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The site of Barmaky currently marks the oldest Epigravettian occupation of north-westernUkraine shortly after the
Last GlacialMaximum (LGM), dated to around 19 cal. ka BP. Stable isotope analyses of bone collagen from six ter-
restrial mammals and two bird species show a comparatively highly structured palaeo-food web. Characteristic are
high δ15N values in mammoth (Mammuthus primigenius) bone collagen compared with other herbivores and δ13C
values showingnichepartitioningbetweenmammothandhare on theonehandand reindeeron theother. These find-
ingsmay indicate differentiatedherbivoreniches,with different diets andhabitats betweenherbivorous groups.Addi-
tionally, differentmobilitypatterns could cause isotopic scatter in foodwebs.Tobetterunderstand the contextof early
post-LGMmammoth behaviour, we compare the mammoth δ15N values of Barmaky (19.0 cal. ka BP; 7.2�0.1‰)
with those of Yudinovo (lower layer: 19.1/18.3–15.1 cal. ka BP and upper layer: 14.8–13.8 cal. ka BP; 7.3�1.0‰),
Yeliseevichi (17.6 cal. ka BP; 5.7�0.8‰) andMezhyrich (18.5–17.5 cal. ka BP; 4.3�0.8‰). At all sites, δ15N values
ofmammothsare comparativelyhigh, except forMezhyrichanda single specimen fromBarmaky. In comparisonwith
sedentary hares, mammoths fromBarmaky suggest a non-locally dominated δ15N signal, while themammoths from
Mezhyrich show the local isotope signal.Wealsodiscuss the potential role of differences in temperature, precipitation
and permafrost development for the different locations. Results from climate models indicate a gradient in temper-
ature and precipitation with possible implications for food availability in the mammoth steppe.
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During the last glacial period, climate repeatedly alter-
nated between cooler (stadial) and warmer (interstadial)
conditions (Andersen et al. 2004; Rasmussen et al. 2014).
During the Last Glacial Maximum (LGM, sensu stricto
24–19 cal. ka BP,Mix et al. 2001), severe climatic deterio-
rations were accompanied by changing ecosystems and
environments in central Europe (Maier et al. 2021, 2022),
which significantly affected the distribution of animals
and thus subsistence patterns of Palaeolithic hunter–
gatherer communities (Maier et al. 2023). However,
small-scale differences are often not recorded in the
supra-regional trend, which is why the reconstruction of
local climatic and environmental conditions is crucial
for understanding ecosystem development or human–
animal interactions.

Beside other natural archives that record past environ-
mental conditions, such as lacustrine (Meyers &
Lallier-Vergès 1999; Mayr et al. 2017a, b) and terrestrial
geochemical and sedimentological records (Marković
et al. 2015; Lehmkuhl et al. 2016, 2021; Pötter et al. 2023)
or pollen records (Duprat-Oualid et al. 2017; Stojakowits
et al. 2021), animal bones represent a natural archive that

is often well-preserved and abundant at Palaeolithic
sites (Brock et al. 2010; Drucker et al. 2012; Bocherens
et al. 2015). These mammal assemblages are widely used
to investigate relationships between Palaeolithic humans
and their preyas they represent a snapshot of the human–
animal interactions at that time, even though the presence
of animal bones is always somewhat biased by the selec-
tion of Palaeolithic humans (Reiss et al. 2023; Pasda
et al. 2025).

Over the years, stable isotope analyses of bone colla-
gen have become a powerful tool for the reconstruction
of localpalaeo-foodwebsand thuspalaeoecological con-
ditions (DeNiro & Epstein 1978, 1981; Bocherens
et al. 2015). Reconstructing foodwebs relies on the prin-
ciple that isotopic fractionation varies between animals
at different trophic levels. In addition, isotopic differ-
ences are also influenced by dietary isotopic variability
at temporal and spatial scales, which is well-reflected
in animal collagen (DeNiro & Epstein 1978; Beijersber-
gen et al. 2021). In contrast to tooth dentin and enamel,
bone collagen is a regenerating tissue and therefore
reflects the average isotopic input of the animals’ diet
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over a period of up to 10 years (Hedges et al. 2007;
Drucker 2022).

The relative 13C enrichment between bone collagen and
the diet of a mammal is about 5‰ (e.g. Lee-Thorp
et al. 1989; Ambrose & Norr 1993; Drucker 2022), while
the fractionation between the consumer’s collagen and
the collagen of its prey lies between 0.8‰ and 1.3‰ (e.g.
Bocherens & Drucker 2003; Fox-Dobbs et al. 2007; Kraj-
carz et al. 2016, 2018; Drucker 2022). The 15N enrichment
ranges between 3‰ and 5‰ per trophic level (e.g. DeNiro
& Epstein 1981; Minagawa &Wada 1984; Schoeninger &
DeNiro 1984; Bocherens & Drucker 2003; Fox-Dobbs
et al. 2007; Krajcarz et al. 2018; Drucker 2022).

In general, both the δ13C and the δ15N values in a ter-
restrial mammal depend on various abiotic factors such
as humidity and temperature. While the δ13C values of
bone collagen allow, via the herbivores’ food sources,
inferences about light intensity, CO2 partial pressure
and moisture (Peterson & Fry 1987; Bump et al. 2007;
Kohn 2010), the δ15N values can depend on nutritional
as well as physiological factors (Peterson & Fry 1987;
Van der Klift & Ponsard 2003). For instance, prolonged
fasting (Hobson et al. 1993) or lactation (Bocherens
et al. 1994; Fizet et al. 1995) can significantly affect the
δ15N values, while the consumption of mother’s milk
can lead to an increase in the 15N content in body tissues
of young animals (Fogel 1989; Bocherens et al. 1994;
Jenkins et al. 2001).

