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The ecological structure of the mammoth steppe fauna remains quite unclear. Stable isotope bio-
geochemistry of fossil collagen can help determining the discrimination in food resources among
different herbivorous species, due to differences in carbon and nitrogen isotopic signatures in
plants. Especially differences in nitrogen sources for different plants, such as grass, bushes and
heather, lead to distinct isotopic signatures. Mammoths present more carbon-13-depleted and nitr-
ogen-15-enriched collagen when compared to other herbivorous species, in all studied sites in
Europe, Siberia and Alaska. One interpretation is that these isotopic differences reflect different
dietary choices by herbivores, reindeer browsing on lichens, horse, woolly rhinoceros and bison
grazing fresh grass, and mammoth consuming dry grass, with higher nitrogen-15 content than
other plant resources. The low carbon-13 amounts of mammoth collagen might be due to fat utili-
sation in this species. This distinction between different herbivorous species leads to the potential
to identify prey species of predators, including humans.
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INTRODUCTION

The so-called mammoth steppe is a well-defi-
ned paleoecological unit covering middle and
southern Europe, northern Asia and Alaska
during the Upper Pleistocene cold phases. It
was boarded to the north-west and to the east
by icecaps, and was characterised by a rather
homogeneous faunal assemblage dominated
by Mammuthus, Bison and Equus (Guthrie
1982). How this cold and apparently poor
ecosystem could sustain such a large diversi-
ty of species with many gigantic elements has
been the subject of abundant speculation.
Especially the plant cover has been either
considered similar to present-day arctic tun-
dra (e.g. Cwynar & Ritchie 1980; Elias et al.
1996) whereas some data suggest a much

richer ‘steppe-tundra’ environment with no
modern equivalent (e.g. Anderson et al. 1994;
Guthrie 1982). It is the goal of this work to
use isotopic biogeochemistry in order to fur-
ther investigate the structure of this ecosys-
tem.

PRINCIPLES

Carbon-13

Carbon isotopic compositions (expressed as
BC values *) in ecosystems reflect primarily
the photosynthetic pathways and environmen-
tal parameters of the plants at the basis of the
food webs. In terrestrial plants, the two major
photosynthetic pathways, i.e. the so-called
‘C3’ and ‘C4’ pathways, lead to clearly diffe-

* Isotopic abundances are expressed as 8 (delta) values, as follows: 8°X = (Ryampte/Rytandara = 1)-1000 (%o0), where
X stands for C or N, E stands for 13 or 15 respectively, and R stands for the isotopic ratios *C/”C and "N/"“N

respectively.
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rent isotopic discriminations. Both types of
plants are “C-depleted relative to their source
of inorganic carbon, atmospheric CO, with a
8°C value around -8 %o, but C4-plants are
much less depleted than C3-plants (8"°C = -
27.1 £2.0 %o and 8"”°C =-13.1 £ 1.2 %o for
C3 and C4-plants respectively: O'Leary
1981). On a world-wide scale, most C4-
plants are grasses from warm areas, and they
are distributed in regions where the growing
season is the warm one (monsoon system),
whereas C3-plants are all the trees under any
climatic conditions, as well as herbaceous
plants from temperate and cold areas, where
the growing season is cool. In the Euro-
Siberian region, C4-plants are extremely
scarce today (Mateu Andrés 1993). Thus the
carbon isotopic variations observed in arctic
and temperate areas are mainly due to isoto-
pic variations in C3-plants. Less important in
biomass but locally significant in the steppic
areas are some C4 species, which are halo-
phytes adapted to saline environments
(Winter 1981; Frey & Kiirschner 1983).
Among C3-plants, some environmental con-
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ditions lead to different carbon isotopic com-
positions (Tieszen 1991; Heaton 1999; Fig.
1). The main environmental causes for “C-
depleted plant biomass are linked to dense
forests. Indeed, in closed forested environ-
ments where the CO2 available to understo-
rey plants is “*C-depleted relative to the
general atmosphere due to the contribution of
CO, generated by respiration and organic
matter decomposition and where light intensi-
ty is low, plants exhibit 8"*C values lower
than -28 %o (e.g. Medina & Minchin 1980;
Van der Merwe & Medina 1991; Balesdent et
al. 1993). Increase in CO, partial pressure,
decrease of temperature and depletion in
nutrients also lead to low 8“C values in C3-
plants (Tieszen 1991) but such factors are
more difficult to link unequivocally to a
given environment. On the other hand, the
main environmental causes for high 8°C
values in plants are water and saline stress,
which lead to less isotopic fractionation of
carbon in C3-plants, presenting 8°C values
up to -20 %o (Guy ef al. 1986). Decrease in
CO, partial pressure also lead to higher 8"°C

POSSIBLE CAUSES OF CARBON ISOTOPIC VARIATIONS IN PLANTS

Pool of CO, 13C-depleted
low light intensity
Increase in pCO,
Decrease of temperature
Depletion in nutrients

‘....m..............--m-um.......

