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ABSTRACT

Carbon and nitrogen isotopic composition of
bone collagen in woolly mammoths, coeval her-
bivores and predators, as well as hominins, allow
researchers to quantify the proportion of meat
consumed by late Neanderthals and early mod-
ern humans in Europe. The proportions of con-
sumed mammoth meat were found to be very
high for late Neanderthals in sites from western
France and Belgium between 45 and 40 ka, and
for early modern humans from Belgium, Czech
Republic, Crimea and western Russia, between
40 and 30 ka. A possible contribution of fresh-
water resources was excluded in Belgium and
Crimea using a novel approach based on single
compound amino acid nitrogen isotopes and
confirmed that mammoth consumption was
the source of the high nitrogen isotopic ratio of
ancient hominins in these sites. The impact of

mammoth hunting on the Late Pleistocene eco-
systems could be detected by a shift of isotopic
values of horses onto those found for mammoth,
suggesting that horses could use part of the eco-
logical niche of mammoth probably due to a
decrease of the proboscidean population. More-
over, isotopic tracking of predator diet suggests
that the mammoth carcasses left by humans were
also exploited by scavengers, such as fox, wol-
verine and brown bear. Therefore, stable isotopic
tracking is a very useful approach to decipher
the trophic interaction between hominins and
mammoths and their possible ecological conse-
quences.

13.1 INTRODUCTION

The discovery that prehistoric humans and mam-
moths lived at the same time was a shock for early
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scholars during the 19 century (Cohen, 1994).
If artifacts made of mammoth bones or ivory
could have been made using raw material from
long dead ones, the engravings of mammoths
with anatomical details clearly demonstrated the
contemporaneity of both taxa as this could be
done only by observing living mammoths. How-
ever, the coexistence of prehistoric humans and
mammoths does not tell us how they interacted
ecologically.

Extant elephants, the closest relatives of
woolly mammoths and with a similar size, are
immune from predatory pressure, except from
human hunters. Today the hunting of elephants
with guns takes dramatic proportions to the point
of threatening the species to become extinct (e.g.,
Douglas-Hamilton, 1987; Thouless et al., 2016).
However, recent hunter-gatherer without mod-
ern weapons can also kill elephants (see review
in Agam and Barkai 2018; Ichikawa, this vol-
ume; Lewis, this volume). Did prehistoric people
also do it? Archaeological evidence demonstrates
that ancient elephants and mammoths were be-
ing butchered already hundreds of thousand
years ago, implying that prehistoric people must
have consumed elephant and mammoth meat
for a long time. Active hunting is more difficult
to demonstrate, but some convincing evidence
has been described (e.g., Nikolskiy and Pitulko,
2013; Metcalfe, 2017; Sinitsyn et al., 2019; Wo-
jeal et al., 2019). Even in such cases, the amount
of mammoth meat consumption by humans is
very difficult to evaluate. Still, active hunting is a
crucial topic, because the intensity of mammoth
exploitation has an impact on the demography
and ecology of the hunted populations, or even
the whole species, and could have contributed to
their extinction.

In this contribution, we review how using sta-
ble isotope palacoecological tracking can contrib-
ute to quantifying mammoth meat consumption
by late Neanderthals and early Upper Palaeolithic
modern humans in Europe. Moreover, we evaluate
the possible ecological impact of mammoth hunt-
ing by humans.

13.2 PRINCIPLE OF ISOTOPIC TRACKING
OF PREY CONSUMPTION AND
APPLICATION TO MAMMOTH AND
OTHER EXTINCT PROBOSCIDEANS

Animals obtain the carbon and nitrogen atoms need-
ed for their metabolism from their food. These two
major chemical elements of life can be found under
two forms with slightly different atomic weights,
called isotopes. The relative abundance of the iso-
topes of a given element varies slightly in different
food categories, due to small differences in the speed
of chemical reaction and the strength of chemical
bonds between the isotopes of a given element. The
differences between isotopic abundances in natural
products are extremely small and therefore, in order
to be measured accurately, they need to be com-
pared to those of an international standard, under
the conventional notation delta as follows:

d13C = [((13C/lzCsamplc)/(13C/12Cmndard)) - 1] x 1000,
where standard is V-PDB;
SN = [(N /N )/ (BN /1N ) - 1]

sample standard

x 1000, where standard is AIR.

Typically, the tissues of an animal are enriched
in the heavy isotope of carbon and nitrogen, and
their 8"°C and 8"N values are higher than those
of their average food. As we are dealing with meat
eaters and comparing the bone collagen of preda-
tors and their potential prey, we will consider only
the differences between collagen isotopic abun-
dances of the prey and of the predator in the rest
of this chapter. Using the results of feeding ex-
periments on captive animals and measurements
performed on animals from field studies, the dif-
ference between the 6"°C and the "N values of
a predator compared to those of its average prey
is +1.1 + 0.2 %o and +3.8 + 1.1 %o for 3"°C and
O"N, respectively (Bocherens and Drucker, 2003;
Drucker et al., 2017; Krajcarz et al., 2018). In
large mammals, bone collagen averages the iso-
topic composition of several years of life of an
individual (e.g., Hedges et al., 2007). Therefore,
predators feeding preferentially on prey with dis-
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Figure 13.1: Examples of carbon and nitrogen isotopic composition of the main large herbivores coexisting with mammoths in Eura-
sia. Data for NE China are from Ma et al. (2017); for Yakutia from Bocherens et al. (1996), lacumin et al. (2010), Szpak et al. (2010),
Kirillova et al. (2015), Arppe et al. (2019); for Belgium from Bocherens et al. (2011); for SW France from Bocherens et al. (2005).

Map modified from Jiirgensen et al. (2017).

tinct 8"°C and 8"N values due to their specific
habitat and diet composition will also exhibit iso-
topic differences, and it will be possible to evalu-
ate the relative contribution of different potential
prey in their average diet in modern (e.g., Yeakel
et al. 2009, 2013; Adams et al., 2010; Dalerum
et al., 2012) and ancient contexts (e.g., Bocher-
ens et al., 2005; Bocherens, 2015). With the use
of stable isotope mixing models it is possible to
evaluate quantitatively the proportions of differ-
ent categories of consumed proteins (i.e., prey),
if they present different isotopic abundances. In
contexts with a reasonably complete knowledge
of the available prey and their isotopic values, us-
ing such approaches yields results that allow the
comparison of different predators with human
hunter-gatherers, and prehistoric sites of different
geographic and chronological settings.

