part of the loss is, as mentioned before, due to

the exclusive selection of the fragment’s cortical preserved surface. The range of fragment

material loss is 5–14%. The weight of undetermined fragments does not exceed 3% in any ele-

ment series and does not explain the low 86% average survivorship for the radius series. Other

loss derives from putting the material through the different phases, starting from the experi-

ment to the final step of the analysis. During breakage of the bone, one percent is lost immedi-

ately due to the crushing effect and the parting distance of small-sized fragments from the

experiment spot. During the cleaning process, a certain number of fragments are lost or mixed

up because of the large quantity of experimental material (400 bones), and cannot be

Fig 14. GIS Kernel density analysis results of pit distribution on the four aspects for each bone element series.
Dark red areas indicate highest concentrations of pits.

https://doi.org/10.1371/journal.pone.0216733.g014

Fig 15. GIS Kernel density analysis results for adhering flake distribution on the four aspects for each bone
element series.Dark red areas indicate highest concentrations of adhering flakes.

https://doi.org/10.1371/journal.pone.0216733.g015
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reattributed to bones. The GIS method for bone survivorship proved to be effective because we

not only calculate the percentage of the examined surface, but we can also visualize it and cross

this data with percussion patterns and bone mineral properties. Crossing bone survivorship

with clusters and patterns proved to be a better solution than the frequently used graphic

representation of the relationship between the total recovered bone portions and bone por-

tions with percussion marks. Indeed, it provides a visual representation of both and can reveal

possible connections.

For calculating the fragmentation of our sample, we follow Marshall and Pilgram’s model

of fragmentation effect [43]. As fragmentation intensity increases, the NISP decreases because

fragments become so small as to be unidentifiable. The highest fragmentation rates in this

sample were estimated for the tibia and humerus series, which showed high NSP but lower

NISP rates (Table 4). However, this has no impact on cortical preservation, i.e., the examined

surface did not decrease in size.

Pickering and Egeland’s hammerstone percussion experiment on deer humeri and radii ele-

ments, which also involved fracturing bones to a sufficient extent for complete marrow extrac-

tion, reports significantly higher fragmentation for the radii elements [28]. Moclan and

Dominguez-Rodrigo [34] report similar results although the difference in fragmentation from

their sample is less significant. Pickering and Egeland attribute this difference to the higher

number of blows impacted on the radii to expose the medullary cavity (mean per individual

radius = 6, humerus = 2). On the contrary, in our sample, the tibia series has the lowest num-

ber of impacted blows (mean per series = 21). In our experiment, the highest number of

impacted blows was recorded for the radius series (mean per series: radius = 83), but this did

not result in higher fragmentation, although it did result in the loss of 14% of the examinable

surface, as shown by the bone survivorship results.

This difference can be explained by the variance in the concepts of the two experiments.

The significant difference in the number of inflicted blows in these two experiments for the

same bone element is due to the use of bones from different species. Indeed, deer bone ele-

ments are more gracile than cattle bones, and contrary to Pickering and Egeland’s experiment,

volunteers in this study are novices or unexperienced in hammerstone percussion. Moreover,

graduated bone survivorship “maps” (Figs 4–7) demonstrate that there is no constant fracture

pattern. The numerous fragment outlines intersect, but rarely overlap, demonstrating multiple

variable fracturing outcomes for the same bone element, even with standardization and

systematization.

Percussion mark clusters

Percussion marks were analysed per type of mark and per element with the NND and repre-

sented with the Kernel Density tool. The drawback with these tools is that illustrations and

analyses are performed on a four-sided image of a bone element, which ignores the 3D shape

of the bone. NND and Kernel density calculations are limited to one aspect of an element at a

time, meaning that no connections can be made between the different aspects of the element

(anterior, posterior, medial and lateral). This can be overcome with Optimized Hot Spot analy-

sis. However, this tool requires a minimum of 30 features to conduct the analysis.

Cluster zones were examined in order to assess the degree of preservation of elements. Bone

survivorship results show that zones with low cortical preservation (Figs 4–7) correspond well to

clusters (hot spots) (Fig 12). Percussion marks themselves are read as negatives on the bone sur-

face, i.e., zones that damage the cortical surface of the bone. In addition, when the experimenter

inflicts additional blows to completely breach the shaft on a zone already bearing percussion

marks, he/she obliterates them by crushing or reducing the size of the fragments to such an extent
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that they are no longer identifiable. In sum, the process of bone breakage itself reduces our ability

to completely grasp marrow extraction by examining the material. Hence, during bone marrow

extraction by humans, before sedimentary processes start acting, the most impacted zones by per-

cussion are the least preserved zones, even in controlled conditions.

Abe et al. [16] state that “fragmentation generally decreases the number of cut marked frag-

ments and cut mark counts relative to total fragments” (Abe et al. 2002:649 Abe et al.

(2002:657) and that a “key assumption that all zooarchaeologists make is that more intensive

cutting (more cutting actions) results in higher frequencies of cutmarks on the bone surface.”

This is generally assumed for percussion marks as well. However, experiments by Egeland [44]

found that there is a statistically significant negative correlation between the number of ham-

merstone blows and percussion mark frequency (r = -0.234, P = 0.045). In our sample, none of

the elements showed statistically significant correlations for the two variables (Humerus ρ =

0.56618 and P = 0.08797; Radius-Ulna ρ = 0.61968 and P = 0.05602; Femur ρ = 0.06667 and

P = 0.85481, Tibia ρ = 0.29632 P = 0.40578). We suspect that this is because the number of

blows inflicted in Egeland is very low as experimenters had previous knowledge of hammer-

stone percussion. Several authors have underlined that professional butchers [14–30] or people

practicing marrow extraction leave fewer traces on bone surfaces as their goal is to finish the

task with the least possible effort. A person experimented in marrow extraction would be more

efficient and would break the bone with fewer blows than a novice.

Intuitive fracturing

We compared cortical bone survivorship and cluster analysis with Lyman’s density data [45]

and Barba and Dominguez’s cortical thickness [46] data to evaluate whether the least preserved

and most impacted surfaces can be correlated with fragile spots on the bone. GIS graduated

maps of density and thickness measurements (S1 Fig) resulted in similar divisions and Spear-

man’s test showed a positive correlation for both values. Results showed that the least dense

and least thick parts of the bone do not particularly correspond to low cortical preservation or

cluster zones. The choice of impact points was not influenced by the bone’s mineral properties

but possibly by the bones physical, morphological and physiological characteristics. These fac-

tors could result in unintentional patterns on the bone that may not be entirely guided by the

individual’s intention but rather by the animal’s anatomy. For instance, the medial side of the

humerus is flatter than the other sides, and thus more easily stabilized on the anvil. The video

recording of the experiment showed that during the first blows to each humerus element, the

volunteer recurrently put the medial side on the anvil and impacted the lateral side. In the final

impacts, the individual flips the bone and impacts the medial side to completely break the

shaft. That is why we see preferential sides when all percussion marks are combined (Fig 12).

When we take into consideration a single type of percussion mark, the bone element’s mor-

phology can also explain why preferential portions of the shaft were impacted. Notch clusters

are most recurrent in the central portion of the shaft (Fig 13), where the hammerstone can

strike the bone easily without slipping from the bone surface. Pit clusters appear on the distal

part of the shaft (Fig 14), where the curved surface and epiphyses present obstacles for ham-

merstone impact. At this stage of the analysis, we cannot confirm or refute these statements, as

every series was broken by a single individual. The analysis of the rest of the experimental

material will help to check morphological conditioning factors.

Conclusions

Through the study of this experimental sample, we observed the effectiveness of the GIS-based

method and drew some conclusions relative to intuitive bone fracturing.
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Bone morphology plays an important role in experimental bone breakage by beginners.

Adaptation to the shape of the bone results in repetitive gestures and percussion mark pattern.

These patterns are not perfectly standardized, but they show cluster zones of percussion marks

for each bone element. Bone survivorship and a visual presentation of the examined surface

show important links. Results in controlled experimental conditions show that the most

impacted zones were the least preserved, and bone loss in the same zones would be much

higher after the actions of taphonomic agents. Therefore, in archaeological assemblages, the

connection between the examined surface and the pattern needs to be examined and clarified

before making conclusions on the concentration and patterns of marks.

This study shows the potential of GIS spatial statistical abilities to improve existing quanti-

fying methods and visually presenting the obtained results. The software provides a convenient

system for stocking and analysing large data assemblages while considering the spatial link for

input information. Analyses of modern experimental bone assemblages using the GIS method

can provide valuable and easily shared analogues with which to compare percussion mark dis-

tributions in archaeological assemblages.

This study can also be used as a complementary experiment to Parkinson’s studies [18– 20]

and assist in the determination of bone agent modifiers and their order of access, by adding

hominid-induced marks to the large canid and felid database. It also underlines the impor-

tance of crossing bone survivorship with mark distribution, especially for archaeological

assemblages, where taphonomic agents would considerably decrease the observable cortical

surface. Crossing the two in a visual manner can relativize and provide information on the

extent of fragmentation effects on percussion mark frequency.

Supporting information

S1 Table. GIS Cluster analysis for percussion marks for the four bone elements (humerus,

radius, femur and tibia) using average nearest neighbour. Analysis was performed on the

four aspects of the elements. The distance between each percussion mark and its nearest neigh-

bour was measured. The nearest neighbour index (NNI) is the observed distance divided by

the average expected distance in a hypothetical random distribution. If the NNI is less than 1,

the pattern is considered clustered. If the NNI is greater than 1, the trend is towards dispersion.

Colour codes (Z score) indicate the degree of clustering or dispersion. Null values signify that

the number of counted marks was 3 or less.

(PDF)

S2 Table. GIS Cluster analysis for individual type of percussion marks for the four bone

elements (Humerus, Radius, Femur and Tibia) using average nearest neighbour. Analysis

was performed on the four aspects of the elements. The distance between each percussion

mark and its nearest neighbour was measured. The nearest neighbour index (NNI) is the

observed distance divided by the average expected distance in a hypothetical random distribu-

tion. If the NNI is less than 1, the pattern is considered clustered. If the NNI is greater than 1,

the trend is towards dispersion. Colour codes (Z score) indicate the degree of clustering or dis-

persion. Null values signify that the number of counted marks was 3 or less.

(PDF)

S1 Fig. Graduated maps of thickness measurements according to Barba et al (2005).Darker

blue zones represent the thicker portions of the bone.
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S1 Protocol. GIS percussion pattern analysis method.

(PDF)
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The identification of social learning processes and knowledge transmissionmechanisms in the archaeological re-
cord is a matter currently explored on lithic record but not very often on faunal assemblages. As soon as theMid-
dle Palaeolithic, the uniformity and orientation of cut marks or patterns of bone breakage may represent very
useful tools to highlight butchery traditions. Following this line of research,wehave tried to identify standardized
actions on bones in the process ofmarrow recovering and therefore butchery cultural learningwithin Neandertal
groups at Abri du Maras (MIS 3, Southeastern France). The detection of culturally-induced patterns involves the
discrimination of those generated intuitively, which depend on conditioning factors such as bone density or skel-
etalmorphology. To tackle this issue,wehave used a zooarchaeological approach focused on themorphology and
location of damage caused during the bone breakage process (percussion marks and scraping marks). We also
compare our data with previously published results both at a zooarchaeological and experimental level. Our
work indicates that the bone remains from layer 4.1 at Abri du Maras do not reveal standardized patterns of
long bone breakage in terms of distribution of impact notches along long bone shafts and then imply twohypoth-
eses: 1) the presence of several groupswith various butchery practices during the sedimentary formation and the
marked palimpsest character of this layer or 2) the presence of individuals within one single groupwhich do not
share similar butchery know-how.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

From 400 ky onwards, many sites in Europe and the Near East attest
to the improvement of hunting strategies and carcass processing. The
discovery of spears at the sites of Schöningen (Germany) and Clacton-
on-Sea (England) shows the range of innovations already in use as
early as the Lower Palaeolithic (Thieme, 1997; Oakley et al., 1977;
Schoch et al., 2015). Within human groups, meat consumption remains
indicate the generalization of new collective practices: selective trans-
port and processing of selected skeletal portions at the camp; systema-
tization of butchering practices (task specialization) and meat sharing
(e.g., Huguet et al., 2001; de Lumley et al., 2004; Moigne et al., 2005;
Stiner et al., 2009, 2011; Sam and Moigne, 2011; Daujeard and
Moncel, 2010; Blasco et al., 2014b).

Analyses of the lithic material result in the identification of technical
traditions and are assumed to be the characteristic markers of a group
and of an inter-generational transmission of knowledge from the Early

Palaeolithic phases onwards (e.g., Moncel et al., 2012, 2014; Stapert,
2007; Turq et al., 2013; Faivre et al., 2014). On the other hand, the as-
sessment of specific group traditions based on butchering techniques
is a much lesser developed approach. Studies of butchery marks gener-
ally consist in identifying butchery activities or in differentiating them
from marks left by other taphonomic agents (carnivores, trampling,
etc.) (Blumenschine and Selvaggio, 1991; Pickering and Egeland,
2006; Dominguez-Rodrigo et al., 2009; Galan et al., 2009). Our knowl-
edge of the social organization of human groups based on the fossil
bone record is mainly focused on the hunting techniques. For example,
mass kill sites of large ungulates are associated with organized hunts,
requiring the presence of a group of several individuals (Gaudzinski,
1995; Rendu, 2010; Delagnes and Rendu, 2011).

Butchering techniques, in the same way as core technologies or tool
retouches, provide an innovative avenue of research for attempting to
define the specific traditions of a human group through a possible stan-
dardization of their butchering practices. This is the hypothesis ad-
vanced by Blasco et al. (2013), based on a comparison of the notch
distribution patterns at two Spanish Middle Pleistocene sites: Bolomor
Cave – levels XVII (sublevels XVIIa and XVIIc), XI and IV (MIS 9-5e)
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and Gran Dolina, Atapuerca – sublevel TD10-1 (upper part, ca. MIS 9).
Bolomor IV showed a strong bone breakage pattern, which is far from
the intuitive standardization depending on factors such as the bone
density and/or skeletal morphology, as observed experimentally.
These patterns therefore were interpreted as culturally-induced. On
the contrary, the rest of levels of Bolomor (e.g., XVIIa) and TD10-1
(upper part) of Gran Dolina show no preferential areas to break open
the limb bones; circumstance that was interpreted as the result of the
presence of several groups with different ways of processing the car-
casses (palimpsest composed of several human occupations). On this
basis, we try here to assess the existence of cultural traditions on anoth-
er long bone assemblage accumulated by Neandertals in Abri du Maras
(layer 4-1, MIS 3, France). This site presents an advantage in that quasi-
absence of carnivore intervention is recorded on the bones. In order to
carry out this study, we analysed the bone assemblage by using a
zooarchaeological approach focused on percussion marks. We then
compared our results with the experimental and the archaeological
data of Blasco et al. (2013).

2. Chronological, environmental and archaeological frameworks

Abri du Maras (South-East France, Saint-Martin d'Ardèche) is a vast
rock-shelter located at the exit of theArdèche gorges, in a dry valley. It is
about 1 km from the present day river bed, on its left bank, and 7 km
from the Rhône Valley River mouth (Fig. 1). The site is at an altitude of
170 m. Today, the southeast facing shelter is 12 m long, 3 m wide,
with an internal height of 2 m (Combier, 1967).

Abri du Maras was excavated in the 1950s–1960s by R. Gilles and J.
Combier. These first excavations unearthed a stratigraphic sequence
made up of eight archaeological levels (Combier, 1967). In 2006, a test
pit was opened to assess the available data from the site and led to the
reopening of excavations in 2006 (Moncel et al., 2010). Since then, the
site is excavated each year as part of a programmed project directed
by M.-H. Moncel.

These recent excavations havemainly focused on level 4, which cor-
responds to a heterogeneous silty deposit attributed to the beginning of
the last glaciation (MIS 3) (Moncel and Michel, 2000; Richard et al.,

2015). The coarse fraction of the sedimentary deposits is due to the dis-
mantling of the wall as a result of cryoclastic disturbances. It is divided
into two main occupation layers (4-1 and 4-2), separated by an almost
sterile loessic level. Layer 4-1, the subject of the present study, was ex-
cavated over N40 m2. The thickness of layer 4-1 is on average of 30 cm
and the concentration for the archaeological remains is of 439 re-
mains/m3 and specifically for the faunal remains of 228/m3. Thirteen
ashy lenses have been discovered in situ at various depths and the
use-wear data point to a wide variety of on-site domestic activities, in-
cluding activities other than butchery (Hardy et al., 2013).

The occupation phase of layer 4-1 indicates specialized autumnal
reindeer hunts and an intense on-site butchering activity. The large
fauna points to a cold and dry climate and an open steppic landscape
favourable to large gregarious ungulates, with, in decreasing order of
importance; the reindeer (Rangifer tarandus), the horse (Equus ferus cf.
germanicus), the megaceros (Megaloceros giganteus), the red deer
(Cervus elaphus), the bison (Bison priscus) and the ibex (Capra ibex).
Several Lagomorph remains have also been identified. No carnivore re-
mains have been recorded. The taphonomyof the fauna revealed almost
exclusively anthropogenic accumulation processes. There are few carni-
voremarks (b1%of the total legible remains) and cutmarks are very fre-
quent (N25%). Ungulates are represented by all age classes. The skeletal
profiles for the reindeer and the horse indicate the existence of initial
processing at the kill sites and a transport strategy of skeletal parts
(Daujeard and Moncel, 2010).

The lithic industry from layer 4-1 is a Middle Palaeolithic industry
with predominantly Levallois core technology (Combier, 1967; Moncel
et al., 1994; Moncel, 2005; Moncel et al., 2015). The first studies con-
ducted by J. Combier (1967) and R. Gilles in the upper layers of the se-
quence revealed the presence of a Mousterian with blade-type
Levallois debitage. This preferential use of Levallois debitage was once
again observed during recent excavations in the lower part of the
infilling. The abundance of the series in layer 4-1 allows for the descrip-
tion of both complete and partial operative sequences (debitage on
imported large flakes). The largest blades, points and flakes were
knapped before being brought to the site, where they were then used
on-site. They point to an anticipation of tool kit requirements (Moncel

Fig. 1. Location of Maras rock shelter south-eastern France. View of the topographical position of the site in a small valley near the Ardèche River (in Moncel et al. 2014).
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et al., 2014). The rawmaterials of these pieces come from sectors locat-
ed b20 km to the north and south of the site, on the right bank of the
Rhône (Moncel et al., 2014). The activities carried out on-site required
additional tools to these scant large artefacts. The importation of previ-
ously knapped products, as the presence of partial reduction sequences,
suggests that the rock shelter was occupied for short-term periods
(Moncel et al., 2014).

