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Abbreviations

SEWS Southeast of Western Siberia
SH Shestakovo
KK Krasnoyarskaya Kurya
VG Volchia Griva
Symbols
8§13C Carbon isotope value
815N Nitrogen isotope value
50 Oxygen isotope value
50w Oxygen isotope value of paleowaters



Preservation-

Hydroxyapatite
Bioapatite
A-type
carbonates
B-type

carbonates

c/p

IRSF (infrared
splitting factor)

ATR-FTIR or
FTIR

related terms and indices

A naturally occurring mineral form of calcium apatite
(Ca10(P0O4)6(0H)2) (J. A. Lee-Thorp et al., 1989)

Contains carbonate ions (CO3%) substituted in the PO43- position
or OH- position (J. A. Lee-Thorp et al., 1989)

When the hydroxyl group OH™ substitutes the CO32™ group along
the c-axis in the crystal structure (Grunenwald et al., 2014)

When the hydroxyl group OH™ substitutes for the phosphate
group PO3* along the c-axis in the crystal structure (Grunenwald
et al, 2014)

Shows the ratio of B-type carbonates V3 CO3% to V3 PO43~. C/P
values falling out of the established range (0.08-0.2 for enamel
and 0.05-0.3 for dentin) will indicate loss or addition of carbonate
and/or phosphate from the bioapatite (France et al., 2020)

Shows pronounced V4 PO peaks divided by the intermediary
valley. According to France et al. (2020), the IRSF falling out of the
established range (3.1-4.0 for enamel; and 3.1-4.0 for dentin) can
indicate a sign of recrystallisation in the analysed bioapatite, but
based on the results of Paper |, we used IRSF as a sign of the loss
of the carbonate component from the bioapatite.

Attenuated Total Reflectance-Fourier Transform Infrared
Spectroscopy. A vibrational spectroscopy method that generates
unique spectra for molecules present in biological tissues.

Geochronological context and terms
EH — Early Holocene 11.7-11.3 ka cal BP (Rasmussen et al., 2014)

GS-1—Greenland

stadial 1 12.85-11.7 ka cal BP (corresponding to
Younger Dryas) (Rasmussen et al., 2014)

Gl-1—Greenland interstadial 1 14.6-12.85 ka cal BP (corresponding to Bglling—

The “Voka” stage

Allergd Interstadial) (Rasmussen et al., 2014)
38-32 ka cal BP (Molodkov et al., 2007;
Molodkov & Bolikhovskaya, 2022)

LGM — Last Glacial Maximum 27,200-23,500 ka cal BP (cal BP) (Hughes &

Pre-LGM
Post-LGM

Gibbard, 2015)
50-27 ka cal BP (and older)

23-12 ka cal BP
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Introduction

Woolly mammoth (Mammuthus primigenius, Blumenbach, 1799) played a key role in
a mammoth steppe ecosystem—a distinctive, herbaceous plant-dominated biome,
an emblem of the Quaternary period that stretched from Ireland to the Northern Yukon
in North America—between approximately 110,000 and 12,000 years ago (R. D. Guthrie,
1968; R. D. Kahlke, 1999; Koch & Barnosky, 2006). Even though the woolly mammoth
went extinct a long time ago, it continues to captivate the minds of scientists around the
world. Studies of past mass extinctions provide us with crucial insights into the
consequences of contemporary species loss. The changes in the diversity and population
sizes of large mammals can modify terrestrial ecosystems substantially (Bocherens, 2015;
Stivrins et al., 2019). Mammoth research offers a framework to understand the complex
relationship between extinct herbivorous megafauna, environmental and ecosystem
dynamics. By investigating sub-fossil remains of woolly mammoths, we can establish
their ecological niche, determine their role within past ecosystems. Moreover, because
the proboscidean remains are linked with humans over a broad temporal and geographical
scales, they can tell us of the activities and environmental contexts of ancient humans
and provide insights into the behavioural patterns of human populations inhabiting these
regions (Metcalfe, 2017; Schwartz-Narbonne et al., 2015).

Numerous glaciation events during the Pleistocene significantly influenced the
distribution and migration patterns of biota in the Northern Hemisphere, and the
transition into the Holocene was marked by the extinction of several large herbivores,
such as the woolly mammoth and woolly rhinoceros (Barnosky et al., 2004; D. R. Guthrie,
2006; Stuart & Lister, 2012). The reasons for these extinctions, whether they are
ecological, climatic, environmental, or anthropogenic, are still in debate. There is a strong
link between vegetation dynamics and climate, and between vegetation and herbivorous
fauna (Koch, 2007). Therefore, it is essential to use methods capable of reconstructing
both the environmental conditions and dietary habits. While vegetation change can be
inferred through traditional palaeobotanical proxies such as pollen and plant macrofossils
preserved in sediments, retrieving information about past mammoth living environments,
diets, and mobility patterns from mammoth remains and the surrounding sedimentary
context requires different methodologies.