Water stress
Saline stress
Decrease in pCO,

.......................................»-

S X
w  O13C - plants
+
5-34 -33 -32 -31 -30 -29 -28 -27 -26 -25 -24 -23 -22 -21 -20 -19 -18
G’ 1 1 I 1 1 I 1 I 1 1 1 | 1 1 1 1 1
= LIGHT
A FOREST. ... o
DENSE F T
”13 BRES GRASSLAND SALINE AND DESERT ENVIRONMENTS
g TUSTEPPE R
S
b
@—29 28 27 26 -25 -24 -23 .22 20 -19 -18 -17 -16 -15 -14 -13

813C - herbivore collagen
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values in C3-plants. Variations in atmospheric
CO, partial pressure have been documented
during the glacial/interglacial cycles (Neftel
et al. 1982; Leuenberger et al. 1992) and may
have influenced the 8"C values of C3-plants
(Leavitt & Danzer 1992). A type of plants
important in tundra environments is lichen
(Bliss & Richards 1982), and lichens are usu-
ally 8"C-enriched relative to co-eval vascular
C3-plants (Fizet et al. 1995; Maguas &
Brugnoli 1996; Heaton 1999). It is notewor-
thy that the carbon isotopic composition of
atmospheric CO, has changed significantly
since the industrial revolution, about 150
years ago. The addition of CO, evolved from
fossil fuel combustion and deforestation with
low 8“C values led the 8"°C values of
atmospheric CO, to decrease from around -
6.5 %o in 1850 to -8 %o nowadays (Marino &
McElroy 1991). This isotopic shift will have
to be considered when comparison will be
attempted between 8"C values measured on
fossil and modern specimens.

The standard, internationally defined, is a
marine carbonate (PDB) for carbon and
atmospheric nitrogen (AIR) for nitrogen.
Analytical error is 0.1 %o and 0.2 %o for §"C
values and d15N values, respectively.

The carbon isotopic compositions of the
plants are reflected in the tissues of their con-
sumers, with an isotopic shift, which is main-
ly linked to the analysed tissue (DeNiro &
Epstein 1978). The average 8“C value of an
organism’s body is similar to that of the aver-
age diet, but its different biochemical frac-
tions present consistently different carbon
isotopic compositions, due to fractionation
during the metabolic pathways (Deines
1980). For instance, carbohydrates present
globally a 8"°C value similar as the whole
body, whereas lipids are depleted (around 4
%o) and proteins are enriched (around 2 %o)
relative to the whole body (DeNiro & Epstein
1978). The tissue of interest here is collagen
in bone and dentine due to its potentials for
long-term preservation. Soft tissues may also
be exceptionally preserved in very dry or
very cold environments, for instance in the

form of mummies (e.g. Guthrie 1990;
Ukraintseva 1993), and may be a support for
carbon and nitrogen isotopic signatures
(Bombin & Muehlenbachs 1985; Bocherens
et al. 1996). The actual value of the isotopic
shift between the carbon isotopic composition
of diet and that of the analysed tissue, colla-
gen, is crucial for interpreting the measured
values. It has been investigated through labo-
ratory experiments (e.g. DeNiro & Epstein
1978; Hare et al. 1991; Ambrose & Norr
1993; Tiezsen & Fagre 1993) as well as in
the field (e.g. Vogel 1978; Van der Merwe
1982). Recently, some very well controlled
dietary experiments on rodents have obtained
key results regarding the relationship between
dietary and measured carbon isotopic compo-
sitions (Ambrose & Norr 1993; Tieszen &
Frage 1993). Both studies have clearly
demonstrated that collagen presents 8"C
values directly linked to those of the protein
fraction of the diet. In the case where all the
biochemical fractions, i.e. lipids, carbohydra-
tes and proteins, come from an isotopically
homogeneous source, which is usually the
case for herbivores, collagen is enriched
around 5 %o relative to the average diet. In
mummified soft tissues, the carbon isotopic
composition depends on the relative propor-
tions of the analysed biochemical fractions.
Pure muscle proteins are around 3 %o enri-
ched relative to the average diet (Bombin &
Muehlenbachs 1985) whereas the presence of
lipids will lead to lower 8"C values, thus
obscuring the interpretation of the dietary iso-
topic signal (Bocherens et al. 1996). For
these reasons, it is recommended to work on
pure biochemical fractions for ancient mate-
rial.

Nitrogen-15

Contrary to carbon, a significant enrichment
occurs between an organism's diet and its
body, leading to 8"°N values around 3 to 4 %o
higher in the body than in the average diet
(Minagawa & Wada 1984). In a linear simple
trophic chain, the collagen 8N values are
directly linked to the trophic level. However,
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Figure 2 Range of herbivore collagen 8N values measured in modern arctic, temperate and steppic areas, with possible causes

of nitrogen isotopic variations in plants and herbivores.Values are compiled from Nelson et dl. (1986), Bocherens et al. (1994,

1996, 2000), Rodiere et al. (1996).

when plant material with different 8N valu-
es coexist, the dietary choice of different her-
bivorous species will potentially lead to diffe-
rent nitrogen isotopic signatures, at a same
trophic level. Several environmental factors
are known to affect plant 8°N values, but
they are not as easy to categorise in ecosys-
tems as for carbon (Fig. 2). The lowest 6'°N
values are found on acid soils (e.g. Mariotti
et al. 1980, Rodiére et al. 1996) and for pio-
neer vegetation (e.g. Hobbie ef al. 1998). On
the contrary, factors such as cultivation (Riga
et al. 1971), high grazing pressure (e.g.
Schulze et al. 1998) and salinity (e.g. Page
1995) lead to high 8N values in plants.