In the context of Late Pleistocene glacial terres-

trial ecosystems in Eurasia, the isotopic signatures of
mammoth bone are distinctive compared to those
of other large herbivores and potential prey of pre-
historic humans (Bocherens et al., 1996; Bocherens,
2003; 2015). Mammoths exhibit 6*C values in
the low range of coeval herbivores and 3"°N values
significantly higher than all other large herbivores
(review in Bocherens, 2015), and also than small
herbivores (Baumann et al., 2020). This pattern
is consistent all over the geographical distribution
of the woolly mammoth, from Western Europe to
eastern Siberia, northeastern China and northwest-
ern North America (e.g., Bocherens et al., 1996,
1997; Fox-Dobbs et al., 2008; Bocherens, 2015;
Kirillova et al., 2015; Ma et al., 2017) (Fig. 13.1).
It is also consistent in time over the period from the
early Late Pleistocene until the Holocene in Wran-
gel Island (Arppe et al., 2019). This isotopic dif-

ference is most probably due to the consumption
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of dry mature grass by mammoths, because this
kind of plant food has higher 6"°N values than oth-
er grasses and browse consumed by the other her-
bivores (Bocherens, 2003; Bocherens et al., 2015).
In few cases, some horses can show isotopic values
overlapping with those of mammoths (Drucker et
al., 2015; Wifling et al., 2019), but this is a rare
occurrence and the ecological possible meaning
of this pattern will be discussed later in this paper.
When significant ecological disturbance took place,
as in the case of the Late glacial mammoths from
the Russian-Ukrainian Plains (Drucker et al., 2018)
and of the Holocene mammoths from Saint-Paul
Island (Graham et al., 2016), the isotopic values
of the mammoths diverged from the usual pattern
and can be used as a tracer of breaking down of the
optimal mammoth ecosystem.

Most isotopic results on collagen from Pleis-
tocene proboscideans are from woolly mammoth,
due to its younger geological age than other extinct
proboscideans and the favorable cold climatic con-
ditions for organic matter preservation. A notable
exception is the site of Schéningen in northern
Germany, where straight-tusked elephants (Zs-
laeoloxodon antiquus) that lived before 300,000
years under temperate climatic conditions, were
preserved in organic rich sediment and yielded
well-preserved collagen in their bones. They also
exhibited the distinct nitrogen isotopic signature
of woolly mammoths compared to coeval large
herbivores (Kuitems et al., 2015), allowing po-
tentially the quantification of the consumption of
straight-tusked elephant meat by predators, here
large felids (Panthera, Homotherium), as no human
remains have been found to date in this Middle
Pleistocene site.

13.3 PROPORTION OF MAMMOTH MEAT
CONSUMPTION BY PREHISTORIC
HUNTER-GATHERERS

Several recent publications yielded isotopic val-
ues on prehistoric hunter-gatherers and associat-
ed fauna that allow to evaluate the proportions of

mammoth meat consumed in sites following an
increasing chronological depth. We will first con-
sider Central European sites, where woolly mam-
moth (Mammuthus primigenius) remains are very
abundant (the Moravian sites of Pfredmosti, Dol-
ni Véstonice II and Pavlov I), then older Upper
Palaeolithic sites in Eastern Europe (Buran-Kaya
III in Crimea and Kostenki in Russia), and final-
ly sites with late Neanderthals in Western Europe
(Saint-Césaire in France, as well as Goyet and Spy
in Belgium).

13.3.1. CENTRAL EUROPEAN UPPER
PALAEOLITHIC

The

an-Moravian-South Polish corridor have yielded

Gravettian sites from the Lower Austri-
huge amounts of mammoth bones associated with
abundant archaeological material, including hu-
man skeletal remains with clear indication of mam-
moth hunting (e.g., Musil, 2010; Wilczynski et al.,
2019). In this context, an isotopic investigation of
the mammal fauna, including one human bone
from Pfedmosti (Bocherens et al., 2015), com-
bined with the newly published isotopic results on
Gravettian humans from Dolni Véstonice II and
Pavlov I (Fewlass et al., 2019), clearly demonstrat-
ed that all the analyzed humans consumed high
amounts of mammoth meat, accounting for ~60%
of the protein source in the average human diet
(Bocherens et al., 2015) (Figs. 13.2, 13.3). This
is in great contrast with the prey proportions de-
duced from the isotopic results obtained on ani-
mal predators, with only wolves showing a high
mammoth consumption similar to humans, and
some scavengers, such as brown bears, wolverines
and polar foxes also exhibiting higher than usual
mammoth consumption in this site (Bocherens
etal., 2015).

Such a high consumption of mammoth meat
is not surprising, in view of the huge amount of
mammoth bones accumulated and the evidence
for mammoth hunting found in these sites, tak-
ing place in all seasons (Musil, 2010; Wojtal et al.,
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Figure 13.2: On the left, scatter-plot of 6*3C and 6*°N values of bone collagen from herbivores, predators and humans in the Moravian
plain sites Pfedmosti, Dolni Véstonice Il and Pavlov | (data from Bocherens et al., 2015 and Fewlass et al., 2019). The ellipses show
the projected range of isotopic values for predators of the main prey species. On the right, results of the Bayesian mixing model SIAR
showing the proportions of different prey for cave lion, wolf and humans from Pfedmosti (modified from Bocherens et al., 2015).

2016; Wilczynski et al., 2019; Germonpré et al.,
this volume). The fact that some scavengers had
access to significant amounts of mammoth meat
suggests that the carcasses provided not only food
resources to humans, but also subsidies for some
predators.