3. Material and methods

3.1. Sample

The studied material comes from layer 4-1 of Abri du Maras, exca-
vated from 2006 to 2013. Our analysis only concerned the long bone re-
mains from middle and large-sized ungulates. In layer 4-1 the

Fig. 2. Example of the nomenclature used in the description of the bone portions and surfaces. Portion 1 (P1): proximal articular end; Portion 2: proximal diaphysis; Portion 3: medial
diaphysis; Portion 4: distal diaphysis; Portion 5: distal articular end (after the drawing by Castel (2010), reference J. C. Castel (Geneva Museum) - © 2013 archéozoo.org).

Fig. 3. Percussion marks of a reindeer metacarpal (scale 1 cm and 2 mm). We can observe a micro-notch on the magnified picture (red arrow). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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proportion of long bone fragments among the total Number of anatom-
ically Identified Specimens (NISPa) is very important (60.16%; N=808/
1343). Thus, 808 long bone remains were studied, 730 of which were
taxonomically identified. Despite their abundance in the sample, we
did not include the indeterminate bone splinters in our analysis. This
choice is justified by the necessity to avail of detailed data concerning
the localization of impact marks within anatomical elements.

3.2. Taphonomy

We used the following count indexes (Binford, 1981; Lyman, 1994;
Brugal et al. 1994): the total Number of Remains (NR); the Number of
taxonomically Identified Specimen (NISPt); theNumber of anatomically
Identified Specimen (NISPa); the Minimum Number of Elements
(MNE); the Minimum Number of Individuals (MNI) and the Minimum
Animal Unit (MAU). We recorded anatomical, taxonomic and surface
modification data for all recorded and identified specimens.

The three dimensions (length, width, thickness) were measured for
each element. The shaft fragments were differentiated by size and cir-
cumference classes (cf. Villa and Mahieu, 1991 0 b L1 b 0.25 ≤ L2 b 0.5
≤ L3 b 0.75 ≤ L4 ≤ 1; 0 b C1 b 0.5 ≤ C2 b 1; C3 = 1). In order to take
into account the taxonomically indeterminate fragments, we
established two main size categories adapted to the studied ungulates:

- Medium-sized ungulates (MUNG) with a weight between 100 and
300 kg (reindeer and red deer);

- Large-sized ungulates (LUNG) with a weight between 300 and
1000 kg (horse, bison and megaceros).

The long bones were studied using a classical taphonomic and
zooarchaeological approach. All the bone surfaces were observed with
naked eyes under a low-angled light and a stereomicroscope (Leica S8
APO ×10–80) when necessary. For each faunal remain, we systemati-
cally recorded the different taphonomic alterations (meteorological,
geological and biological) using the criteria established by
Behrensmeyer (1978), Binford (1981), Lyman (1994) and
Blumenschine et al. (1996) (among others). The illegible remains
were not included in the percentages.

Burnt damages were recorded according to the different colour
stages used by Stiner et al. (1995) but simplified into threemain stages:

- stage 1: lightly burnt (colour: mainly brown);
- stage 2: carbonized (colour: mainly black);
- stage 3: calcined (colour: mainly white).

The works of Binford (1981), Shipman and Rose (1984),
Behrensmeyer et al. (1986), Olsen and Shipman (1988) and
Dominguez-Rodrigo et al. (2009), enabled us to distinguish butchery
striations from trampling ones. Adapted from the definition of Lyman
(2008), we recorded two types of striations: incisions and scraping
marks. Chopping marks were recorded as a type of percussion marks.
Using the localization and morphology of these marks on the skeleton,
it was possible to interpret the butchery activity (Binford, 1981;
Valensi, 1991; Nilssen, 2000; Pobiner et al., 2008). Apart from scraping
marks, following on Blasco et al. (2013), butchering striations were
not taken into account in this study of standardization butchering ges-
tures. Indeed, the cut marks location is linked to the morphology and
size of the animal. Besides that, the frequency of cut marks may also
be related to the dexterity of the butcher. And finally, their variability,
both in their occurrence and morphology, depends to the rawmaterial,
the type of tool and the type of action developed (e.g.
Domínguez-Rodrigo and Yravedra, 2009; Val et al. 2017).

3.3. Fracturation

Post-depositional and fresh bone fractures were identified based on
the fracture features (Villa and Mahieu, 1991). Specific analyses were
carried out concerning long bone marrow processing (percussion
marks and scrapingmarks). Yellowmarrow from long bones can be ex-
tracted using two main methods: the bone can be struck on an anvil
with a hammer with or without retouch (whereby the bone has a pas-
sive role), or the bone can be fractured directly against an anvil or a
wall by “batting” (where the bone has an active role) (Blasco et al.,

Table 1

Number of remains for the archaeological studied sample (NISPt and MNI).

Species NISPt %NISP MNI %MNI MNIjuv

Rangifer tarandus 680 93.2% 19 68% 3
Equus caballus cf. germanicus 21 2.9% 2 7% 0
Megaloceros giganteus 15 2.1% 2 7% 0
Bison sp. 6 0.8% 1 4% 0
Cervus elaphus 4 0.5% 1 4% 0
Rangifer/Capra 2 0.3% 1 4% 0
Cervus/Rangifer 1 0.1% 1 4% 0
Megaloceros/Cervus 1 0.1% 1 4% 0
Total 730 100% 28 100% 3
MUNG IND 59 76%
LUNG IND 19 24%
Total IND 78 100%
Total 808

Table 2

Number of anatomically Identified Specimen (NISPa), Left (L) and Right (R) sides, Number of Indeterminate Remains (ind), Number of Remains belonging to juveniles (juv), Minimum
Number of Element (MNE), Minimum Animal Unit (MAU), maximal length (Max), minimal length (Min) and mean size of long bones (Mean).

NISPa %NISPa L R ind juv MNE MAU % MAU Max (mm) Min (mm) Mean (mm)

MUNG (Total) 742 100% 165 190 387 11 225 112.5 193 16 57.4
Humerus 97 13% 32 40 25 0 34 17 55% 123 23 54.9
Radius 123 17% 34 32 57 1 41 20.5 66% 193 22 59.6
Metacarpal 58 8% 13 14 31 2 19 9.5 31% 181 16 60.3
Femur 45 6% 8 12 25 0 17 8.5 27% 110 28 61.4
Tibia 184 25% 53 58 73 3 41 20.5 66% 166 16 63.5
Metatarsal 167 23% 24 33 110 2 62 31 100% 150 16 56.9
Metapodial 68 9% 1 1 66 3 11 5.5 18% 101 16.6 45.2

LUNG (Total) 66 100% 33 13 20 0 16 8 226 35 103.3
Humerus 5 8% 1 2 2 0 2 1 40% 78 55 70.6
Radius 8 12% 4 1 3 0 2 1 40% 156 73 108.3
Metacarpal 2 3% 1 0 1 0 0 0 0% 226 62 144
Femur 9 14% 3 4 2 0 2 1 40% 142 38 102.8
Tibia 28 42% 11 6 11 0 5 2.5 100% 161 49 84
Metatarsal 14 21% 13 0 1 0 5 2.5 100% 219 35 110.4
Metapodial 0 0% 0 0 0 0 0 0
Total 808
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2014a; Rovira and Caceres, 2013). In order to identify the preferentially
impacted zones, we localized each fragment according to its long bone
portion (Fig. 2). The recorded percussion marks are (Blumenschine
and Selvagio, 1988, 1991; Capaldo and Blumenschine, 1994; White,
1992; Blasco et al., 2013):

- medullary or cortical percussion notches (negative flake scars);
- impact flakes (positive flake scars);
- percussion pits;
- adhering flakes;
- peeling;
- micro-notches (very small notch present in the centre of the percus-
sion notch) (Fig. 3).

The depth of the notches was taken into consideration using three
different categories: d1 (b½ initial cortical height), d2 (N½and b1 initial
cortical height) and d3 (=1, totality of the cortical height). Percussion
on an anvil with a non-retouched pebble sometimes produces counter-
blows (Rovira and Caceres, 2013). We also registered opposite notches
resulting from counterblows (double opposing notches) (Galan et al.,
2009). These double notches are observed on the remains as two
notches located in the same portion but on exact opposite sides.

3.4. Experimental data

To distinguish intuitive from counter-intuitive way to break long
bones among archaeological data, we use comparative experimental
data from of Blasco et al. (2013). Indeed, one of the objectives of the ex-
perimentations of Blasco and colleagues was to decipher intuitive be-
haviours during marrow processing made by non-trained
experimenters. These latter used two different methods to hit long
bones of adult cows (humeri, radio-ulnas, femurs and tibias): by batting
(six experimenters) and by hammerstone on anvil (eight individuals).
We compare the data obtained for each method with the ones from
our archaeological data and those from Bolomor and Gran Dolina
(Blasco et al., 2013, Supplementary data).

3.5. Data analysis

Spearman's test was used to evaluate the correlation between the
%MAU and long bone density indexes and thus the existence of a differ-
ential preservation within the archaeological faunal assemblage. We
also employed this bivariant test to cross the %MAU and the medullary
cavity volume of reindeer long bones (Jones and Metcalfe, 1988;
Metcalfe and Jones, 1988) to explore the human carcass transport strat-
egies. To evaluate the influence of bone features (density and morphol-
ogy) on the location of percussion impacts, we statistically crossed the
frequencies of percussion marks by portion with long bone density in-
dexes (Lyman, 1994; Lam et al., 1999). Those correlations were only
tested for medium-sized ungulates and shaft portions. For the few
large sized-ungulate remains, we used descriptive statistic because of
the scarcity of remains. These coefficients were calculated and their sta-
tistical significance tested using the software PAST (Hammer et al.,
2001). We used an alpha of 0.05 for all the tests performed.

As Cochran's ruleswasnot respected,we used Fisher exact testswith
R (R core team, 2016) to test the independence between the frequency
and location of impacts on both middle- and large-sized ungulates
shafts individually and also for both of them, additionally. Correspon-
dence analysis (CA) was used in order to investigate the potential

Table 3

Number of epiphysis and diaphysis longbone portions and ratios of epiphysis ondiaphysis
(E/D).

Epiphysis Diaphysis E/D

MUNG 162 888 0.18
LUNG 21 90 0.23
Total 183 978 0.19

Table 4

Main bone surface alterations (NR and τ).

Root etchings Illegibility Total

v0 v1 v2 v3 NR τ NR

MUNG 29 3.9% 246 33.2% 270 36.4% 197 26.5% 180 24.3% 742
LUNG 4 6.1% 16 24.2% 20 30.3% 26 39.4% 25 37.9% 66
Total 33 4.1% 262 32.4% 290 35.9% 223 27.6% 205 25.4% 808

Table 5

Frost, green, dry and indeterminate long bone breakage (NR and τ).

Gelifraction Green Dry Ind Total

MUNG 16 2.2% 682 91.9% 221 29.8% 91 12.3% 742
LUNG 2 3.0% 59 89.4% 21 31.8% 3 0.4% 66
Total 18 2.2% 741 91.7% 242 30.0% 94 11.6% 808

Fig. 4. Diagram showing relative frequencies of shaft length and circumference for MUNG
(medium-sized ungulates) long bone elements.

Fig. 5. Diagram showing relative frequencies of shaft length and circumference for LUNG
(large-sized ungulates) bone elements.

Table 6

Number of remains with burnt damages (stages 1 to 3).

Stage 1 Stage 2 stage 3 NRT

MUNG 4 3 2 9
LUNG 0 0 1 1
Total 4 3 3 10
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existence of counter-intuitive butchery patterns. For the CA, we choose
to take into account onlymedium-sized ungulates for Abri duMaras be-
cause of its reindeer-dominant faunal spectrum. The sample of layer 4-1
of Abri duMaraswas comparedwith archaeological samples of Bolomor
(IV, XVIIa, XVIIc) and Gran Dolina (TD-10-1 [upper part]) and with two
experimental series (long bone breakage process by batting and with
hammerstone on an anvil: data from Blasco et al., 2013). We discarded
Bolomor level XI because of low quantity of material recovered during

the excavation of this sedimentary unit. Following Blasco and col-
leagues, we studied only humeri, radio-ulnas, femurs and tibias.
Metapodials were discarded because of their absence in the experimen-
tal samples. CA were computed with the library Factomin'R (Lê et al.,
2008).

4. Results

4.1. Zooarchaeological and taphonomic features of the long bone sample

Among the studied sample, reindeer largely dominate the spectrum,
reaching N90% of theNISP. Horse,megaceros, red deer and bison are fol-
lowing. Most of the individuals are adults, and only three reindeer re-
mains belong to juveniles (Table 1). Among indeterminate remains,
the medium-sized ungulates are largely dominant.

The best-represented long bones for medium-sized ungulates are
the metatarsals (100% of the MAU), followed in order of abundance by
the humeri, radio-ulnas, tibias, metacarpals and femurs (Table 2).
Concerningpossible strategies in the selection of the longbones,we cor-
relate the %MAU of medium-sized ungulates with the volume of the
medullary cavity. The %MAU and the volume of the medullary cavity
are not significantly correlated (ρ=0.257; df = 5; t = 0.848, p N 0.05).

Long bones are highly fragmented. We count only four complete
bones: two left metacarpals and one right metatarsal of reindeer and a
rightmetacarpal III of horse. Shaft bone portions are farmore numerous
than articular portions (Table 3). The %MAU and the bone density

Table 7

NR (Number of Remains), PM (percussion marks) (NR and τ).

NR PM

NR %

Rangifer tarandus 680 168 24.7%
Equus caballus 21 6 28.6%
Megaloceros giganteus 15 5 33.3%
Bison sp. 6 1 16.7%
Cervus elaphus 4 1 25.0%
IND 87 28 32.2%
HUM 102 37 33.3%
RAU 131 26 18.3%
METC 60 15 21.7%
FEM 54 19 35.2%
TIB 212 84 36.8%
METT 183 37 20.2%
METP 66 2 3.0%
Total 808 220 25.6%

Fig. 6. Relationship between the total of recovered bone portions and bone portionswith impact notches from Abri duMaras level 4-1 (MUNG), Bolomor level IV and Gran Dolina level TD
10-1 (all class-sized) faunal assemblages by skeletal elements belonging to appendicular skeleton of ungulates.

156 D. Vettese et al. / Journal of Archaeological Science: Reports 13 (2017) 151–163



indexes of medium-sized ungulates are positively and significantly cor-
related (ρ=0.865; df=29; t=3.593, p b 0.05) (S1). Thus, the low rate
of epiphysis portions compared to diaphysis could be explained by the
differential preservation. They may also have been used as fuel or
crushed to extract bone grease of spongy parts (Daujeard, 2008;
Daujeard and Moncel, 2010).

About one quarter of the remains have illegible surfaces (Table 4).
Root etchings have caused the dissolution of most of the bone surfaces.
Percussion notch analyses were not directly impacted, but that is not
the case for peeling and percussion pits on bone surfaces that may
have been unnoticed. Only two remains show carnivore marks (pits)
and there are no digested elements, nor carnivore remains.

Fragmentation occurred mostly at the time of the human occupa-
tions. Indeed, N90% of the remains bear one or several green bone frac-
tures, according to the criteria established by Villa and Mahieu (1991)
(Table 5). Fractures profiles are mainly curved/V-shaped along with
oblique angles and smooth edges. All types of long bones were broken
for both middle and large-sized ungulates. The vast majority (N80%)
have been reduced to a C1 circumference and have a L1/L2 length
(Figs. 4 and 5). Post-depositional breakage damaged one third of the
total remains. Secondary frost action and sediment compaction had
only a low effect on bone fragmentation.

Among our sample, we observe only ten burnt bones, nine for medi-
um-sized ungulates and one for large-sized. This last one is calcined, like

two of the medium-sized ungulate remains. Among these latter, three
other are carbonized and four have just been lightly burnt (brown col-
ours) (Table 6).

Cut marks are documented on 224 bones (37%; S2). Incisions and
scraping marks have been identified. Cut marks analysis enabled us to
identify disarticulating, defleshing, tendon removals and skinning activ-
ities. Scraping marks represent 15% of the cut marks and they are pres-
ent on 6% of the long bone elements for the medium-sized ungulates
and 13% of those of large-sized (illegible remains discarded). For this
class of ungulate, only tibia and metatarsal bear scraping marks. For
the medium-sized ungulates, all the long bones have scraping marks.
For radio-ulnas andmetacarpals, nearly 30% of the cut-marks are scrap-
ing marks. For humeri this rate decreases to b20% and we have 12% for
tibias andmetatarsals. Scrapingmarks on femurs are few and represent
only 6% of the total cut-marks.

Nearly 90% of the scraping marks present on the metatarsals are
present all along the anterior and posterior grooves. For the metacar-
pals, they are all located on the anterior surface of the bone. For the
other long bones, they are unequally distributed over the shaft.

4.2. Long bone breakage process

We identified 220 long bone elements with diagnostic marks of in-
tentional anthropogenic breakage, which represents one quarter of

Fig. 6 (continued).
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them. Thesemarks aremainly percussion notches or impact flakes (S3).
Positiveflake scarswere discarded because of the numerous bone splin-
ters difficult to localize. Incipient percussion pits are rare (1) and peel-
ings were not noticed, partly due to the poor conservation of the
bones surfaces (root etchings). We did not identify adhering flakes in
our archaeological sample. Apart from the metapodials, more than half
of the scraping marks are associated with impact marks and are thus
the result of bone surface preparation for fracturing (S3). For the
metapodials, scraping marks may be the result of another unidentified
butchering activity (tendons removal or skinning), not necessarily
linked to breakage.