A case where a relationship exists between
ecological factors and plant 8N values is the
arctic tundra and boreal forest (Fig. 3). In
arctic plants, the use of various nitrogen
resources by different ecological types of
plants due to specific mycorrhizal associa-
tions leads to different isotopic compositions,
allowing a clear isotopic discrimination
between trees, shrubs and grass (Schulze et
al. 1994; Michelsen et al. 1996). In an other
study performed in northern Sweden, incre-

asing 8"°N values were measured between
shrub, tree and grass (Hogberg et al. 1996).
Independently of dietary factors, a rela-
tionship has been found between herbivore
d15N values and annual rainfall: collagen
d15N values increase with aridity (Heaton et
al. 1986, Sealy et al. 1987, Grocke et al.
1997). Moreover, a complicating factor exists
in mammals, in which the phase of suckling,
with maternal milk as staple food, is isotopi-
cally distinct from the post-weaning phase,
when the food is that of the adult. Since milk
is one trophic level higher than adult diet, a
significant enrichment in 8N will be record-
ed at this developmental stage, leading to
8N values in sucklings up to 4 %o higher
than in adults for a given mammal species.

MATERIAL AND METHODS

The isotopic analyses discussed in this paper
have been performed in the course of palae-
oecological studies of Upper Pleistocene sites
in Eurasia and Alaska during the last five
years at the Laboratoire de Biogéochimie
Isotopique (Paris, France) and at the
Geophysical Laboratory of the Carnegie
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Figure 3 Nitrogen isotopic variations in plants from modern arctic and boreal ecosystems.Values are from Schulze et al. (1994),

Michelsen et al. (1996) and Hogberg et al. (1996).

Institution (Washington D.C., USA)
(Bocherens ef al. 1994, 1995a, 1995b, 1996,
1997; Fizet et al. 1995; Drucker et al. 1999).
These values have been published in other
papers, where the extraction methods and col-
lagen integrity have been fully discussed, but
they were never considered together, which is
the objective of the present work.

The studied sites are located at the western
and eastern ends of the mammoth steppe
(Fig. 4). Sites from western Europe are
Marillac (Charentes, France, around 40-
45,000 yBP: Fizet et al. 1995), Saint-Césaire
(Charente-Maritime, France, around 30-
36,000 yBP: Lévéque ef al. 1993), Kent's
Cavern (Great-Britain, around 28-40,000
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yBP: Bocherens et al. 1995b) and Scladina
Cave (Belgium, around 40,000 yBP for layer
1A: Bocherens et al. 1997). Samples from
eastern Siberia and Alaska come from diffe-
rent areas in Yakutia (Bocherens et al. 1996)
and from the Fairbanks area (Alaska;
Bocherens ef al. 1995a). The dates are given
in the Appendix for some samples, but some
other samples have unknown exact dates.
However, the mammoth faunal complex is
evenly distributed through time between at
least 50,000 yBP and 10,000 yBP in northern
Eurasia (Vasil'Chuk et al. 1997) and in
Alaska (Guthrie 1990), thus the studied unda-
ted samples belong to this time interval. It is
noteworthy that the great majority of the
dated samples come from oxygen isotope
stage (OIS) 3 (Fig. 5), which is an interstade
during the last glacial period. Although the
conditions were less extremely cold than
during OIS 2 (glacial maximum) and OIS 4,
the true glacial periods before and after OIS
3, the permanence of the mammoth steppe
fauna has been demonstrated in Europe,
Siberia and Alaska during this time interval
(Guthrie 1990; Ukraintseva 1993).

The studied specimens belong to mamma-
lian herbivore taxa, i.e. horse (Equus sp.),
reindeer (Rangifer tarandus), bovine (Bos or
Bison), moose (Alces sp.), woolly rhinoceros
(Coelodonta antiquitatis) and woolly mam-
moth (Mammuthus primigenius). The taxono-
my of equids in the mammoth steppe is quite
unclear. In western Europe, caballine horses
from the last glacial period are considered
either as a subspecies from the modern Equus
caballus or as a true species, such as E. ger-
manicus and E. gallicus (Guérin 1996). In
eastern Siberia and Alaska, horse taxonomy is
also unclear between E. caballus and E.
lenensis (Guthrie 1982) and no attempt was
made to determine the exact species for the
analysed specimens. However, none of the
studied sample belongs to hemionine or hyd-
runtine equids. The genera Bos and Bison are
impossible to discriminate on most skeletal
parts and therefore they are referred to here
as bovine. The only specimen cetainly belon-

ging to Bison is the sample from Yakutia. The
samples from Marillac most probably belong
to Bison as well (Fizet ef al. 1995). Moose is
either the extant Alces alces, or may belong
to Cervalces (Alces) latifrons, an extinct
taxon present in Alaska during OIS 3
(Guthrie 1995). Both taxa are comparable in
morphological adaptations and thus most pro-
bably in habits (Guthrie 1995).