13.3.2. EASTERN EUROPEAN EARLY UPPER
PALAEOLITHIC

CRIMEA | In the early Upper Palaeolithic site of
Buran-Kaya III, an isotopic investigation of hu-
mans and coeval fauna also indicated that mam-
moth was consumed in high proportion by hu-
mans (Fig. 13.3; Drucker et al., 2017). This result
is more surprising than in central Europe since
no mammoth bone was found at the Crimean
site. This could be due to the fact that this site
corresponds to a hunting station of saiga antelopes

during their seasonal migration, therefore repre-
senting a small chronological snapshot on human
activity that does not reflect the average subsistence
strategy of the studied individuals (Crépin et al.,
2014). This case study demonstrated how import-
ant are the isotopic investigations for reconstruct-
ing the contribution of different prey species, espe-
cially proboscideans, to prehistoric human diet, in
particular when the faunal assemblages correspond
to a specialized function of a site. However, these
faunal remains provide material to establish the
isotopic baselines needed for the interpretation of
the isotopic data measured on human specimens.

KOSTENKI | A series of sites dated to the early Up-
per Palaeolithic (42-30 ka) in western Russia are
also dominated by mammoth remains and yielded
additionally human bones (Hoffecker et al., 2010;
Bessudnov, 2019; Germonpré et al., this volume).
Isotopic values of human, wolves and horses have
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Saint-Césaire (~40 ka)

Buran Kaya Ill (~33 ka)

Figure 13.3: Proportion of prey consumption based on carbon and nitrogen isotopic composition of hominins and coeval herbivores
in late Neanderthals and early modern humans. Map taken from Natural Earth (naturalearthdata.com). Data are from WiSing et al.
(2016, 2019) for Goyet cave, from Bocherens et al. (2005) for Saint-Césaire, from Bocherens et al. (2015) for Predmosti, and from

Drucker et al. (2017) for Buran Kaya lIl.

been measured (Richards et al., 2001; Dinnis et
al., 2019), and they are similar to those from Bu-
ran-Kaya III (Drucker et al., 2017). Even if the
isotopic abundances of mammoth bones have not
been analyzed in this site, it is likely that here again,
mammoth was high on the menu of humans, due
to the similarity of all the other species with those
from the Buran-Kaya site in Crimea (Drucker
et al., 2017).

13.3.3. WESTERN EUROPEAN LATE
NEANDERTHALS AND EARLY
MODERN HUMANS

The sites of Spy and Goyet (Belgium) have yielded
numerous remains of late Neanderthals, as well as

some early modern humans (Semal et al., 2009;
Posth et al., 2016; Rougier et al., 2016). In these
sites, an abundant mammalian fauna has been also
recovered, as well as in the nearby contemporary
site of Scladina (Simonet, 1992; Bocherens et al.,
1997), providing the possibility to reconstruct the
diet of late Neanderthals, early modern humans
and animal predators in the same region (Wiffing
et al., 2016, 2019). Both sites, Spy and Goyet,
have yielded mammoth remains (Germonpré et
al., 2014; this volume), and a seasonality investiga-
tion based on dental wear of mammoth deciduous
premolars indicates that mammoths were hunted
during all seasons at both sites (Germonpré et al.,
this volume). The isotopic results clearly indicate
a high amount of mammoth ~40% in the protein
part of the diet of all Neanderthals, from Spy as
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well as from Goyet, and also in similar amounts
in the diet of early modern humans from Goyet
(Fig. 13.2).

The site of Saint-Césaire (Charentes-Maritime,
France) yielded one of the most recent Neander-
thals in Europe associated to a Chatelperonnian
(early Upper Paleaolithic) context (Lévéque and
Vandermeersch, 1980; Hublin et al., 2012). This
hominin specimen was investigated, together with
associated mammals, and yielded results indi-
cating a high amount of mammoth -30 to 40%
(Fig. 13.2; Bocherens et al., 2005; Wifling et al.,
2019). The 8"N values of the Neanderthal speci-
men are much higher than those measured on hy-
enas, showing that this scavenger had much less
access to mammoth meat, and therefore the homi-
nin had prime access and was most likely the one
killing mammoths rather than scavenging them
(Bocherens et al., 2005).

13.4 MAMMOTH OR FISH?
CONTRIBUTION OF SINGLE
COMPOUND AMINO ACID NITROGEN
ISOTOPES

In Western Europe, Neanderthals from Saint-Cé-
saire, Spy and Goyet as well as early modern hu-
mans from Goyet, present bone collagen carbon
and nitrogen isotopic abundances that are in a
similar position compared to those of coeval herbi-
vores and predators than in the Central and East-
ern European sites of Pfedmosti and Buran-Kaya
III. When the possible contribution of each large
herbivore in the diet of hominins and predators is
evaluated, using Bayesian mixing models, mam-
moth always comes out as the most important
contributor to the protein part of the diet. Besides
mammoth, one other possible food resource could
account for such an isotopic pattern in hominin
collagen: freshwater fish. Freshwater fish also
typically exhibit lower 6"°C and higher 8N val-
ues than the meat of terrestrial herbivores except
mammoth (e.g., Drucker and Bocherens, 2004).
Mammoth is much more often found in Mid-

dle Palaeolithic and early Upper Palaeolithic sites
than fish, but it cannot be totally excluded and
this could be the source of an uncertainty in the
diet reconstruction leading to an overestimation
of mammoth consumption. Fortunately, a new
approach allows sorting out this uncertainty: the
single compound amino acid nitrogen isotope
analysis (Naito et al., 2016).

This approach takes advantage of the differ-
ence of nitrogen isotopic fractionation between
source amino acids that cannot be synthesized by
an organism (such as phenylalanine), and remain
essentially unchanged along the food chain and
the trophic amino acids that can be synthesized by
an organism with a significant fractionation (such
as glutamic acid). Moreover, the nitrogen isotopic
values of these amino acids are clearly different in
terrestrial and aquatic foodwebs (e.g., Naito et al.,
2013). When both types of amino acids are re-
trieved from the same collagen molecule, the isoto-
pic difference between them allows distinguishing
clearly the origin of the protein part of the food,
from a terrestrial or an aquatic foodweb (e.g., Nai-
to et al., 2013). Because this methodology is more
technologically challenging than the isotopic mea-
surements on bulk collagen, it has been applied so
far to few adult hominin specimens, i.e. the Nean-
derthals from Spy (Naito et al., 2016) and the ear-
ly Upper Palaeolithic modern humans from Buran
Kaya III (Drucker et al., 2017). In both cases, the
results indicate clearly a purely terrestrial diet, ex-
cluding fish and other freshwater resources as the
possible reason for the high 8"°N values. This con-
clusion can very likely also apply to the other sites
considered above.