Concerning the taxa distribution, megaceros (33%) have by far the
highest proportion of percussion notches, followed by horse (29%),
red deer and reindeer (25%) (Table 7). Bison (17%) has the lowest num-
ber of percussion marks. Notches are more abundant on tibias and hu-
meri (37%) and on femurs (35%) and then metacarpals (22%),
metatarsals (20%) and radio-ulnas (18%).

We only observed a few impactmarks on the articular portions (por-
tions 1 and 5). This distribution is certainly due to the scarcity of the
epiphyses in our sample, but it may also be related to a particular per-
cussion strategies. For most of the long bones, all the surface of the
shaft portions 2, 3 and 4 present impact marks (S3). Only three remains
of both types of ungulate sizes bear double notches and thus highlight-
ing the existence of counterblows, two right radio-ulnas of reindeer and
one right tibia of megaceros.

Most of thenotches are shallow (d1 or d2 depth).We identifymicro-
notches on nearly half of the percussion notches. Nearly the same pro-
portion of micro-notches is observed for each type of depth (S3).

The proportion of percussion marks on medium-sized ungulates is
closed to the proportion of large-sized class. For the large-sized ungu-
lates, we recorded 22 percussion notches, which represents a third of
the total long bone portions present for this sized-class. They aremostly
present on tibias (14). We note a high diversity in location in term of
portions and overall surfaces. For themedium-sized ungulates, 197 per-
cussion notches are noted, which represents 27% of the long bone por-
tions for that class. We could also observe a high dispersion of the
percussion marks all along the diaphysis for all elements. Despite that,
some recurrences may be highlighted, but rarely higher than 50% of
the bone portions (Fig. 6).

Humerus remains present a high proportion of percussion notches
on the lateral side of each shaft portion. Radio-ulna elements have nu-
merous percussion notches on the anterior side of the shaft portion 4.
Metacarpals present a higher proportion of percussion notches on the
lateral side of portion 2 and on the mesial side of portions 3 and 4.
Femur remains show more notches on the anterior and lateral sides of
portion 2 and on the posterior side of portions 3 and 4. Tibias present
a high proportion of percussion notches on the anterior side of portion
2, on the anterior and posterior sides of portion 3 and on the lateral
side of portion 4. Metatarsal remains present a high proportion of per-
cussion notches on themesial side of portions 2 and 3 and on the lateral,

Fig. 6 (continued).
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mesial and posterior sides of portion 4. Finally, only a few percussion
marks were observed on the articular portions of tibias andmetatarsals.

For the medium-sized ungulates, the frequency of scraping marks
located in direct association with percussion marks is low for almost
all the long bones (less of 10%), with the exception of the radio ulnas
(20%) (S3). For the metatarsals no scraping marks is associated with
percussion marks. For the large-sized ungulates, only two scraping
marks are associated with percussion marks on femur and metatarsal.

The results of the Spearman correlation test show that the negative
correlation between bone density and the location of the percussion
marks within the long bone shafts (medium-sized ungulates) is not sta-
tistically significant (ρ = −0.178; df = 17; t = 0.674, p N 0.05).

Regarding tibia and metatarsal percussion marks for the medium-
sized ungulates, they have a normal distribution. Inversely, the distribu-
tion on humeri, radio-ulnas, femurs and metacarpals does not follow a
normal law. About large-sized ungulates, only percussion marks on tib-
ias have a normal distribution. Regarding the totality of our sample, the
distribution is homogenous only for tibias and metacarpals. Other long
bones have a heterogeneous distribution of the percussion marks
along their shafts.

In our sample, Fisher exact tests show that the distributions of per-
cussion marks have not significant trends (Table 8) for both middle
and large-sized ungulates and also taking into account all data. They
are homogeneously dispersed on the diaphysis, and the differences ob-
served are probably due to random for almost all the long bones in our
sample (Table 8).

CA of humeri and tibias show that the individuals with the highest
inertia on the first component are Bolomor level IV and Bolomor level
XVIIc (Fig. 7). On the second component Bolomor IV and

experimentation by batting have the most inertia. For the radio-ulnas,
CA show that on the first component we have individuals with highest
inertia, the same as humeri and tibias, but on the second component,
Bolomor level XVIIc and experimentation by batting are individuals
with the most inertia. We observe on CA of femur that Bolomor level
XVIIc and Abri du Maras are individuals contributing the most on the
first component and on the second component these are Bolomor
level XVIIc and level XVIIa.

5. Discussion: what long bone breakage can tell us about Neandertal

technical practices at Abri du Maras?

Within the layer 4-1, long bones are highly fragmented and mostly
from anthropic breakage. Green bone fractures predominate and length
and circumference analyses confirm the great impact of anthropogenic
processes on long bone fragmentation. This is also supported by the
quasi-absence of carnivore marks and remains. Sediment pressure

Fig. 6 (continued).

Table 8

Fisher test results for the percussion marks distribution on diaphysis by portion.

p-Value

MUNG LUNG Total

Humerus 0.7863 0.3778 0.8295
Radio-Ulna 0.477 1 0.654
Metacarpal 0.3701 0 0.6418
Femur 0.2746 1 0.5062
Tibia 0.1977 0.5017 0.2111
Metatarsal 0.8685 0.1039 0.3492
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loading and frost action had not a significant influence as fragmentation
factors. The only four complete long bones are all metapodials, bones
which have a high volume of marrow. This abandonment could be ex-
plained by an abundance of prey and the lack of necessity of additional
fat or other events difficult to control archaeologically. The occupation
of the layer 4-1 mostly occurred during autumn and zooarchaeological
analyses highlight mass hunting episodes at that times, thanks to
great seasonal reindeer migration (Daujeard, 2008; Daujeard and
Moncel, 2010). This abundance of prey is also supported by the pres-
ence of anatomical connection, especially for the hind foot elements in

this layer. Thus, in such a context of food profusion, Neandertals have
abandoned some parts of animals, without intensively exploited them
for their marrow. This had direct incidence on long bone breakage strat-
egy, in termof systematic behaviour. Anyway, the long bonebreakage at
Abri du Maras layer 4-1 still appears quite intensive and suggests that
Neandertals largely exploited themarrow as an important source of fat.

Large-sized ungulates have the highest rates of percussionmarks by
long bone portions, with almost a third of them. For the medium-sized
ungulates, about a quarter of their long bone portions bear notches or
impactflakes. For all type of ungulates, percussionmarks are distributed

Fig. 7.Humerus, radio-ulna, femur and tibia correspondence analyses showing the location of the breakagemarks on the bones (Anterior Portion 2 (P2A), Posterior Portion 2 (P2P), Lateral
Portion 2 (P2L) and Medial Portion 2 (P2M) and the same for Portion 3 and Portion 4) in the sites of Maras level 4.1 (Maras-4-1), Bolomor level IV (BOL-IV), Bolomor level XVIIa (BOL-
XVIIa), Bolomor level XVIIc (BOL-XVIIc) and Gran Dolina level TD 10-1 (TD-10) and for the experimentation with hammer stone (Exp-Ham) and experimentation by batting (Exp-Batt).
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throughout the diaphysis. The distribution does not seem to be related
to the density of the bone portions or to any particular location. Indeed,
statistical analyses show no systematic distribution of percussionmarks
along the shafts. Neandertals did not preferentially hit bones on the less
dense parts of diaphyses, nor seem to have chosen a particular way of
breakage. Indeed, the apparent percussion marks dispersion along the
shafts at Abri du Maras 4-1 (beginning of the MIS 3) is comparable to
that of Gran Dolina TD10-1 (MIS 9) and in some cases to the level
XVIIa of Bolomor (Fig. 6, Blasco et al. 2013). Their location close to
zero on both axis of the factorial map of the CA also highlights that
bones in these sites do not show preferential location of percussion
marks (Fig. 7). Inversely, specific patterns, in particular standardization
and counter-intuitive gestures observed in the level IV of Bolomor (MIS
5e), were not identified at Abri du Maras. Indeed, we see that Bolomor
level IV is far from the other series for all bone elements. In this site, per-
cussion marks are rather localized close to distal posterior portion for
humeri and tibia on lateral mid-shaft for radio-ulnas and on anterior
mid-shaft for femurs. In Bolomor level XVIIc, percussion marks are
close to distal posterior portion for humeri and to medial mid-shaft in
femurs and tibias. On radio-ulnas, it is close to anterior mid-shaft, like
for Bolomor level XVIIa.

The graphs of CA show no particular pattern for the hammer-stone
experimental methods (Fig. 7). It seems to have some regularity for
the batting method for the humeri, radio-ulnas and tibias. Non-trained
experimenters may have hit those bones in the same way, holding
them by the distal part. This pattern could result from a morphological
choice – that is, an easier way to hold the bone. Blasco et al. (2014a, p.
1087) reported that “all of the experimenters held the bones by the
narrower end and hit them near the wider end following intuitive
criteria, based on bone morphology and easiness/comfort of holding
the skeletal element with the hands”. In this case, there was no specific
manner to present bones to experimenters, thus the regularity of this
bone breakage technique seems not to be associated with the experi-
mental protocol. For femurs, the battingmethod is much closer to distal
anterior portion, but also closed to zero and not very significant. Any-
way, the archaeological data for Abri duMaras, aswell as the other fossil
series, appear distant from the batting experimentalmethods. In case of
a morphological choice, the batting method did not have to be used ex-
clusively in any archaeological sites. The long bones were broken either
by the hammer-stone method or by a mix of both, if individuals use an
intuitive gesture.

In conclusion, we do not observe standardized breakage pattern at
Abri du Maras 4-1 regarding the notches distribution along the shaft.
That circumstance may respond here to two different hypotheses: 1)
the presence of several groups bearing various butchery practices dur-
ing the sedimentary formation and the marked palimpsest character
of this layer or 2) the presence of individuals of one single group
which do not share any butchery traditions.

Therefore, we have no proof of intergenerational transmission of a
technical know-how as regards to the bone breakage practices at Abri
du Maras and we certainly are in presence of occupations palimpsest
by different cultural groups.

However, at the Abri du Maras, the autumnal reindeer mass preda-
tion could be a good indicator of the sharing of traditions between
groups, including intergenerational transmission of the topographical
and environmental knowledge for this shelter. Besides that, the prepon-
derance of reindeerwithin our sample and throughout the layer 4-1, as-
sociated with recurrent autumnal occupations, clearly illustrates a
choice by the occupants of the rock shelter (Daujeard and Moncel,
2010). The choice of the reindeer as the main meat resource may also
signify that the group(s) using the shelter deliberately came for selec-
tive reindeer hunting (see discussion above). As most of them died dur-
ing the autumn, they would have known the habitual migration routes
of this gregarious species. These indicators could contribute to enhanc-
ing our understanding of the reasons for the choice of the site, located
near a ford and the mouth of the Ardèche River. Given the recurrence

of the occupations, it is thus possible to envisage that the localization
and attributes of the site would have been passed on from one group
to another or within the same group over several generations. Because
the layer 4-1 is a palimpsest of several occupations, maybe more than
thirteen (ash lenses), in this case the hypothesis of an intergenerational
transmission of the site localisation and surrounding advantages could
be proposed.

Concerning the lithic technology, the assemblages are composed of
elongated Levallois flakes, flakes, points and cores and small flakes pro-
duced by small Levallois core on flakes on site (Moncel et al. 2014). The
Levallois core technology is widely dominant in the series and corre-
sponds to the Levallois core technology observed at the MIS 4 and 3 in
the area (mainly unipolar). The specificity of Abri du Maras is the elon-
gated and pointed end-products mainly used for the Late Middle
Palaeolithic (Moncel et al., 2014) Neandertals occupying the Abri du
Maras used mainly a Levallois technology that shows presence of one
group or many groups sharing the same lithic practices. It seems that
at Abri du Maras we observed the presence of an intergenerational
transmission of knowledge for lithic technology. Moreover, the lithic
strategies are coherent in this level and we cannot consider that, even
if the series is the palimpsest of several occupations, the assemblage
gather groups of different lithic traditions. The lithic series offers the op-
portunity to observe a tool kit which seems to be related to similar and
recurrent activities performed at the site.

Whatever, several groups sharing the same lithic technology
(Levallois) but with different butchery techniques could have met at
Abri du Maras to conduct a mass predation during autumn.

We need a more fine-grained analysis of technical variability to
identifymore discrete spatial and temporal units, showing standardized
patterns specific to certain regions or sites, to approach social entities.
Identification of small-scale standardized patterns in both subsistence
and technology opens an interesting avenue for future researches.

6. Conclusion

In our opinion, cutting incision does not seem to be the best way to
analyse standardized butchery practices, mainly because of the influ-
ences of butcher dexterity, animal (morphology and size) and rawma-
terials used, on the frequency and location of cut marks (Blasco et al.
2013). Indeed, cutting incisions in case of defleshing, disarticulating or
even skinning may be very scarce when good and experimented
butchers produce them. For example, in southeastern France, at the
Early Middle Palaeolithic site of Orgnac 3, during the course of the se-
quence comprising ten occupation phases dating from MIS 9 to MIS 8,
the rarefication of butchery striations in the levels at the top of the se-
quence would indicate improved butchery techniques, linked to in-
creased dexterity (Moncel et al. 2012).

Inversely, scraping marks are intentionally made during the bone
surface cleaning (removing the periosteum), and consequently do not
depend on the dexterity of the butcher. They are thus a potentially sig-
nificant source of information for the identification of butchering prac-
tices. Their study related to the analysis of percussion marks could
bring additional information to a better understanding of butchery tra-
dition. In fact, at Abri du Maras, their frequency may indicate the recur-
rent use of certain breakage practices and thus the existence of a
particular butchering culture.

In the same way, long bone breakage processes have already re-
vealed their potential in the understanding of Neandertal butchery tra-
ditions (Blasco et al., 2013). Unfortunately, the results of this study for
the layer 4-1 of Abri duMaras do not highlight specific butcher tradition
in term of bone percussion strategies. We did not observe specific
butchering practices that would have been shared by a same group
returning several times in the site during the sedimentary filling. Due
to the paucity of such studies and the rarity of comparative series, it is
not currently possible to draw conclusions as to a possible chronological
or geographical trend of cultural butchering traditions. Moreover, the
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big chronological gap existing between Gran Dolina TD-10 (upper part)
and the two other sites, contemporaneous of the late Middle
Palaeolithic, adds to this difficulty. For example, at Gran Dolina level
TD 10-1, no hearth was found, contrary to the two other sites, where
fire could potentially be used during the breakage process. However,
we did not observe such practices in level 4.1 of Abri du Maras.

The question of identifying Middle Palaeolithic butchery traditions
within Neandertal groups is central to a better understanding of inter-
generational transmission practices. This research provides new data
concerning the relation between meat consumption and the socio-cul-
tural context of these human groups: learning of butchery techniques,
systematization of gesture and dexterity in carcass processing. Based
on a zooarchaeological study of faunal remains and specifically on the
percussion marks analysis for the Middle Palaeolithic in Europe, it will
be possible to test the hypothesis of the existence of various Neandertal
butchery traditions at a large geographical scale, in parallel to techno-
logical traditions. It could be also possible to estimate the period and
context (climate, environment, geographical area and type of human
occupation) of the appearance of such a butchering know-how. For all
that reasons, it seems necessary to increase the number of this type of
study on many other Middle Palaeolithic sites. In the same way, to bet-
ter take into account the impact of the animal size and morphology on
carcass processing and specifically on bone fracturing, it will be also in-
teresting to increase the experimental data corpus including various
species.
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Abstract

Monospecific exploitation of reindeer by Neanderthals is a common behaviour in the Upper Pleistocene of Western Europe.
However, reindeer-dominated assemblages have largely been reported from regions of northern Germany and south-western
France, with few examples noted in south-eastern France, where faunal assemblages yield most of the time a variety of other large
ungulates such as red deer, horse and diverse bovids. Here, we present multi-strand (bio- and eco-) archaeological datasets from
the site of Abri du Maras (level 4.1), situated at the mouth of the Ardèche and Rhône rivers, a new example of a reindeer-
dominated Neanderthal site in south-eastern France. Dated to the beginning of the MIS 3, the zooarchaeological assemblage is
dominated by reindeer (88% of the NISP, representing 16 individuals) but also includes horse, bison, giant deer (Megaloceros

giganteus), red deer, ibex and lagomorphs. The combination of zooarchaeological, cementochronological and tooth microwear
analyses evidence a single species-dominated spectrum, with catastrophic mortality and repeated autumnal deaths. This integrat-
ed approach provides an extensive picture of human subsistence behaviour, pointing to short-term hunting episodes of reindeer
herds in an exceptional context of a quasi-exclusive Neanderthal accumulation. The high number of individuals and selective
butchery may correspond with a cooperative and planned mass hunting strategy. The multidisciplinary approach undertaken here
also incorporating paleontological, charcoal, ecological and isotopic analyses places the archaeological and zooarchaeological
data within a broader regional palaeoenvironmental framework, providing valuable landscape-contextual information. The
zooarchaeological data suggest a subsistence behaviour different from other Neanderthal reindeer-dominated assemblages often
connected with specialised butchery or hunting sites.

Keywords Neanderthal . Subsistence . Seasonality . Monospecific faunal assemblages . Reindeer predation .Mass procurement

Introduction

The hunting abilities of Neanderthals are now well document-
ed, not least due to the many debates at the end of the twen-
tieth century concerning the recognition of human versus car-
nivore faunal accumulations and the question of hunting ver-
sus scavenging in Middle Palaeolithic occupations (e.g.
Binford 1981, 1988; Chase 1986; Stiner 1994; Marean

1998; Patou-Mathis 1997). More recently, other important ad-
vances have been made in archaeological research and asso-
ciated fields, which not only demonstrate the proficiency of
Neanderthal (and their predecessors) hunting, and have also
revealed further similarities, and a far closer relationship, to
modern humans than previously thought (Green et al. 2010;
Fu et al. 2015). The decreasing gap in the perceived biological
distance between modern humans and Neanderthals is mir-
rored by archaeological research, as the behavioural
juxtapositioning of ‘Humans vs. Neanderthals’ is increasingly
called into question. In the field of subsistence and game ex-
ploitation, new evidence of hunting weapons discovered at
Schöningen (Thieme 1997; Schoch et al. 2015), combined
with many archaeozoological studies (e.g. Gaudzinski
1 996 ; P a t o u -Ma t h i s 2000 ) , h a v e h i gh l i g h t e d
specialised Neanderthal predation of medium- and large-
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sized ungulates, and archaeozoological and isotopic studies
have evidenced targeted interception hunting (e.g.
Gaudzinski and Roebroeks 2000; Britton et al.2011; Julien
et al. 2015; Kuitems et al. 2015; Rivals et al. 2015b).