Due to the possible interference of suckling
in the interpretation of nitrogen isotopic com-
positions as reflecting the average adult diet
in herbivores discussed earlier in this paper, a
choice of the analysed tissue, bone or denti-
ne, had to be made. Indeed, tissues syntheti-
sed during the suckling phase and not totally
remodelled afterwards, such as dentine, retain
a higher 8"N value relative to tissues formed
or totally remodelled after weaning, such as
bones, in a fully adult individual (Bocherens
& Mariotti 1997). Thus, isotopic measure-
ments performed for a palaeoecological pur-
pose need to be done on adult bone. Dentine
can be used only for species with teeth grow-
ing long after weaning, such as horses, bovi-
ne third molars, or mammoth molars and
tusks. Dentine isotopic compositions from
cervids will not be considered here due to the
retention of collagen partially 8"N-enriched
relative to the adult diet, which has been
demonstrated for modern specimens of rein-
deer and roe deer (Bocherens et al. 1997) and
also found on Upper Pleistocene cervid speci-
mens (Bocherens et al. 1995b; Fizet et al.
1995; Drucker et al.1999). For woolly rhino-
ceros, the issue is not as clear since no test
has yet been performed on collagen from
dentine and bone from a same individual,
modern or Pleistocene. The comparison of
average bone and dentine collagen isotopic
values from woolly rhinoceros suggests
higher 8N values in dentine than in bone,
although the difference is not statistically
significant (Bocherens et al. 1995b). Thus
only bone collagen isotopic values have been
used for woolly rhinoceros in the present
study.
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Figure 5 Chronological framework of the studied sites.

RESULTS

In sites with mammoths

Three sets of sites have yielded mammoths
associated with other herbivores and carnivo-
res all together: Yakutia, Alaska and Scladina
(Belgium). The isotopic data from the three
arecas show that although herbivores (except
mammoth) and carnivores present the expect-
ed relationship for a trophic chain as compa-
red with modern equivalents, mammoths

exhibit slightly lower 8"”C values and much
higher 8N values than those of other herbi-
vores (Fig. 6). The 8N values of mammoths
are close to those of coeval carnivores.

For reason of such isotopic differences
between mammoths and other herbivores, as
well as the isotopic differences previously
noticed between some herbivore species such
as horse and reindeer (Fizet et al. 1995;
Drucker et al. 1999), a large scale comparis-
on of collagen isotopic compositions in mam-
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Figure 6 Carbon and nitrogen isotopic variations in Upper Pleistocene mammal collagen from Siberia, Alaska and Scladina (avera-
ge + one standard-deviation).Values used to calculate averages and standard-deviations are from Bocherens et al. (1994, 1996,

1997).

moth steppe herbivores has been performed.
At this stage of research, none of the studied
sites could provide the whole range of herbi-
vore species with a sufficient number of indi-
viduals to allow statistical analysis of the iso-
topic variations, thus a clustering of data
from a number of sites has been performed.
Some geographical variations have been
shown to exist in plant and herbivore colla-
gen 8"C values in Europe for Holocene
samples (van Klinken et al. 1994), and com-
parable variations have been evidenced for
Upper Pleistocene western European herbivo-

re collagen samples (Bocherens et al. 1997).
Such variations have been roughly quantified
for Europe based on wood 8"°C value varia-
tions (van Klinken et al. 1994). But no such
calibration has been attempted yet for the
whole area covered in the present study. Thus
it was preferred to mix all the available isoto-
pic values for the different specimens of a
given taxon. Using this approach and remain-
ing aware of its limitations, it was possible to
make comparisons between average and stan-
dard deviations for the different taxa.
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Table | Average and standard-deviation of carbon and isotopic compositions for the different studied taxa.

Taxon n 5"C O"N

Horse 44 -21.0+£0.7 56+ 1.5
Reinder 21 -195+04 4113
Bovine 13 -20.2 £ 0.3 6.0+ 12
Moose 2 -20.5 £ 0.6 1.4 +£0.6
woolly rhinoceros 5 -21.0+ 0.8 58+ 1.7
woolly mammoth 19 214+ 0.6 85+ 14

Differences between herbivore species
The average and standard deviations are well
defined for each herbivore species (Table 1;
Fig. 7). Moose is excluded from the follo-
wing comparisons since only two specimens
have been analysed so far. For the other taxa,
the standard deviation values range from 0.3
to 0.7 for 8"C values and from 1.2 to 1.5 %o
for 8"N values. This reflects rather homoge-
nous isotopic values within a taxon despite
the large temporal and geographic areas of
sampling for each species. It is noteworthy
that the standard deviation values for all the
studied specimens of a given species are very
similar to those of the same species within a
given site, illustrating the fact the geographi-
cal variations have little effect on the appro-
ach used here. Statistical tests (Student's t-
test) show that reindeer presents carbon and
nitrogen isotopic compositions significantly
different from all the other species. Among
the other species, horse 8"°C values are signi-
ficantly different from those of bovine, but
not from those of rhinoceros and mammoth.
The 8"N values are not significantly different
in horse, rhinoceros and bovine, whereas
mammoth's 8N values are significantly
higher than those of any other herbivore spe-
cies (Table 2). Thus the global isotopic diffe-
rences reflect those observed on a more local
basis in the three sites with mammoths; it
seems thus legitimate to consider that these
isotopic variations reflect biological differen-
ces between the studied species.