During the last glacial period, steppe and tundra-like
ecosystems, also referred to as the ‘mammoth steppe’
(Guthrie 2001), were prevalent in central and eastern
Europe and are characterized by the great abundance
of large herbivores, especially mammoths (e.g. Zimov
et al. 1995, 2012; Bocherens 2003; Drucker et al. 2003;
Bocherens et al. 2005, 2014, 2015; Drucker &
Henry-Gambier 2005; Fox-Dobbs et al. 2008; Yeakel
et al. 2013; Schwartz-Narbonne et al. 2019). The mam-
moth steppe developed in a changing landscape with
continuous or discontinuous permafrost, depending on
the geographical region and time period considered
(Delisle et al. 2007; Blaser et al. 2010; Vandenberghe
et al. 2014).

To date, a large number of studies have been conducted
on bone collagen from different taxa of the mammoth
steppe, especially for Marine Isotope Stage (MIS) 3
(59–29 cal. ka BP) and 2 (29–11.7 cal. ka BP; Voelker &
Workshop Participants 2002), which have demonstrated
a particular niche partitioning between different herbivo-
rous and carnivorous taxa (Iacumin et al. 2000, 2006,
2010; Drucker et al. 2003, 2018; Stevens & Hedges 2004;
Fox-Dobbs et al. 2008; Stevens et al. 2008; Bocherens
et al. 2015; Krajcarz et al. 2016; Drucker &
Fontana 2024). Characteristically, horse and mammoth
are among the most 13C-depleted, whereas reindeer are
among the most 13C-enriched herbivores, at least partly
reflecting their high consumption of lichen (Bocherens
et al. 2015). Mammoth typically had strikingly high

δ15N values, placing the woolly mammoth in a similar
range to carnivorous taxa (e.g.Bocherens et al. 1994; Iacu-
min et al. 2000; Fox-Dobbs et al. 2008; Szpak et al. 2010;
Bocherens 2015). This anomalously high δ15N signature
of the mammoths is still subject to scientific debate and
has not been conclusively clarified. However, it has been
demonstratedthatphysiologicalcharacteristicscan largely
be ruled out (Schwartz-Narbonne et al. 2015; Naito
et al. 2016) and that the high δ15N values can rather be
attributed to dietary specialization and the occupation
of a certain ecological niche (Bocherens 2003;
Schwartz-Narbonne et al. 2019; Malikov et al. 2023). In
the past, it has been shown that significant environmental
changes that affected the base of terrestrial food webs
could have had an impact on isotopic niche partitioning
(Stevens et al. 2008; Schwartz-Narbonne et al. 2015;
Drucker et al. 2018; Reiss et al. 2023), and local environ-
mental conditions played an important role in δ15N signa-
turesofcentralEuropeanmammoths (Iacuminet al. 2000;
Drucker et al. 2018).

In this study,we present the foodweb structure of Bar-
maky, an Epigravettian site from the East European
Plain, to infer possible isotopic shifts due to local cli-
matic and environmental changes. In this context, the
isotopic composition of mammoth bone collagen from
Barmaky will be comparedwith that from other Epigra-
vettian sites from the broader region to contribute to a
better understanding of the regional isotopic niches in
themammoth steppe of that time.We further discuss dif-
ferent mobility patterns of mammoths as an alternative
explanation for inter-site isotopic variability.

Study site

The site of Barmaky (50°37.7000N, 26°17.5790E),
north-west Ukraine, is located in the western part of
the East European Plain (Fig. 1), on a loess plateau of
the Volhynian-Lublin upland (Chabai et al. 2024).

Other post-LGM sites, such as Mezhyrich
(49°37.5000N, 31°25.9000E), Yeliseevichi (53°8.6330N,
33°38.8000E) and Yudinovo (52°39.8830N, 33°16.1830E),
are located in thewider region,with the latter two situated
to the northeast of Barmaky (Fig. 1). These sites date to
the post-LGM period (Tables 1, S1), which allows their
faunalassemblages tobepartiallycompared to theanimal
collagen data from Barmaky. With a weighted mean of
radiocarbon dates of 19 000�60 cal. a BP (Tables 1, S1),
Barmaky is so far the oldest post-LGM site in
north-west Ukraine. It is also the oldest assemblage
related to the Epigravettian in the territory of the
mid-Dnieper basin and probably represents a palimpsest
of repeated stays (Chabai et al. 2024). Mammoth makes
up by far the largest part of the faunal remains, in terms
of both numbers and weight. Bison and reindeer were
represented in rather equal proportions, while horse and
saiga are only representedwith a few finds.The carnivores
are represented by fox,wolf and bear (Chabai et al. 2024).
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Material and methods

