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The Late Pleistocene site “Troisi�eme caverne” of Goyet (Belgium) has yielded the broadest set of Nean-
dertal remains in North-Western Europe and is associated with a rich and diverse large mammal
assemblage. We reconstructed the dietary ecology at the site using stable isotope tracking (d13C and d15N)
of bone collagen. The d13C and d15N values of all species are consistent with those observed in other
“mammoth steppe” sites. The relative contribution of potential prey species to the diet of carnivores
(including Neandertals) was evaluated using a Bayesian model. The distribution of individuals from
herbivorous species and carnivorous ones was determined through cluster analysis in order to identify
ecological niches, regardless of the individual species attribution. The Neandertals within the predator
guild and the mammoth and reindeer as representatives of the herbivores occupied the most specific and
most narrow ecological niches. The “Troisi�eme caverne” of Goyet can be regarded as a key site for the
investigation of Late Pleistocene Neandertal ecology north of the Alps.

© 2015 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

Neandertals went extinct approximately 40,000 years ago
(Higham et al., 2014), around the time anatomically modern
humans (AMH) began to replace the previous Neandertal pop-
ulations (Hublin, 2015; Nigst et al., 2014). The dietary strategies and
the related cognitive abilities can provide insights into potential
arguments for the Neandertal extinction (e.g. d’Errico and S�anchez
Go~ni, 2004; Finlayson et al., 2004; Bocherens and Drucker, 2006;
Bocherens et al., 2014b). Several approaches were conducted to
reconstruct Neandertal diet, e.g. zooarchaeology (Gaudzinski-
Windheuser and Kindler, 2012a,b; Germonpr�e et al., 2014), dental
microwear patterns (P�erez-P�erez et al., 2003; Harvati et al., 2013),
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tooth calculus analysis (Henry et al., 2011; Hardy et al., 2012), lithic
use-wear and residue analysis (Hardy and Moncel, 2011) and the
investigation of stable carbon and nitrogen isotopes of bone and
teeth collagen (e.g. Bocherens et al., 1991, 2001, 2005b; Bocherens,
2009b; Bocherens et al., 2013; Richards et al., 2000; Richards and
Schmitz, 2008; Richards and Trinkaus, 2009). All the different
projections present different, in some cases even on the first view
apparently contradictory, results equivalent to their specific pos-
sibilities. Nevertheless, there is common agreement of the regular
consumption of large ungulate meat. In the current state of
research, it has been accepted that Neandertals were able to hunt
actively (e.g. Richards et al., 2000; Bocherens and Drucker, 2006;
Serangeli and Bolus, 2008; Rendu et al., 2012; Gaudzinski-
Windheuser and Kindler, 2012a,b; Germonpr�e et al., 2014), in
contrast to around two decades ago (e.g. Binford,1985; Stiner, 1991;
Marean, 1998).

What remains in dispute is the potential role of smaller mam-
mals or birds in Neandertal diet, as well as the significance of fresh
and/or marine resource exploration (e.g. Richards et al., 2001;
Hardy and Moncel, 2011; Blasco and Fern�andez Peris, 2012a,b;
for dietary ecology of late Neandertals in North-Western Europe,
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Bocherens et al., 2014d). Another striking point is the significance of
plant food consumption. Several interpretations have been pro-
posed about plant food consumption: Did it occur just by chance,
very regularly, only in certain ecosystems, or even for medicinal
reasons (e.g. El Zaatari et al., 2011; Henry et al., 2011, 2014; Hardy
et al., 2012; Salazar-García et al., 2013)?

The archaeological and anthropological record in Belgium pro-
vides a unique situation: the several previously presented remains
from Spy, Scladina,Walou, Trou de l’Abîme at Couvin and Engis (e.g.
Bocherens et al., 2001, 2013; Draily, 2004; Toussaint et al., 2006;
Semal et al., 2009, 2013; Toussaint et al., 2010; Germonpr�e et al.,
2014) emphasized the richness of Neandertal fossils with associ-
ated artifacts and faunal remains in this area. The “Troisi�eme cav-
erne” of Goyet (Belgium) contributed significantly to the
archaeological record. The site yielded the most extensive assem-
blage of Neandertal remains in terms of numbers of specimens and
individuals in Northern Europe (Rougier et al., 2012, in prep.)
providing the rare opportunity for a valid reconstruction of the
ecology of Neandertals at this site, andmore generally in the region.
Not only a considerable spectrum of Neandertal remains have been
identified in the last years, but also a broad spectrum of herbivo-
rous and carnivorous species from the same ecosystem. The
ecological context allows to reconstruct the trophic structures
through the investigation of stable isotopic composition. Further-
more, the chemical preservation of the organic parts of the bone
material is excellent in contrast to most of the sites in, for example,
Southern Europe.

Altogether, this site provides one of the best opportunities to
reconstruct the ecology of Neandertals within their ecosystem
through stable isotopic investigation.

The stable isotopic composition of collagen is directly correlated
to the isotopic signature of consumed dietary protein. We applied
statistical analysis of the Neandertal results and their potential prey
to establish a quantitative and qualitative estimation of the
composition of their diet. Since the isotope composition of bone
collagen reflects the average protein input of the most recent years
of an individual, we can estimate ecological behavior on a long term
scale, in contrast to methods providing insights as snapshots or
short term time ranges (e.g. toothwear analysis, residue analysis on
stone tools, investigation of the species composition of the faunal
assemblage in the site).

Here we also provide information about the general structure of
this ecosystem in the broader frame of the mammoth steppe
ecosystem; we highlight aspects such as niche partitioning among
herbivores and among carnivores with a special focus on the
contribution of different prey species in the protein part of the
Neandertal diet. While doing this we evaluated potential compe-
tition with other predators and highlight the relations among the
carnivores guild. These results will be compared directly with the
Neandertal results from Spy (Bocherens et al., 2013).

Paleodietary reconstruction using stable carbon and nitrogen
isotopic signatures of collagen of European Pleistocene humans is
an established technique that was first implemented on Neandertal
remains from Marillac (Charente, France; today designated as “Les
Pradelles”) (Bocherens et al., 1991; Fizet et al., 1995). Since this early
research, several Neandertal remains have been the subject of
investigation using stable isotopes: early Late Pleistocene remains
from Scladina cave in Belgium (Bocherens et al., 1999); the Late
Pleistocene remains from Vindija in Croatia (Richards et al., 2000);
Spy and Engis in Belgium (Bocherens et al., 2001, 2013); Saint-
C�esaire, Les Pradelles and Les Rochers-de-Villeneuve in France
(Bocherens and Drucker, 2003a; Bocherens et al., 2005b; Beauval
et al., 2006). Neandertal in Germany (Richards and Schmitz,
2008) and Okladnikov Cave from South Siberia (Krause et al.,
2007) have all been used to investigate Neandertal diet through
Please cite this article in press as: Wißing, C., et al., Isotopic evidence
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the stable carbon and nitrogen isotopes of their remains. We will
discuss our results in the context of previously published results to
emphasize the pertinence of the Goyet site.

This paper focused on two essential aspects: the first is to
describe the ecological background within the mammoth steppe
ecosystem, and the second is to detail the ecology of the Goyet
Neandertals and the potential implications.

2. Material and methods

2.1. The “Troisi�eme caverne” of Goyet

The Goyet caves are located in the Mozet Commune in the
Walloon Region in Belgium around 20 km away from the Spy site
(Fig. 1) and consist of several archaeological sites. The “Troisi�eme
caverne” of Goyet is located within a karstic system on the bank of
the Samson Valley, a tributary of the Meuse River. Most of the
sediment was excavated by Edouard Dupont in 1868 (Dupont,
1872), without the methods used by modern excavators although
the fieldwork was somehow advanced if we consider the standards
for Paleolithic sites investigations at the time. Most of his work was
recorded in writing (e.g. Dupont, 1872) and most of the artifacts
were labeled. Dupont described five “fauna-bearing levels” at the
site, which were originally considered to correspond to chrono-
logical units. However, the “fauna-bearing levels” consist of amix of
remains from different periods (e.g. Germonpr�e, 1997, 2001;
Stevens et al., 2009a). Efforts were therefore made to directly
date the human remains (Rougier et al., in prep.). Altogether the
“Troisi�eme caverne” yielded rich Late Pleistocene occupations from
the Middle and Upper Paleolithic (Mousterian, Lincombian-
Ranisian-Jerzmanowician, Aurignacian, Gravettian, and Magdale-
nian) including a considerable faunal assemblage (e.g. Germonpr�e,
1997; Germonpr�e and Sablin, 2001; Otte and Noiret, 2007; Flas,
2011; Pirson et al., 2012).