015N
h

| | |
23 -22 -21 -20 -19 -18

813C

Figure 7 Average and standard-deviation of 8"°C and 8N
values of bone collagen of mammoth steppe herbivores.
Values used to calculate averages and standard-deviations are
given in the Appendix.
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Table 2 Results of Student's t-tests for the different herbivorous taxa of the mammoth steppe. S = significant;

NS = not significant (a0 = 0.01)

8"3C, 8"*N horse reindeer bovine rhinoceros mammoth
horse S, S S, NS NS, NS NS, S
reindeer S,S S,S S5, S S,S

bovine S, NS S, S S, NS S,S
rhinoceros NS, NS S, S S, NS S,S
mammoth NS, S S,S S, S S,S

DISCUSSION the other side, probably explain the isotopic

Differences in diet and physiology

Two species appear very similar isotopically,
horse and woolly rhinoceros. This result is
not really surprising since both species have
been recognised as essentially grazers in the
mammoth steppe context, based on stomach
content from frozen mummies and on tooth
morphology (Guthrie 1990; Ukraintseva
1993). Both species have a similar digestive
system, being both caecalid monogastrics,
this type of digestion being better adapted to
deal with a diet of low to modest nutrient
levels (Guthrie 1990). The average isotopic
values of the bovine samples present a signi-
ficant difference with horse and woolly rhi-
noceros as far as carbon is concerned. Steppe
bison is considered a grazer, based on sto-
mach contents and dental characters (Guthrie
1982, 1990; Vereschagin & Baryshnikov
1982). Not all the analysed specimens belong
to Bison with certainty, since aurochs (Bos
primigenius) may be also present among the
samples from western Europe. However, this
species is also considered to be mainly a gra-
zer (Degerbel & Ferdskild 1970), and the iso-
topic compositions are rather well clustered
for all the bovine samples. Unlike horse,
bison is a grazer that cannot live on low-pro-
tein grass alone and need to complement its
diet with higher nutrient food, such as short
grass and leaves (Guthrie 1982). Also bovines
are ruminants, such in contrast to horse and
woolly rhinoceros. These dietary and physio-
logical differences between bovines on the
one side, and horse and woolly rhinoceros on

differences between these two groups of her-
bivores within the mammoth steppe herbivo-
res.

Reindeer presents significantly different
mean isotopic compositions compared to
other species, both horse and woolly rhinoce-
ros, or bovine. The diet of reindeer is diffe-
rent from the other species, notably with an
important proportion of lichens consumed in
winter, and a variety of plants consumed all
year round, such as shrub leaves and grasses
(Guthrie 1982; Russell 1998). As seen earlier
in this paper, these different plants present
different isotopic compositions in modern
arctic ecosystems, especially lichens present
higher 8“C values than vascular plants. Such
an isotopic characteristic is suggested when
modern reindeer collagen carbon isotopic
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Figure 8 Comparison of modern reindeer collagen carbon
isotopic compositions with those of other arctic herbivores
(bison, muskox, wild sheep, moose).Values are from Nelson
et al. (1986), Bocherens et al. (1994, 1996).
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compositions are compared to those of other
arctic herbivores (Fig. 8), although more sys-
tematic isotopic studies of modern herbivores
including reindeer in arctic environments will
be necessary to document this point more
fully. Moreover, shrubs are "N-depleted rela-
tive to grass. Such isotopic differences in
modern arctic plants are coherent with those
observed in Upper Pleistocene herbivore col-
lagen. Moose seems to exhibit much lower
8N values than the other studied herbivores.
Such a difference is coherent with a diet
based on leaves (Guthrie 1982), although the
interpretation of these data remains to be con-
firmed by more analyses on this taxon.
Finally, woolly mammoth exhibits a strong
difference in 8“N and a slight difference in
8"C compared to horse and woolly rhinoce-
ros, although this species is considered to be
globally similar to both perissodactyles as far
as diet (grass) and physiology (monogastric)
are concerned. Similar isotopic differences
between woolly mammoths and other coeval
herbivores have been found for Eastern
European mammoths (Ambrose 1998), as
well as for North American mammoths south
of the Ice cap (Koch 1991; Bocherens et al.
1994). Thus such an isotopic pattern is proba-
bly linked to dietary and/or physiological dif-
ferences. The higher 8N values of the mam-
moth might be due to a difference in the diet
quality compared to the other herbivores,
such as older plant parts, or plants from more
disturbed environments. Some physiological
factors such as a larger amount of nitrogen
recycling in mammoths than in other herbivo-
res might also partly explain these high 8N
values. As far as the rather low 8"°C values
are concerned, it is difficult to consider forest
plants as a cause for this particularity. Indeed,
morphological features and stomach contents
discovered in mammoth frozen carcasses cle-
arly show that they were grazing animals fee-
ding in open environments (Kubiak 1982,
Ukraintseva 1993), although tree bark and
twigs constituted a small part of their winter
diet (Olivier 1982; Vereshchagin &
Baryshnikov 1982). A possible physiological
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factor, which could have led to lower 8"C
values, is fat deposition and use as a way to
survive winter food shortage (Kubiak 1982,
Olivier 1982), since fat is *C-depleted relati-
ve to other nutrients.