Bone material and collagen extraction

Inour study, the find inventory includes largenumbersof
faunal remains, both herbivores and carnivores, that is
woolly mammoth (Mammuthus primigenius), bison
(Bison sp.), reindeer (Rangifer tarandus), horse (Equus
sp.), hare (Lepus sp.), brown bear (Ursus arctos), arctic
fox (Vulpes lagopus) andevenaquatic birds, that is (Euro-
pean) shag (Phalacrocorax aristotelis) and (European)
herring gull (Larus argentatus) (Table S2). For collagen
extraction, we applied a slightly modified version of
the method of Bocherens et al. (1991). About
0.25–1.0 g was carefully sawn from each animal bone
using a rotary tool (Proxxon-Micromot, Germany) with
a circular diamond blade. Samples were cleaned with
sandpaper, soaked indeionizedwater for 30 min, cleaned
in an ultrasonic bath for 10 s and dried at 40 °C over-
night. Samples were then ground using a mortar and a
pestle. 0.25–1.0 g of each powdered sample
(0.3–0.7 mm grain size) was weighed in centrifuge tubes
and soaked in 1M HCl and placed on a rotator for
20 min todissolveminerals by constant agitation. Subse-

quently, samples were repeatedly washed with distilled
water and centrifuged (Heraeus Multifuge 3L-R;
Thermo Electron Corporation, Waltham, MA, USA)
at 1930 x g for 5 min, respectively, until a neutral pH
was reached. For dissolution of humic acids, the pellets
were sousedwith 0.125MNaOHand left under the fume
hood for 20 h. Thereafter, all sampleswerewashed again
withdistilledwater andcentrifugeduntil pHwasneutral.
In the last step, the pellets were soaked in 0.01M HCl
(pH2) and incubated for 10–17 h in awater bath (Julabo,
SW23, Germany) at 95 °C to solubilize the gelatine.
Finally, the dissolved gelatine was filtrated through
MF-Millipore membrane filters (5.0 μm), using vacuum
flasks and filter funnels, washed with deionized water,
frozen and lyophilized.

Stable isotope analysis

Depending on the amount of extracted collagen, samples
were analysed, whenever possible, in duplicates or tripli-
cates at the stable isotope laboratory of the Institute of
Geography at the Friedrich-Alexander-Universität
Erlangen-Nürnberg (FAU). 240–260 μg of collagen was
wrapped in tin capsules and combusted in an elemental

Fig. 1. Locationof the studysiteBarmaky (red star)andotherEpigravettiansites (blackdots) in theEastEuropeanPlain.Basemap:©Esri,USGS.
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analyser (Flash 2000; Thermo Scientific, Waltham, MA,
USA) coupled via aCONFLO-IV interface (ThermoSci-
entific) to an isotope ratio mass spectrometer (Delta V
Advantage; Thermo Scientific) in which the evolved sam-
ple gases CO2 and N2 were isotopically analysed.

Isotope results are reported as delta (δ) values in per
mil (‰) according to the equation:

δ=RSample=RStandard�1 (1)

whereR is the mass ratio of the heavier to the lighter iso-
tope (13C/12C or 15N/14N) of the sample and the interna-
tional standards Vienna Pee Dee Belemnite (VPDB) for
carbon and atmospheric nitrogen (AIR) for nitrogen
(Coplen 2011).

Samples were also analysed for their weight percent-
age carbon (wt%) and nitrogen (wt%) using the ratios
betweenpeak areas of the sampling gases and the sample
weights. The elemental standards atropine and cyclohex-
anone 2.4-dinitrophenylhydrazone were used for cali-
bration of element contents. The measurement error of
the element concentrations was <5%. The elemental
contents and the atomicC/N ratios calculated from them
were used to check for chemical purity and collagenpres-
ervation.

Collagen preservation

As impurities or diagenetic overprinting may bias
the isotope values of prehistoric bone collagen, its pres-
ervation was checked using the quality criteria of atomic
C/N ratios, elemental contents and collagen yields.
Atomic C/N ratios of pure, well-preserved collagen
range between 2.9 and 3.6, which is why we discarded
all samples with C/N ratios >3.6 (DeNiro 1985;
Ambrose 1990; van Klinken 1999; Grupe et al. 2003;
Coltrain et al. 2004; Bösl et al. 2006). Depending on
the study considered, the minimum yield of extracted
collagen should lie between 0.5 and 2 wt% (DeNiro &
Weiner 1988; Ambrose 1990; Ambrose & Norr 1993;
van Klinken 1999; Dobberstein et al. 2009). Regarding
the elemental contents, the acceptable ranges for
well-preserved collagen are 11–16 wt% for nitrogen
and 35�9 wt% for carbon (van Klinken 1999).

Statistics

Statistical calculationswere carriedoutwithRstudio (ver-
sion R-4.2.2). Shapiro–Wilk tests were used to check for
normal distribution of data (Dytham 2011). For all ana-
lyses performed, a significance level of 0.05 was chosen.

Stable Isotope BayesianEllipses inR (SIBER)modelling

The determination of isotopic niche widths of the differ-
ent analysed animal taxawas performed using the Stable

Isotope Bayesian Ellipses in R (SIBER) package (Jack-
son et al. 2011). This method is based on the calculation
of two-variate ellipses and substitutes the previously
common use of convex hulls, which were dependent on
the sample size (Laymann et al. 2007; Jackson
et al. 2011). The estimates of ellipses using a Bayesian
approachprovide a robust comparisonbetweendata sets
with different sample sizes and therefore allow a direct
comparison of isotopic niches in different communities
(Jackson et al. 2011). We determined the convex hulls,
that is the total area (TA) and the standard ellipse area
(SEA, in ‰2) and the standard ellipse area corrected
by sample size (SEAc) of the taxa represented by n≥ 3.
Our calculation of the SEAusing a Bayesian probability
estimation includes 40% of all potential specimens that
would fit into the respective niches.