2.2. Comparison sites

To get a broader ecological dataset, we integrated the sites of
Scladina and Spy to our study (Fig. 1). Both yielded material with a
very similar ecological and temporal background to Goyet. Spy was
excavated more than a century ago. The stratigraphic attribution of
the remains it yielded does not follow modern standards (e.g.
Pirson et al., 2012; Germonpr�e et al., 2014), therefore all of the
faunal material in the present study is directly dated. The situation
at Scladina is different. The faunal remains from the site are not
directly dated but come from a well-stratified context. The site was
discovered in 1971 and is still under investigation. All of the ma-
terial considered in this study comes from complex 1A and is
associated with aMousterian technocomplex (Bonjean et al., 2009).

2.3. Skeletal material

2.3.1. Goyet
The human material studied was collected during the excava-

tions of E. Dupont in 1868 and identified as Neandertal during the
reassessment of the “Troisi�eme caverne” collections by Rougier
et al. (in prep.). The Neandertal remains represent at least five in-
dividuals, with four adults represented by four right tibias, and one
child represented by a single tooth (Rougier et al., in prep). The
tooth was not sampled for stable isotope analysis since it would
have been almost entirely destroyed in the process; the four tibias
(tibia III represented by specimen Q305-7, tibia IV by Q55-4, tibia V
by Q374a-1, and tibia VI by Q57-3) were analyzed (Table 1). In
addition to these four identified individuals, stable carbon and ni-
trogen analyses were performed on eight diagnostic Neandertal
for dietary ecology of late Neandertals in North-Western Europe,
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Fig. 1. Map of the Belgian sites included in this study.
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bones without any clear assignment to a specific individual
(Table 1). Most of the Neandertal remains from Goyet are all
directly dated (Rougier et al., in prep.). The uncalibrated 14C-ages
span between 36,590 þ 300, �270 (GrA-54024) and
41,200 þ 500, �410 14C BP (GrA-46173) (Table 1). All stable carbon
and nitrogen isotopic analyses of the Neandertal remains were
performed in the context of this study.

The faunal remains from Goyet underlying this study have a
clear pre-LGM age between around 25,000 and 40,000 years ago.
This has either been confirmed by direct radiocarbon dates or
demonstrated through their ecological background (Bocherens
et al., 2011) and, in general, by the species composition itself.
Species with a clear pre-LGM age are also considered in this study,
e.g. cave hyena that became extinct in Belgium about 27,000 years
ago (Germonpr�e, 1997; Stuart and Lister, 2007), as well as cave bear
Please cite this article in press as: Wißing, C., et al., Isotopic evidence
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that became extinct around 25,500 years ago (Bocherens et al.,
2014a). For our purpose, an attribution to a pre-LGM age is suffi-
cient. The stable carbon and nitrogen isotopic values for the faunal
remains from Goyet were obtained by Bocherens et al. (2011) and
are given in S1.

2.3.2. Spy
The Spy Neandertal remains that are part of this study have been

investigated for stable carbon and nitrogen isotopic composition in
Bocherens et al. (2013). Most of the faunal data from Spy integrated
into this study have also been published (Bocherens et al., 2013).

One remain from Spy I and one remain from Spy II were
analyzed. Both have been directly dated respectively to approxi-
mately 35,810 14C BP (GrA-32623) and 33,940 14C BP (GrA-32630;
Semal et al., 2009).
for dietary ecology of late Neandertals in North-Western Europe,
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Table 1
Goyet and Spy Neandertal isotopic data.

ID Specimen Dating ID Date %Ccoll %Ncoll C/N d13C d15N Reference

Q53-4 Rt humerus diaphysis frag.
(humerus III)

GrA-54022 39,870 þ 400/�350 42.9 15.1 3.3 �19.0 11.7 Rougier et al. (in prep.); this study

Q55-1 Lt clavicle frag. GrA-54257 37,860 þ 350/�310 36.9 12.9 3.3 �19.2 11.3 Rougier et al. (in prep.); this study
Q55-4 Rt tibia diaphysis frag. (tibia IV) 39.6 14.0 3.3 �19.2 11.6 Rougier et al. (in prep.); this study
Q56-1 Rt femur diaphysis frag. (femur I) GrA-46170 38,440 þ 340/�300 45.4 15.5 3.4 �19.5 11.5 Rougier et al. (in prep.); this study
Q57-1 Lt tibia diaphysis frag. (tibia II) GrA-46173 41,200 þ 500/�410 46.0 16.8 3.2 �19.2 11.8 Rougier et al. (in prep.); this study
Q57-2 Rt femur diaphysis frag. (femur II) GrA-54024 36,590 þ 300/�270 42.7 15.0 3.3 �19.1 11.9 Rougier et al. (in prep.); this study
Q57-3 Rt tibia diaphysis frag. (tibia VI) GrA-60019 38,260 þ 350/�310 43.8 15.4 3.3 �19.6 11.2 Rougier et al. (in prep.); this study
Q305-4 Lt tibia diaphysis frag. (tibia I) GrA-46176 40,690 þ 480/�400 47.1 16.7 3.3 �19.4 10.7 Rougier et al. (in prep.); this study
Q305-7 Rt tibia diaphysis frag. (tibia III) 41.9 14.9 3.3 �19.0 11.3 Rougier et al. (in prep.); this study
Q374a-1 Rt tibia diaphysis frag. (tibia V) 43.1 15.2 3.3 �19.1 11.8 Rougier et al. (in prep.); this study
Q376-1 Hand prox. phalanx 2-4 GrA-46178 39,140 þ 390/�340 46.7 17.0 3.2 �19.2 10.9 Rougier et al. (in prep.); this study
Q376-20 Rt humerus diaphysis frag.

(humerus II)
GrA-60018 37,250 þ 320/�280 39.8 14.0 3.3 �19.4 11.8 Rougier et al. (in prep.); this study

Spy 94a (Spy I) Rt M3, maxilla frag. attached GrA-32623 35,810 þ 260/�240 43.7 15.2 3.4 �19.4 11.4 Bocherens et al. (2013)
Spy 430a (Spy II) Rt hand middle phalanx 3 GrA-32630 33,940 þ 220/�210 46.8 15.8 3.5 �20.3 10.8 Bocherens et al. (2013)
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Additionally, we analyzed the stable carbon and nitrogen iso-
topes of previously directly 14C dated faunal remains from Spy
(Semal et al., 2009, 2013; see S1) (Rangifer tarandus N ¼ 2, Coelo-
donta antiquitatis N ¼ 1, Mammuthus primigenius N ¼ 1, Equus sp.
N ¼ 1, Crocuta crocuta N ¼ 1).
2.3.3. Scladina
All of the faunal remains that are part of this study come from a

stratified context, complex 1A, which has an age approximately
between 37,300 (GrA-32633) and 43,150 (GrA-32581) 14C BP
(Pirson et al., 2012). Stable d13C and d15N isotopic analyses were
performed by Bocherens et al. (1997, 2011; S1).
2.4. Principles of carbon and nitrogen stable isotopic tracking in a
Pleistocene context

The analysis of stable carbon and nitrogen isotope ratios is an
excellent tool in the investigation of several ecological aspects of
this time period (Yeakel et al., 2013; Bocherens et al., 2014b). For
example, it is very easy to distinguish between C3, C4 and CAM
photosynthesis pathways. However, C4 and CAM plants are absent
in the Late Pleistocene mammoth steppe ecosystem, where all
plants used the C3 photosynthesis pathway. In a pure C3 environ-
ment, this approach allows the description of the general character
of the habitat such as: open vs. closed landscape (Drucker et al.,
2008); the ecological niche in terms of diet (MacFadden and
Shockey, 1997) such as grass/forbs vs. trees/shrubs in herbivore
diet (e.g. Drucker et al., 2010; Bocherens et al., 2015b); the contri-
bution of animal proteins to omnivore diet (e.g. Hobson et al.,
2000); and the meat of different prey in carnivore diet (e.g.
Bocherens et al., 2015a).

The isotopic composition of bone collagen reflects an average of
the protein source in the diet of the last few years of an individual
(e.g. DeNiro and Epstein, 1978, 1981; Ben-David and Flaherty, 2012;
Kurle et al., 2014). At the bottom of a foodweb, the plant carbon and
nitrogen stable isotopes differ due to isotopic fractionation during
chemical and physical processes. These fractionation processes
depend on factors such as temperature, water availability, CO2
econcentration, nitrogen availability, salinity, irradiance, and the
geological background (Minagawa and Wada, 1984; Farquhar et al.,
1989). Through the consumption of herbivores, omnivores and
carnivores will also express these specific isotopic signatures,
which will thus be reflected through the whole trophic web.