Implications for plant cover and ecology
None of the measured isotopic compositions
point out clearly to significant closed canopy
environments, contrarily to the situation
during the last interglacial, where such envi-
ronments are evidenced through herbivore
collagen isotopic compositions (Fig. 9). Also
there is no isotopic evidence of C4-plants,
thus confirming the conclusion of Bombin &
Muehlenbachs (1985) on a much wider
geographical basis. Yurtsev (1996) had also
already noticed the lack of C4-plants in the
Beringian steppe plants on the basis of relict
plant communities in the Beringian territories

4
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Figure 9 Comparison of horse collagen carbon isotopic com-
positions with those of other herbivores in two different lay-
ers of Scladina. Scladina- | A is around 40,000 BP and corre-
spond to a steppic episode whereas Scladina-4 is around
120,000 BP and corresponds to an interglacial (Eemian)
forested episode.Values are from Bocherens et al. (1997,
1999).
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of Asia and North America. Such an absence
is worth noting since, on the basis of a de-
crease in atmospheric CO2 partial pressure,
C4-plants might have increased their distribu-
tion towards northern latitudes during glacial
episodes despite lower temperatures (Collatz
et al. 1998). Apparently, if such a northward
extension of C4-plants occurred, it was not
recorded in the studied specimens, perhaps
because they come from sites located too far
north. Finally, an attempt of interpretation of
nitrogen isotopic variations in terms of plant
food selection by the different herbivore spe-
cies is presented on Figure 10. This graph
shows that the average differences in 8"N
values between the major herbivore species
of the mammoth steppe fauna can be interpre-
ted as reflecting differences in terms of pre-
ferred plant food.

Implications for trophic webs
reconstructions

This study shows that the mammoth steppe
food web is not isotopically simple and that
ecological interpretations of isotopic data
needs to be performed in a global manner, not

dijturbed ccosystems.)
|older plant parts

MAMMOTH

HORSE, WOOLLY RHINOCEROS,
STEPPE BISON

REINDEER

15N (%)

MOOSE

trees and

{dwarf shrubs| grasses
shrubs | e

Figure 10 Attempt of interpretation of nitrogen isotopic
variations between herbivore species in terms of plant food
selection by the different species. The vertical scale is left blank
since the absolute nitrogen isotopic values of the different
plants may change with local conditions but the differences
between the different plant categories are maintained at a
given location.

just with a linear food chain pattern in mind,
where nitrogen isotopic composition reflects
the amount of meat consumed by a given spe-
cies with unknown diet, with average ‘herbi-
vore’ and ‘carnivore’ N values as end valu-
es. The recognition of isotopic differences
between different herbivore species in the
mammoth steppe fauna provides a potential
way to test hypotheses concerning prey prefe-
rence among predators, such as wolves, lions
and hyenas, as well as humans.

CONCLUSION

A food segregation for the different herbivore
species of the mammoth steppe fauna is
strongly suggested by the preliminary isoto-
pic data presented in this paper. These results
seem to confirm the ‘mosaic’ pattern propo-
sed by Guthrie (1982, 1990). Also apparent in
this paper is the seemingly coherent pattern
observed between both ends of the mammoth
steppe ecosystem, although local variations
may exist. The accumulation of additional
isotopic data for the different herbivore spe-
cies from sites presenting a large geographi-
cal and chronological distribution will allow
documenting such variations through space
and time. This novel approach opens the pos-
sibility to study ecological variations on a
very fine scale, notably during climatic oscil-
lations. It also provides a way to test hypo-
theses upon the past ecological flexibility of
species, which are nowadays restricted to nar-
row ecological conditions. Moreover, addi-
tional work is needed for less abundant Late
Pleistocene herbivore species in the mam-
moth steppe fauna, such as moose, saiga
antelope and muskox. The isotopic results
presented here are in agreement with the con-
cept of faunal coherence of the mammoth
steppe fauna and of its continuity from wes-
tern Europe to Alaska, as suggested by
Guthrie (1990). Mammoth appears an isotopi-
cally unique herbivore in the mammoth step-
pe fauna, due to its dietary and/or physiologi-
cal adaptations. This species thus seems parti-
cularly appropriate as a symbol for this Late
Pleistocene northern Eurasian ecosystem.
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APPENDIX Dates of study sites and occuring species