Climate modelling

The climate datapresentedherehavebeenobtained from
a terrestrial climate dataset for the past 60 000 years
(Armstrong et al. 2019). The dataset was constructed
from42discrete snapshot simulations utilizing a coupled
general climate model, which were subsequently splined
to a monthly time series for the entire period. The indi-
vidual snapshot simulations were forced with
well-constrained variations in orbital parameters, green-
house gases and ice sheets for the respective timeperiods.
Finally, theauthors conductedadownscalingprocess via
bilinear interpolation to a spatial grid of 0.5° resolution,
incorporating bias correction for temperature and pre-
cipitation based on the Climate Research Unit (CRU
CL v2.0) observational dataset from the University of
East Anglia (New et al. 2002). Further technical details
and information on the methodology employed in the
creation of the climate dataset can be found in the orig-
inal source (Armstrong et al. 2019). In this study, we
employed monthly data for temperature and precipita-
tion to construct mean annual temperature (MAAT)
and mean annual precipitation sum (MAP) maps for
snapshots representing a 100-year mean climate state
at 1000-year intervals, with a reference point at 20, 19,
18 and 17 cal. ka BP. Furthermore, we calculated areal
means of annualMAATandMAPwith varying running
means to illustrate the decadal (10-year running mean),
standard reference (30-year running mean) and centen-
nial climate (100-year) variability. The time series are cal-
culated over a rectangular box with boundaries at
20°E–45°E and 40°N–56°N. Finally, the permafrost
boundaries were determined based on the MAAT
thresholds for the coldest (18.4 cal. ka BP) andwarmest
(18.15 cal. ka BP) decades between 18.5 cal. ka BP and
18 cal. ka BP. These boundaries for continuous perma-
frost are defined as MAAT values below �7 °C, for dis-
continuouspermafrost asMAATvaluesbetween�7and
�3 °C, and for sporadic permafrost as MAAT values
between �3 and �1 °C (Nolzen 1996).
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Results

Preservation and purity of bone collagen

Based on the quality criterion considered, a total of 12
samples were either outside of the range of acceptable
and sufficient collagen preservation or other chemical
characteristics, such as nitrogen or carbon contents (wt
%) were either too high or too low (Table 2). Therefore,
they neither underwent further analysis nor were they
included in the data evaluation and discussion.

Isotopic data of bone collagen

All stable isotope results are shown in Fig. 2. Shapiro–
Wilk test showed that the datawere normally distributed
(δ13C: W= 0.93696, p> 0.05; δ15N: W= 0.9542,
p> 0.05). Mammoth and bison exhibit the lowest δ13C
mean values that range from �20.9�0.1‰ to
�21.2�0.1‰, respectively. A single specimen of the
European herring gull has the highest δ13C value of
�18.4�0.04‰. Among the mammals, reindeer show
the highest δ13C mean value of �19.3�0.3‰ followed
by arctic fox (�19.7�0.1‰), brown bear
(�19.8�0.03‰) and hare (�20.2�0.1‰) that lie in
between (Fig. 2). Both single specimens of aquatic birds,
that isEuropeanherring gull andEuropean shag, exhibit
the highest δ15Nvaluesof 10.1‰and9.4‰, respectively.
Mammoth (7.2�0.1‰) and bison (6.0�0.2‰) have also
high δ15N mean values. Among the herbivores, hare
exhibits the lowest δ15Nmeanvalue of 1.6�0.5‰. How-
ever, a single mammoth bone specimen exhibits an
equally low δ15N value (1.3�0.1‰). Interestingly, arctic
fox (4.7�0.1‰) has a similar mean value to reindeer
(4.9�0.5‰) and brown bear (5.2�0.2‰) (Fig. 2).

SIBER analyses revealed the highest total area for
mammoth (4.34‰2) followed by arctic fox (0.77‰2)
and hare (0.02‰2) (Fig. 3). The SEA of mammoth is
2.17‰2 and the SEAc 2.44‰2. Arctic fox exhibits a
SEA of 0.56‰2 and a SEAc of 0.70‰2, whereas hare
shows the smallest ellipses with a SEA of 0.03‰2 and,
corrected for sample size, a SEAc of 0.07‰2.

Climatic development between 20 and 17 cal. ka BP

For the period considered herein, between 20 and 17 cal.
ka BP, there is a slight increase in temperature towards
17 cal. ka BP (Fig. 4A). The precipitation distribution
pattern is comparatively stable over time but shows a
clear decreasing moisture gradient from west to east
(Fig. 4B).

ModelledMAATandMAP data and the influence on
permafrost distribution also suggest local climate
changes (Fig. 5). At the time of the occupation of Bar-
maky (19 cal. ka BP, Table 1), increased precipitation
and temperature are evident (Figs 4, 5A), followed by
a decrease between 18.6 and 18.4 cal. ka BP and another

increase at approximately 17.8 cal. ka BP. A minor
increase occurred in the precipitation pattern around
18.2 cal. ka BP (Fig. 5A). For the period from 19.3 to
17.3 cal. ka BP, the MAAT centennial average ranges

Table 2. List of chemical results of the analysedmaterial.Given are the
carbon and nitrogen composition, theC/N ratio, theweight percentage
(wt%)of the collagenyieldand thenumberof analysesper specimen (n).
Samplesmarkedwith asterisk indicate values outside the range of well-
preserved collagen and are thus not discussed any further due to their
anomalous chemical composition; n.d. means ‘not determined’.