Single-taxa assemblages are significant as the tactic of
specialised and mass hunting involves planning and collabo-
rative behaviours. This is particularly the case when assem-
blages are the result of focused temporally constrained hunt-
ing activities, where resources are seasonally restricted (e.g.
due to their migratory behaviour) or where the condition of
prey-species is highly seasonally varied (for example, in rein-
deer). Often species targeted are gregarious and would have
been intercepted by humans at places attracting the aggrega-
tion of many individuals, for example, at water sources, or
more seasonally at calving grounds, during the rut, or along
migratory corridors. Monospecific assemblages that are rap-
idly accumulated such as single mortality events are also sig-
nificant in that they suggest mass food procurement and
through this imply the planning of carcasses processing and
the storage and transport of meat and marrow for deferred
consumption (David and Enloe 1993; Costamagno et al.
2006; Gaudzinski-Windheuser and Kindler 2012; Rendu
et al. 2012). In this sense, monospecific assemblages imply
advanced planning and cooperative hunting behaviours and
an in-depth knowledge of prey and landscape.

Monospecific faunal assemblages appear from MIS 9
to 7 with pre-Neanderthals and become more common
from the beginning of the Last Glacial period to the end
of the Middle Palaeolithic (Gaudzinski 1996; Patou-
Mathis 2000; Gaudzinski-Windheuser 2006; Gaudzinski-
Windheuser and Kindler 2012), without any specific in-
crease during the Upper Palaeolithic (Grayson and
Delpech 2002, 2003; Kitagawa et al. 2012). Indeed, many
pre-Neanderthal and Neanderthal sites in Europe and in
the Middle East highlight specialised hunting for a wide
variety of middle-sized or large-sized ungulates: reindeer
at Salzgitter-Lebenstedt, Les Pradelles, Jonzac and
Combre-Grenal-“upper N2” (Gaudzinski and Roebroeks
2000; Costamagno et al. 2006; Airvaux 2004; Niven
et al. 2012; Discamps and Faivre 2017); camel at Umm
El Tlel (Boëda et al. 2001); aurochs and/or bison at La
Borde, Mauran, Wallertheim and II’skaja I (Jaubert et al.
1990; Farizy et al. 1994; Gaudzinski 1995; Hoffecker
et al. 1991); red deer at Saint-Marcel and Le Lazaret
(Daujeard 2007, 2008; Valensi et al. 2013); horse at
Orgnac 3, Zwolen, Kabazi II and Starosele (Gautier
1989; Patou-Mathis 1999; Burke 2000, 2006; Moncel
et al. 2012); or small bovids, ibex or chamois at
Scladina (Patou-Mathis 1998), Baume des Peyrards
(Daujeard 2008), Zafarraya (Caparrós et al. 2012) and in
the numerous Middle Palaeolithic sites of the Pyrenean,
Alpine, Cantabrian and Caucasus mountains (e.g. Patou-
Mathis 2000; Yravedra and Cobo-Sánchez 2015).

Monospecific assemblages at Neanderthal sites often share
common characteristics, for example, accumulation via regu-
lar short events, the predominance of remains of a single spe-
cies (andmany individuals) associated with lithic artefacts and
cut marks, catastrophic mortality profiles and selective trans-
port of carcass portions from the kill site to the base camp
(Gaudzinski-Windheuser 2006; Costamagno et al. 2006;
Gaudzinski-Windheuser and Kindler 2012; Rendu et al.
2012). In light of cross-site similarities, ungulate mass pro-
curement hypothesis is often confirmed or refuted through a
similar compilation of multiple zooarchaeological lines of ev-
idence, e.g. threshold number of prey bones, mortality caused
by humans, single depositional episode and single mortality
event (Lubinski 2013).

However, the assessment of monospecific (and other) fau-
nal assemblages, and their interpretation, is blighted by the
problem of equifinality in accumulations resulting from com-
bined carnivore and anthropogenic action (Rogers 2000;
Lyman 2004). Despite huge progress in the recognition of
the various agents of accumulation over the last decades
(mainly thanks to archaeological and experimental data on
bone surface modifications; age and skeletal profiles or faunal
spectra: Cruz-Uribe 1991; Blumenschine et al. 1996;
Pickering 2002; Guadelli 2008; etc.), exclusively human ac-
cumulations still represent the best contexts to study human
behaviours. Unfortunately, such sites remain rare in the
Middle Palaeolithic but are vital for confidently inferring past
behaviours.

Here, we present new zooarchaeological, archaeological,
paleontological and isotopic data from the Middle
Palaeolithic site of Abri du Maras, Ardèche, in Southeast
France. The site was first excavated by R. Gilles and J.
Combier during the second half of the twentieth century and
research was resumed at the site in 2010 by one of the authors
(M.-H. Moncel). Abri du Maras is now the focus of a major
multidisciplinary archaeological investigation. This vast rock
shelter is situated along the right blank of the Middle Rhône
Valley, at the confluence with the Ardèche River and features
several well-preserved levels of occupation dated to the first
half of the Last Glacial period (MIS 4–3) (Moncel and Michel
2000; Richard et al. 2015). Abri du Maras comprises an ex-
tensive assemblage of anthropogenically modified animal
bones associated withMiddle Palaeolithic lithic artefacts, with
very few carnivore remains and little evidence of carnivore
activity. Due to the excellent spatial preservation of level
4.1, which is dominated by reindeer, and the likelihood that
Neanderthals were practically the sole accumulators, this
phase of the site is ideal for furthering our understanding of
Middle Palaeolithic monospecific and mass faunal assem-
blages, and therefore, for elucidating Neanderthal landscape
use, hunting practices and social behaviours.

Thus, the main objective of this paper is to tempt to reply to
this question: ‘Did Neanderthals selectively hunted reindeer at
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Abri duMaras level 4.1?’, and that thanks to the most accurate
chronological (both biostratigraphy and absolute datings),
palaeoenvironmental (faunal, isotopic and dental microwear
analyses) and taphonomical features of the human
occupations.

Abri du Maras

Geographical setting

The site of Abri duMaras (170 m a.s.l.) is situated on the right
blank of the Middle Rhône Valley, in a small dry valley of the
Ardèche River, at the outer edge of the gorges (Fig. 1). It is
perched 70 m above the river and is all that remains of a huge,
former south-east facing rock shelter. This rock shelter is the
relict of successive phases of tectonic activity, dissolution and
erosion processes that contributed to exposing and altering a
pre-Quaternary karst network. The presence of large lime-
stone slabs throughout the sequence evidences the vaster ex-
panse of the shelter at the time of occupation and also to its
final collapse soon after the last occupation (Debard 1988;
Moncel et al. 2010, 2015).

The Rhône Valley comprises notable archaeological and
topographical features: a vast corridor linking the North of
Europe to the Mediterranean zone and a key position between
two mountainous regions—the Massif Central to the west and
the Alpine foothills to the east. Many East-West tributaries on
the right bank of the Rhône River connect the Rhône Valley to
the plateaus of the Massif Central. In this region, previous
studies of Neanderthal subsistence suggested a probable sea-
sonal model, based on the presence of sites with different
occupation types. Evidence of settlement in caves and rock
shelters clustered around the Ardèche gorges results from the
seasonal activities of larger groups, focusing on monospecific
prey, while the occasional bivouac occupations of other sites
are more likely to represent opportunistic faunal exploitation
alternating, for example, with carnivore visits (Daujeard 2008;
Daujeard and Moncel 2010; Moncel and Daujeard 2012;
Daujeard et al. 2012).

Stratigraphy and dating

The first archaeological investigations at Abri du Maras re-
vealed a stratigraphic sequence of about 3 m including eight
levels with Middle Palaeolithic deposits. This site was re-
nowned in the past for its Middle Palaeolithic (MP) deposit
with a Levallois laminar debitage (level 1) (Gilles 1950;
Combier 1967; Debard 1988; Moncel et al. 1994). The exca-
vations are conducted with classical methodologies, using a
square meter grid and plotting each object with a total station.
A SIG database provides the spatial distribution (vertical and
horizontal) information. Sediments are systematically

checked by first dry screening then wet screening for micro-
fauna, micro-flakes and shells. The new excavation only con-
cerns the middle and lower parts of the sequence, from previ-
ously assigned levels 4 to 8. The stratigraphic unit 5 (levels 8–
6 of earlier excavations) is at present the oldest currently
known unit and lies abruptly on the erosional contact of the
limestone substratum at the back of the shelter. The overlying
unit 4 (this study has been extensively exposed across the rock
shelter and consists of a silt and sandy-silty sedimentary ac-
cumulation (0.5 to 1 m thick). The coarse fraction results from
frost shattering the walls of the rock shelter. The fine fraction
can be assigned to loess-like deposits of aeolian origin
(Antoine 2002), on the basis of sedimentological data (Fig.
S1a–b). The mineralogy (Nowak 2013; Puaud et al. 2015)
indicates that the deposit appears to have mostly originated
from the wind erosion of the fluvio-glacial terraces of the
Middle Rhône valley during the cold and dry conditions of
MIS 3. Micromorphological features (Fig. S1c) show that the
entire unit 4 appears to have been affected by moderate ped-
ological evolution, mostly expressed by earthworm bioturba-
tion and the biogenic redistribution of calcium carbonate
(Brochier 1976; Jaillard et al. 1991; Canti 1998; Kooistra
and Pulleman 2010).

Unit 4 contains in its upper part two archaeological levels,
4.2 and 4.1 (Fig. 2). The excavation showed that these two
levels (previously 5 and 4) correspond respectively to two
well-preserved human occupation phasesmarked by abundant
artefacts with scant traces of combustion and occasional dif-
fuse ash lenses. Unit 4 is currently excavated over an area of
more than 50m2, in the front of the remaining shelter (Moncel
et al. 2014). Finally, only scattered and rare artefacts have
been encountered in the overlying units (3, 2, and 1), which
contrast with unit 4 by their coarse texture and the abundance
of large blocks.

U-Th dating applied to bones from the top of unit 5/bottom
of unit 4 yielded ages of 72 ± 3, 87 ± 5, 89 ± 4, and 91 ± 4 ka
(Moncel et al. 1994; Moncel and Michel 2000). New prelim-
inary ESR/U-Th dating of ungulate teeth confirmed the chro-
nology of unit 5 (90 ± 9 ka) but gave more recent ages for unit
4, attributed to MIS 3. Level 4.1 (upper part of unit 4) thus
dates to between 40 ± 3 and 46 ± 3 ka (n = 2) (also MIS 3),
while samples from level 4.2 provided ages ranging from 42
± 3 to 55 ± 2 ka (n = 3) (Richard et al. 2015).

Archaeology and environment

The close association of archaeological materials with coarse
fraction issued from the pedogenic alteration of the limestone
cliff together with collapsed limestone slabs in the two occu-
pation levels (levels 4.1 and 4.2) of unit 4 enables us to estab-
lish strict synchrony between human presence and climatic
conditions characterised by seasonal moisture and mild tem-
peratures. In contrast, the fine silt texture typical of aeolian
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dust, the weak effect of pedogenesis and the lack of coarse
limestone fraction in the sterile level deposited between levels
4.1 and 4.2 indicate that the site was not occupied when the
climate was colder and drier. Microfauna, charcoal and pollen
are very rare at the site due to poor preservation. Previous
faunal studies highlighted the presence of temperate species

such as red deer, roe deer and wild boar in unit 5, whereas cold
and open environment species such as reindeer, horse and
bison are more common in unit 4 and in the overlying units.
The varied faunal spectrum previously obtained for the unit 4
is composed, in order of abundance, of Rangifer tarandus,
Equus ferus cf. germanicus, Cervus elaphus, Bison priscus,

Fig. 1 Location of the Abri du
Maras. Site situation on the edges
of the Rhône valley in the context
of the south-eastern Middle
Palaeolithic (Map adapted from
Tessier, in Daujeard et al., 2011)
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Capra ibex, Equus hydruntinus and Megaloceros giganteus.
All along the sequence, faunal remains are mainly related to
anthropogenic activities and carnivore marks are scarce
(Moncel et al. 1994; Daujeard 2008; Daujeard and Moncel
2010; Moncel et al. 2015).

In this paper, we focus on level 4.1, the uppermost oc-
cupation unit 4, due to the lack of carnivore action, remark-
able spatial preservation with short object displacements,
technological behaviour based on similar strategies sug-
gesting occupations close in time and the presence of ash
lenses. Level 4.1 has been exposed over a surface of 34 m2.
The excavation revealed a dense accumulation of archaeo-
logical remains reaching a total thickness of 20 cm.
However, the clayey-sandy silt sedimentary matrix of level
4.1 is homogenous throughout and does not display any
significant change in colour, structure or texture, in close
association with the occurrence of the archaeological re-
mains. Based on the lack of field evidence, it was pre-
sumed that archaeological level 4.1 did not present well-
preserved living floors. However, the meticulous excava-
tion of this level revealed the scattered occurrence of fire
traces, mostly represented by poorly preserved millimetre-
sized charcoal fragments which are finely incorporated in
the matrix. Burnt flint and burnt bone also provide evi-
dence of the use of fire and are dispersed over the archae-
ological level. In addition, occasional centimetre-sized
lenses formed of dark-brown to brownish-grey silty clay,
consisting of densely packed biogenic aggregates with
high quantities of fine charcoal, ash micro-aggregates,
burnt bones and polymer films occur throughout level
4.1. Based on their field facies and the abundance of com-
bustion residues, the lenses have been assumed to be relicts
of fire-related activities. They are all located at a same
deepness, suggesting a main phase of occupation. An im-
portant number of faunal and lithic refits have been iden-
tified in level 4.1 (Fig. 3). In the case of the faunal assem-
blage, the total number of refits is 65 (n = 44 on fresh and

21 on dry bones) connecting 148 items. The longest refit is
formed by eight elements (n = 1) but the majority have
only two elements (n = 51). In addition, we also identified
22 faunal anatomical connections (in situ and during the
post-excavation faunal analysis), grouping 68 bones. There
are also 10 lithic refits comprising a total of 20 pieces
(mainly flakes and all formed by two elements). The raw
materials involved are flint (n = 7) and quartz (n = 3). The
connection lines are mainly related to knapping sequences
(n = 6), although some are the result of fractures (during
knapping n = 2 and post-depositional n = 2). The fact that
faunal and lithic connections lines are short (mean of
1.5 m) and some of the connected items are small (≤
1.5 mm) corroborates the low level of disturbance of the
archaeological assemblage from level 4.1.

The lithic material in level 4.1 totals 1844 items. The den-
sity is 135 pieces/m2 and 54/m3. Lithic analysis, undertaken

Fig. 2 GIS projections of the faunal and lithic items on the stratigraphic profile: band 6 in unit 4 (Figure by R. Gallotti and S. Puaud)

Fig. 3 Two refitted tibia fragments of a large cervid: Cervus or
Megaloceros (level 4.1, J6-85 and J6-85/1) (Photos by D. Vettese and
M.G. Chacon)
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by several of the authors, revealed that the technical strategies
applied mainly to flint and secondarily to other stones (quartz,
quartzite and granite) indicate the fragmentation of reduction
processes into local and semi-local perimeters around the site
(Moncel et al. 2014). The main core technology is Levallois,
generally on cortical flint cores on flakes. Flint flakes, blades
and points are the main components of the series and the
technological aims of the debitage. The largest flint flakes,
Levallois blades (cortical or not) and Levallois points were
produced elsewhere, to the north and south of the site (up to
20–30 km), according to the geological study, and then
brought to the shelter. Flake tools are very rare (3%) and never
modified the shape of the pieces. Levallois products were
never retouched. We may mention one Quina scraper made
on a thick and large flint flake. Evidence of impact fractures
suggests that some points, brought to or prepared on the site,
could have been used as projectile tips (Hardy et al. 2013).
The lithics attest to the management of local and semi-local
stones in a perimeter of 30 km around the site (possibly more
due to some unidentified flint) and an anticipation of domestic
needs. Imported artefacts and artefacts made on the site were
used for the same range of activities and materials (butchery,
plant and woodworking) (Moncel et al. 2014). At Abri du
Maras (level 4.1), Neanderthals exploited a wide range of
resources including large mammals, fish, ducks, raptors, rab-
bits, mushrooms, plants and wood. Twisted fibres on stone
tools provide possible evidence of making string or cordage
(Hardy et al. 2013).

Material and methods

The faunal material included in this study comes exclusively
from archaeological find level 4.1 from Abri du Maras. The
analysis of the faunal assemblage features a range of scientific
approaches and methodologies including taphonomic and
zooarchaeological analysis in order to explore the species
present, age-at-death (when possible), and infer anthropogenic
mod i f i c a t i on s and o the r t aphonomic f ea tu r e s ;
cementochronology to infer season-of-death; stable isotope
and dental microwear analysis to explore the niche feeding
behaviours of the exploited species, and palaeoenvironmental
proxies in order to gain better insight into the MIS 3 ecosys-
tem surrounding Abri du Maras.

Taphonomy and zooarchaeology

The taphonomic and zooarchaeological studies concern all the
faunal remains from level 4.1 since the 2006 excavations. We
report the total number of skeletal remains (NR), the number
of taxonomically and anatomically identified specimens
(NISPt and NISPa), the minimum number of elements
(MNE) and the minimum number of individuals (MNI)

(Binford 1984; Lyman 1994). The taxonomical and
anatomical identifications were made thanks to the French
National Museum and Institut de Paléontologie Humaine
comparison collections and by referring to the book of
Barone (1999) for the anatomical nomenclature. In level 4.1,
small and large mammals represent 11,123 remains including
indeterminate remains (Table 1). The number of recorded re-
mains is 2919 and 1347 remains have been identified to the
anatomical level and 1170 to the species level. Fish remains
account for 167 bone elements, birds are represented by two
remains and we recorded five micromammal anatomical ele-
ments. Systematic sieving was undertaken during the excava-
tions and the scarcity of microfauna is mainly due to poor
bone preservation (see below).