13.5 POSSIBLE ECOLOGICAL IMPACT
OF MAMMOTH HUNTING ON LATE
PLEISTOCENE ECOSYSTEMS

With such a high consumption of mammoth
meat by late Neanderthals and early modern hu-
mans in Europe, the question arises whether this
killing of mammoths had a significant impact on
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the mammoth populations (e.g., Brook and Bow-
man, 2004; Haynes, 2018), and possibly through
a trophic cascade effect on the whole ecosystem
(e.g., Malhi et al., 2016; Smith et al., 2019). First,
it is necessary to see if human predation on mam-
moth was something unique or merely replacing
predation by animal predators, and second if
there is evidence of ecological disturbances that
can be linked to a depletion of mammoth pop-
ulations.

So far, isotopic tracking of Late Pleistocene an-
imal predator diet has failed to demonstrate a high
level of predation on proboscideans (e.g., Bocher-
ens et al., 2005, 2015; Bocherens, 2015), even for
the morphologically derived saber-toothed felids,
such as Swmilodon and Homotherium, for which
proboscidean specialized hunting has been in-
ferred based on other lines of evidence, especially
for North American sites (e.g., Rawn-Schatzinger,
1987, 1992; Meachen-Samuels and Van Valken-
burgh, 2010; Graham et al., 2013; Van Valken-
burgh et al., 2016). Since this low predation on
proboscideans by Late Pleistocene predators is
also observed in areas devoid of prehistoric hu-
mans, such as eastern Siberia and Alaska/Yukon
before 30,000 years ago (Bocherens, 2015), it
shows that this proboscidean predation was low
during the Late Pleistocene in the absence of hu-
mans. Therefore, none of the large predators (cave
lion, cave hyena, wolf, brown bear) occurring in
Eurasia during the Late Pleistocene seems to have
been a regular predator of woolly mammoth or
other proboscideans. This leaves only prehistoric
humans exerting a predatory pressure on mam-
moth that was not occurring through predation
by animal predators. It is therefore likely that
human hunting led to increased mortality of
mammoths, an animal that probably had a rather
low reproductive turnover, although African ele-
phant populations can recover successfully from
mass mortality events (Haynes, 1991). Interest-
ingly, palacogenetic research has shown that a
mitochondrial clade of mammoths coming from
Siberia expanded into Europe between ~35,000
and 15,000 years ago (Palkopoulou et al., 2013;

Fellows Yates et al., 2017), and prehistoric human
hunting probably contributed to the decline of
mammoth populations in Europe, facilitating the
immigration of Siberian populations into Europe
(Fig. 13.4). In ecological terms, this decline of
mammoth populations either could have opened
possibilities for other herbivores consuming plant
resources unused by the missing mammoths or
could have led to a collapse of the ecosystem due
to the loss of a key ecological function, such as
maintaining a patchwork environment and ac-
celerating nutrient recycling (e.g., Zimov et al,,
1995).

The isotopic tracking of Late Pleistocene
mammal bone collagen not only allows the re-
construction of the proportion of prey consumed
by predators and human hunters, but also pro-
vides indication on the niche partitioning among
herbivores and possible changes linked to dif-
ferent levels of competition among species. For
instance, if one species becomes less abundant,
another species might take advantage of this new
situation and start exploiting the food resourc-
es previously consumed by the declining species.
Since woolly mammoth is almost systematically
the only herbivorous species taking advantage of
the forage with high 3"°N values, it is interesting
to consider the few cases where another species
also occurs in the same range of isotopic values.
Among the other herbivorous mammals that reg-
ularly co-occur with woolly mammoth, horse has
been found in several instances to shift its isoto-
pic distribution towards the one usually exhibit-
ed by the mammoth (Fig. 13.4). So far, such a
phenomenon has been noticed during the early
Upper Palaeolithic in Belgium and in the Swabi-
an Jura, in southwestern Germany (Drucker et al.,
2015; Wifling et al., 2019). In both areas, mam-
moths were intensively exploited, as demonstrat-
ed by isotopic tracking of human bone collagen
in Belgium (Wifling et al., 2019) or by the abun-
dance of tools and jewelry made of mammoth
ivory and bone in the Swabian Jura (Miinzel et al.,
2017; Wolf and Vercoutére, 2018). Interestingly,
this pattern seems to occur in the Upper Palae-
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olithic, but not in the Middle Palaeolithic, al-
though both late Neanderthals and early modern
humans hunted and consumed mammoth. One
difference could be the intensity of this predatory
pressure, linked to the higher population density
of modern humans compared to Neanderthals
(Conard et al., 20006).

Finally, an additional ecological effect of
mammoth hunting by hominins could be to pro-
vide scavengers with additional food resources
that would otherwise not be available (Fig. 13.4).
Such impacts of human subsidies on predators
have been documented in recent contexts (e.g.,
Newsome et al., 2015, Hulme-Beaman, et al.,
2016), but few studies have considered this as-
pect in prehistoric ones (e.g., Bocherens et al.,
2015; Baumann et al., 2020a, b). In sites where
mammoths were heavily exploited by hominins,
isotopic tracking of collagen from predatory spe-
cies with scavenging habits suggests that some
species that could not hunt such a large prey
by themselves, e.g., foxes, wolverine and brown
bears, had more access to this resource than in
other contexts (Bocherens et al., 2015). More
studies are necessary to confirm such a trend, but
it seems that the carcasses of mammoths hunted
by hominins could have provided food resources
to some scavenging species and possibly allowed
them to thrive.
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Figure 13.4: Possible eco-
logical consequences of
mammoth hunting by early
modern humans in Europe.
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13.6 CONCLUSIONS

Carbon and nitrogen isotopic tracking with bone
collagen has already yielded very important evi-
dence for the high amount of mammoth meat con-
sumption by late Neanderthals in western Europe,
and early modern humans in western, central and
eastern Europe from around 45,000 to 30,000 years
ago. This approach complements efficiently other
disciplines, such as zooarchaeology, archacology and
palacogenetic, and contributes to provide a more
accurate picture of the exploitation of mammoths
by hominins. In addition, this approach allows
evaluation of the ecological impacts of mammoth
hunting, on the mammoths themselves, on their
potential competitors and on the scavengers taking
advantage of a new food resource. As modern hu-
mans entered Europe, they already started affecting
their ecosystem through the predatory pressure they
exercised on a keystone megaherbivore, the woolly
mammoth, well before the final extinction of this
proboscidean in Europe ~12,000 years ago.