For dietary reconstruction the enrichment of d13C and d15N from
one trophic level to the next one is an essential feature. The d13C
values become slightly enriched through the trophic web, with a
Please cite this article in press as: Wißing, C., et al., Isotopic evidence
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shift of 0.8e1.3‰ between herbivores and carnivores (Bocherens
and Drucker, 2003b). In contrast to d13C values, d15N enrichment
is much more intense. Heavy nitrogen isotope (15N) enrichment
occurs around 3e5‰ for every trophic level and allows the
reconstruction of different trophic levels within one ecosystem at a
given time and place (DeNiro and Epstein, 1981; Ambrose, 1991;
Bocherens and Drucker, 2003a,b).

2.5. Methods

2.5.1. Collagen preparation and isotopic analysis of the Goyet
Neandertal remains

For each specimen a fragmentwas carefully sawn using a dremel
rotating tool with a diamond-coated blade, after considerable
documentation of the specimen. All of the analyseswere performed
at the Department of Geosciences of Tübingen University (Ger-
many). The samples were washed in an ultrasonic bath in acetone,
rinsed several times with demineralized water, dried at 35 �C for
72 h and crushed to a powder of 0.7 mm grain size. Most samples
were thenmeasured for the carbon, nitrogen and sulfur content (%C,
%N, %S) of the whole bone to get an insight about the chemical
preservation of the bones and thepotential for collagenpreservation
(Bocherens et al., 2005a). Fresh mammal bone contains around 4%
nitrogen, and ancient bone with less than 0.4% typically does not
yield a reasonable amount of well-preserved collagen (Bocherens
et al., 2005a). These measurements were performed with a Vario
EL III elemental analyser (Elementar) (mean standard error 0.02%,
0.05%, and 0.03% for %C, %N and %S, respectively). Collagen extrac-
tion was performed following a method modified from Longin
(1971) as described in Bocherens et al. (1997). Isotopic measure-
mentswere doneusing an elemental analyserNC2500 connected to
a Thermo Quest Delta þ XL mass spectrometer. The degree of
chemical preservation of the collagen can be expressed by the Ccoll/
Ncoll atomic ratio (Table 1). Only collagen with a C/N ranging be-
tween 2.9 and 3.6 is suitable for further investigation (DeNiro,1985).
Thenitrogenpercentage of the collagen (Ncoll) should be higher than
5% (Ambrose, 1990). The isotopic ratios are expressed using the “d”
(delta) value as follows: d13C ¼ [(13C/12C)sample/(13C/12C)referencee1]
� 1000‰, d15N ¼ [(15N/14N)sample/(15N/14N)referencee1] � 1000‰.
The standard for d13C is the internationally defined marine car-
bonate V-PDB. For d15N the atmospheric nitrogen (AIR) is used.
Analytical error based on laboratory standards is ±0.1‰ for d13C
values and ±0.2‰ for d15N.

2.5.2. Statistical methods
All isotopic data in this study were first analyzed through a

cluster analysis, performed with the software JMP version 10.0
for dietary ecology of late Neandertals in North-Western Europe,
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(SAS). This aimed at recognizing clusters within the herbivore and
carnivore guilds with comparable ecological niches in terms of
their diet.

The statistical analysis of the relative quantification of each food
source for predators including Neandertals was carried out using
SIAR (Stable Isotope Analysis in R), a Bayesian mixing model based
on multiple isotopic values for multiple sources (Parnell et al.,
2010), with the program R, version 3.0.2 (The-R-CoreTeam, 2013).
The advantage of this approach in contrast to other mixing models
(e.g. Bocherens et al., 2005b) is the possibility to integrate un-
certainties in input data, and therefore to produce true probability
densities for the proportion estimates of each prey species to the
predators' diet. However this approach should be usedwith caution
since SIAR will always be able to construct a model based on the
analyzed prey, consequently the calculated proportions of potential
prey species have to be seen as tendencies and not as absolute
values. Finally, we can never be sure that all the species available as
prey during the lifetime of a predator are represented in the fossil
record. Here we only incorporated the large herbivorous mammal
representatives as potential prey. Finally, we excluded the possi-
bility that a significant (in terms of impact on the isotopic
composition) amount of protein was obtained from other carni-
vores through intraguild predation or scavenging. The results have
to be interpreted as a general trend, the relative differences being
the most revealing aspects in this study. Following previous works
(Bocherens and Drucker, 2003b; Fox-Dobbs et al., 2007; Bocherens
et al., 2015a) we estimated a Tropic Enrichment Factor (TEF)
of þ1.1 ± 0.2‰ and þ3.8 ± 1.1‰ for d13C and d15N values,
respectively.

3. Results

3.1. Chemical preservation of the bones and bone collagen

All specimens analyzed for this study fulfill the requirements in
their chemical conditions mentioned above (Section 2.5.1). Conse-
quently we consider that all of the extracted collagen was well
preserved. The isotopic results for the Neandertals are summarized
in Table 1 and those for the faunal remains in S1.

For the Neandertal specimens, the carbon content in collagen
ranged between 39.6 and 47.1%, the content of nitrogen ranged
between 12.9 and 17.0%. This is in the range of fresh collagen
(Rodi�ere et al., 1996). The Ccoll/Ncoll atomic ratio spans between 3.2
and 3.4. The analyzed Spy faunal remains yielded carbon contents
in collagen between 35.6% and 44.3%, nitrogen contents between
13.2% and 14.4%, and their Ccoll/Ncoll atomic ratio ranged between
2.9 and 3.6.

3.2. Isotopic results of bone collagen according to species

3.2.1. Neandertals
The four Neandertal tibias yielded d13C values between �19.6‰

and �19.1‰, with a mean value of �19.2‰ and a standard devia-
tion of 0.27‰. The d15N ranged from 11.2‰ up to 11.8‰ with a
mean value of 11.5‰ and a standard deviation of 0.29‰. When
adding the other Neandertal specimens lacking an individual
attribution, the d13C values range between �19.0‰ and �19.6‰
with a mean value of �19.2‰ and a standard deviation of 0.19‰,
and the d15N values range between 10.7‰ and 11.9‰ with a mean
of 11.5‰ and a standard deviation of 0.39‰.

3.2.2. Faunal remains
The six analyzed Spy faunal remains yielded d13C values and

d15N values ranging from �21.3‰ to �18.4‰ and from 1.6‰ to
10.5‰, respectively. All the new specimens represent herbivorous
Please cite this article in press as: Wißing, C., et al., Isotopic evidence
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species except for one hyena. The herbivorous individuals present
d13C values from �21.3‰ (mammoth) to �18.4‰ (reindeer) and
their d15N values range from 1.6‰ (reindeer) up to 8.1‰
(mammoth). The hyena from Spy yielded tooth dentin results
of �19.9‰ (d13C) and of 11.9‰ (d15N). This equates to bone equiv-
alent values of �20.2‰ for d13C and 10.5‰ for d15N, following the
correlation between tooth and bone values for carnivorous species
from Bocherens (2015). The complete faunal results are summa-
rized in S1.

4. Discussion

4.1. Reconstruction of the ecological niches

4.1.1. Preconditions
To reconstruct the ecological aspects of a site through the

investigation of stable isotopes, some prerequisites have to be ful-
filled (Bocherens, 2009b, 2015; Bocherens et al., 2014c). To remodel
ecological niches of herbivores and carnivores, remains of these
species from the same ecosystem should be compared to each
other. The faunal specimens should have lived under the same
abiotic conditions (e.g. temperature, aridity, moisture, elevation
above sea level) since they have a direct impact on the isotopic
baseline in the ecosystem (e.g. Stevens et al., 2009a, 2009b;
Bocherens et al., 2014b; Wibing et al., 2015). In a theoretical
optimal case, all remains should be contemporaneous and from a
single site. In this study we includematerial from several sites close
by (Goyet, Scladina and Spy) with the same ecological background
and a clear pre-LGM age (Fig. 1).

4.1.2. Ecological niches
To recognize different patterns of isotopic values, we plotted the

d13C and d15N values (Fig. 2) and performed a cluster analysis for the
carnivore (Fig. 3) and herbivore species (Fig. 4). Different plant or
prey diets during the pre-LGM period in Europe produced regular
patterns of d13C and d15N values within the mammal representa-
tives of the mammoth steppe ecosystem (e.g. Bocherens, 2003;
Bocherens et al., 2011; Yeakel et al., 2013). As long as this pattern
is preserved, there are no indications for dietary stress within the
ecosystem (e.g. Drucker et al., 2014b).