In order to discuss the meat procurement strategy (hunting
or scavenging), selective carcass transport to the site and dif-
ferential bone preservation, we used the percentage of
Minimal Animal Unit (MAU, Binford 1984), the Food
Utility Index (FUI) (Metcalfe and Jones 1988; Lyman 1994),
the volume of the marrow cavity (Binford 1978, in Jones and
Metcalfe 1988) and the bone bulk density (Lyman 1984; Lam
et al. 1999). Carcasses were divided in seven main anatomical
parts: head (skull, mandibles, isolated teeth excepted); axial
elements (vertebrae, ribs, sternum); forequarters (scapula, hu-
merus, radio-ulna); forefoot (carpal, metacarpal); hindquarters
(pelvis, sacrum, femur, tibia, patella); hindfoot (tarsal, meta-
tarsal); and indeterminate foot (phalanges, sesamoids,
metapodials) (after Wilson 1989, modified).

Seasonality and ontogenic age-at-death of prey specimens
is based on dental eruption and replacement patterns (for de-
ciduous teeth concerning the season of death) and then on
tooth wear (wear stages for reindeer: cf. Bouchud 1966 and
Miller 1974; for red deer and by analogy giant deer: Riglet
1977; for bison: Brugal and David 1993; and for horses:
Guadelli 1998; Forsten and Moigne 1998 or Bignon 2003).
Five main age groups were established: juveniles (with decid-
uous teeth), young adults (with erupted P4 andM3), prime age
adults (with moderately worn P4 and M3), old adults (with
heavily worn P4 and M3) and senile (almost no enamel re-
mains on P4 and M3) (Grant 1982; Klein and Cruz-Uribe
1984; Forsten and Moigne 1998). For reindeer, these five
age classes represent nearly the same lifetime with juveniles

Table 1 Counts of the faunal assemblage and bone preservation
indexes

NTR Total Recorded NISPa Isolated teeth Illegible bone
remains

NR 11,123 2919 1347 231 902

% 100.0% 26.2% 12.1% 17.1% 33.2%

NTR number of total remains, NISPa number of anatomically identified
specimen
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ranging from 0 to 2.5 years old; young adults, 2.5 to 5; prime
age adults, 5 to 7.5; old adults, 7.5 to 10; and senile, up to
10 years old. In order to use ternary diagrams established by
Stiner (1990), the three age categories were corrected—juve-
niles (< 2.5), adults (2.5 to 10) and old individuals (> 10)—
according to their relative lifespans. For larger ungulates, such
as bison and horse, the adult category begins later, with the
loss of the D4 and the eruption of the P4 andM3, at about 40–
50 months old.

For comparative purposes for large mammal representa-
tion, richness and diversity indexes were calculated
(Simpson 1949; Magurran 1988; Grayson and Delpech
2002; Valensi et al. 2013): (1) the taxonomic richness: R = S

− 1/Ln MNI (with S = number of species and MNI = total
minimum number of individuals); (2) the Simpson index:
D = ∑ ni[ni − 1]/N[N − 1] (with ni = the number of specimens
for each species and N= the total number of specimens); (3)
the Shannon diversity: H = − ∑ [(MNIsp/MNItot) log
2(MNIsp/MNItot)] (with MNIsp = minimum number of indi-
viduals for each taxon and MNItot = total minimum number
of individuals) or H = − ∑ [(NISPsp/NISPtot) log 2(NISPsp/
NISPtot)] (with NISPsp = number of identified specimens for
each taxon and NISPtot = total number of identified speci-
mens); and (4) the Equitability index or Evenness is obtained
by the Shannon index/Ln (n taxa).

For the taphonomic analysis, the dimensions (length,
breadth and thickness) and modification data were recorded
for all the recorded and identified specimens. Indeterminate
fragments less than 25 mm were only used for counts, frag-
mentation studies (type and size classes) and carbonization
analyses. The identification of the type of breakage (green,
dry or recent bone fractures) was made based on the fracture
colour, shape, feature and angle and associated marks (Villa
and Mahieu 1991). The recorded percussion marks are
(Blumenschine and Selvaggio 1988; Capaldo and
Blumenschine 1994; Blasco et al. 2013) medullary or cortical
percussion notches (negative flake scars); impact flakes (pos-
itive flake scars); percussion pits; adhering flakes; and peeling
and micro-notches (Vettese 2014, Vettese et al. 2017). The
shaft fragments were differentiated by size and circumference
classes (cf. Villa and Mahieu 1991). For indeterminate frag-
ments, two main size categories were established, adapted to
the ungulates present in our sample: (1) medium-sized ungu-
lates with a weight between 50 and 300 kg (red deer, reindeer
and ibex) and (2) large-sized ungulates with a weight between
300 and 1000 kg (large bovids, horse and giant deer).

All bone surfaces were visually assessed, with some stud-
ied further using a stereomicroscope (Leica S8 APO, magni-
fication ×10–80) in order to distinguish surface modifications,
and photographed. Type and location of modifications were
recorded, including those made by rodents, carnivores or
hominins as well as climatic and edaphic modifications (in-
cluding cracking, desquamation, polish, concretion, root

marking, chemical corrosion and oxides coloration). The iden-
tification of these main taphonomical modifications was based
on the criteria defined by Behrensmeyer (1978), Binford
(1981), Lyman (1994) and Fisher (1995). The undecipherable
remains were not included in the percentages. Trampling
marks were distinguished from butchering marks using the
works of Binford (1981), Shipman and Rose (1983, 1984),
Behrensmeyer et al. (1986), Olsen and Shipman (1988),
Blasco et al. (2008) and Domínguez-Rodrigo et al. (2009)).
The location and morphology of the latter may indicate the
related butchering activity, including evisceration, skinning,
dismemberment; disarticulation, periosteum removal, cutting
tendons and defleshing (Binford 1981; Nilssen 2000; Pobiner
et al. 2008; Costamagno and David 2009). Following Binford
(1981), Haynes (1983) and Campmas and Beauval (2008),
carnivore marks were classified as follows: pits, punctures,
scores, notches or corrosion by gastric acids. Damage due to
burning was recorded using the different colour stages de-
scribed by Stiner et al. (1995) (Table S1). In addition, burnt
elements were categorised according to their length and intrin-
sic characteristics: spongious, compact or dental portions.

In order to assess the season-of-death in addition to the
dental eruption periods, we tested cementochronology.
Multiple teeth from nine deer including one giant deer and
eight reindeer from level 4.1 were selected as these appeared
to the naked eye to have intact outer dental cementum. The
methodology employed here for dental cementum growth
mark analysis (cementochronology) of the cervid teeth fol-
lows the protocol described in Pike-Tay (1995) and Pike-Tay
and Cosgrove (2002), which built upon the methodological
contributions of Pike-Tay (1991), Lieberman et al. (1990) and
Burke (1993), including (1) the preparation and use of radial
‘dry’ thin sections (ca. 30 μ) taken at the mesial-distal midline
of the tooth, (2) the use of polarised transmitted light (com-
mon mag. = ×40, ×100, ×250) and (3) for taking measure-
ments of consecutive growth zone widths at two or three ce-
mentum transects per tooth in the areas of acellular cementum
near the tooth cervix (root/enamel junction) where, on cervid
and bovid teeth, the apposition of growth increments is most
regular.

Other palaeoenvironmental proxies

Isotopic studies

As part of a broader multi-isotope study incorporating faunal
bones and teeth from multiple archaeological find levels at
Abri du Maras, a small number of bones (n = 9) from three
different taxa (Equus, Megaloceros, Rangifer) were selected
from level 4.1 for collagen extraction and carbon (δ13 C) and
nitrogen (δ15 N) isotope analysis. The stable isotope analysis
of bone collagen is not only useful in archaeological studies to
infer human palaeodiet but can also provide information about
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the broader environment and also about niche partitioning and
feeding behaviours of different herbivore taxa, even within
purely-C3 plant communities (e.g. Bocherens 2003; Feranec
2007), for example, the consumption of lichens, which exhibit
higher δ13C values than other terrestrial C3 plants (Ben-David
et al. 2001; Drucker et al. 2001, 2012) or feeding in forested
environments, which typically have more negative δ

13 C
values due to the ‘canopy effect’ (Cerling et al. 2004; Noe-
Nygaard et al. 2005). Although they are on the same trophic
level, absolute δ15 N values of herbivore tissues depend on a
number of factors and in particular on the varying 15N levels
of the plants they consume (and ultimately the soils) at the
base of the food chain. For a recent review of the factors
influencing nitrogen isotope ratios in plants, including plant
physiology, see Szpak (2014). Therefore, given that local var-
iation in soil and plant δ13 C and δ15 N isotope composition is
reflected in local herbivores, the stable isotope analysis of
animal bone collagen can be used to investigate resource
partitioning and underlying isotopic variations in ancient eco-
systems (Britton et al. 2012).Moreover, the absolute δ13C and
δ
15N determined in herbivore bone collagen at archaeological
sites can also be utilised to infer broad palaeoclimatic condi-
tions (e.g. Richards and Hedges 2003; Stevens and Hedges
2004; Stevens et al. 2008). This is due to the relationship
between ‘baseline’ ecosystem δ

13 C and δ
15 N values of soils

and plants and changing diachronic environmental factors
such as aridity/moisture and temperature (e.g. Heaton et al.
1986; Schwarcz et al. 1999; van Klinken et al. 2000). In this
way, overall dataset values and trends (between the different
herbivore species) can shed light on the palaeoenvironmental
and palaeoecological conditions at Abri du Maras.

Herbivore bone (≈ 1–2 g) was sampled for collagen extrac-
tion using rotary stainless steel cutting implements and
cleaned using air abrasion. Collagen was extracted using the
Longin method (1971), with modifications based on the rec-
ommendations of Collins and Galley (1998) and with the ad-
dition of an ultrafiltration step (Brown et al. 1988), as de-
scribed in Britton et al. (2012). Collagen samples were
analysed (in duplicate) for stable carbon (δ13 C) and nitrogen
(δ15 N) isotope ratios at the Department of Human Evolution,
Max Planck Institute for Evolutionary Anthropology (MPI-
EVA, Leipzig, Germany), on a Delta XP mass spectrometer
coupled to a Flash EA 2112 elemental analyser.

Dental microwear analysis

In this study, we selected all teeth available from the Abri du
Maras level 4.1. A total of 17 teeth (both upper and lower
molars) were sampled, 14 of R. tarandus and 3 of E. ferus.

Microwear features of dental enamel were examined using
a stereomicroscope on high-resolution epoxy casts of teeth
following the cleansing, moulding, casting and examination
protocol developed by Solounias and Semprebon (2002) and

Semprebon et al. (2004). In short, the occlusal surface of each
specimen was cleaned using acetone and then 96% alcohol.
The surface was moulded using high-resolution silicone
(vinylpolysiloxane) and casts were created using clear epoxy
resin. All specimens moulded were carefully screened under
the stereomicroscope. Those with badly preserved enamel or
taphonomic defects (features with unusual morphology and
size or fresh features made during the collecting process or
during storage) were removed from the analysis following
King et al. (1999). After discarding unsuitable material, the
sample was significantly reduced to eight teeth of R. tarandus
and two of E. ferus.

Casts were observed under incident light with a Zeiss Stemi
2000C stereomicroscope at ×35 magnification, using the re-
fractive properties of the transparent cast to reveal
microfeatures on the enamel. Microwear scars (i.e. elongated
scratches and rounded pits) were quantified on the paracone of
the upper teeth in a square area of 0.16 mm2 using an ocular
reticule. We used the classification of features defined by
Solounias and Semprebon (2002) and Semprebon et al.
(2004) as follows: pits (small and large pits, puncture pits),
scratches (fine, coarse, hypercoarse) and gouges. Pits are
microwear scars that are circular or sub-circular in outline
and thus have approximately similar widths and lengths, while
scratches are elongated microfeatures that are not merely lon-
ger than they are wide but have straight, parallel sides. Large
pits are deeper, generally at least about twice the diameter of
small pits, and often have less regular outlines than do small
pits. Gouges are features which have ragged, irregular edges
and are much larger and deeper than large pits. Cross scratches
are oriented somewhat perpendicularly to the majority of
scratches observed on tooth enamel. In addition, scratch tex-
tures were assessed as being either fine, coarse or a mixture
per tooth surface. The scratch width score (SWS) is obtained
by giving a score of ‘0’ to teeth with predominantly fine
scratches per tooth surface, ‘1’ to those with a mixture of fine
and coarse types of textures and ‘2’ to those with predomi-
nantly coarse scratches (Rivals et al. 2007). Individual scores
for a sample were then averaged to get the SWS.

The results were compared with a database constructed
from extant ungulate taxa (Solounias and Semprebon 2002).
Using average scratch and pit data, it is possible to discrimi-
nate between the dietary categories of browser (i.e. eating
woody and non-woody dicotyledonous plants) versus grazer
(i.e. eating grass). Mixed feeding ungulates can best be sepa-
rated from browsers or grazers by calculating the percentage
of individuals in a population with scratch numbers that fall
between 0 and 17 scratches in the 0.16-mm2 area (0–17%)
(Semprebon and Rivals 2007). Thus, for extant ungulates,
the percentages of individuals in the low-scratch range are
generally as follows: grazers with 0.0–22.2%, mixed feeders
with 20.9–70.0% and leaf browsers with 72.7–100.0%
(Semprebon and Rivals 2007).
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Finally, following Rivals et al. (2015a)), twomeasurements
of variability of scratch density, namely the standard deviation
(SD) and the coefficient of variation (CV), are used to estimate
the relative duration and seasonality of the mortality event(s)
of the reindeer from Abri du Maras level 4.1.

Results and data interpretation

Bone preservation

The identification index, defined as the number of anatomical
identified remains compared to the total number of remains, is
around 12%, which is low and mainly due to the high frag-
mentation of the fauna (Table 1 and Fig. S2). Indeed, the
faunal assemblage is characterised by an important quantity
of unidentified bone splinters and by a few isolated teeth
(Table 1). Almost three-quarters of the recorded bone remains
have one or several green bone fractures (Table 2). Fracture
profiles are mainly curved/V-shaped along with oblique an-
gles and smooth edges (Fig. 4). Post-depositional fragmenta-
tion due to sediment compaction or secondary frost action
damaged more than one third of the recorded remains. Only
five complete or almost complete long bones were recorded.
They are all metapodials: one horse metacarpal (III), three
reindeer metacarpals and one reindeer metatarsal. Shaft bone
fragments are far more numerous than epipyhseal fragments
(Fig. S3). The vast majority (89%) have been reduced to a C1
circumference and have a L1/L2 length (Fig. S4).

To evaluate the impact of bone preservation on the assem-
blage, we correlated bone density indexes with the%MAU for
reindeer remains, which is the predominant species. The

significantly positive correlation obtained between %MAU
and bone density (with Spearman’s rs = 0.65, df = 29 and t =
4.67: p < 0.001) indicates strong differential destruction with-
in the faunal assemblage. However, bone preservation is var-
iable, depending on the excavated surface areas of the rock
shelter. Some display an excellent degree of preservation and
others show a high bone destruction index. The bone destruc-
tion index, calculated as the number of isolated teeth com-
pared to the total number of anatomically identified remains,
is around 17%, which is moderate (see Daujeard 2008 for
regional comparisons), but this rate may also be due to a
strategy of abandonment of the heads at the kill site (see be-
low) (Table 1). The representation of the various long bone
portions confirms the impact of differential bone destruction
on the sample (Fig. S3). Indeed, the best represented extrem-
ities are those with greater bone density, i.e. metapodials,
radius-ulna and distal humerus (see Lam et al. 1999). The
good preservation of some articular portions can be explained
by the almost complete lack of carnivorous action. Only 10
bone elements bear carnivore marks, which represents less
than 1% of the recorded and decipherable remains. These
are long bone articular portions of horse and reindeer and a
few indeterminate remains. Besides that, there are also a very
few remains (NR = 7, < 1%) with random striations on their
surface which can be associated with trampling.

Remains with undecipherable surfaces are numerous,
representing one third of the recorded remains (Table 1).
They have been excluded from the cut mark or bone retoucher
analyses in order to avoid biasing the calculation of the rates.
This poor surface preservation is mainly due to root etching
which is present on almost 90% of the recorded bone remains,
with more than 50% being invasive on two-thirds of the sur-
faces (Table S2). Evidence of weathering is scant and concre-
tions and polishing are practically inexistent. Black and or-
ange colorations (oxides) are omnipresent but limited over
bone surfaces (mostly stage 1).

Palaeoenvironments: the faunal, isotopic, tooth
microwear and charcoal evidence

Among small and large mammal remains, 98.7% of the NISPt
are ungulates and 1.3% are lagomorphs. There are no carni-
vore remains. They include, in order of abundance (Table 3),
reindeer (R. tarandus), horse (Equus ferus cf. germanicus),
giant deer (M. giganteus), bison (Bison priscus), red deer
(C. elaphus), ibex (C. ibex) and lagomorphs (Oryctolagus
cuniculus and Lepus sp.). This diversity confirms previous
studies of level 4, highlighting open landscapes and a cold
and arid climate (Combier 1967; Moncel et al. 1994;
Daujeard 2008; Daujeard and Moncel 2010; Moncel et al.
2015). With 1170 bone and teeth remains, reindeer is by far
the most abundant species in level 4.1, representing 88% of
the NISP and 55% of the MNI. The total MNI of the reindeer

Fig. 4 Photo of a reindeer metacarpal fragment. This fragment presents
green bone fractures and a whole distal portion (level 4.1, J6-39) (Photo
by C. Daujeard)

Table 2 Number and percentage of recorded bone remains (NR =
2718) with green, dry, frozen or indeterminate bone breakage

Green Dry Gelifracts Indeterminate

NR NR % NR % NR % NR %

2718 2003 73.69% 950 34.95% 58 2.13 483 17.77%
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is estimated at 16 individuals. Horse is the second species,
with 75 specimens and four individuals. The richness (2.08)
and diversity indexes (Shannon indexes for MNI = 1.5 and
NISP = 0.44; Simpson index = 0.81 and 1/D = 1.23) and
Evenness index for NISP = 0.21) are low, highlighting limited
diversity regarding the type of species.