ACKNOWLEDGEMENTS

We are extremely thankful to J. Metcalfe for her
thorough review that helped improving the man-
uscript.



358

HERVE BOCHERENS, DOROTHEF G. DRUCKER

REFERENCES

ApAMSs, L. G., Farley, S. D., Stricker, C. A., Dem-
ma, D. ., Roffler, G. H., Miller, D. C.,
Rye, R. O., 2010. Are inland wolf-ungulate sys-
tems influenced by marine subsidies of Pacific
salmon? Ecological Applications 20, 251-262.

AcaM, A., Barkai, R., 2018. Elephant and mam-
moth hunting during the Paleolithic: a review
of the relevant archaeological, ethnographic
and ethno-historical records. Quaternary 1, 3.

ArpPPE, L., Karhu, J. A., Vartanyan, S., Dru-
cker, D. G., Etu-Sihvola, H., Bocherens, H.,
2019. Thriving or surviving? The isotopic re-
cord of the Wrangel Island woolly mammoth
population. Quaternary Science Reviews 222,
105889.

BAUMANN, C., Starkovich, B. M., Drucker, D. G.,
Miinzel, S. C., Conard, N. C., Bocherens, H.,
2020a. Dietary niche partitioning among
Magdalenian canids in southwestern Germany
and Switzerland. Quaternary Science Reviews
227,106032.

BAUMANN, C., Bocherens, H., Drucker, D. G.,
Conard, N. J., 2020b. Fox dietary ecology as
a tracer of human impact on Pleistocene eco-
systems. PloS ONE 15, ¢0235692.

BEssuDNOV, A. A., 2019. Le site du Gravettien ré-
cent, Kostenki 21 (Gmélinskaia): les résultats
préliminaires des travaux archéologiques de
sauvetage des années 2013-2016. LAnthropo-
logie 123, 423-437.

BocHERENS, H. 2003. Isotopic biogeochemistry
and the paleoecology of the mammoth steppe
fauna, in: Reumer, J. W. E,, de Vos, J., Mol, D.
(Eds.), Advances in mammoth research (Pro-
ceedings of the Second International Mam-
moth Conference, Rotterdam, May 16-20
1999). Deinsea, pp. 57-76.

BOCHERENS, H., 2015. Isotopic tracking of large
carnivore palaecoecology in the mammoth step-
pe. Quaternary Science Reviews 117, 42-71.

BoCcHERENS, H., Drucker, D., 2003. Trophic level
isotopic enrichments for carbon and nitrogen
in collagen: case studies from recent and an-

cient terrestrial ecosystems. International Jour-
nal of Osteoarchaeology 13, 46-53.

BOCHERENS, H., Pacaud, G., Lazarev, P, Mariot-
ti, A., 1996. Stable isotope abundances ("°C,
PN) in collagen and soft tissues from Pleisto-
cene mammals from Yakutia. Implications for
the paleobiology of the mammoth steppe. Pa-
lacogeography, Palacoclimatology, Palacoeco-
logy 126, 31-44.

BocHERENS, H., Billiou, D., Patou-Mathis, M.,
Bonjean, D., Otte, M., Mariotti, A., 1997.
Paleobiological implications of the isotopic
signatures (**C, N) of fossil mammal colla-
gen in Scladina Cave (Sclayn, Belgium). Qua-
ternary Research 48, 370-380.

BocHERENS, H., Drucker, D. G., Billiou, D., Pa-
tou-Mathis, M., Vandermeersch, B., 2005.
Isotopic evidence for diet and subsistence pat-
tern of the Saint-Césaire I Neanderthal: review
and use of a multi-source mixing model. Jour-
nal of Human Fvolution 49, 71-87.

BOCHERENS, H., Drucker, D. G., Bonjean, D., Bri-
dault, A., Conard, N. J., Cupillard, C., Ger-
monpré, M., Honeisen, M., Miinzel, S. C.,
Napierala, H., Patou-Mathis, M., Stephan, E.,
Uerpmann, H. P, Ziegler, R., 2011. Isoto-
pic evidence for dietary ecology of cave lion
(Panthera spelaea) in North-Western Europe:
prey choice, competition and implications
for extinction. Quaternary International 245,
249-261.

BOCHERENS, H., Drucker, D. G., Germonpré, M.,
Lizni¢kova-Galetovd, M., Naito, Y., Wil3-
ing, C., Bruzek, J., Oliva, M., 2015. Re-
construction of the Gravettian food-web at
Ptedmosti 1 using isotopic tracking of bone
collagen. Quaternary International 359-360,
211-228.

Brook, B. W., Bowman, D. M. J. S., 2004. The
uncertain blitzkrieg of Pleistocene megafauna.
Journal of Biogeography 31, 517-523.

CoHEN, C., 1994. Le destin du mammouth. Editi-
ons du Seuil, Paris.

CoNARrD, N. J., Bolus, M., Goldberg, P, Miin-
zel, S. C., 2006. The last Neanderthals and



ISOTOPIC INSIGHTS ON ECOLOGICAL INTERACTIONS

359

first modern humans in the Swabian, in: Co-
nard, N. J. (Ed.), When Neanderthals and
modern humans met. Kerns Verlag, Ttibingen,
pp- 305-341.

CREPIN, L., Péan, S., Liznickova-Galetova, M.,
2014. Comportements de subsistance au Paléo-
lithique supérieur en Crimée: analyse archéo-
zoologique des couches 6-2, 6-1 et 5-2 de Bu-
ran-Kaya III. UAnthropologie 118, 584-598.

DALERUM, F., Perbro, A., Magnusdottir, R., Her-
steinsson, P, Angerbjorn, A., 2012. The influ-
ence of coastal access on isotope variation in
Icelandic arctic foxes. PloS ONE 7, e32071.

DINNIS, R., Bessudnov, A., Reynolds, N., Devie-
se, T., Pate, A., Sablin, M., Sinitsyn, A., Hig-
ham, T., 2019. New data for the Early Upper
Paleolithic of Kostenki (Russia). Journal of
Human Evolution 127, 21-40.