4.1.3. Herbivores
The isotopic pattern within the herbivore guild is most likely

linked to a particular preference for different plants for each her-
bivorous species in the mammoth steppe. Within the herbivore
guild, the woolly mammoth always yielded the highest d15N values
and relatively low d13C values (Bocherens, 2003). The mammoth
specimens yielded 15N values as high as some carnivores, but had
clearly lower d13C values. If we take into account the average values
and standard deviations of this species (d13C ¼ �21.3‰ ± 0.3‰ and
d15N ¼ 8.45‰ ± 1.4‰), we see no overlap with other species (Fig. 2
and S1). This is the typical ecological niche of the mammoth in an
intact ecosystem (e.g. Drucker et al., 2014a, 2014b). The reason for
d15N values 3‰e5‰ higher than horse and reindeer in mammoth
collagen remains under debate. Some hypotheses concerning this
have been proposed: It could be physiological adaptations to
handle water and food shortage (Heaton et al., 1986), differences in
diet like mature grass (Bocherens, 2003), and coprophagy
(Clementz et al., 2009). Since a change in 15N abundance to lower
values can be correlated with a general decline of the mammoth
steppe such as in Mezhyrich in Central Ukraine (Drucker et al.,
2014a), the phenomenon of high 15N values is interpreted as the
result of dietary specialization, in this case probably mature grass
(e.g. Schwartz-Narbonne et al., 2015).
for dietary ecology of late Neandertals in North-Western Europe,
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Fig. 2. d13C and d15N scatter plot of the Scladina, Goyet and Spy Late Pleistocene remains.

Fig. 3. Cluster analysis of the d13C and d15N values of the herbivore guild from the analyzed Belgian sites.
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Fig. 4. Cluster analysis of the d13C and d15N values of the carnivore guild from the analyzed Belgian sites.
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The bovids, rhinoceros and the horses in general plot relatively
close to each other and consequently could not be distinguished
individually through this approach. However, their mean values
and the range of their standard deviations are clearly different.
These three species are in the center of the herbivore range, with
means in between the mammoth and reindeer values (bovids:
d13C ¼ �20.3 ± 0.3‰ and d15N ¼ 4.65 ± 0.6‰; rhinoceros:
d13C ¼ �20.5 ± 0.4‰ and d15N ¼ 6.04 ± 1.0‰; horse:
d13C ¼ �21.2 ± 0.5‰ and d15N ¼ 5.64 ± 0.8‰).

In general the d15N values of rhinoceros are slightly higher than
for the other two species (Bocherens et al., 2011). This phenomenon
can be seen here as well. The reindeer presented the most positive
d13C values (�18.8 ± 0.5‰) and the lowest average d15N values
(3.4 ± 1‰). This is due to their consumption of lichen, awell-known
and observed feature (e.g. Bocherens, 2003; Stevens et al., 2008;
Drucker et al., 2012).

The cave bear is clearly in the range of the herbivores. This
species yielded the lowest d13C values (�21.7 ± 0.5‰) as well as
second lowest average d15N values (4.3 ± 1.1‰). The herbivorous
diet of this species has been previously discussed (Richards et al.,
2008a; Bocherens, 2009a) and demonstrated several times
through the investigation of stable isotopic composition (Bocherens
et al., 2006, 2014a; Bocherens, 2015). To conclude, among the
herbivorous species there is a specific diet preference for each
species recognizable through plotting their d13C and d15N values;
the observed pattern is similar to the one already observed for this
kind of ecosystem (Fig. 2) (e.g. Yeakel et al., 2013; Bocherens, 2015).

4.1.4. Cluster analysis: niche deviation (herbivores)
In Fig. 3 the cluster analysis presents the d15N and d13C values of

each single herbivore individual according to their d15N values.
Each cluster represents a similarity in terms of the protein source.
This is an important aspect of the ecological niche if, for example,
only single individuals from different species or only one species is
Please cite this article in press as: Wißing, C., et al., Isotopic evidence
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represented in a certain cluster. The clusters describe on the one
hand the ecological flexibility of a given species and on the other
hand the range and “distances” among the different ecological
niches (based on diet), and most likely more interesting, the
species.

Altogether there are five main clusters (C1 to C5 starting from
above) (Fig. 3). The first cluster (with a red (in the web version)
background) represents only reindeer specimens. Since these an-
imals have a special kind of diet (e.g. lichen, see above) their
special niche is clearly visible within this cluster, consequently we
named it the “reindeer cluster”. The only other reindeer specimens
are represented in C3 (N ¼ 2). The second cluster (C2) (green
background) consists mainly of cave bear specimens (N ¼ 24) and
includes most of the representatives of this taxon; consequently
we named this cluster “cave bear cluster” although it also includes
four horses. Five cave bear specimens are not represented in this
cluster but in the next one (upper part of C3), relatively close to
the C2 cluster. One cave bear is also represented in C4. Altogether,
cluster C2 is the largest cluster with the largest number of
representatives.

Cluster C3 (blue background) contains a broad spectrum of
species. The majority of the specimens are bovids (N ¼ 13). The
second most represented species is cave bear with five specimens.
The remaining species in this cluster include horse (N ¼ 2), rhi-
noceros (N¼ 1) and reindeer (N¼ 2). With a clear dominance of the
bovids (13 out of 23), we describe the C3 cluster as the “bovid
cluster”. All of the bovid specimens are represented onlywithin this
cluster. We can hypothesize that this C3 cluster represents the
typical ecological niche for bovids. However, this niche is not
restricted to one species only. Altogether, five species are repre-
sented here. Since this cluster is constituted by several species, we
assume a certain ecological expansion in terms of diet within this
cluster. Other species developed obviously similar dietary habits to
that of bovids, or the other way around.
for dietary ecology of late Neandertals in North-Western Europe,
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The C4 cluster is clearly dominated by the woolly rhinoceros
with 11 out of 16 specimens, followed by the horse with four
specimens and one cave bear. Since the cluster is dominated by the
woolly rhinoceros, it was named the “woolly rhinoceros” cluster. All
representatives of this species are within this cluster with the
exception of one individual, which is in the C3 cluster. This
ecological niche is more specialized than the C3 cluster since the
number of species and individuals from other species than rhi-
noceros are quite limited. The niche rhinoceroses occupied is
relatively specific and the overlap with the others seems to be
limited. Finally, the C5 cluster contains all mammoth specimens. In
addition, this cluster contains one horse sample. The mammoth
ecological niche is within the mammoth steppe ecosystem, which
is clearly visible here through the stable isotopic approach
corroborating previous studies (see above).

From the cluster analysis we see that the horse is the most
diverse species, as it is represented in all clusters with the exception
of the reindeer cluster C1. The second most flexible species is the
cave bear. It appears in C2, C3 and C4 with a clear concentration in
C2. The bovids and the woolly rhinoceros are both limited to one
cluster, with the exception of one woolly rhinoceros sample which
appears in C3. For both taxa, it is relevant to mention that other
species are also abundant in their cluster, so their niche is not
exclusive. The reindeer and the mammoth seemed to be the most
specialized species. Within the reindeer cluster C1, no other species
is represented, but some reindeer specimens (N ¼ 2) can be found
in the C3 cluster. The mammoth is limited to one cluster (C5) and
only one other specimen is also part of the C5 cluster (horse). The
mammoth occupied the most specific niche of this ecosystem
within the herbivorous guild.

4.1.5. Carnivores/omnivores
The carnivorous species yielded generally significantly higher

d15N and d13C values (Fig. 2). This reflects the expected stable iso-
topic fractionation from one trophic level to the next higher one.

The omnivorous brown bears have a quite diverse isotopic
pattern (Fig. 2). Some individuals are in the range of herbivores,
especially specimen Goyet-B4-36, whereas the other five speci-
mens yielded results in between the carnivorous and herbivorous
values or in the carnivorous range of values. This pattern reflects
their ecological flexibility in terms of their protein source. For
example, specimen D1 227 9D-E from Spy yielded the highest d13C
values, which indicates a diet with a high amount of reindeer meat.
Interestingly, the brown bears are the only species where some
individuals (N ¼ 2) are roughly in the range of hyenas. The indi-
vidual differences and/or flexibility of the whole species are the
most striking features of this taxon.

The three wolf specimens also showed certain flexibility in their
protein source reflected by a wide range of their carbon and ni-
trogen stable isotopes. Specimen SC30300 from Scladina yielded
relatively low d13C values in contrast to the other ones from Goyet,
which suggests that it had a significant amount of reindeer in its
diet.