Cervids are the most abundant taxa in level 4.1 with rein-
deer, red deer and giant deer. Reindeer (R. tarandus) were
affected by body size variation during the Pleistocene
(Bouchud 1966; Delpech 1983; Weinstock 2000; Kuntz
2011), but the bone remains from Abri du Maras level 4.1
are mostly badly preserved and very fragmented and are there-
fore not suitable elements for a morphometric analysis. Antler
preservation also prevents such analysis. Furthermore, the
much better preserved teeth seem to be a too stable indicator
for this purpose. Red deer remains are also scarce and do not
allow for an appropriate discussion ofC. elaphus status and its
biochronological implications. Giant deer (M. giganteus) dis-
plays typical dental morphology with a thick cingulum, wide
and high entostyle and strong styles and stylids on both upper
and lower molars. Upper premolars are also characterised by a
thick, sometimes crenulated cingulum. These elements are
consistent with morphologies observed on other Upper
Pleistocene specimens (Prat 1968; Lister 1994; Vislobokova
2012).

Only a few elements from horses from level 4.1 are suitable
for paleontological and metric analysis. Nevertheless, they all
belong to the chrono sub-species E. ferus cf. germanicus,
present throughout unit 4. Another equid species is present
in level 4.2, E. hydruntinus, which is only represented by an
upper molar with a very similar morphology to that of the sub-
species E. hydruntinus davidi. As it is very poorly represented

in the sequence, the absence of this most thermophilic species
in level 4.1 does not appear significant. From a
biochronological point of view, the E. germanicus and
E. hydruntinus davidi association is consistent with the chro-
nological attribution of unit 4 to MIS 3 (Guadelli 1987;
Boulbes 2009). More precisely, the dimensions (length =
225.4 mm; breadth of the diaphysis = 38.9; robustness index =
172.6) of the only complete horse metacarpal present in the
level 4.1 (L6–54) are close to those of other series from
Tournal cave (B/D levels), Combe-Grenal or Pair-non-Pair,
contemporaneous of the MIS 3 (Guadelli 1987; Magniez
et al. 2017). High level of robustness of the diaphysis could
be an indication of humid context (Magniez et al. 2017). The
few dental elements of large bovids enable us to identify the
large steppic bison B. priscus.

A number of fish bones, mostly vertebrae, scales and frag-
ments, have been retrieved from the excavation of the squares
H6, I6 and J6 (Table 4). Their preservation varies from bad to
very good, but fragmentation is high. Out of a total number of
167 fish remains, 46 could be identified to at least the family
level. Two families are present: cyprinids (NISP = 34) and
percids (NISP = 12). Among the cyprinids, the chub
(Squalius cephalus) has been identified on the basis of a pha-
ryngeal bone and several vertebrae. Percids are only represent-
ed by typical ctenoid scales belonging to the European perch
(Perca fluviatilis). Both species are currently common inhab-
itants of the Ardèche River. Chub size has been estimated
through direct comparisons with modern specimens from the
reference collection. Estimated body weights range between
550 and 850 g. In the absence of any fish predator at the site,
as well as signs of chewing or digestion, the presence of these
fish remains in level 4.1 may result from anthropogenic

Table 3 Large and small
mammal spectrum for level 4.1 Taxa NISP %NISP MNI %MNI Age class

Equus ferus cf. germanicus 75 6.4% 4 13.8% 1J, 1YA, 1PA, 1OA

Perissodactyla 75 6.4% 4 13.8%

Rangifer tarandus 1030 88.0% 16 55.2% 7J, 2YA, 2 PA, 3OA, 2S

Cervus elaphus 6 0.5% 1 3.4% –

Megaloceros giganteus 20 1.7% 2 6.9% 1OA

Cervidae indet. 11 0.9% –

Capra ibex 2 0.2% 1 3.4% –

Caprinae indet. 3 0.3% –

Bison priscus 8 0.7% 2 6.9% 1J, 1YA

Artiodactyla 1080 92.3% 22 75.9%

Lepus sp. 3 0.3% 2 6.9% 1J

Oryctolagus cuniculus 2 0.2% 1 3.4% –

Leporidae indet. 10 0.9% –

Lagomorpha 15 1.3% 3 10.3%

Total NISP/MNI 1170 100.0% 29 100.0%

NISP number of identified specimen,MNI minimal number of individuals, J juvenile, YA young adult, PA prime
age adult, OA old adult, S senile
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activity. Nevertheless, more information about dating and
taphonomic analyses are required to support this assumption.

The micromammals can be assigned to Rodentia and are
represented by a lower right M2 which has been assigned to
Microtus ex gr. arvalis-agrestis (MNI = 1). The presence of
such species may indicate a rather open environment, al-
though it is impossible to estimate the degree of humidity
due to the small number of collected anatomical elements.
Some bone surfaces seem to be altered, but no digestion marks
were observed and it is therefore not possible to confidently
explain the origin of these elements at the site.

Isotopic results from the animal bone collagen extracted
and analysed from Abri du Maras level 4.1 are presented in
Table 5 (n = 9;%C,%N and C/N also presented) and shown in
Fig. 5.

Apart from a single sample (s-eva-30226), the atomic C/N
ratios of the analysed samples range between 3.1 and 3.5, and
are therefore within the expected range for well-preserved
bone (after van Klinken 1999), a range confirmed by recent
experimental data (Dobberstein et al. 2009). The majority of
samples have%C and%N resembling that of modern collagen
(van Klinken 1999), and although a minority of samples have
<11%N, C/N ratios all lie within the acceptable range. The
collagen preservation displayed in level 4.1 is unusual for

material of this age, although collagen has been successfully
extracted from other archaeological sites of similar or even
older ages in Northern Europe (e.g. Britton et al. 2012,
Jones et al. 2001, Richards et al. 2008, Kuitems et al. 2015).

As shown in Table 5 and Fig. 5, despite the small number
of samples, inter-species differences in both δ

13 C and δ
15 N

are apparent, albeit with a greater range in δ15N values. Equus
values exhibit both the lowest mean δ

13 C and δ
15 N values,

indicative of grazing, with Rangifer δ13 C values slightly ele-
vated, which is commonly attributed to the consumption of
lichens. However, the most elevated δ13C and δ15Nvalues are
exhibited in the twoMegaloceros samples. This is unusual, as
previous isotope studies of pre-LGM Megaloceros bone col-
lagen from south-west France indicated them occupying a
similar niche to red deer (C. elaphus) (Immel et al. 2015), with
lower δ13 C (relative to reindeer) associated with leaf feeding
in forested environments (Bocherens 2003, Drucker et al.
2008). These values are therefore likely reflecting the contem-
porary environmental and ecological suite of this part of
France (i.e. a lack of extensive woodland cover) and also serve
to confirm variability in Megaloceros dietary niche, which is
consistent with the suggestion that this species was a mixed/
opportunistic feeder (Chritz et al. 2009). Elevated δ13C values
were also determined in IrishMegaloceros dental enamel in a
previous study and were related to the consumption of plants
such as forb species or sedges, which typically exhibit more
positive δ13 C values (Chritz et al. 2009, p. 142). The higher
δ
15N values seen inMegaloceros at Abri duMaras could also
be consistent with this. The elevated δ13 C could also be con-
sistent with the consumption of mosses or lichens, as with
reindeer. However, the rumen microbiology of modern (and
presumably archaeological) reindeer/caribou, unlike other ex-
tant deer species, is adapted for lichen consumption (Sundset
et al. 2008), and it is not known if this would have been the
case for Megaloceros. Overall, a range of ca. 3‰ is observed
in δ

15 N values across the dataset (from 2.2 to 5.5‰), and
there are clear inter-species differences, which probably re-
flect these different niche feeding behaviours.

Tooth microwear data for the reindeer (Table 6) were ob-
tained from eight specimens out of the 14 moulded specimens
from level 4.1. Six specimens were excluded for taphonomic

Table 5 Stable carbon (δ13 C) and nitrogen (δ15 N) isotope ratios of
faunal bone collagen extracted from level 4.1, including %C, %N and
C/N

s-eva
no.

Taxa Bone δ
13 C δ

15N %C %N C/
N

30051 Equus Metacarpal
III

− 20.6 4.8 28.0 9.4 3.5

30050 Equus Mandible − 20.3 3.2 35.0 12.0 3.4

30226 Equus Mandible − 24.9 1.0 2.4 0.4 6.9

30052 Equus Mandible − 20.0 2.2 31.4 11.1 3.3

30053 Megaloceros Mandible − 19.3 5.5 28.3 10.2 3.2

30054 Megaloceros Maxilla − 19.4 5.4 27.8 9.9 3.3

30056 Rangifer Mandible − 19.8 4.7 26.9 9.5 3.3

30057 Rangifer Mandible − 20.0 5.3 36.1 13.2 3.2

30055 Rangifer Mandible − 19.9 4.2 32.0 11.6 3.2

Table 4 Fish remains from level
4.1 m2 Family Species Element NISP MNI Estimated weight (g)

H-6 Cyprinidae Unidentified Vertebrae + rib 5 1 750

I-6 Cyprinidae Squalius cephalus Vertebrae + pharyngeal
bone

12 1 700

I-6 Cyprinidae Unidentified Vertebrae + rib +
parasphenoid

16 2 550–850

J-6 Cyprinidae Unidentified Vertebra 1 1 600

I-6 Percidae Perca fluviatilis Scales 12

Unidentified fish Fragments 121
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reasons (weathering or root alterations). The average number
of scratches and pits, as well as the 0–17%, indicates a diet that
can be classified as grass-dominated mixed feeding.
Compared to other samples of fossil reindeer (Table 6), the
population from the Abri du Maras is similar to that of Portel-
Ouest (south-west France) (Fig. 6). The average number of
pits, as well as other variables like the percentage of large pits
or scratch width, are very similar, suggesting the same dietary
traits at both sites. This resemblance is probably related to a
similar environmental context in Southern France during the
Late Pleistocene. The horse is only represented by two teeth,
but even with a very small sample size, the microwear pattern
indicates pure grazing (Fig. 7).

The charcoal study was based on the analysis of only 17
charcoal fragments handpicked during the excavation among
a great quantity of very small-undetermined fragments. The
analyses of the charcoal remains were carried out using the
standard procedure following the anthracological method
(Chabal et al. 1999). Each charcoal piece was fragmented by
hand to observe three anatomical wood sections (longitudinal,
tangential and radial). The observation was carried out with a

metallographic microscope (Olympus BX-41) with reflected
light and bright and dark fields with ×50, ×100, ×200 and
×500 magnifications. The Schweingruber (1990) wood anat-
omy atlas was used to support the identifications. The remains
from Abri du Maras are probably related to the use of fuel.
Three different taxa, comprising Betula (birch) (13 frag-
ments), Pinus sylvestris type (scots pine type) (2 fragments)
and cf. Fabaceae (1 fragment) and 1 undetermined fragment.
Betula is the most abundant; however, due to the low number
of fragments, the taxa should be considered to be equally
represented. These results are similar to those from the other
layers fromAbri duMaras, where P. sylvestris type is the most
recurrent taxon throughout the sequence (unpublished report;
Moncel et al. 2015). However, level 4.1. is the only level with
Betula. P. sylvestris includes the three mountain types
P. sylvestris, Pinus uncinata and Pinus nigra ssp. salzmanni,
which cannot be distinguished due to their similar wood anat-
omy (Schweingruber 1990). These taxa correspond to
heliophilous trees growing under dry and cold conditions.
Betula can also grow under cold conditions but needs higher
soil humidity rates. Both taxa are coloniser species and could

Fig. 5 Stable carbon (δ13C) and
nitrogen (δ15N) isotope ratios of
faunal bone collagen extracted
from level 4.1 (Graph by K.
Britton)

Table 6 Tooth microwear
summary for the reindeer
(R. tarandus) from level 4.1 of
Abri du Maras and other Middle
and Late Pleistocene localities
(data from (1) Rivals et al. 2015a
and (2) Rivals and Lister 2016)

Locality N NP NS SD CV %LP SWS %XS %0–17

Abri du Maras 8 20.06 18.25 2.299 0.126 0.0 1.13 37.5 25.0

Salzgitter Lebenstedt (1) 82 29.12 10.87 1.827 0.170 47.6 0.94 4.9 97.6

Kent’s Cavern (2) 12 15.50 15.63 4.012 0.257 25.0 1.33 50.0 75.0

Portel-Ouest F (1) 30 23.23 25.35 3.097 0.122 3.3 1.13 60.0 0.0

Caune de l’Arago G (1) 11 14.15 17.41 4.380 0.281 12.0 0.88 35.0 52.9

Percentage of individuals with less than 17 scratches, i.e. within the browsing range = 0–17%

N number of specimens, NP average number of pits, NS average number of scratches, SD standard deviation on
NS, CV coefficient of variation on NS, %LP percentage of individuals with large pits, SWS scratch width score,
%XS percentage of individuals with cross-scratches
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form part of open forests or forest grooves. Betula has also
been described in other sites from, for example, Northern
Iberia where it is related to increased precipitation and a more
humid environment (Uzquiano 2008). The results from the
charcoal analyses back up the characterisation of mosaic en-
vironments during MIS 3 with open landscapes but also arbo-
real cover. Other European anthracological records show sim-
ilar patterns with a dominance of conifer forests and Betula as
the main arboreal cover. These species would probably coex-
ist, as also observed in other MIS 3 records from Northern
Iberia and Central France (Théry-Parisot and Meignen 2000;
Théry-Parisot and Texier 2006; Uzquiano 2008; Uzquiano
et al. 2008; Uzquiano et al. 2012).

Neanderthal hunting: animal population
and seasonality

The 16 reindeer individuals are composed of seven juveniles,
two young adults, two prime age adults, three old adults and
two senile individuals (Table 3). No foetal remains were dis-
covered, probably because of the differential bone preserva-
tion of the sample. This age distribution shows a majority of
young individuals. Once plotted on a ternary diagram and
after correction as mentioned above in the Section 3, the rein-
deer population falls into an L-shaped zone (living structure or
catastrophic mortality profiles) (Fig. 8). As noted above, un-
fortunately, the bad preservation of the reindeer bones and
antlers precludes any morphometric and thus sex ratio
analyses.

Taking into account the period of birth for reindeer (May–
June) and the period of death for young individuals, four

Fig. 6 Microwear data (Graph by
F. Rivals). Boundary lines with
the error probability (heat map)
based on SD and CV values of
microwear data used for the
classification of samples into
short events (region A), long-term
events (region B) or two separated
short events (region C). Black
dots indicate modern reindeer
populations used to build the
model. White stars indicate
archaeological samples: Abri du
Maras (level 4.1), Salzgitter
Lebenstedt (SL), Portel-Ouest
level F (PO-F), Kent’s Cavern
(KC) and Caune de l’Arago level
G (CA-G)

Fig. 7 Bivariate plot of the average densities of pits and scratches in
reindeer and horse (Graph by F. Rivals). Bars correspond to the
standard deviation (± 2 SD) for the fossil samples. Grey areas
correspond to the Gaussian confidence ellipses (p = 0.95) on the
centroid for extant leaf browsers (B) and grazers (G) from Solounias
and Semprebon (2002)

Fig. 8 Ternary diagram for reindeer age classes (modified from Stiner
1990) (Graph by C. Daujeard)
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juveniles died during the fair season (possibly from spring to
summer) and five others during the autumn (from September
to December). Two juveniles are about 3–5 months old, two
are 12–15, one is 17–20 and two are 22–27 months old. Two
sub-adults (category young adult) died at the age of 27 to
30 months.

Regarding cementochronology, out of the nine studied
samples in level 4.1, only four gave positive results
(Table S3). They correspond to four reindeer teeth and indi-
cate periods of death during the autumn. These results confirm
those based on the periods of tooth eruption, i.e. a majority of
animals died during the late summer and autumn. This period
corresponds to the present-day great migrations (end of sum-
mer and then end of autumn) and rut (October) periods for
reindeer (after Miller, 1971), a time of the year when all age
classes and both sexes herd together.

Age determination was possible in a small number of indi-
viduals of other taxa (Table 3), although ages were mixed and
there were insufficient numbers for any clear trends to emerge.
The horse series yielded one deciduous foal incisive (0–
3 months old) indicates a period of death during the summer
(births in early May).

The variability of scratch microwear density is used as a
proxy for the duration of occupation at archaeological sites. In
the case of level 4.1 of Abri du Maras, it corresponds to low
variability both in terms of CVand SD (Table 6). Such values
fall within the area of seasonal events (or shorter), i.e. area [A]
on Fig. 6. Values are similar to the signal observed for the
reindeer from Salzgitter-Lebenstedt (Germany), where ani-
mals (MNI = 86) were hunted during a seasonal event in the
fall (Gaudzinski and Roebroeks 2000; Rivals et al. 2015a).
The pattern is significantly different to that reported for
longer-term occupations (longer than a season), as at Kent’s
Cavern (UK) or level G of the Caune de l’Arago (France).

Carcass transport and processing

For reindeer, for %MAU and survival rates for each anatom-
ical element, upper and lower long bones largely dominate the
distribution (Fig. 9 and Table S4). Among them, we observe a
strong and positive correlation between the volume of the
marrow cavity and %MAU of long bone elements (with
Spearman’s rs = 0.82, df = 9 and t = 7.66: p < 0.001). The
good representation of tibias and metatarsals, which have
among the highest marrow contents, must be moderated, as
it is easier to determine them. Taking into account the seven
main carcass portions (%MAU), the skeletal profile under-
lines the scarcity of the head and of the limb extremities, the
near absence of the vertebral column and the predominance of
forequarters and hindquarters (Fig. S5). No correlation exists
between FUI indexes and %MAU for all types of reindeer
elements (with Spearman’s rs = −0.04, df = 13 and t = −0.19:
p > 0.8). However, before interpreting these data in terms of

human strategies, we have to consider the positive correlation
between MAU rates and density indices (see above). This
indicates some preservation bias of the bone assemblage.
Nevertheless, the deficiency of isolated teeth and cervid ant-
lers confirms the rarity of heads (Figs. 9 and S5). Similarly, the
scarcity of basipodials and phalanges cannot be explained by a
problem of determination or density and thus highlights a real
absence (selective transport or in situ carcass processing, i.e.
crushing). Regarding the quantity of oleic acid within the ap-
pendicular elements, which appears to be the richest in the
extremities, we must underline here the apparent scarcity of
the phalanges. Finally, it is difficult to specifically determine
ribs and vertebrae, but all parts of these elements, even the
densest ones, are rare (%MAU= 0–5%; Table S4), in the same
way as the indeterminate elements belonging to the middle-
sized ungulate category. Thus, here too, we can consider the
rarity of the trunk as a reality.