Area Site (layer) Age 8°C 8"N Reference

Horse
France Marillac (3) ~40-45,000 BP -20.1 4.9 Fizet et al. (1995)
France Marillac (3) ~40-45,000 BP -20.7 4.8 Fizet et al. (1995)
France Marillac (3) ~40-45,000 BP -20.8 3.0 Fizet et al. (1995)
France Marillac (3) ~40-45,000 BP -20.5 3.0 Fizet et al. (1995)
France Marillac (4) ~40-45,000 BP -20.5 5.0 Fizet et al. (1995)
France Marillac (4) ~40-45,000 BP -21.0 5.1 Fizet et al. (1995)
France Marillac (6) ~40-45,000 BP -20.5 4.8 Fizet et al. (1995)
France Marillac (6) ~40-45,000 BP -20.8 4.8 Fizet et al. (1995)
France Marillac (6) ~40-45,000 BP -20.3 3.6 Fizet et al. (1995)
France Marillac (6) ~40-45,000 BP -20.3 4.6 Fizet et al. (1995)
France Marillac (7) ~40-45,000 BP -21.9 79 Fizet et al. (1995)
France Marillac (7) ~40-45,000 BP -20.7 6.8 Fizet et al. (1995)
France Marillac (7) ~40-45,000 BP -20.4 5.5 Fizet et al. (1995)
France Marillac (7) ~40-45,000 BP -20.7 5.9 Fizet et al. (1995)
France Marillac (7) ~40-45,000 BP -22.2 6.4 Fizet et al. (1995)
France Marillac (7) ~40-45,000 BP -20.4 7.4 Fizet et al. (1995)
France Marillac (8) ~40-45,000 BP -19.2 3.9 Fizet et al. (1995)
France Marillac (8) ~40-45,000 BP -20.6 5.3 Fizet et al. (1995)
France Marillac (9) ~40-45,000 BP -21.4 6.3 Fizet et al. (1995)
France Marillac (10) ~40-45,000 BP -20.4 2.3 Fizet et al. (1995)
France Marillac (10) ~40-45,000 BP -20.4 5.5 Fizet et al. (1995)
France Marillac (11) ~40-45,000 BP -20.1 4.2 Fizet et al. (1995)
France Saint-Césaire (Ejj) ~30-32,000 BP -20.6 5.6 Drucker et al. (1999)
France Saint-Césaire (Ejm)  ~30-32,000 BP -21.2 6.5 Drucker et al. (1999)
France Saint-Césaire (Ejf) ~30-32,000 BP -20.3 8.5 Drucker et al. (1999)
France Saint-Césaire (Ejf) ~30-32,000 BP -21.2 6.2 Drucker et al. (1999)
France Saint-Césaire (Ejop) ~36,000 BP -21.7 5.7 Drucker et al. (1999)
Great-Britain Kent's Cavern ~28-40,000 BP -20.8 4.4 Bocherens et al. (1995b)
Great-Britain Kent's Cavern ~28-40,000 BP -21.2 7.8 Bocherens et al. (1995b)
Great-Britain Kent's Cavern ~28-40,000 BP -21.2 8.4 Bocherens et al. (1995b)
Great-Britain Kent's Cavern ~28-40,000 BP -21.6 6.8 Bocherens et al. (1995b)
Great-Britain Kent's Cavern ~28-40,000 BP -21.6 7.7 Bocherens et al. (1995b)
Great-Britain Kent's Cavern ~28-40,000 BP -21.9 6.9 Bocherens et al. (1995b)
Great-Britain Kent's Cavern ~28-40,000 BP -21.6 6.0 Bocherens et al. (1995b)
Great-Britain Kent's Cavern ~28-40,000 BP -21.4 3.3 Bocherens et al. (1995b)
Great-Britain Kent's Cavern ~28-40,000 BP -21.0 8.5 Bocherens et al. (1995b)
Great-Britain Kent's Cavern ~28-40,000 BP -21.6 5.4 Bocherens et al. (1995b)
Belgium Scladina (IA) ~40,000 BP-21.7 5.2 Bocherens et al. (1997)
Belgium Scladina (I1A) ~40,000 BP-21.7 5.1 Bocherens et al. (1997)
Belgium Scladina (1A) ~40,000 BP-21.9 5.0 Bocherens et al. (1997)
Belgium Scladina (1A) ~40,000 BP-21.5 4.8 Bocherens et al. (1997)
Belgium Scladina (IA) ~40,000 BP-21.6 7.0 Bocherens et al. (1997)
Yakutia Maksounuocha River ~25,000 BP-21.1 4.3 Bocherens et al. (1996)
Yakutia ! Upper Pleistocene -22.7 6.8 Bocherens et al. (1996)

Average -21.0 5.6

standard-deviation 0.7 1.5
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Reindeer 8C 8N

France Marillac (3) ~40-45,000 BP -19.5 2.6 Fizet et al. (1995)
France Marillac (4) ~40-45,000 BP -19.7 3.1 Fizet et al. (1995)
France Marillac (4) ~40-45,000 BP -19.9 33 Fizet et al. (1995)
France Marillac (5) ~40-45,000 BP -20.4 4.4 Fizet et al. (1995)
France Marillac (6) ~40-45,000 BP -20.2 4.2 Fizet et al. (1995)
France Marillac (7) ~40-45,000 BP -19.7 5.5 Fizet et al. (1995)
France Marillac (8) ~40-45,000 BP -19.2 3.8 Fizet et al. (1995)
France Marillac (9) ~40-45,000 BP -19.5 39 Fizet et al. (1995)
France Marillac (10) ~40-45,000 BP -19.6 4.6 Fizet et al. (1995)
France Marillac (11) ~40-45,000 BP -19.6 4.4 Fizet et al. (1995)
France Marillac ~40-45,000 BP -19.0 35 Fizet et al. (1995)
France Marillac ~40-45,000 BP -20.2 0.9 Fizet et al. (1995)
France Saint-Césaire (Ejj) ~30-32,000 BP -19.4 6.5 Drucker et al. (1999)
France Saint-Césaire (Ejm) ~30-32,000 BP -18.8 4.3 Drucker et al. (1999)
France Saint-Césaire (Ejf) ~30-32,000 BP -19.4 6.7 Drucker et al. (1999)
France Saint-Césaire (Ejf) ~30-32,000 BP -18.9 3.5 Drucker et al. (1999)
France Saint-Césaire (Ejf) ~30-32,000 BP -19.6 3.5 Drucker et al. (1999)
France Saint-Césaire (Ejosup) ~32,000 BP -19.4 4.6 Drucker et al. (1999)
France Saint-Césaire (Ejosup) ~32,000 BP -19.2 4.5 Drucker et al. (1999)
France Saint-Césaire (Ejop) ~36,000 BP -18.8 4.9 Drucker et al. (1999)
Alaska Upper Cleary ~40-10,000 BP -18.4 2.7 Bocherens et al. (1995a)