Sample
ID

Species C
(%)

N
(%)

C/N
atomic

Yield
(wt%)

n

N 114* Bison sp. 44.2 10.8 4.8 2.3 2
ID 411* Bison sp. 22.4 7.7 3.4 0.6 3
N 115 Bison sp. 36.2 13.3 3.2 0.6 3
ID 582* Bison sp. 28.6 10.2 3.3 0.8 3
ID 238* Equus sp. 12.1 4 3.5 0.7 3
ID 530 Larus argentatus 35.6 13.1 3.2 2.1 3
ID 196* Lepus sp. 16.8 5.8 3.4 0.9 3
ID 181 Lepus sp. 32.9 11.6 3.3 5.6 3
N 177 Lepus sp. 36.6 13.5 3.2 2.2 3
ID 361 Lepus sp. 34.4 12.7 3.2 3.9 3
ID 11* Mammuthus

primigenius
15.6 5.2 3.5 1.2 3

N 113* Mammuthus
primigenius

25 8.9 3.3 4.4 3

N 11* Mammuthus
primigenius

21.5 7.3 3.4 1.6 3

N 119* Mammuthus
primigenius

76.9 2.7 33.2 2.8 3

N 121 Mammuthus
primigenius

43.2 16.2 3.1 3.9 3

N 20 Mammuthus
primigenius

33.4 11.2 3.5 n.d. 1

N 10 Mammuthus
primigenius

40.9 14.8 3.2 2.8 3

N 13 Mammuthus
primigenius

40.9 14.2 3.4 5.1 1

N 14 Mammuthus
primigenius

41.6 14.9 3.3 3.8 2

N 16 Mammuthus
primigenius

32.9 11.8 3.3 4.5 3

N 21 Mammuthus
primigenius

38 13.8 3.2 7.4 3

ID 8 Mammuthus
primigenius

37.1 13.4 3.2 3.1 3

ID 10 Mammuthus
primigenius

39.5 14.4 3.2 2.8 3

ID 214 Mammuthus
primigenius

38.2 13.8 3.2 1.6 3

ID 357 Phalacrocorax
aristotelis

31.8 11.2 3.3 1.1 1

ID 222* Rangifer tarandus 8.6 3 3.4 1.1 3
ID 416* Rangifer tarandus 27 9.2 3.4 0.5 2
ID 513 Rangifer tarandus 39.4 14.6 3.1 4.6 3
ID 330 Rangifer tarandus 41 15.3 3.1 9 3
N 64 Ursus arctos 39.2 14.6 3.1 2.7 3
ID 3* Vulpes lagopus 62.7 22.1 3.3 5.5 2
N 22 Vulpes lagopus 38.6 13.7 3.3 n.d. 2
N 112 Vulpes lagopus 40.1 13.9 3.4 n.d. 1
ID 273 Vulpes lagopus 36.2 13.1 3.2 2.6 3
ID 187-
191

Vulpes lagopus 38.9 14 3.2 3.8 3

ID 367 Vulpes lagopus 41.7 15.5 3.1 5.6 3
ID 512 Vulpes lagopus 36.7 13.6 3.1 2 3
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between approximately �4 and �3 °C, indicating dis-
continuous to sporadic permafrost in the area (Fig. 5B).

Discussion

Reconstruction of diet and habitat

The isotope-inferred foodwebof theBarmaky site reveals
a niche partitioning that reflects differences in habitat

and/or dietary behaviour (Stewart et al. 2003; Bocherens
et al. 2015; Schwartz-Narbonne et al. 2015, 2019). The
δ13C clustering between mammoth and bison on the
one side and reindeer on the other shows differences in
terms of herbivorous dietary habits (Fig. 2). Reindeer,
for instance, have the highest δ13C values among the her-
bivorous taxa indicating the consumption of large
amounts of lichen by this species (Finstad &
Kielland 2011;Bocherenset al. 2015).Mammothsexhibit

−22.0 −21.5 −21.0 −20.5 −20.0 −19.5 −19.0 −18.5 −18.0

0
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Bison sp.
Larus argentatus
Lepus sp. 
Mammuthus primigenius
Phalacrocorax aristotelis
Rangifer tarandus
Ursus arctos
Vulpes lagopus

δ15
N

 v
s 

AI
R

δ13C vs VPDB

Fig. 2. Nitrogen vs. carbon stable isotope values of bone collagen from the Upper Palaeolithic site Barmaky. Mean values are represented as big
circles, and whiskers represent the respective standard deviations. Small symbols indicate individual (multiple) measurements.

Fig. 3. Standard ellipse areas (SEAc) (solid ellipses) and convex hulls (dashed lines) of woolly mammoth, hare, and arctic fox. Abbreviations of
Laymenmetricsareas follows:CD=meandistance tocentroid;CR= δ13Crange;MNND=meannearestneighbourdistance;NR= δ15Nrange;
SDNND= standard deviation of the nearest neighbour distance.
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Fig. 4. Modelled climatic development. A. Mean annual air temperature (MAAT in °C). B. Mean annual precipitation sum (MAP in mm) from
the time period 20–17 cal. ka BP in central Europe. White, spared parts represent large water bodies.
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the lowest δ13C values, which may either result from the
consumptionof grasses and sedges and/or the occupation
of amore humidor riparian habitat (Guthrie 2001;Wool-
ler et al. 2007; Drucker et al. 2008; Kirillova et al. 2016;
Drucker 2022). A single data point of bison suggests a
co-occupation of themammoth niche. In general, the car-
bon isotope composition of plants is influenced by avari-
etyoffactors, suchashumidity,CO2partial pressure, light
intensity and temperature (Tieszen 1991; Bonafini
et al. 2013). Whereas decreased δ13C plant values result
from reduced light, higher atmospheric CO2 partial pres-
sure and increasedwater availability, increased δ13C plant
values are the result of decreased temperatures, reduced
water availability and a lower atmospheric CO2 partial
pressure (Pataki et al. 2003; Kohn 2010; Drucker 2022).
Consequently, mammoths would have lived in more
humid environments than, for example reindeer, feeding
on the respective plant types. Shrubs, forbs and grami-
noids (grassesandsedges)exhibitedthe lowestδ13Cvalues
in modern arctic realms (Fizet et al. 1995) and in combi-
nation with freshwater plants (Kirillova et al. 2016) have