For the other animals, the number of remains is not suffi-
cient to calculate the MAU, but based on the NISP, we can
make some comments (Table S4). For the horse, we observe
the same rarity of the trunk (with only one rib fragment) and
inversely the important presence of heads. Bison is represent-
ed by two isolated teeth and six hindquarter elements. The
giant deer comprises 20 elements, made up of head, trunk
and long bone elements. Red deer is only represented by six
long bone remains, from forequarters and hindquarters.
Caprines count four isolated teeth and only one femur shaft
fragment. As for lagomorphs, rabbit remains comprise one
isolated tooth and one metacarpal and the hare one scapula,
one humerus and one tibia. Indeterminate lagomorphs regroup
two isolated teeth, one scapula, one humerus, one radius, one
phalange, one femur, one tibia and two indeterminate
elements.

Of the decipherable remains, 21.8% bear cut marks, scrap-
ing marks and incisions made by sharp lithic tools. All the
main ungulate species have been processed (Table 7).
Slightly less than a third of the reindeer and horse elements
bear cut marks. Some bison, red deer and giant deer portions
also show butchery striations. Concerning the chaîne

opératoire of carcass processing, depending on the taxa, var-
ious stages were processed in the shelter: skinning, dismem-
bering and retrieving tendons, periosteum, flesh, marrow and
possibly bone grease removal.

Reindeer include 199 bone elements with cut marks.
Most of these are long bone shafts (Table 8; Fig. 10). The
forelimbs were skinned, as indicated by numerous meta-
carpal fragments with oblique and parallel incisions of var-
ious lengths spread along the anterior and medial faces,
and then dismembered (humerus/radius-ulna) and
defleshed. This latter step is mostly represented on humer-
us and radius-ulna by oblique or longitudinal striations
spread along the shafts. Tendons were retrieved resulting
in transverse marks on the posterior face of some
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metacarpals. Six fragments of metacarpals bear scraping
marks as well as longitudinal long incisions representative
of periosteum removal before marrow extraction. One ves-
tigial metapodial displays 30 short and oblique cut marks
typical of the skinning process. As for the hind limbs,
metatarsals point to skin, periosteum and tendon removal,
femurs and tibias were defleshed and disarticulation was
observed, for tibia/femur on three proximal tibias and for
tibia-tarsal on two distal tibia portions and one astragalus
with short and deep cut marks on its medial surface. Two
fragments of cut-marked mandibles indicate the recovery
of cheek meat. Finally, seven rib fragments are cut marked,
some due to evisceration, but most of them as a result of
defleshing.

For the horse, cut marks show forelimb dismembering (hu-
merus/radius-ulna) and flesh (cheek) removal on two mandi-
ble fragments, two tibias and one femur. Bison remains com-
prise two tibia shaft fragments with filleting marks and one
metatarsal fragment with scraping and skinning marks.
Evidence of giant deer skinning is present on a metatarsal
bone, defleshing on a tibia shaft and evisceration on a lumbar
vertebra. One red deer humerus bears a dozen short and deep

cut marks on its lateral epicondyle (distal end), indicating
disarticulation.

Five of the 10 lagomorph elements highlight the presence
of cut marks and/or green bone fracturing. These elements are
the distal extremity of a hare humerus, two proximal scapula
portions (hare and indeterminate), two femur shaft fragments
and a tibia (indeterminate), showing meat removal and the
disarticulation process.

Marks with diagnostic criteria of intentional anthropogenic
breakage are present on 481 remains of taxonomically identi-
fied ungulate long bones. These marks are mainly percussion
notches or impact flakes. Incipient percussion pits are rare (1)
and peelings were not observed, partly due to the poor con-
servation of the bone surfaces (root etching). We did not iden-
tify any adhering flakes. Concerning positive flake scars, only
eight boutons de manchette were observed, mostly in shaft
bone fragments (undetermined bones). Long bone shaft parts
present the highest rates of percussion marks (99%), distrib-
uted over the diaphysis surface with no preferential location

Table 8 Number (NRcut) and rates (%NRcut) of cut-marked elements
for reindeer

NRcut NISPl %NRcut

Mandible 2 17 11.8

Ribs 7 36 19.4

Humerus 15 45 33.3

Radius-Ulna 25 115 21.7

Metacarpal 20 53 37.7

Femur 13 26 50.0

Tibia 55 152 36.2

Astragalus 1 2 –

Metatarsal 45 155 29.0

Metapodials 12 54 22.2

Vestigial metapodials & phalanges 2 4 –

Indeterminate shafts 2 – –

NISPl number of legible identified specimen

Table 7 Number (NRcut) and rates (%NRcut) of cut-marked remains
by taxa

Taxa NRcut NRl %NRcut

Equus ferus cf. germanicus 8 26 30.8%

Bison priscus 3 4 –

Cervus elaphus 1 2 –

Megaloceros giganteus 3 14 21.4%

Rangifer tarandus 199 719 27.7%

Lagomorphs 5 10 50.0%

IND recorded 230 1288 17.9%

Total 449 2063 21.8%

NRl number of legible remains

Fig. 9 Distribution of the skeletal
elements for reindeer by
anatomical parts (Graph by C.
Daujeard). Survival rates
calculation corresponds to
MAU× 100 /NMImax
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(Vettese 2014, Vettese et al. 2017). Only six articular portions
display percussion marks. Regarding taxa distribution, the gi-
ant deer (33%) bears the highest proportion of percussion
notches, followed by the horse (29%), red deer and reindeer
(25%) and bison (17%). Notches are more abundant on tibias
and humeri (37%), femurs (35%) and thenmetacarpals (22%),
metatarsals (20%) and radio-ulnas (18%). Apart from long
bone elements, a few horse and reindeer mandibles and three
calcanei were fractured for recovering marrow. All the pha-
langes were complete or almost complete.

Burning damage was observed on 20.7% of the faunal
remains (Table 9). The majority of these remains are

represented by small fragments with a length of less than
25 mm (95.4%). In that size category, compact bones are
dominant. Nevertheless, spongy carbonised bone frag-
ments of all sizes represent a quarter of the burnt ele-
ments. The rate of carbonised bone fragments reaches
81.4%. Based on experimental and archaeological data
(Costamagno et al. 2009), those data are commonly
interpreted to reflect the use of bone for fuel, which con-
firms the other evidence of burning at the site provided
during the fieldworks (see above Section 2.3). The low
percentage of burnt spongy bones may be due to their
high vulnerability to atmospheric agents (Gerbe 2010).

Fig. 10 Disposition and rates of
the reindeer remains bearing
cutmarks (circled in red: the bone
elements present in the level 4.1;
cf. Table 7)

Table 9 Characteristics of burnt elements

c1 c2 c3 c4 c5 c6 c7 total Percent NR Percent

Spongiosa 0–25 mm 75 309 80 42 14 1 521 22.6% 1890 27.6%

Compacta 0–25 mm 11 318 1008 214 83 30 14 1678 72.8% 6503 25.8%

Spongiosa 26–50 1 4 6 4 15 0.7% 320 4.7%

Compacta 26–50 4 8 12 11 1 1 37 1.6% 1129 3.3%

Comp-spong > 50 1 4 1 6 0.3% 1050 0.6%

Isolated teeth 6 21 8 9 3 2 49 2.1% 231 21.2%

Total 16 412 1355 319 139 48 17 2306 100.0% 11,123 20.7%

At least carbonised (c3 to c7) 1878 81.5%

At least calcined (c4 to c7) 523 22.7%

Burnt elements < 25 mm 2199 95.4%

Spongious elements (c3 to c7) 460 24.5%
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Out of the 19 identified burnt bone elements, it is note-
worthy that most of them are spongy elements: four are
short articular bones (one lunate bone, one hamate bone
and two malleoli), one is a vertebral element (axis frag-
ment), one is a mandible fragment and 13 are long bone
portions (shaft and articular portions).

Lastly, only one small shaft fragment presents retouching
marks on its surface. This artefact was burnt (carbonised) and
remains indeterminate. The marks are situated on the apical
zone and can be associated with sliding striations due to con-
tact with lithic cutting edges. They are short (< 10 mm), dis-
persed and perpendicular to the long axis (Patou-Mathis and
Schwab 2002).

Discussion

Assessing the origin of a faunal accumulation necessitates the
consideration of numerous aspects, such as the archaeological
and sedimentological context, as well as taphonomic data. At
Abri duMaras, all the data point towards an almost exclusive-
ly human accumulation. Spatial analyses underline the close
association between the faunal and lithic remains unearthed in
level 4.1, indicating one distinct occupation phase.
Furthermore, the numerous faunal refits (n = 65–148 ele-
ments) and anatomical connections (n = 22–68 elements)
identified in this level, associated with the short distances
between connecting elements, attest to its homogeneity and
sub-contemporaneity. In addition, the numerous butchery
marks (≈ 20–30% of the NISP), burnt bones and green bone
breakage (70% of long bones), as well as the absence of car-
nivore remains and the scarcity of carnivore impacts on bones
(< 1%), allow us to identify this faunal accumulation as hu-
man. In this exceptional almost exclusively human accumula-
tion context, data from age and skeletal profiles, as well as
seasonality, can be used to assess Neanderthal subsistence
behaviours, in a well-defined palaeoenvironmental context.

Palaeolandscapes of MIS 3: a new framework

The combination of data, such as the faunal spectrum com-
bined with extant herbivore ecological data, isotopes and tooth
microwear, enables us to define the palaeoenvironments in
level 4.1 at Abri du Maras. The predominance of reindeer in
the faunal spectrum, associated with horse and bison suggest
open and steppe landscape, while the presence of ibex high-
lights the rocky landscapes. Additionally, the identification of
Microtus arvalis-agrestis within the microfauna supports the
idea of an open environment. The presence of (what are typ-
ically considered) browsers, such as giant deer and red deer,
however, could be indicative of the presence of woodland (see
Ecker et al. 2013 for references). Nevertheless, the well-
known plasticity of the red deer (Straus 1981; Guérin and

Patou-Mathis 1996; Discamps and Royer 2017) associated
with the unusual isotope values obtained in this study for the
giant deer contributes to highlight that those species were
exploiting different ecological niches. Indeed, whereas the
isotope data from horses is typical of grazers, the relatively
high δ

13 C observed in giant deer specifically do not suggest
feeding in woodland areas but instead could indicate mixed
feeding in open environments, indicating that this species was
also, like the red deer, an opportunistic feeder. The δ

15 N
values show clear inter-species differences, consistent with
various niche feeding behaviours on plants with varying δ

15

N values. Tooth mesowear and microwear indicate an inter-
mediate position between grass and browse feeders for rein-
deer and for horse a graze-dominated diet. Data for reindeer
and horse are consistent here with those of the carbon stable
isotope values, i.e. no clear habitat preference for reindeer
(mixed feeder, incorporating lichens or other browse) and
contrariwise preference for open landscape grazing for horse.
The analysis of red deer bone collagen and tooth wear for
giant deer from the site in a future might illuminate the extent
of this woodland.

Although broadly a cool, open environment, the pedo-
sedimentary facies at the site does suggest occupation during
short humid episodes with pronounced pedological develop-
ment that alternate with drier and cooler phases dominantly
marked by accumulation of aeolian dust during the uninhab-
ited periods. This may be indicative of the abandoning of the
landscape by Neanderthals during the harshest periods.
Finally, charcoal data identify the predominance of birch rel-
atively to scots pine in the level 4.1, indicating sufficient hu-
midity for the development of birch forests. Thus, these data
confirm a cool yet moister climate than expected by the faunal
spectrum and thus reinforce the characterisation of the mosaic
environments during the MIS 3 with open lands but also some
arboreal cover. Finally, despite the dating margins of error,
human occupations of the level 4.1 of Abri du Maras, dated
between 40 ± 3 and 46 ± 3 ka (n = 2) (Richard et al. 2015),
may correspond to the warm event or Dansgaard-Oeschger
event 12 (DO#12) observed in the Villars speleothem records,
just preceding the H4 cooling event, contemporaneous of the
Neanderthal demise in western Europe (Genty et al. 2010).
According to this study, DO#12 was likely warm and humid
with fast growth rate and low δ

13 C, consequence of intense
soil and vegetation activity.

Selective mass reindeer predation at level 4.1 of Abri
du Maras?

With 88% of the NISP, reindeer is the most represented taxon
in the faunal spectrum. The richness and diversity indexes
highlight a spectrum similar to monospecific ones, such as
Les Pradelles (Evenness = 0.23 in level 9 and 0.36 in level
10; Costamagno et al. 2006), Le Lazaret-UA25 (Richness =
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1.41 and Shannon = 1.5 for MNI) and the Proto-Magdalenian
level of Abri Pataud (H < 1) (see Valensi et al. 2013) for
cervids (among others). Large bovid-dominated faunal assem-
blages are also numerous, with examples such as Mauran
(Farizy et al. 1994; E = 0.05 and 1/D = 1.02, in Grayson and
Delpech 2002 and E = 0.04 in Rendu et al. 2012), La Borde
(Jaubert et al. 1990; E = 0.16 and 1/D = 1.098, in Grayson and
Delpech 2002) in France or Wallertheim in Germany
(Gaudzinski 1995). Even dangerous and solitary species such
as the rhinoceros were selectively hunted by humans with the
famous example of Taubach in Germany (Bratlund 2000).
According to the study of Gaudzinski-Windheuser (2006),
such anthropogenic monospecific faunal spectra increased
significantly all over Europe from MIS 5 onwards (see also
above in Section 1).

The age distribution of the 16 reindeer individuals from
level 4.1 indicates a living structure. Age profiles pointing to
catastrophic mortality are representative of natural disasters,
mass kills or non-selective hunting episodes (Lyman 1987;
Stiner 1990; Discamps and Costamagno 2015). Mass kills or
non-selective slaughters within the herds are both plausible.
Similar age profiles have been observed for other Middle
Palaeolithic cervid accumulations, such as Salzgitter-
Lebenstedt (MNI = 86), Les Pradelles (level 9, MNI = 33; lev-
el 10, MNI = 22), Roc de Marsal (Layer 4, MNI = 12/estimat-
ed MNI = 78), Jonzac (Layer 22, MNI = 18) or Pech de l’Azé
IV (layer 4, MNI = 25) for reindeer (Gaudzinski and
Roebroeks 2000; Costamagno et al. 2006; Niven et al. 2012;
Niven 2013; Castel et al. 2017), as well as Pech de l’Azé I
(level 4, MNI = 19) for red deer (Rendu 2010), considered to
be the result of non-selective hunting. Inversely, some bovid-
dominated assemblages, such as Wallertheim (level B1,
MNI = 52) (Gaudzinski 1995), show repeated, selective and
controlled collective hunting episodes, indicating that human
strategies are not the same, depending on the hunted species
and environments. All these sites display one single dominat-
ed species, and the only difference lies in the number of indi-
viduals, mainly depending on the excavated surfaces and the
number of human occupation episodes.

At Abri du Maras, seasonality indices can be linked to
human hunting activities. Indeed, added to the presence of
unretouched Levallois points used as projectile tips and large
Levallois blades and points brought to the site (Hardy et al.
2013; Moncel et al. 2014), the taphonomic analysis (see
above) clearly associates the faunal assemblage with planned
hunting activities. The seasonal indices for level 4.1 show that
most of the reindeer deaths occurred during the autumn
(September to December). Furthermore, tooth microwear data
correspond to seasonal events, similar to those observed for
reindeer from Salzgitter, which reflect short-term mass death
scenarios during the same period around September. The three
short-term stopping places of Les Pradelles, Jonzac and
Salzgitter show the same period of death for reindeer

(Gaudzinski and Roebroeks 2000; Costamagno et al. 2006;
Niven et al. 2012), coinciding with the reindeer’s fall migra-
tions. Fall migration is a time of the year where herds are not
segregated and males (before and during the rut) and females
are in particularly good physical condition, optimising energy
return for hunters. Even among sedentary ecotypes, fall is the
period where body condition is optimal and fat reserves are
highest in Rangifer, following summer feeding. Unusually, at
Pech de l’Azé IV, humans seem to have hunted reindeer dur-
ing their spring migration.