DouGLAS-HAMILTON, 1., 1987. African elephants:
population trends and their causes. Oryx 21,
11-24.

DRUCKER, D. G., Bocherens, H., 2004. Carbon
and nitrogen stable isotopes as tracers of diet
breadth evolution during Middle and Upper
Palaeolithic in Europe. International Journal
of Osteoarchacology 14, 162-177.

DRUCKER, D. G., Vercoutére, C., Chiotti, L., Ne-
spoulet, R., Crépin, L., Conard, N. ]J., Miin-
zel, S. C., Higham, T., van der Plicht, J.,

M., Bocherens, H.,

2015. Tracking possible decline of woolly

Laznickova-Galetova,

mammoth during the Gravettian in the Dor-
dogne and the Swabian Jura using multi-isoto-
pe tracking (°C, *C, PN, *S, 0). Quaterna-
ry International 359-360, 304-317.

DRUCKER, D. G., Naito, Y. I., Péan, S. C., Prat, S.,
Crépin, L., Patou-Mathis, M., Chikarais-
hi, Y., Ohkouchi, N., Puaud, S., Lazni¢kova-
Galetova, M., Yanevich, A., Bocherens, H.,
2017. Isotopic analyses suggest mammoth and
plant in the diet of the oldest anatomically
modern humans from far southeast Europe.
Scientific Reports 7, 6833.

DRUCKER, D. G., Stevens, R. E., Germonpré, M.,
Sablin, M. V., Péan, S., Bocherens, H., 2018.

Collagen stable isotopes provide insights into
the end of the mammoth steppe in the central
East European plains during the Epigravettian.
Quaternary Research 90, 457-469.

FELLows YATES, J. A., Drucker, D. G., Rei-
ter, E., Heumos, S., Welker, E, Miinzel, S. C.,
Wojtal, P, Ldznickovd-Galetovd, M., Co-
nard, N. J., Herbig, A., Bocherens, H., Krau-
se, J., 2017. Central European woolly mam-
moth population dynamics: insights from
Late Pleistocene mitochondrial genomes.
Scientific Reports 7, 17714.

FEwLAss, H., Talamo, S., Kromer, B., Bard, E.,
Tuna, T., Fagault, Y., Sponheimer, M., Ry-
der, C., Hublin, J. J., Perri, A., Sdzelovd, S.,
Svoboda, J., 2019. Direct radiocarbon dates
of mid Upper Palacolithic human remains
from Dolni Véstonice II and Pavlov I, Czech
Republic. Journal of Archaeological Science:
Reports 27, 102000.

Fox-DoBBs, K., Leonard, ]. A., Koch, P. L., 2008.
Pleistocene megafauna from eastern Beringia:
paleoecological and paleoenvironmental inter-
pretations of stable carbon and nitrogen isoto-
pe and radiocarbon records. Palacogeography,
Palaecoclimatology, Palacoecology 261, 30-46.

GERMONPRE, M., Udrescu, M., Fiers, E., 2014.
Possible evidence of mammoth hunting at the
Neanderthal site of Spy (Belgium). Quaterna-
ry International 337, 28-42.

GERMONPRE, M., Bocherens, H., Bessudnov, A.,
Léznickova-Galetovd, M., Reynolds, N., Sa-
blin, M., Wifling, C., this volume. Seasonality
at Middle and Upper Palacolithic sites based
on the presence and wear of deciduous premo-
lars from nursing mammoth calves.

GRAHAM, R. W., Lundelius Jr., E. L., Meissner, L.,
Muhlestein, K., 2013. Friesenhahn Cave: Late
Pleistocene paleoecology and predator-prey re-
lationships of mammoths with an extinct sci-
mitar cat. The Geological Society of America,
Field Guides 30, pp. 15-31.

GRAHAM, R. W., Belmecheri, S., Choy, K., Cul-
leton, B. J., Davies, L. J., Froese, D., Heintz-
man, P D., Hritz, C., Kapp, J. D., New-



360

HERVE BOCHERENS, DOROTHEF G. DRUCKER

som, L. A., Rawcliffe, R., Saulnier-Talbot, E.,
Shapiro, B., Wang, Y., Williams, ]J. W., Wool-
ler, M. J., 2016. Timing and cause of mid-Ho-
locene mammoth extinction on St. Paul Island,
Alaska. Proceedings of the National Academy
of Sciences 113, 9311-9313.

HAYNES, G., 1991. Mammoths, mastodonts and
elephants: biology, behavior, and the fossil re-
cord. Cambridge University Press, Cambridge.

HAYNES, G., 2018. The evidence for human agency
in the Late Pleistocene megafaunal extinctions,
in: DellaSala, D. A., Goldstein, M. 1. (Eds.),
Encyclopedia of the Anthropocene, volume 1:
Geologic history and energy. Elsevier, Oxford,
pp. 219-226.

HeDGES, R.E. M., Clement, J. G., Thomas, C. D. L.,
O’Connell, T. C., 2007. Collagen turnover in
the adult femoral mid-shaft: modeled from an-
thropogenic radiocarbon tracer measurements.
American Journal of Physical Anthropology
133, 808-816.

HOFFECKER, J. F., Kuzmina, I. E., Syromyatniko-
va, E. V., Anikovich, M. V., Sinitsyn, A. A.,
Popov, V. V., Holliday, V. T., 2010. Evidence
for kill-butchery events of early Upper Paleo-
lithic age at Kostenki, Russia. Journal of Ar-
chaeological Science 37, 1073-7089.

HusLIN, J. J., Talamo, S., Julien, M., David, E,
Connet, N., Bodu, P, Vandermeersch, B., Ri-
chards, M. P, 2012. Radiocarbon dates from
the Grotte du Renne and Saint-Césaire sup-
port a Neandertal origin for the Chatelperro-
nian. Proceedings of the National Academy of
Sciences 109, 18743-18748.

HuLMEe-BEAMAN, A., Dobney, K., Cucchi, T., Se-
arle, J. B., 2016. An ecological and evolutio-
nary framework for commensalism in anthro-
pogenic environments. Trends in Ecology and
Evolution 31, 633-645.

IacuMiN, P., Nikolaev, V., Ramigni, M., 2010. C
and N stable isotope measurements on Eurasi-
an fossil mammals, 40 000 to 10 000 years BP:
herbivore physiologies and palacoenvironmen-
tal reconstruction. Palacogeography, Palacocli-
matology, Palacoecology 163, 33—47.