frequently been discussed as the main diet of mammoths
in previous studies (e.g. Olivier 1982; Vereshchagin &
Baryshnikov 1982; Tütken et al. 2007; Kosintsev
et al. 2012; Metcalfe et al. 2013; Drucker 2022; Malikov
et al. 2023).Basedontoothwearanalyses,Eurasianmam-
moths show plasticity in diet between grazing and brows-
ing (Rivals et al. 2010, 2012, 2015). They can be described
as grass-dominated mixed feeders, whose wide dietary
range indicates the adaptabilityof their feedingbehaviour
to the available plant resources (Rivals et al. 2012; Fig. 2).
For instance, comparatively lower δ15N values of mam-
moths from East Beringia compared to those fromWest
Beringia were attributed to more mesophytic habitats
and thus more ecologically diverse areas (Szpak
et al. 2010; Malikov et al. 2023). Reindeer on the other
handwould have lived in an edaphically drier habitatwith
less vegetation cover (Drucker et al. 2011) than mam-
moths. However, both taxa are also considered to be
highly mobile animals, and thus, their isotopic values
may just aswell reflect isotopic signatures fromgeograph-
ically distinct environments (Britton 2010; Britton

Fig. 5. A.Time seriesofmeanannual temperature (MAAT, red, top)andmeanannualprecipitation sum(MAP,blue, bottom) for19.3–17.3 cal. ka
BP. MAATandMAP are averaged over the area 20°E–45°E, 40°N–56°N. Blue and red arrows at 18.4 and 18.15 cal. ka BP indicate the times for
permafrost distribution (10 year running mean) during a very cold andwarm decade, respectively. B. Permafrost distribution for 18.4 cal. ka BP
(blue, cold decade) and for 18.15 cal. ka BP (red, warm decade).
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et al. 2011;Wooller et al. 2021).Hares exhibit an interme-
diate isotopic position between mammoths and reindeer
and most probably reflect local site conditions as hares
arenon-migratoryanimals feedingmostlyonherbs. Inter-
estingly, arctic fox and brownbeardo not showniche par-
titioning but rather share an isotopic niche. However, the
brown bear is only represented by a single data point and
therefore shouldbe consideredwith caution.Fora carniv-
orous species, arctic fox exhibits relatively low δ15Nvalues
and is on the same isotopic level as reindeer and brown
bear, the latter, at least during late Pleniglacial conditions,
considered an omnivorous species (Matheus 1995;
Hofreiter et al. 2004; Drucker et al. 2018). As foxes are
often described as generalist feeders, their decreased
δ15N values may be the result of a diet based on micro-
mammals with low δ15N values, carrion, or an omnivo-
rous diet (Baumann et al. 2020; Baumann 2023). In our
study, when applying a linear dietary model, arctic foxes
could have fed on the local hares as the collagen of foxes
is enriched by about 3‰ in 15N and by about 1‰ in 13C
compared tohares.Thehigh δ15Nvaluesof the singlebird
specimens most probably result from their limnic and/or
marine feeding habits (Schoeninger & DeNiro 1984)
and furthermore couldalso indicatemigratorybehaviour.
At the same time, theyalsoexhibit thehighestδ13Cvalues.
Except for the two bird taxa, which exhibit the highest
δ15N values of all animals investigated, the δ15N values
of mammoths are highest, even higher than those of the
arctic fox (4.7�0.1‰). Exceptionally high δ15N values
in mammoths are a common phenomenon throughout
Eurasia and the so-called mammoth steppe (Bocherens
et al. 1994, 1997, 2001, 2011, 2015; Iacumin et al. 2000,
2010; Fox-Dobbs et al. 2008; Drucker et al. 2015; Reiss
et al. 2023) and partly from MIS 2 (Drucker et al. 2003,
2018). The high δ15N has been interpreted as the result
of distinct dietary habits and the occupation of a special
ecological niche where mammoth dung could have fertil-
ized soils and plants (McKendrigk et al. 1980; Fraser
et al. 2011; Drucker 2022). Coprophagy in mammoths
could be another reason for high δ15N values (van Geel
et al. 2011; Metcalfe et al. 2013). The high variability in
δ15N values and large niche breadth of mammoths, as
indicated by their SEAc (Fig. 3), however, could also be
the consequence of individual mobility behaviour in geo-
graphically and climatically different regions. Individual
δ15N deviations, such as those seen in the Barmaky food
web (Figs 3, 4), are a possible consequence of mobility
behaviour or of feeding outside the isotopic niche
(Drucker et al. 2018) or simply represent mammoths that
lived predominantly in regions with isotopic signatures
different from those of their death sites. In conclusion,
the variability in δ15N values of mammoths could be
explained by their mobility behaviour, with high δ15N
values indicating non-local individuals and low δ15N
values pointing to individuals of more local origin. Inter-
estingly, only one mammoth individual in the Barmaky
record exhibits a similar isotopic composition as the sed-

entaryhares.This indicates that this individual couldhave
predominantly stayed around its death place, while most
others may have stayed elsewhere for the ≥10 year turn-
over time of their bone collagen (Drucker 2022).