The hyenas yielded on average the highest d15N values among
the carnivorous species; this can only be caused by a diet with
higher d15N values. One reasonable explanation for higher d15N
values is the more intensive exploitation of mammoth and woolly
rhinoceros as herbivores with the highest d15N values. It is also
possible that this species was a predator of other carnivorous ani-
mals or that it scavenged rotten carcasses that could have different
isotopic values than fresh meat (Diedrich, 2009, 2011). We also
considered the possibility that a unique feeding strategy
consuming tissues that are not available or common for other
predators (e.g. bone collagen, some intestines) could result in
elevated d15N (Naito et al., in press).
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It seems that hyenas had access to all available prey animals
since all the other animal predators had only limited access to
mammoth and rhinoceros. This implies a special ecological position
of this species within the predator guild, additionally considering
that the other predators also seem to scatter around the isospace
occupied by hyenas (Fig. 2). This indicates an avoidance strategy at
least in terms of diet/prey choice. It is difficult to suggest that this
hyena pattern occurred by pure selective scavenging of the prey
from other carnivores. It is more likely that hyenas were active
predators (Bocherens et al., 2011) since if they had mostly scav-
enged the prey of other predators, their values would clearly
overlap.

The five analyzed cave lions yielded a very diverse pattern.
Despite the small sample size, their standard deviation is the
highest within the pure carnivorous guild (0.8‰ for d13C and 1.1‰
for d15N). Not one cave lion specimen is within the isotopic range of
the hyenas. The individual differences within this species and in
comparison to the hyenas can be linked to the solitary habits of cave
lions in contrast to the collective behavior of the cave hyenas
(Bocherens et al., 2011).

The 12 Goyet Neandertal specimens represent at least 4
different adult individuals (Rougier et al., in prep.). The Neandertals
yielded the highest nitrogen (average d15N ¼ 11.5‰) and relatively
high carbon isotopic values (average d13C ¼ �19.2‰). The diet of
these individuals was in general very similar in terms of averages
and consists of prey/average protein source with a very high 15N
composition (Fig. 2). Having the highest nitrogen isotopic values
within the predator guild does not mean that Neandertals were
more carnivorous than for instance the hyena, but it implies that
the protein fraction of their diet had higher d15N values.

Interestingly, no other carnivorous species is in the range of the
Goyet Neandertals. Not a single individual has values comparable
with the Neandertals. This proves that Neandertals occupied a
special ecological niche.

4.1.6. Cluster analysis: niche deviation (carnivores)
In Fig. 4 the cluster analysis represents the d15N and d13C values

according to their d15N values of each single carnivore specimen
and the omnivorous brown bear, including the Neandertals from
Goyet. The dendrogram shows four main clusters (C1 to C4). The
intra-cluster diet similarity is greater than the inter-cluster
similarity.

C1 represents the omnivorous brown bear (N ¼ 3), one wolf and
one cave lion. All these individuals are characterized by relatively
low d15N values (Figs. 2 and 4), which does not automatically mean
that the wolf and the cave lion were omnivorous. We have to keep
in mind that not all potential prey animals are represented in our
study. For example, rodents and lagomorphs are not represented in
this study, but they usually exhibit lower d15N than ungulates
(Drucker, 2001; Bocherens et al., 2011). We interpret this cluster as
the one of the “small game hunters” with a slight tendency in the
direction of reindeer.

C2 contains three out of five cave lions, two wolves and one
brown bear (Fig. 4). This cluster represents the cluster of individuals
with a clear preference for reindeer (Fig. 2). For instance, the cave
lion has been shown in several cases to be a species with a special
preference either for this cervid or for cave bear (Bocherens et al.,
2011). The extinction of this species coincides chronologically
with the extinction of species mentioned above in Western Europe
(Stuart and Lister, 2011; Bocherens et al., 2014a; Sommer et al.,
2014). Thus this cluster represents the typical “reindeer hunter”
niche.

C3 consists mainly of cave hyena (N ¼ 13). All individuals of this
species are represented within C3. Additionally, two brown bears
and one cave lion are represented. Since there is only very limited
for dietary ecology of late Neandertals in North-Western Europe,
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overlap in the average values of the hyena with other species
(Fig. 2), and their isotopic values are limited in range and standard
deviation, we describe this cluster as the typical “hyena cluster”.
This cluster represents top predators with access to all available
prey in this ecosystem. Representatives of this cluster focus on
mammoth and woolly rhinoceros as protein sources.

All the Neandertal specimens are in C4 (n ¼ 12) (Fig. 4). Their
high level of homogeneity in terms of species within all carnivore
clusters is due to two observations: first, the Neandertal values are
grouped relatively close to each other (Fig. 2), and second they are
clearly separated from the other species (Fig. 4). This implicates
that the ecological niche of these Neandertals in terms of protein
source is the most specific of all the analyzed species in the
carnivore guild. This result indicates a certain kind of prey choice
that is not or only hardly explainable through scavenging of prey
that other predators hunted down. The hyena was the only pred-
ator that regularly had access to mammoth and rhinoceros, the
mammals which played an important role in the Neandertals' diet.
Unspecific scavenging from hyenas would result in an isotopic
signature similar to the one of hyenas. To base their dietary strategy
only on scavenging specific prey of the other predators (mammoth,
rhinoceros) instead of all the available prey does not seem
reasonable. The most likely procurement strategy of Neandertals
seems to be an active and selective hunting. The ecological niche is
engaged only by Neandertals and is interlaced with typical repre-
sentatives of the mammoth steppe like mammoth and rhinoceros.
Their abundance within the ecosystem is directly reflected on this
cluster.

4.2. Reconstruction of consumed prey

In order to obtain a more precise picture of the potential prey of
all carnivorous species, we calculated the potential proportion of
consumed prey using a Bayesian method (SIAR V4, Stable Isotope
Analysis-package in R) (Parnell et al., 2010; The-R-CoreTeam, 2013).

It is worth to point out that we underestimate the consumption
of plant food with this approach. The analysis of the nitrogen stable
isotope ratios in single amino acids of the collagen seems to be a
more precise tool for this kind of investigation (Naito et al., in press,
2014). This avenue of research has just started for Pleistocene
contexts. It is not to be underestimated that there is a non-linear
isotopic variation between the most extreme end points of a pure
vegetarian and a pure carnivorous feeding behavior, meaning that
even a very small amount of meat immediately increases very
significantly the d15N values of the bulk collagen. The contribution
of plant food up to 50% of the total proteins in an omnivore diet
results in d15N values that are not lower than 1 standard deviation
of the collagen of a pure carnivore (Bocherens, 2009b). We consider
that for Neandertals, for example, the whole diet could include a
significant amount of plant food with low d15N values (as high as
half the dry weight of the dietary intake) (Bocherens, 2009b).
Consequently, we provide data on the relative protein source
contribution of the different prey for each of the predator species,
not absolute values.

There are three important advantages of this analysis: first of all,
the possibility to incorporate uncertainty (standard deviations) into
input data as well as into the enrichment factor from one trophic
level to the next one (TEF). Second, the method provides not only a
range of protein source proportions (proportion box plots), but also
the probability distribution (proportion densities). Within the
proportion box plots, three different grey scales are shown. The
lightest grey represents a probability of 95%, the medium grey 75%
and the darkest grey 25% (Fig. 5e10). Finally, to have a better un-
derstanding of the statistical dependences between each potential
prey to all the others, their relationship is expressed against each
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other through a diagnostic matrix plot. There are several possibil-
ities if there is either a positive or negative correlation between two
or more species. The SIAR software provides results taking into
account these correlations among species, in this case an increasing
probability range for the potential prey (Parnell et al., 2010). Here
we will discuss the prey choice for all the carnivore species
including the Neandertals and the omnivorous brown bear. We
calculated the average values of each species, taking their standard
deviation into account. For the Neandertals, we also analyzed the
individual values. We reconstructed the potential predators of the
mammoth to get a better idea of the potential hunters of this
species.

The cave lion protein sources can be described as follows (Fig. 5).
Cave bear was part of their diet for around 20%, and the proportion
of mammothwas the lowest with values between 0% and 10% of the
total dietary protein, the highest probability density being around
0% and then decreasing continuously (S2). The amounts of rhi-
noceros and horse are close to each other and span on average
between 5 and 20% (Fig. 5). The amount of bovids can be described
in the same way as the one for cave bear, with a maximum prob-
ability of around 20e25% (S2). Reindeer as a protein source played
on average the most important role for the cave lions (Fig. 5). This
contribution has the highest probability expressed in density
maximum around 25e28% (S2). It is worth mentioning here that
there is no strong correlation between the amounts of several
species (S2). The strongest correlation is a negative one between
the bovids and the horses, meaning that an increased horse
contribution requires less bovids, and vice versa.