Concerning the skeletal profiles, long bones largely domi-
nate the accumulation, and among them, the richest elements in
marrow, indicating primary carcass processing on the kill site
and then selective transport of the carcass elements. The scar-
city of the axial skeleton (head and trunk) and of the limb
extremities (short articular bones) could indicate their abandon-
ment at the kill site and/or an in situ differential and/or spatial
preservation or treatment. These data may be related to the
significant and positive correlation between bone density and
the %MAU, highlighting the rarity of the less dense bone por-
tions on the site (mainly long bone extremities and axial skel-
eton). Nevertheless, as indicated above, the rarity of isolated
teeth and antlers confirms the absence of the heads. Concerning
the trunk, all portions are scarce, even the densest ones and also
indeterminate elements. Thus, the near absence of the axial
skeleton cannot be entirely explained by the post-depositional
destruction of low-density elements and we can instead postu-
late that these parts were frequently abandoned at the kill site
and/or exploited and thus destroyed by Neanderthals once
transported to the site. As for the paucity of carpals and tarsals,
the presence of metapodials and of other limb portions at the
site raises questions as to their in situ disappearance. As these
parts are not particularly fragile, this may also result from spe-
cific in situ treatment rather than differential preservation. The
scarcity of phalanges is more easily explained, suggesting the
hypothesis of skin exportation. However, specific spongy bone
processing at the site, i.e.for grease bone extraction, including
articular portions as well as vertebral elements, may also be a
valid explanation, although difficult to identify archaeological-
ly (Daujeard 2008; Costamagno 2013; Speth 2015). Indeed,
bone grease processing implies a great fracturation of the bone
and a quasi-exclusive use of spongy elements (Costamagno
and Rigaud 2014). Because of their intense fragmentation,
those pieces may be more subject to post-depositional diage-
netic processes, largely highlighted here, and thus to differential
destruction. However, according to Morin and Soulier (2017),
excepted in case of crushing the spongy portions to obtain a
raw bone meal, the grease extraction by boiling may have left
some coarse identified fragments among the assemblage. Thus,
without excluding this possibility, we may emphasise another
hypothesis to explain the quasi-absence of spongy bones at
Abri duMaras (4.1), i.e. the use of bone for fuel (see the results
above and Table S7).
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At Roc de Marsal, interestingly, the authors (Castel et al.
2017) observe the same scarcity of heads (including antlers),
short articular elements, phalanges and the axial skeleton, as a
result of the combination of different causes: in situ differen-
tial preservation, in situ specific treatment and the abandon-
ment of some carcass elements at the kill site. Concerning
spongy bone treatment, the main difference between both sites
lies in the lack of fire evidence at Roc deMarsal and converse-
ly in the many fire indices at Abri du Maras: ash lenses and
numerous burnt bones. Nevertheless, other types of carcass
exploitation behaviours exist in the Middle Palaeolithic
reindeer-dominated assemblages. For example, at Jonzac,
the skeletal profiles indicate the transport of whole carcasses
to the site, whereas at Les Pradelles (levels 9 and 10), which is
considered as a secondary butchery site, Neanderthals may
have mostly selected upper long bones and then exported
some fleshy portions to another camp. Due to the absence of
evidence of fire and the presence of carnivore tooth marks on
bones at Les Pradelles, the same hypotheses regarding the
scarcity of spongy bone elements at this site cannot be ad-
vanced. At Pech de l’Azé IV, the most nutritious body parts
were selectively transported to the site. At the open-air site of
Salzgitter-Lebenstedt, the data point towards the hunting of
high-quality animals and the in situ processing of limb bone
elements for flesh and marrow, with possible evidence of food
storage, as at Les Pradelles (Gaudzinski and Roebroeks 2000;
Costamagno et al. 2006). In general, in all these reindeer-
dominated assemblages, except those of Salzgitter and
Jonzac, which served as primary butchering locations where
reindeer skeletons were mostly retrieved complete, we ob-
serve a deficiency of the axial skeleton (heads, vertebrae and
ribs), as well as the girdles (pelvis and scapula) and the short
articular bones (carpals, tarsals and phalanges). All these parts
cannot be equally affected by low-density differential preser-
vation, and thus large carcass portions appear to have been
abandoned at the kill site during the early butchery stages
(disarticulation) and/or affected by specific anthropogenic
treatment at the base camp (grease bone extraction and/or
use of bones as fuel). The lack or scarcity of fire evidence in
many of these places, such as Roc deMarsal, Pech de l’Azé IV
(layer 4), Les Pradelles, Jonzac or Salzgitter, may point to-
wards a combination of the frequent abandonment of the
trunk, short articular bones, heads with antlers as well as skins,
including phalanges and in situ grease extraction of the
transported spongy elements. This moderate presence of
skulls and minor presence of phalanges, associated with a
representation of the limb bones relative to marrow contents,
has already been highlighted for reindeer assemblages from
the Middle Palaeolithic (Gaudzinski-Windheuser and Niven
2009).

Finally, at Abri du Maras, the numerous cut-marked ele-
ments, associated with the almost systematic green bone
breakage of limb elements for marrow recovery and the

possible use of bones for fuel, indicate intensive in situ carcass
treatment and consumption. All stages of the butchery process
are identified: from evisceration, to skinning, disarticulation,
defleshing and the removal of tendons. Nevertheless, due to
the lack or the scarcity of certain skeletal parts (vertebrae, ribs
and long bone extremities), evisceration and disarticulation
are very poorly represented. As for long bone breakage for
marrow, 85% of the long bone remains bear green bone frac-
tures. This rate is high but still moderate compared to other
anthropogenic faunal assemblages where the near totality of
yellow marrow bones are fractured, including not only long
bones but also phalanges, tarsals and mandibles (i.e. Les
Pradelles or Roc de Marsal in south-western France:
Costamagno et al. 2006; Castel et al. 2017 or Saint-Marcel
or Sainte-Anne I in the Southeast: Daujeard 2007; Daujeard
et al. 2012). Here, very few mandibles and calcanei and no
phalanges present green bone breakage. Some anatomical
connections (limb bone elements) and whole long bones, es-
pecially reindeer metacarpals, were found in level 4.1. The
same behaviour has also been observed at Jonzac and
Salzgitter-Lebenstedt, where, at the latter site, Neanderthals
frequently discarded poor long bone elements and some meta-
carpals were abandoned whole. In all these reindeer-
dominated assemblages, evidence of in situ meat filleting
and marrow exploitation by Neanderthals has been document-
ed, associated with very scarce indices of carnivore action.
The rarity of the presence of traces of fire, only recorded in
the level 4.1 of Abri du Maras, may indicate different site
functions and possibly longer occupation durations.

At Abri du Maras (level 4.1), the clear monospecific spec-
trum, catastrophic mortality and autumnal deaths point to
short-term hunting episodes of migratory mixed herds. At that
time of the year, Neanderthal groups focused on preferential
prey, predominantly available in the surroundings. However,
as underlined by Costamagno et al. (2006), the question of
‘obligate’ versus ‘deliberate’ specialisation is very difficult
to assess (see below). Likewise, it is very difficult to discern
between successive individual hunting episodes and mass
kills. Many criteria, such as sedimentation rates, refits and
the volume of the excavation, must be taken into account for
evaluating the presence of a single depositional episode.
Unfortunately, these data are difficult to obtain in the literature
and thus difficult to compare. What can be said of Abri du
Maras (level 4.1) is that the presence of numerous short dis-
tances refits and of ash lenses at a same depth seems to suggest
a main phase of human occupation. Like most of the reindeer-
dominated assemblages (except for Salzgitter), level 4.1 has a
high MNI of reindeer (between 10 and 30) and indicates that
hunters regularly discarded carcass portions at the kill site.
Added to the predominance of reindeer in the assemblage
and catastrophic and seasonal mortality (Costamagno et al.
2006; Rendu et al. 2012; Lubinski 2013), mass procurement
is the most likely explanation.
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Finally, at Abri du Maras, carcasses were clearly being
butchered elsewhere at the kill site and then the limb elements
were commonly selected to be transported to the site. The
presence of some long bones still complete or even in anatom-
ical connections, as at the site of Salzgitter-Lebenstedt, further
supports the hypothesis that level 4.1 is predominantly the
product of mass hunting episodes.

Neanderthal hunting of reindeer in the Upper
Pleistocene of Western Europe: selective and planned
behaviour or environmental constraints?

Reindeer-dominated assemblages are a specific type of single
species-dominated assemblage, associated with a seasonal
hunting model. This is the case at Les Pradelles, Jonzac, Roc
de Marsal, Pech de l’Azé IV in south-western France or
Salzgitter in the north of Europe. Some authors argue that such
assemblages result from the opportunistic response of
Neanderthals to taxa availability (Niven et al. 2012; Niven
2013). Neanderthals may have hunted reindeer because of
their dominance during cold periods and because of the lack
of other ungulates in the environment, such as bison or horse.
This observation is similar to that of Grayson and Delpech
(2003) for theMagdalenian assemblages at Grotte XVI, where
the increase in reindeer remains is interpreted as a direct re-
flection of what was available in the environment during pe-
riods of cold summer temperatures. Similarly, on a regional
scale, the study of Magniez and Boulbes (2014) at Tournal
Cave underlines the important role of environmental changes
on the dietary behaviour of human groups during the Upper
Pleistocene, from MIS 3 to MIS 2. This point of view is also
supported by the data from Discamps (2013), showing impor-
tant biomass fluctuations between the Quina and post-Quina
periods in south-western France. According to that author, the
Quina period corresponds to a low ungulate biomass episode
marked by growing reindeer populations. Inversely, during
the late Middle Palaeolithic, or ‘Post-Quina’ period, ungulate
biomass increases with the highest rates of horse and bison.
Nevertheless, more recent palaeoenvironmental reconstruc-
tion from large and small mammal communities (Discamps
and Royer 2017) tempers those chronological changes in the
South-West, underlining the importance of seasonal and geo-
graphical differences. Indeed, the latter is illustrated in the
south-west for the Quercy region, where a high ungulate bio-
mass environment persists during the Quina episode
(Discamps 2013). About seasonality influence, it should be
noted that while limited strontium isotope evidence suggests
migratory behaviour in late Pleistocene European reindeer,
this has yet to be demonstrated for bison (Britton et al.2011,
Julien et al. 2012). One other notable factor is that the faunal
spectra of the reindeer monospecific assemblages of Jonzac
and Pech de l’Azé IV, as well as in all Upper Pleistocene
assemblages of this type, whether they are in Western or

Northern Europe, always comprise horse, bison and red deer
alongside reindeer. Finally, the recent luminescence ages of
Guérin et al. (2017) at Roc deMarsal (average of 49 ka, n = 5)
suggest a longer duration for the Quina Mousterian with
reindeer-dominated assemblage in south-western France, ex-
tending until MIS 3, very close to the ages obtained for level
4.1 of Abri du Maras. These new luminescence ages (Guérin
et al. 2012, 2017) also confirm the association of some
Levallois assemblages with mixed fauna (red deer, roe deer
and reindeer) at the beginning of MIS 4 (ca. 65–70 ka) and
that of others with reindeer-dominated spectra at certain mo-
ments of MIS 3 in south-western France. All those data inval-
idate the strict association of MIS 4 with Quina technological
complex and reindeer-dominated spectra in that region, pro-
viding a more complex view of palaeoenvironmental evolu-
tion during MIS 4 and MIS 3. Thus, taking into account those
difficulties in chronological resolution and environmental re-
construction, we may keep in mind the possibility that this
monospecific reindeer hunting behaviour may rather reflect
a preferential selection of prey, than environmental constraints
(see Castel et al. 2017).

In south-eastern France, a different situation emerges with
a very low number of reindeer-dominated assemblages for the
Upper Pleistocene. Other Middle Palaeolithic and even Early
Middle Palaeolithic single species-dominated assemblages
with seasonal slaughters have been observed in the south-east.
This is the case at Sainte-Anne I, Saint-Marcel, Abri Moula
(interglacial levels) and Le Lazaret (UA25), with spectra
largely dominated by cervids or at Baume des Peyrards, in
the Vaucluse, where the ibex is the main hunted animal
(Daujeard and Moncel 2010; Moncel and Daujeard 2012;
Daujeard et al. 2012). Nonetheless, only some Late Middle
Palaeolithic occupation phases, Baume Néron, Abri Moula
and Abri du Maras, all situated along the Rhône Valley, show
faunal spectra dominated by reindeer and followed by bison
and horse. All these assemblages correspond to the end of
MIS 4 or the beginning of MIS 3 (Defleur et al. 1994;
Defleur et al. 2001; Richard et al. 2015), with cold and humid
environments. At Abri du Maras, we observe different faunal
spectra within a same sedimentary unit and chronological time
span (Richard et al. 2015). Indeed, level 4.2, which is situated
just below level 4.1, provides a more varied faunal spectrum
dominated by bison and horse and followed by red deer, rein-
deer and giant deer. Besides that, preliminary seasonal data for
the horse and giant deer from level 4.2 give different periods
of human occupations, during the spring and the summer
(Daujeard, in Moncel et al. 2014, unpublished report). Thus,
the differences exist ing between these two sub-
contemporaneous levels may be explained here by the
planned seasonal organisation of Neanderthal groups, depend-
ing on the presence of some species in the surroundings, at
local and short chronological scales, rather than on a real ab-
sence of other animal community. Indeed, the reindeer-
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dominated assemblage in level 4.1 could result from selective
hunting by highly mobile human populations, who knew the
location of shallow river crossings (natural fords), facilitating
the passage of animals across the Ardèche River, and also
possibly the timing reindeer migrations along the Rhône
Valley. If reindeer were indeed migratory at this time period,
and in this region, the hunting of non-migratory ‘local’ ani-
mals, in smaller numbers (relative to reindeer) could also be an
important buffer against the time-stress activity of interception
hunting. Were the reindeer herds targeted non-migratory, and
instead exhibited more local ranging behaviour, other factors
could explain this selection. For example, the aggregations of
males and females that occur during the rut in both migratory
and sedentary herds, and the prime condition of the animals
during autumn (in terms of body weight and fat percentage).
The strontium isotope analysis of reindeer teeth from level 4.1
of Abri du Maras would serve to illuminate this further and
help determine if reindeer targeted were indeed migratory.
However, whether it was to intercept migratory herds, or to
take advantage of the autumn aggregations of prime condi-
tioned reindeer herds (migratory or non-migratory), the in-
tense and seasonally restricted nature of reindeer exploitation
at Abri du Maras infers the selective, seasonal appeal of this
area for contemporary groups on their seasonal rounds. At
Abri duMaras, this behaviour, highlighting planned and com-
munal mass hunting strategies, seems here to ‘imply a delib-
erate selection of particular species from the total resources
potentially available for exploitation’ (Mellars 1996, p. 196).
Significantly, Abri du Maras confirms the deeper antiquity of
the practice in another region of Europe than previously iden-
tified (mainly south-western France and Northern Germany).

Thus, the faunal analysis of level 4.1 of Abri du Maras
provides evidence of a new occurrence of planned, collective
and selective Middle Palaeolithic reindeer hunting, consider-
ably further east than other well-known sites in south-western
France, such as Les Pradelles, Jonzac, Roc de Marsal or Pech
de l’Azé IV. Indeed, south-eastern France displays rare cases
of reindeer-dominated assemblages along the Rhône valley.
The sites of Abri du Maras, Abri Moula and Baume Néron
present faunal spectra representative of cold and humid occu-
pation phases related to the last glaciation, at the end of MIS 4
and beginning of MIS 3. The main difference with the south-
western assemblages is that, with Salzgitter, these assem-
blages are all associated with a predominantly Levallois pro-
duction (points and elongated products) with very few or no
Quina retouches. At Salzgitter, a Micoquian series including
Keilmesser-types is associated moreover with the Levallois
debitage (Tode et al. 1953). Thus, it is interesting to note that
the model advanced by Delagnes and Rendu (2011) for the
south-west, with a Quina system associated with well-planned
reindeer exploitation, a discoid-denticulate system reflecting
more opportunistic behaviours related to bison or horse hunt-
ing and a Levallois technology related to foraging mobility

with no selective hunting, cannot be applied to other regions.
Finally, at Abri du Maras, we must underline that part of tool
kit production, such as the use of some points used as projec-
tiles, was planned before arriving on the site. This far-sighted
lithic behaviour may be related to the planning of reindeer
herd slaughtering by Neanderthal groups. However, despite
that observation, we do not observe a link as clear as that
observed in the south-west between planned monospecific
hunting strategies and lithic technologies, adding to the com-
plexity of the scenario.

Conclusion

The integration of multiple analyses undertaken on the faunal
assemblages from level 4.1 at Abri du Maras enabled us to
define Neanderthal subsistence behaviours at the site within a
precise chronological and palaeoenvironmental framework.
Pedo-sedimentary facies, charcoal, stable isotope and tooth
wear suggest a cool, but moist regional environment, different
from what is highlighted by the faunal spectrum alone, i.e.
harsher, steppic conditions. The chronological attribution of
the level (beginning of the MIS 3 between 40 ± 3 and 46 ±
3 ka, probably between the Heinrich events H5 and H4, cf.
Richard et al. 2015) is consistent with the D-O#12 event re-
corded in the Villars speleothems (Genty et al. 2010),
characterised by a woody steppe with a relatively warm and
humid climate compared to earlier periods. At Abri du Maras,
the almost-exclusive anthropogenic accumulation of the fauna
in level 4.1 represents an exceptional framework to interpret
human subsistence strategies. Here, the reindeer-dominated
assemblage is representative of planned and collective
Neanderthal hunting activities during the autumn. The clear
monospecific spectrum, associated with seasonal evidence
and the selective transport of some carcass portions to the site,
points to short-term mass hunting episodes of reindeer herds,
not well recognised until now in the south-eastern France for
that period. It can be speculated that reindeer were either
hunted during their seasonal migrations and they were not
present in the region all year round (i.e. they were a seasonally
restricted resource), or, if they were the sedentary ecotype,
they were exploited during their Autumn aggregations when
both male and females tend to be in prime condition, in terms
of body weight and body fat percentage (i.e. they were a
seasonally selected resource). Future analyses of materials
from the site, such as strontium isotope analysis of reindeer
tooth enamel, will provide insights into whether or not the
herds targeted by Neanderthals at Abri du Maras were migra-
tory and further illuminate the nature of this assemblage and
therefore the main motivations underlying the regular autum-
nal activities of the human groups in this region.

In addition to the otherwise specialised nature of
Neanderthal activities at Abri du Maras, evidence presented
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here are also suggestive of more diverse subsistence strategies
at the site, for example, the evidence for numerous episodes of
fire use and the in situ consumption of meat and marrow. In
addition, lithic debitage, woodworking and possibly
manufacturing string or nets (Hardy et al. 2013) point to main-
ly non-specialised activities, possibly evidencing adaptable
and diverse seasonal behaviours. This corroborates the region-
al mobility model that has been previously proposed for this
region of south-eastern France, i.e. a far-sighted circulating
model very closely associated with regional micro-
topography and available seasonal resources (biotopes and
raw material outcrops) (Daujeard and Moncel 2010;
Daujeard et al. 2016). Many Middle Palaeolithic assemblages
with monospecific fauna indicate secondary butchery process-
ing with evidence of food storage and no or scant use of fire,
indicating short-term human occupations. At Abri du Maras,
we cannot confidently associate short-term hunting episodes
with short-term occupations of the site, and one does not nec-
essarily preclude the other. Further investigations combining
faunal, lithic and spatial analyses will permit to have a better
idea of the type and duration of the human occupations within
the level 4.1. Finally, data of the sub-contemporaneous faunal
assemblage from level 4.2 will provide precious additional
data for understanding fluctuations in Neanderthal subsistence
strategies in the same topographical context in a later period
and under a different climatic regime.
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