Palaeoenvironmental changes and the temporal and
spatial variation of mammoth δ15N

High δ15N values in mammoths are a typical phenome-
non for Late Pleistocene mammoth steppe populations
(e.g. Bocherens et al. 1994, 1997, 2001, 2011, 2015; Iacu-
min et al. 2000, 2010;Fox-Dobbs et al. 2008)andarealso
partly evidenced for central Europe (Iacumin et al. 2000;
Bocherens et al. 2015; Drucker et al. 2017, 2018) and the
studied area (20°E–45°E, 40°N–56°N), including the
Epigravettian sites Barmaky (this study) and Yudinovo
(Iacumin et al. 2000; Drucker et al. 2018; Fig. 6). In con-
trast, exceptionally low δ15N values were found in the
mammoths fromMezhyrich, while the mammoths from
Yeliseevichi had intermediateδ15Nvalues (Fig. 6B; Iacu-
min et al. 2000; Drucker et al. 2018). This could indicate

A

B

Fig. 6. Mammoth (open boxes) and hare (crosses) collagen isotope
data from different Epigravettian sites in the East European Plain vs.
age. A. δ13C of bone collagen. B. δ15N of bone collagen. Isotope values
from Barmaky (this study) are compared to Yudinovo (Iacumin
et al. 2000; Drucker et al. 2018), Mezhyrich (Iacumin et al. 2000;
Drucker et al. 2014) and Yeliseevichi (Iacumin et al. 2000).
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the loss of their specialized niche, as lower-than-usual
δ15Nvalues inmammothbone collagen indicate changes
in the isotopic baseline due to changing environmental
conditions (Drucker et al. 2018; Drucker 2022). A
decline of isotopic niches from the late MIS 3 to the
LGM is expressed by a drastic shift of δ15N values at
Lower Austrian sites (Reiss et al. 2023) and was caused
by the climate deterioration during the long cooling
phase of Greenland Stadial 3 (GS-3). At the site of
Kammern-Grubgraben (24–20 cal. ka BP) in Lower
Austria, this decline in niches was most pronounced in
the δ15N signature of mammoths (δ15N of mammoth:
2.5�1.5‰), which, after the collapse of their specific
niche, clustered in the same group as horses and hare.
Adecline in themammothnichehasalsobeenpostulated
for the Epigravettian site ofMezhyrich in the East Euro-
pean Plain (Drucker et al. 2018). At this site, mammoths
also exhibited unusually low δ15N values, which corre-
sponded to those of the associated hares (Fig. 6B). This
is in contrast to the Barmaky site, where the δ15N values
of mammoth and hare differ from each other with one
exception. As an alternative explanation to the mam-
moth niche hypothesis, we suggest that the mammoths
ofMezhyrichwerekilled in thevicinityof theirmain area
of residence, whereas the mammoths of Barmaky spent
most of their lives elsewhere than where they died. This
may imply that the δ15N baseline, which is determined
by the δ15N signature of the soil, was higher in the main
residence area of the Barmaky mammoths than at their
place of death. The δ15N values of soils are controlled by
temperature and precipitation in such a way that lower
precipitation and/or higher temperatures lead to higher
δ15N values (Amundson et al. 2003). In summary,
small-scale spatial changes in local hydrological and
temperature gradients (Fig. 4) are a possible cause for
δ15N variability of the eastern European mammoths.

On a longer temporal scale, the sites have different cli-
matic settings according to model results (Fig. 5). For
instance, the site Mezhyrich was always located outside
of the area of continuous permafrost, while the largely
contemporaneous Yudinovo site (Iacumin et al. 2000;
Drucker et al. 2018), located about 370 km further
northeast, was alwayswithin the area of continuous per-
mafrost (Fig. 5B). Such climatic differences should be
reflected in the δ15N values, but clearly more studies
using more complete foodwebs are needed to substanti-
ate this.

Conclusions

We analysed the food web of the Epigravettian site Bar-
maky, comparedδ13Candδ15Nofmammoth collagen to
those of other Epigravettian sites in the East European
Plain, and linked the results to modelled climate data
from this specific area and period.

The Barmaky food web shows a characteristic
structurewith differences in the trophic ecology between

herbivores, carnivores, andmarine birds. A δ13C cluster-
ing between the herbivorous species hare andmammoth
on the one hand and reindeeron the other hand indicates
a niche partitioning between both herbivorous groups
associated with differences in diet and habitats along a
local moisture gradient.

Mammoth collagen from our study shows high nitro-
gen isotope values, which partly agree with the regional
sitesYudinovoandYeliseevichi, but notwithMezhyrich,
with the exception of a single outlier from Barmaky.
Comparison with sedentary hares from Barmaky and
Mezhyrich suggests that themammoths fromMezhyrich
are consistent with the local isotopic signature, whereas
themammoths fromBarmakydiverge fromthe local her-
bivore signature and may have spent most of their lives
away from their place of death.