The hyena diet can be summarized as shown is Fig. 6. Immedi-
ately visible is the average composition of their diet. This reflects
the availability of all potential prey species for the hyena. The only
species with a slightly lower amount is the reindeer. The highest
probability around 15% is expressed through the highest density
(S2). Between the reindeer and the bovids is a strong negative
correlation (S2), which means that if the amount of reindeer in-
creases, less bovid is necessary or, if the hyena consumes more
bovids, less reindeer is necessary to gain the isotopic composition
the hyena specimens have in average. The same is true for cave bear
and horse since they are negatively correlated as well (S2). On the
other hand, there is a positive correlation between mammoth and
reindeer, indicating that more reindeer requires a higher contri-
bution of mammoth protein to gain the measured isotopic values.

The protein sources of wolf are visualized in Fig. 7. Reindeer and
cave bear seem to have played an important role; their dietary
contribution is above 20% each with a slightly higher amount of
reindeer. The probability for reindeer as one main diet component
is the highest around 25% (S3). The consumption of mammoth was
the lowest. The highest density of probability is close to 0% and
decreases significantly until a maximum of around 10%. There is a
negative correlation between the amount of rhinoceros and rein-
deer; the more reindeer, the less rhinoceros is necessary to get the
average wolf signal (S3). However, intra-wolf diversity is relatively
high (as discussed above) and consequently, these average values
have to be taken within this context. One of the most important
general features of the prey choice of this species is the very low
consumption of mammoth and the statistical possibility to
“replace” some of the rhinoceros with reindeer. This species does
not rely very intensively on the two largest herbivore species in this
ecosystem. Altogether the statistical correlations between potential
prey species are in comparison limited.

The brown bear yielded results similar to the wolf (Fig. 8). The
preferred prey were reindeer and cave bear, but only slightly. These
species yielded the highest probability density around 20%. For the
bovid, the horse and the rhinoceros, the probability density is
stretched wider (S3). One of the most important results is again the
for dietary ecology of late Neandertals in North-Western Europe,
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Fig. 5. Species proportions of cave lion diet.
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very low contribution of mammoth. The highest probability is close
to 0% and decreases continuously (S3). There is a slightly negative
correlation between the bovids and the reindeer (S3). Again, the
average values have to be taken with the corresponding back-
ground since the brown bear is quite a flexible feeder (see above).
Fig. 6. Species proport
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The general independency of this species on the typical mega-
herbivores of the mammoth steppe (mammoth and rhinoceros) is
similar to the wolf individuals.

Finally, we reconstructed the proportion of each potential prey
for the Neandertals. Following Fig. 9, cave bears played more or less
ions of hyena diet.
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Fig. 7. Species proportions of wolf diet.
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no role as protein source. The highest probability proportion is
around 0 and decreases rapidly down to around 0% probability at an
amount of 20% (S4). In contrast, with a 95% probability the amount
of mammoth meat contribution was between 15% and 60% (Fig. 9),
with the highest probability in the range between 30 and 40%.
Fig. 8. Species Proportion

Please cite this article in press as: Wißing, C., et al., Isotopic evidence
Quaternary International (2015), http://dx.doi.org/10.1016/j.quaint.2015.0
Unfortunately, we cannot define a more precise probability for this
species because there are some negative correlations with other
species, like rhinoceros, horses and bovids (S4). This means that if
these species were to decrease in their proportions, the probability
for a higher amount of mammoth in the diet would increase. The
s of brown bear diet.
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Fig. 9. Species Proportions of Neandertal diet at Goyet.
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situation is somehow complex since there is a negative correlation
between rhinoceros and reindeer as well (S4). Rhinoceros and
reindeer yielded a very strong correlation (S4). The amount of
rhinoceros was around 20% (the highest density of probability at
this point). The amount of reindeer can be estimated at around 25%
with the highest proportion density even at this level (S4). If
Fig. 10. Predation pressure on mammo
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Neandertals had less reindeer in their diet, they had to increase the
proportion of rhinoceros, and vice versa. However, the high nega-
tive correlation between mammoth and rhinoceros means that a
decreasing amount of rhinoceros would need an increasing amount
of mammoth (S4). Finally, a higher contribution of reindeer would
mean more mammoth is also required since there is a positive
th at Goyet in relative proportions.
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correlation between both species. The amount of horse and bovid
meat in the Neandertal diet is relatively low, between 0 and 10%,
whereas bovids played a slightly more important role than horses
(S4). This is important since there is nearly no correlation between
these species (S4), which improves the statistical precision.

4.2.1. Analysis of single Neandertal individuals
To get an insight in the individual dietary differences among the

Neandertal group, the individuals identified based on their right
tibias (tibias III, IV, V and VI) were separately analyzed with the
SIAR approach (S5 to S8). We see nearly the same results as those of
the average Neandertal values (incl. standard deviation) since all
the individuals plot relatively close to each other (Fig. 2). However,
there are some slight differences that can play an important role in
solving the uncertainties caused by the negative correlations be-
tween the average proportions of potential prey species (see
above). Reindeer is represented between 30% and 10%. Cave bear
was more or less not a protein source for the different individuals,
in contrast to the mammoth, which most likely played the most
important role as protein source for every individual. The proba-
bility for a high amount of rhinoceros as part of the diet is again
relatively high. However, the grade of uncertainty for this species is
very prominent, since there are negative correlations between
rhinoceros and mammoth as well as negative correlations between
rhinoceros and reindeer. The only exception where we do not see
such a high negative correlation between these species is for the
individual represented by tibia VI (S8). The individual with the
lowest uncertainties based on the lowest grade of correlations
yielded the lowest amount of reindeer protein in their diet. For this
individual, the most important prey animals are, in order of
appearance: mammoth, rhinoceros, horse and bovids (with similar
proportions), reindeer (around 10%), and cave bear (S8).

4.2.2. Analysis of the Neandertal remains Spy I and Spy II
Since Spy and Goyet are relatively close in time and space, it

seems reasonable to investigate the adult individuals Spy I (rep-
resented by specimen Spy 94a) and Spy II (Spy 430a) with the same
statistical approach and data background used for the Neandertal
remains from Goyet. When comparing both sites, the stable isotope
values are relatively close to each other with a low level of differ-
ence (Table 1). The most interesting points are the slightly lower
d13C values (average �19.85‰) for the Spy specimens in compari-
son with the ones from Goyet (average 19.2‰) (Fig. 2). If we
compare the dietary strategies for both Spy specimens (S9 and S10),
we see that for both individuals mammoth was the most important
prey with the highest density of probability at a proportion of
around 30% for Spy I and 40% for Spy II (S9 and S10).

For Spy I the second most significant prey was most likely the
rhinoceros with the highest density of probability at a proportion of
around 25%, followed by reindeer around 15% and horse and bovids.
For horse and bovids, the probability increases the lower the
amount is (S9), and on average, these species contributed less than
10% of the total protein intake. Again, cave bear does not play any
role as prey. The probability to have close to no cave bear is high
and decreases with a theoretical increase of the proportion of this
species (S9).

The individual Spy II yielded the lowest d13C values of all
Neandertal remains we included in this study, which most likely
indicates the lowest amount of reindeer for this individual. Indeed
the highest density of probability is around 5% and decreases
rapidly with an increasing amount of reindeer in the diet of this
specimen (S10). Bovids did not play an important role either
(around 5e10%) with a decreasing density of probability when
increasing above 5%. For horse, the density of probability between
0% and 25% does not change, which means that we cannot estimate
Please cite this article in press as: Wißing, C., et al., Isotopic evidence
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a more precise amount of this potential prey. One reason for this is
the negative correlation between cave bear and horse (S10), which
is the strongest within this matrix. The similarity of density of
probability for both species is very high (S10). If we consider the
results of all other analyzed Neandertal specimens, which always
yielded a very low amount of cave bear in the diet, we can assume
that the probability for a more intensive exploitation of horse in
contrast to cave bear is reasonable. The second highest negative
correlation is between mammoth and horse. This implies that the
already high amount of mammoth in the diet (around 40%) could
increase with a lower amount of horse connected with an
increasing amount of cave bear (S10). For reasons stated previously,
we assume this is not the case. This high amount of mammoth
protein represents the maximum of the amount of mammoth since
a significant higher exploitation of cave bear is not reasonable, at
least for this individual.

The analysis of the two Spy adult Neandertal remains confirmed
the general results obtained at Goyet but in addition, this approach
yielded the possibility to clarify certain statistical inadequacies due
to several negative or positive correlations among species.

4.2.3. Predation on megaherbivores at Goyet
The isotopic composition of the Late Pleistocene Goyet Nean-

dertals cannot be explained without a high contribution of herbi-
vore mammal meat. However, it is still under debate as to what the
role of megaherbivores played in general as potential prey species
for Neandertals (see for instance Smith, 2014). In all previous
studies so far, Neandertals are clearly in the range of carnivores and
never overlap with the range/area of omnivorous or even herbiv-
orous species. In each case, the d15N values of the Neandertals are
1e2‰more positive than those of the contemporaneous predators.