ICHIKAWA, M., this volume. Elephant hunting
by the Mbuti hunter-gatherers in the eastern
Congo Basin.

JURGENSEN, J., Drucker, D. G., Stuart, A., Schnei-
der, M., Buuveibaatar, B., Bocherens, H.,
2017. Diet and habitat of the saiga antelope
during the late Quaternary using stable car-
bon and nitrogen isotope ratios. Quaternary
Science Reviews 160, 150-161.

KIRILLOVA, I. V., Tiunov, A. V., Levchenko, V. A,,
Chernova, O. E, Yudin, V. G., Bertuch, E,
Shidlovskiy, E K., 2015. On the discovery of a
cave lion from the Malyi Anyui River (Chut-
kotka, Russia). Quaternary Science Reviews
117, 135-151.

KraJcARZ, M. T., Krajcarz, M., Bocherens, H.,
2018. Collagen-collagen prey-predator isoto-
pic enrichment (A”C, APN) in mammals - a
case study of a subfossil red fox den. Palaco-
geography, Palacoclimatology, Palacoecology
490, 563-570.

KuITEMS, M., van der Plicht, ]J., Drucker, D. G.,
van Kolfschoften, T., Palstra, S. W. L., Boche-
rens, H., 2015. Palacoecological implications
of C and N stable isotopes of well-preserved
bone collagen from Schéningen, Germany.
Journal of Human Evolution 89, 105-113.

LEVEQUE, F., Vandermeersch, B., 1980. Découverte
des restes humains dans un niveau castelper-
ronien a Saint-Césaire (Charente Maritime).
Comptes Rendus de '’Académie des Sciences
de Paris 291, 187-189.

Lewis, J., this volume. BaYaka elephant hunting
in Congo: the importance of ritual and tech-
nique.

Ma, J., Fengli, Z., Yuan, W., Hu, Y., 2017. Track-
ing the foraging behavior of Mammuthus pri-
migenius from the Late Pleistocene of Nort-
heast China, using stable isotope analysis.
Quaternary Sciences 37, 885-894.

MALH], Y., Doughty, C. E., Galetti, M., Smith, EA.,
Svenning, J. C., Terborgh, J. W., 2016. Mega-
fauna and ecosystem function from the Pleisto-
cene to the Anthropocene. Proceedings of the
National Academy of Sciences 113, 838-846.



ISOTOPIC INSIGHTS ON ECOLOGICAL INTERACTIONS

MEACHEN-SAMUELS, J. A., Van Valkenburgh, B.,
2010. Radiographs reveal exceptional forelimb
strength in the sabertooth cat, Smilodon fatalis.
PloS ONE 5, e11412.

METCALFE, J. Z., 2017. Proboscideans isotopic
compositions provide insight into ancient
humans and their environments. Quaternary
International 443, 147-159.

MiNzEeL, S. C., Wolf, S., Drucker, D. G., Conard,
N. J., 2017. The exploitation of mammoth in
the Swabian Jura (SW-Germany) during the
Aurignacian and Gravettian period. Quaterna-
ry International 445, 184-199.

Musit, R., 2010. Palacoenvironment at Gravettian
sites in Central Europe with emphasis on Mo-
ravia (Czech Republic). Quartir 57, 95-123.

NaiTo, Y. I, Chikaraishi, Y., Ohkouchi, N., Dru-
cker, D. G., Bocherens, H., 2013. Nitrogen iso-
topic composition of collagen amino acids as a
measure of human trophic position and aquatic
resource consumption: insights from Mesolit-
hic and Epipalaeolithic archaeological sites in
France. World Archaeology 45, 338-359.

NAITO, Y. I, Drucker, D. G., Chikaraishi, Y., Oh-
kouchi, N., Wifling, C., Semal, ., Bocherens,
H., 2016. Ecological niche of Neanderthals
from Spy Cave revealed by nitrogen isotopes
of individual amino acids in collagen. Journal
of Human Evolution 93, 82-90.

NEwsoME, T. M., Dellinger, J. A., Pavey, C. R,
Ripple, W. J., Shores, C. R., Wirsing, A. J.,
Dickman, C. R., 2015. The ecological effects
of providing resource subsidies to predators.
Global Ecology and Biogeography 24, 1-11.

NikoLsKlyY, P., Pitulko, V., 2013. Evidence from
the Yana Palaeolithic site, Arctic Siberia, yields
clues to the riddle of mammoth hunting. Jour-
nal of Archaeological Science, 40, 4189-4197.

PaLkopouLou, E., Dalén, L., Lister, A. M., Var-
tanyan, S., Sablin, M., Sher, A., Nystrém Ed-
mark, V., Brandstrém, M. D., Germonpré,
M., Barnes, 1., Thomas, J. A., 2013. Holarctic
genetic structure and range dynamics in the
woolly mammoth. Proceedings of the Royal
Society B 280, 20131910.

PosTH, C., Renaud, G., Mittnik, A., Drucker, D. G.,
Rougier, H., Cupillard, C., Valentin, E, The-
venet, C., Furtwingler, A., Willing, C., Fran-
ken, M., Malina, M., Bolus, M., Lari, M., Gig-
li, E., Capecchi, G., Crevecoeur, 1., Beauval, C.,
Flas, D., Germonpré, M., van der Plicht, J.,
Cottiaux, R., Gély, B., Ronchitelli, A., Wehr-
berger, K., Grigourescu, D., Svoboda, J., Se-
mal, Caramelli, D., Bocherens, H., Harvati, K.,
Conard, N. J., Haak, W, Powell, A., Krause, J.,
2016. Pleistocene human mitochondrial geno-
mes suggest late dispersal of non-Africans and
a Late Glacial population turnover in Europe.
Current Biology 26, 827-833.

RAWN-SCHATZINGER, V., 1987. Anatomy and
locomotor function in Homotherium serum
Cope: with an analysis of the predator-prey
relationship of Homotherium to Mammuthus
and Mammut. Abstracts of papers, Journal of
Vertebrate Paleontology 7 S3, 23A.

RAWN-SCHATZINGER, V., 1992. The scimitar cat
Homotherium serum Cope: osteology, functio-
nal morphology, and predatory behavior. Illi-
nois State Museum Reports of Investigations
47, 1-80.