The isotopic niche widths of the SIBER analyses
indicate greater habitat diversity and an overlap with
the hare’s niche for mammoths at Barmaky, which also
underlines their potential migratory behaviour. Even
though the migratory behaviour of mammoths is very
likely, it cannot be clarified with δ15N and δ13C ana-
lyses alone but should be complemented by using other
isotopic techniques such as 87Sr/86Sr in future studies.
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Drucker, D. G., Bocherens, H. & Péan, S. 2014: Isotopes stables (13C,
15N) du collagène des mammouths de Mezhyrich (Epigravettien,
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Duprat-Oualid,F.,Rius,D.,Bégeot,C.,Magny,M.,Millet, L.,Wulf, S.
&Appelt, O. 2017: Vegetation response to abrupt climate changes in
Western Europe from 45 to 14.7k cal a BP: the Bergsee lacustrine
record (Black Forest, Germany): vegetation response to climate
change, Black Forest. Journal of Quaternary Science 32, 1008–
1021. https://doi.org/10.1002/jqs.2972.

Dytham, C. 2011: Choosing and Using Statistics. A Biologist’s Guide.
316 pp. Wiley Blackwell, West Sussex.

Finstad, G. L. & Kielland, K. 2011: Landscape variation in diet and
productivity of reindeer in Alaska based on stable isotope analyses.
Arctic, Antarctic, and Alpine Research 43, 543–554. https://doi.
org/10.1657/1938-4246-43.4.543.

Fizet, M., Mariotti, A., Bocherens, H., Lange-Badré, B., Vander-
meersch, B., Borel, J. P. & Bellon, G. 1995: Effect of diet, physiology
and climate on carbon and nitrogen stable isotopes of collagen in a
late Pleistocene anthropic palaeoecosystem: Marillac, Charente,
France. Journal of Archaeological Science 22, 67–79. https://doi.
org/10.1016/S0305-4403(95)80163-4.

Fogel,M.L. 1989:Nitrogen isotope tracers of human lactation inmod-
ern and archaeological populations. In AnnualReport of theDirector
of the Geophysical Laboratory 88, 111–117. Carnegie Institution,
Washington.

Fox-Dobbs, K., Bump, J. K., Peterson, R. O., Fox, D. L. &Koch, P. L.
2007: Carnivore-specific stable isotope variables and variation in the
foraging ecologyofmodern and ancient wolf populations: case stud-
ies from Isle Royale, Minnesota, and La Brea. Canadian Journal of
Zoology 85, 458–471. https://doi.org/10.1139/Z07-018.

Fox-Dobbs, K., Leonard, J. A. & Koch, P. L. 2008: Pleistocene mega-
fauna from eastern Beringia: paleoecological and paleoenvironmen-
tal interpretations of stable carbon and nitrogen isotope and
radiocarbon records. Palaeogeography, Palaeoclimatology, Palaeoe-
cology 261, 30–46. https://doi.org/10.1016/j.palaeo.2007.12.011.

Fraser, R. A., Bogaard, A., Heaton, T., Charles, M., Jones, G., Chris-
tensen, B. T.,Halstead, P.,Merbach, I., Poulton, P. R., Sparkes, D.&
Styring, A. K. 2011: Manuring and stable nitrogen isotope ratios in
cereals and pulses: towards a new archaeobotanical approach to the
inference of land use and dietary practices. Journal of Archaeological
Science 38, 2790–2804. https://doi.org/10.1016/j.jas.2011.06.024.

Grupe, G., Mikic, Z., Peters, J. & Manhart, H. 2003: Vertebrate food
webs and subsistence strategies of Meso- and Neolithic populations
of central Europe. Documenta Archaeobiologiae 1, 193–213.

Guthrie, R.D. 2001:Origin and causes of themammoth steppe: a story
of cloud cover, woolly mammal tooth pits, buckles, and inside-out
Beringia. Quaternary Science Reviews 20, 549–574. https://doi.
org/10.1016/s0277-3791(00)00099-8.
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Münzel, S. C. & Hedges, R. E. M. 2008: Nitrogen isotope analyses
of reindeer (Rangifer tarandus), 45,000BPto9,000BP:palaeoenviron-
mental reconstructions.Palaeogeography,Palaeoclimatology,Palaeoe-
cology 262, 32–45. https://doi.org/10.1016/j.palaeo.2008.01.019.

Stewart, K. M., Bowyer, R. T., Kie, J., Dick, B. L. & Ben-David, M.
2003: Niche partitioning among mule deer, elk, and cattle: do stable
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All radiocarbon dates were recalibrated with the
IntCal20 curve (Reimer et al. 2020). Probability
and reliability are given for weighted means with
1= reliable stratigraphic position; 2= the origin
of the sample is not documented; 3= unreliable
sample; 4= supposed to be reliable stratigraphic
position; layers definition proposed byKhlopachev
(2019), 5= SPb-1768; two different dates are men-
tioned under this lab number: 12 950�140 and
12 943�100; 6=ЛЕ-3303; also mentioned as the
lower layer with the date 13 380�160 (Khlopachev
2019); 7=ЛЕ-3302; also mentioned as the lower
layer with the date 14 980�110 (Khlopachev

2019); 8=ЛЕ-3401; also mentioned as the lower
layer with the date 12 980�320 (Khlopachev
2019). Weighted mean dates are printed in bold.
Coloured rows indicate the connection between
individual dates and isotope data ofmammothwith
blue= directly dated bone; pink= directly dated
tooth/tusk; red= dates in Drucker et al. (2018)
not connected to nitrogen and carbon stable iso-
topes of mammoth, and green= nitrogen and car-
bon stable isotopes of mammoth not connected to
individual dates.

Table S2. Summary of all samples analysed.
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