In Fig. 10 we reconstructed the different proportions of prey that
each carnivore consumed in reference to themammoth. Here, some
clear trends are visible: Neandertals were the species that most
intensively relied on mammoth in comparison with all the other
carnivorous species. With a 95% probability of an amount between
around 10% and 60% and the highest probability between around
20% and 40%, the mammoth played a more important role for the
Goyet Neandertals than for all other carnivorous species. For the
cave lion, the mammoth played only a very minor role. With a
probability of 95% for an intake of mammoth between around 0%
and 25% (with a maximum probability around 0 and 10%), this
species was definitely not focused on hunting or scavenging
mammoth. Hyena has the second highest proportion of mammoth
for dietary protein with a proportion between 5% and 28% (95%
probability). The highest probability is around a proportion of 20%.
Wolf and brown bear most likely did not rely on mammoth. Both
species have very similar prey preferences concerning the
mammoth. An amount between 0% and around 28% of this species
(95% probability) was part of their diet. For wolf and brown bear,
the higher probabilities are in the range between 0 and 10%.

The fact that no other herbivore occupied the distinct ecological
niche the mammoth filled produced an isotopic signature that can
be clearly described in the context of all other contemporaneous
herbivorous species (discussed above). Their hunters, the Nean-
dertals, accumulated their unique isotopic signature, which can be
seen in their collagen isotopic carbon and nitrogen stable isotopic
composition. Neandertals have clearly the highest amount of
mammoth in their diet in comparison with all other carnivorous
species (e.g. Fig. 10). If we hypothesize that the Neandertals would
have scavenged from the hyena (the only other predator with a
reasonable amount of mammoth in their diet) in a significant
amount, the isotopic compositions of both predators would clearly
overlap. Since they do not, it is unlikely that Neandertals selectively
scavenged only the mammoth in significant amounts from the
for dietary ecology of late Neandertals in North-Western Europe,
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hyena. We also have serious doubts that the Neandertals would
have taken awayall of themammoth fromhyenas, whichwould be
the only possibility to explain the recurring results of hyenas
having lower d15N values than Neandertals. Instead, wewere able
to clearly demonstrate that, within the predator guild, the Nean-
dertals were themain predators ofmammoth (e.g. Fig.10). There is
no other predator in the ecosystem eating mammoth meat in
comparable amounts. Furthermore, we demonstrated the specific
ecological niches of both Neandertals and hyenas, which are
clearly different with no overlap of the bulk collagen isotopic
carbon and nitrogen composition. Given these arguments, we
argue that the Neandertals were selective and active mammoth
hunters. Through this model, it can be hypothesized that
mammothwas, for the Neandertals, themost important species, at
least in an ecosystem like this. For the other carnivorous or
omnivorous species, the mammoth played a much less important
direct role. The abundance of mammoth in the ecosystem most
likely played an important role for the Goyet Neandertals. The
ecological implications for the cave site of Spy are very similar due
to the similarities of the Neandertal isotopic values. At Spy,
Germonpr�e et al. (2014) proposed on the basis of an archae-
ozoological study that Neandertals and not other carnivores were
responsible for the large number of mammoth remains at the site.
A special preference, most likely for dietary reasons, has to be
taken into account for the collection of juvenile mammoth skull
elements at Spy. The same observation has been made in other
archaeological contexts elsewhere, possibly due to proboscidean
heads having a particular nutritional potential (e.g Broadhurst
et al., 2002; Agam and Barkai, 2015). Mammalian brain tissue is
one of the richest terrestrial sources of long chains of omega-3
polyunsaturated fatty acids (n-3 LC-PUFAs) (Broadhurst et al.,
2002). A minimum intake of about 0.5 g of n-3 LC-PUFAs per day
is required in the human diet to avoid signs of deficiency (Rustan
and Drevon, 2005). However, n-3 LC-PUFAs are very susceptible
to oxidation. Their rate of degradation is influenced by light, heat,
and oxygen concentration; oils rich in n-3 LC-PUFAs stored in the
dark at 4 �C reached a level of oxidisation beyond human con-
sumption after one month of storage (Pak, 2005; Albert et al.,
2013). In addition to the arguments proposed by Germonpr�e
et al. (2014) for the hunting of mammoths by the Neandertals of
Spy, the fact that the brain of a dead mammoth would spoil very
quickly implies that the Neandertals must have had very rapid
access to the carcasses, which is not in favor of them scavenging
dead mammoths. The presence of gnawed mammoth long bones
at Spy suggests that hyenas got later access to the mammoth re-
mains that the Neandertals had transported to the cave.

4.3. Review of d15N and d13C isotopic signatures of Late Pleistocene
Neandertals

In general, isotopic analysis of prehistoric humans for dietary
reconstruction must meet certain requirements: the chemical
composition of the collagen must be reliable, the stage of onto-
genesis must be considered (with special attention to the nursing
effect) and finally, a broad set of contemporaneous herbivorous
and carnivorous species from the same site/area must be analyzed
in order to reconstruct the trophic structure of the foodweb.

A specimen very similar in time and space to those analyzed in
the present study is Engis 2 (Bocherens et al., 2001). This is a
young individual with an age probably around 4e6 years (Tillier,
1983) and consequently, we cannot exclude that this specimen
still has an isotopic signature impacted by nursing, especially
since the d15N values are enriched in relation to all adult speci-
mens fromGoyet and Spy. For this reason, the Engis 2 individual is
not suitable for direct comparison (Table 2).
Please cite this article in press as: Wißing, C., et al., Isotopic evidence for dietary ecology of late Neandertals in North-Western Europe,
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The Neandertal type specimen and another confirmed Nean-
dertal individual from the Feldhofer Grotte were also analyzed for
stable carbon and nitrogen isotopes (Richards and Schmitz, 2008).
These samples were associated with results obtained on only six
faunal samples without stratigraphic context (Richards and
Schmitz, 2008). Since the chemical collagen preservation is an
important aspect to be considered (six out of 12 faunal remains
yielded valid collagen), the %C and %N of the collagen would have
been interesting to review but this information is not provided (see
Richards and Schmitz, 2008). The d13C values of both Neandertal
specimens are lower than all terrestrial mammal values at the site,
which has never been documented elsewhere. The assumed
predators, in this case Neandertals, would never yield lower d13C
values than the average composition of their prey. The d13C values
for the Neandertals presented in another article in 2002 (Schmitz
et al., 2002) are significantly higher and rather in the range of the
expected values for Neandertals, but the chemical validity of this
collagen cannot be checked since the C/N ratio in collagen is not
provided (Table 2).

Vindija is an important Southern European Neandertal site in
Croatia that yielded a broad set of hominin and faunal remains. Two
Neandertal specimens (Vi-207 and Vi-208) have been analyzed for
stable carbon and nitrogen isotopes (Richards et al., 2000) (Table 2).
Two faunal specimens from the same layer, one cervid and one cave
bear, were used for trophic reference as well as one bovid and
another cave bear from the older layer G3. No carnivorous animal
collagen could be extracted due to preservation reasons (Richards
et al., 2000). For this reason, Richards and colleagues included
faunal collagen results from typical mammoth steppe sites several
hundred kilometers north in the Czech Republic: Dolni V�estonice II,
Milovice and Brno-Francouzsk�a. The complex G in Vindija has an
ecological background most likely different from typical Czech
Republic sites. Following Jankovi�c et al. (2011) and Miracle et al.
(2010), it appears that the Neandertal remains were deposited
during relatively temperate conditions and the ungulate remains
from complex G were most likely deposited during temperate
conditions within MIS 3 (Miracle et al., 2010; Jankovi�c et al., 2011).
The Gravettian open air mammoth sites in the Czech Republic
reflect somewhat different conditions (Beresford-Jones et al., 2011).
In this case, a direct comparison of the stable isotopes with the aim
of reconstructing trophic relationships is difficult since the
ecological background of the Neandertals is not the same as that of
the faunal remains from the Czech sites. In addition to the lack of
comparable faunal material, the collagen preservation at Vindija is
not good and the 14C dates published in 2000 by Richards et al. are
not reliable (Higham et al., 2006). For the different reasons pre-
sented above, these specimens from Vindija cannot be included for
further comparisons with the remains from Belgium (Table 2).

The Okladnikov sequence in the Altai region of Siberia also
yielded Neandertal remains which contain collagen (Krause et al.,
2007). The stable carbon and nitrogen isotopes are provided
(Table 2). However, these results are unfortunately not contextu-
alized, meaning that no faunal material was investigated as
required for stable isotope analysis. Due to this lack of information,
these data cannot be interpreted in ecological terms.