Average -19.5 4.1

standard-deviation 0.4 1.3

Bovine (Bison or Bos) 8sC 8N

France Marillac (3) ~40-45,000 BP -20.1 6.3 Fizet et al. (1995)
France Marillac (7) ~40-45,000 BP -19.9 8.1 Fizet et al. (1995)
France Marillac (7) ~40-45,000 BP -19.9 7.5 Fizet et al. (1995)
France Marillac (10) ~40-45,000 BP -19.7 6.3 Fizet et al. (1995)
France Marillac (10) ~40-45,000 BP -19.8 5.9 Fizet et al. (1995)
France Saint-Césaire (Ejf) ~30-32,000 BP -20.5 7.8 Drucker et al. (1999)
France Saint-Césaire (Ejf) ~30-32,000 BP -19.9 53 Drucker et al. (1999)
Great-Britain Kent's Cavern ~28-40,000 BP -20.6 5.6 Bocherens et al. (1995b)
Belgium Scladina (1A) ~40,000 BP -20.5 4.8 Bocherens et al. (1997)
Belgium Scladina (1A) ~40,000 BP -20.5 4.3 Bocherens et al. (1997)
Belgium Scladina (1A) ~40,000 BP -19.9 5.3 Bocherens et al. (1997)
Belgium Scladina (1A) ~40,000 BP -20.7 4.4 Bocherens et al. (1997)
Yakutia ? Upper Pleistocene -19.3 6.3 Bocherens et al. (1996)

Average -20.2 6.0

standard-deviation 0.3 1.2
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Moose 81C 8N
Alaska Ester Creek ~40-10,000 BP -21.0 1.9 Bocherens et al. (1995a)
Alaska Cripple Creek ~40-10,000 BP -19.9 0.8 Bocherens et al. (1995a)
Average -20.5 1.4
standard-deviation 0.6 0.6
Woolly Rhinoceros 8"C 8"N
Great-Britain Kent's Cavern ~28-40,000 BP -20.6 37 Bocherens et al. (1995b)
Great-Britain Kent's Cavern ~28-40,000 BP -20.6 5.9 Bocherens et al. (1995b)
Great-Britain Kent's Cavern ~28-40,000 BP -20.6 4.4 Bocherens et al. (1995b)
Great-Britain Kent's Cavern ~28-40,000 BP -22.5 6.7 Bocherens et al. (1995b)
Yakutia Tchouraptcha ~20,000 BP -20.6 8.4 Bocherens et al. (1996)
Average -21.0 5.8
standard-deviation 0.8 1.7
Mammoth 8C 8N
Belgium Scladina (1A) ~40,000 BP -20.9 8.4 Bocherens et al. (1997)
Belgium Scladina (1A) ~40,000 BP -21.5 9.4 Bocherens et al. (1997)
Belgium Scladina (1A) ~40,000 BP -21.6 83 Bocherens et al. (1997)
Russia Brianskaya Oblast Upper Pleistocene -20.7 72 Bocherens et al. (1994)
Russia Novo-Petroskoye Upper Pleistocene -21.7 77 Bocherens et al. (1994)
Yakutia Dien-Urech River ~30,000 BP -22.4 9.1 Bocherens et al. (1996)
Yakutia Singnigese-Urech River ~15,000 BP -20.7 8.1 Bocherens et al. (1996)
Yakutia Tchokourdakh Upper Pleistocene -21.8 10.8 Bocherens et al. (1996)
Yakutia Kien-Ajaan River Upper Pleistocene -22.8 8.8 Bocherens et al. (1996)
Yakutia Tchokourdakh Upper Pleistocene -21.5 10.4 Bocherens et al. (1996)
Yakutia Bolshoj Ljachovskij Isl. ~50,000 BP -22.3 10.2 Bocherens et al. (1996)
Yakutia ? Upper Pleistocene -21.6 1.4 Bocherens et al. (1996)
Yakutia ? Upper Pleistocene -21.3 72 Bocherens et al. (1996)
Alaska Lost Chicken Creek Upper Pleistocene -20.8 6.8 Bocherens et al. (1994)
Alaska Chatanika Upper Pleistocene -21.0 6.4 Bocherens et al. (1994)
Alaska Fairbanks Upper Pleistocene -20.9 6.9 Bocherens et al. (1994)
Alaska ? Upper Pleistocene -21.7 6.8 Bocherens et al. (1994)
Alaska Eielson AFB Upper Pleistocene -21.2 8.5 Bocherens et al. (1994)
Alaska ! Upper Pleistocene -21.1 83 Bocherens et al. (1994)
Average -21.4 8.5
standard-deviation 0.6 1.4
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