RiICHARDS, M. P., Pettitt, . B., Stiner, M. C,,
Trinkaus, E., 2001. Stable isotope evidence
for increasing dietary breadth in the European
mid-Upper Paleolithic. Proceedings of the Na-
tional Academy of Sciences 98, 8528—-6532.

RouUGIER, H., Crevecoeur, 1., Beauval, C., Posth, C.,
Flas, D., Wiling, C., Furtwingler, A., Ger-
monpré, M., Gémez-Olivencia, A., Semal, P,
van der Plicht, J., Bocherens, H., Krause, J.,
2016. Neandertal cannibalism at the “Troi-
sieme caverne” of Goyet (Belgium). Scientific
Reports 6, 29005.

SEMAL, P., Rougier, H., Crevecoeur, 1., Jungels, C.,
Flas, D., Hauzeur, A., Maureille, B., Germon-
pré, M., Bocherens, H., Pirson, S., Camma-
ert, L., De Clerck, N., Hambuchen, A., Hig-
ham, T., Toussaint, M., van der Plicht, J. 2009.
New data on the Late Neandertals: direct da-
ting of the Belgian Spy fossils. American Jour-
nal of Physical Anthropology 138, 421-428.



362

HERVE BOCHERENS, DOROTHEF G. DRUCKER

SIMONET, P., 1992. Les associations de grands
mammiféres du gisement grotte Scladina a
Sclayn (Namur, Belgique), in: Otte, M. (Ed.),
Recherches aux grottes de Sclayn’, volume 1:
Le contexte. ERAUL 27, pp. 127-151.

SINITSYN, A. A., Stepanova, K. N., Pervoa, E. A.,
2019. New direct evidence of mammoth hun-
ting from Kostenki [in Russian]. Animal Ar-
chaeology Magazine of Interdisciplinary Rese-
arches 1, 147-156.

SMITH, F. A., Elliott Smith, R. E., Lyons, S. K.,
Payne, J. L., Villasenor, A., 2019. The accelera-
ting influence of humans on mammalian ma-
croecological patterns over the late Quaternary.
Quaternary Science Reviews 211, 1-16.

THouLEss, C. R., Dublin, H. T,, Blang, ]J. J., Skin-
ner, D. P, Daniel, T. E., Taylor, R. D., Mai-
sels, E, Frederick, H. L., Bouché, P, 2016. Af-
rican elephant status report 2016. An update
from the African elephant database. Occasio-
nal Paper Series of the IUCN Species Survival
Commission 60, Nairobi.

SzpAK, P., Grocke, D. R., Debruyne, R., Mac-
Phee, R. D. E., Guthrie, R. D., Froese, D.,
Zazula, G. D., Patterson, W. P, Poinar, H. N.,
2010. Regional differences in bone collagen
3C and 0PN of Pleistocene mammoths: im-
plications for paleoecology of the mammoth
steppe. Palacogeography, Palacoclimatology,
Palacoecology 286, 88-96.

VAN VALKENBURGH, B., Hayward, M. W., Ripp-
le, W.]J., Meloro, C., Roth V. L., 2016. The
impact of large terrestrial carnivores on Pleis-
tocene ecosystems. Proceedings of the Natio-
nal Academy of Sciences 113, 862-867.

YEAKEL, J. D., Patterson, B. D., Fox-Dobbs, K.,
Okumura, M. M., Cerling, T. E., Moore, ].
W., Koch, P. L., Dominy, N. ]. 2009. Coope-
ration and individuality among man-eating
lions. Proceedings of the National Academy of
Sciences 106, 19040-19043.

YEAKEL, J. D., Guimaries P. R. Jr., Bocherens, H.,
Koch, P. L., 2013. The impact of climate change
on the structure of Pleistocene food webs across

the mammoth steppe. Proceedings of the Royal
Society B: Biological Sciences 280, 20130239.

WiLczyNsKkl, J., Wojtal, P, Oliva, M., Sobczyk, K.,
Haynes, G., Klimwicz, J., Lengyel, G., 2019.
Mammoth hunting strategies during the Late
Gravettian in Central Europe as determined
from case studies of Milovice I (Czech Repu-
blic) and Krakéw Spadzista (Poland). Quater-
nary Science Reviews 223, 105919.

WissiING, C., Rougier, H., Crevecoeur, 1., Ger-
monpré, M., Naito Y. L., Semal, P, Boche-
rens, H., 2016. Isotopic evidence for dietary
ecology of Neandertals in North-Western Eu-
rope. Quaternary International 411, 327-345.

WissING, C., Rougier, H., Baumann, C., Co-
meyne, A., Crevecoeur, I., Drucker, D. G.,
Gaudzinski-Windheuser, S., Germonpré, M.,
Go6mez-Olivencia, A., Krause, J., Matthies, T.,
Naito, Y. 1., Posth, C., Semal, P, Street, M.,
Bocherens, H., 2019. Stable isotopes reveal
patterns of diet and mobility in last Nean-
dertals and first modern humans in Europe.
Scientific Reports 9, 4433.

WoutaL, P., Wilczynski, J., Wertz, K., 2016. Pav-
lovian hunters among bones. The animal re-
mains (before 1990), in: Svoboda, J. (Ed.),
Dolni Vestonice II: Chronostratigraphy, pa-
leoethology, paleoanthropology. Academy of
Sciences of the Czech Republic, Institute of
Archeology, Brno, pp. 105-128.

WoiTAL, P., Haynes, G., Klimowicz, J., Sobczyk, K.,
Tarasiuk, J., Wronski, S., Wilczynski, J., 2019.
The earliest direct evidence of mammoth hun-
ting in Central Europe—The Krakéw Spadzis-
ta site (Poland). Quaternary Science Reviews
213, 162-166.

WoLF, S., Vercoutere, C., 2018. Lexploitation de
I'ivoire de mammouth au Paléolithique. UAn-
thropologie, 122, 579-587.

Zimov, S. A., Chuprynin, V. 1., Oreshko, A. P,
Chapin III, E S., Chapin, M. C., Rey-
nolds, J. E, 1995. Effects of mammals on eco-
systems change at the Pleistocene-Holocene
boundary. Ecological Studies 113, 127-135.