Another isotopic study performed by Beauval and colleagues in
2006 (Beauval et al., 2006) presented stable isotopic carbon and
nitrogen values from Les Rochers-de-Villeneuve (Lussac-les-
Châteaux, Vienne) in South-East France (Table 2). The collagen fits
all necessary chemical criteria; consequently, the stable isotopic
results are valid. Unfortunately, beside one hyena sample, no
contemporaneous faunal assemblage has been analyzed for stable
isotopes. Therefore the results were directly interpreted in the
context of stable isotopic investigations carried out on the site of
Les Pradelles, around 100 km southwest of Lussac-les-Châteaux
Please cite this article in press as: Wißing, C., et al., Isotopic evidence
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(Beauval et al., 2006). To conclude, this study provides valid
Neandertal collagen isotopic results that are embedded in an
ecological context and therefore fulfills the requirements for a diet
reconstruction.

A study performed by Richards et al. analyzed the stable isotopic
carbon and nitrogen composition of Neandertal and faunal remains
from the site of Chez-Pinaud at Jonzac (in Charente-Maritime,
South-Western France) (Richards et al., 2008b) (Table 2). The
Neandertal values are derived from tooth collagen and conse-
quently do not reflect the average years of the individual but the
time span of tooth formation. The collagen yields are relatively low,
including yields between 0.1% and 0.3%, hence the use of ultrafil-
tration to improve the extraction and isolation of intact collagen
(Richards et al., 2008b). However, it is surprising that collagen
(>30 kDa fraction) stated to be unreliable due to carbon contami-
nation is still considered, especially when the d13C values are
significantly lower than the values from the 10e30 kDa fraction.
The 10e30 kDa fraction is much better preserved and has a C/N
ratio of 3.2 (Richards et al., 2008b). If we consider only the C/N
ratios, both values can be considered to be valid, but since the d13C
values are different, it is difficult to interpret which is the more
probable result. Dietary reconstructionmodels would be different if
we considered either one or the other Neandertal values, especially
regarding the meaning of reindeer and horse as prey.

Richards et al. (2008b) also analyzed faunal material from layers
6 to 8 of Jonzac. The Neandertal tooth came from layer 7, but as no
other contemporaneous carnivore species from layer 7 could be
integrated into this study, one hyena from layer 8 was analyzed.
Due to the lack of predator values, an estimation of the role the
Neandertals had within the predator guild is so far not possible.
Regardless, the conclusions of Richards et al. (2008b) based on the
herbivores and the Neandertal remain from level 7 do not change
significantly, even when data from level 8 were included. The
Neandertal was a top-level carnivore with a prey preference on
large herbivorous mammals like bovids and horses, a similarity
found among the Neandertals in general (Richards et al., 2008b).

The French sites Saint-C�esaire and Les Pradelles (South-Western
France) provided late Neandertal collagen with contemporaneous
faunal remains from the sites themselves and from sites with
similar ages at Camiac and La Berbie, 120e150 km south-east of
Saint-C�esaire. Bocherens and colleagues analyzed Neandertal re-
mains from Saint-C�esaire (Bocherens and Drucker, 2003a) and Les
Pradelles (Bocherens et al., 2005b). Bocherens et al. (1991) also
presented the collagen isotopic composition of Neandertals with
ambiguous chemical compositions from Les Pradelles. In the study
from 2005 (Bocherens et al., 2005b), all the Neandertal collagen
results are based on reliable collagen since the percent de-
terminations of carbon and nitrogen in collagen are provided
(Table 2). The studies of the Neandertal remains from Saint-C�esaire
and Les Pradelles are, beside those from Goyet and Spy, some of the
very few suitable for detailed investigations concerning trophic
relations and dietary habits of the late Neandertals. Therefore, we
analyzed these data with our statistical approach to increase the
accuracy of our results and to obtain deeper insights into the po-
tential correlations between prey species (see S11 and S12).
Bocherens et al. (2005b) found that the Saint-C�esaire Neandertal
also relied heavily on mammoth meat (between around 15% and
55% (S11) of the proteins). Mammoth was the most important prey
species for this individual (Bocherens et al., 2005a,b). Interestingly,
hyenas at this site had a much lower amount of mammoth in their
diet in comparison to the hyenas from Belgium (S12). This supports
the above discussed assumption that Neandertals did not scavenge
mammoth remains hunted by hyenas on a regular basis, and were
instead active selective hunters at this site as well. The probability
density for mammoth in the Saint-C�esaire Neandertal diet has a
for dietary ecology of late Neandertals in North-Western Europe,
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bell shape, with the highest probability around 35% of the protein
intake (S11). For all other species the probability density decreases
exponentially, therefore a lower contribution is more probable than
a higher one (S11). This observation is particularly distinctive for
reindeer. This species contributed the least to the total meat protein
intake of the Neandertal specimen. Horses and rhinoceroses
contributed very similarly, with the highest probability between 0%
and 20% of the protein intake (S11). In contrast to some of the Goyet
Neandertals, we do not see the above discussed negative correla-
tions between reindeer and bovid, reindeer and rhinoceros, and
betweenmammoth and rhinoceros (S11). Such correlations are less
abundant and comparable with the ones for the Spy individuals (S9
and 10). This points to a more statistically secure preference for
mammoth even for the Goyet Neandertals.

It is striking that the isotopic results from Saint-C�esaire and Les
Pradelles are very close to the ones observed at the Belgian sites.
The Neandertals exhibit d15N values significantly more positive
than those of other animal predators, i.e. an enriched prey, in
average for the last years of the individual's life, in comparison to all
other predator species (the herbivores with the highest d15N values
being in general the mammoth and rhinoceros). If we consider the
similarities of the general pattern within the herbivore/carnivore
guild in South-Western France and at the Belgian sites, we can
postulate a similar trophic ecology. The comparison of the isotopic
patterns of these late European Neandertals points to a trophic
position as active, selective top predators in an open environment,
and with limited variation.

Unfortunately, Neandertal remains from Southern European
sites have not provided deeper insights into their ecology through
the composition of stable isotopes in collagen. It would be inter-
esting to see how Neandertals may differ in their dietary ecology in
other ecological contexts than a typical mammoth steppe. From
other evidence, it seems that dietary strategies in Southern Europe,
in regions outside of the mammoth steppe, are somehow different
for the Late Pleistocene Neandertals (e.g. Salazar-García et al.,
2013). Furthermore, others have also hypothesized that in a
context like this, a tendency towards a preference for a broader
spectrum of prey species including smaller animals like lago-
morphs and birds may have occurred (e.g. Brown et al., 2011;
Finlayson et al., 2012). Similarly, an increasing amount of plant
food consumption has been postulated in less harsh environments
such as on the Iberian Peninsula or Italy (e.g. Hardy et al., 2012;
Salazar-García et al., 2013; Fiorenza et al., 2015; Fiorenza, 2015).
Neandertals most likely had a diverse hunting and occupation
behavior, which is most likely impacted by climate/ecological
conditions.

5. Conclusions

Stable carbon and nitrogen isotope investigation into the ecol-
ogy and diet of the Late Pleistocene Neandertals and contempora-
neous herbivore and carnivore collagen was performed
successfully. The “Troisi�eme caverne” of Goyet (Belgium) has yiel-
ded the broadest set of Neandertal individuals, contextualized with
faunal remains, in Northern Europe and is therefore perfectly
suitable for this kind of approach.

With statistical approaches, we have demonstrated the exis-
tence of ecological niches either occupied by single species or by
several species. We further demonstrated that all Neandertals
belonged to the group of carnivores and occupied a very specific
niche. The diversity among the Neandertal individuals is the lowest
in this ecosystem. Most of the dietary protein was derived from
megaherbivores. Neandertals were the species in the mammoth
steppe ecosystem relying most heavily directly on mammoth. The
abundance of this species had most likely a direct impact on
Please cite this article in press as: Wißing, C., et al., Isotopic evidence
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Neandertal subsistence strategy. Our results support an active
hunting activity in contrast to a general scavenging strategy. This
study also reviews a set of previously published Neandertal
collagen stable isotopic values and in many cases, either the
chemical reliability or the ecological background is not satisfacto-
rily provided. When the necessary requirements were met, the
ecological results and interpretation are very similar to the results
we obtained. The Neandertals in the mammoth steppe ecosystem
during the Late Pleistocene had, at least in Northern and Western
Europe, very similar hunting strategies. The numerous Neandertal
remains embedded in a rich archaeological context makes the
“Trois�eme caverne” site a key-site for the understanding of late
Neandertal ecology in North-Western Europe.
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