This research focused on reconstructing different aspects of mammoths’ ecology,
including their living environments, dietary patterns, and the climatic context. Particular
attention was given to the temporal and regional context of the studied samples—
determining what is currently known and unknown about these regions, establishing the
chronological framework of the analysed material, sample quality assessment for isotope
studies which included testing the FTIR-IRSF method to assess the preservation of
bioapatite and evaluating the fitness of the samples for palaeoenvironmental
reconstructions, and assessing the availability of reference data for comparative purposes.
Throughout this dissertation, these factors were examined to evaluate their implications
for mammoth palaeoecology and the broader understanding of past environmental
changes. This study integrates multiple analytical approaches to demonstrate how various
proxies can improve our understanding of mammoth environments in Europe and Siberia.
The stable isotope analyses are one of the main methods in modern palaeoecological
research and the main method used for this dissertation. However, this research project
also incorporates more classical palaeoecological approaches and utilises plant
macrofossil and pollen analyses to provide a broader interpretative framework.
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The primary objective of this PhD research project was to contribute to a comprehensive
understanding of mammoth palaeoecology during the Last Glacial Maximum (LGM) in
the southeast of Western Siberia (SEWS) and the late Pleistocene in the Baltics (particularly
in Estonia), Eastern Europe, by:

(1) Thoroughly assessing the preservation of all mammoth samples from SEWS and the
Eastern Baltics to determine whether the mammoth remains have been subject to
post-depositional diagenetic alteration in the burial environment, and if they have,
identify the cause of such alteration. Additionally, evaluating whether enamel from
SEWS mammoths, which were not preserved under permafrost conditions, can
provide reliable oxygen isotope data suitable for palaesoenvironmental reconstructions.

(2) Presenting the palaeoclimatic and palaeoecological reconstructions from SEWS by
analysing oxygen isotopes from 29 mammoth enamel and tusk samples and horse
and deer enamel samples, and reconstructing 60 of water (8'®0w) values for
28-22 ka cal BP.

(3) Reporting the carbon and nitrogen isotopic composition of woolly mammoth
(Mammuthus primigenius) remains from Shestakovo, Krasnoyarskaya Kurya, and
Volchia Griva for 28-22 ka cal BP by analysing 29 mammoth dentine samples,
alongside dentine from one horse and one deer.

(4) Compiling a comprehensive dataset consisting of all available pollen and plant
macrofossil records and mammoth finds from the Eastern Baltics and a new pollen
and plant macrofossil record from Lake Kaatsjarv in central Estonia and comparing
the landcover changes during the 14.3-11.3 ka cal BP period with the landcover
changes during the pre-LGM period (50-27 ka cal BP) to assess whether environmental
changes were indeed the reason for the decline of mammoths in the Eastern Baltics
during the late Pleistocene.

(5) Overall, contributing to a better, more comprehensive understanding of the late
Pleistocene palaeoecology in Eurasia.

Scope of the study

The thesis presented here is built upon three individual papers developed during this PhD
project. The primary objective of this synthesis is to provide an overview of all the work
that has been done over the past four years and summarise the findings from the
individual publications, rather than to present a step-by-step account of every result
obtained. Regarding the use of pronouns: “I” is used when referring to work done solely
by the author of this synthesis, whereas “we” is used to indicate collaborative effort
undertaken with co-authors of the three published papers discussed herein.

Papers | and Ill are based on the same sample set of mammoth remains from three
geographical sites in the southeast of the Western Siberian Plain: Shestakovo,
Krasnoyarskaya Kurya and Volchia Griva (Figure 1), and focus on different aspects of their
palaeoenvironment. Paper | uses oxygen isotope analysis to examine regional climatic
changes during the Last Glacial Maximum, while Paper Ill uses carbon and nitrogen
isotope analyses to reconstruct the dietary patterns and local environmental conditions.

Paper Il shifts the focus to the last mammoths in Eastern Europe, investigating the
environmental factors that may have contributed to their extinction. This study primarily
uses plant macrofossils and pollen analyses as main proxies to reconstruct past vegetation
dynamics, providing insights into the habitat changes that likely influenced mammoth
populations in the region. However, we integrate carbon and nitrogen isotopic analysis to
complement the results achieved using pollen and plant macrofossil results.
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Fourier Transform Infrared Spectroscopy Analysis (mineral fraction). We used Fourier
Transform Infrared Spectroscopy (ATR-FTIR or FTIR) to gain further insight into the
preservation status of the samples. ATR-FTIR is a vibrational spectroscopy method that
generates unique spectra for molecules present in biological tissues. This technique is
based on the premise that changes in the chemical or structural properties of bioapatite
can provide valuable information about the conditions and processes the remains have
experienced since the death of the animal, as well as the degree of substitution of
bioinorganic materials (Diez et al., 2021).

To indicate good preservation status, the following ranges were considered: infrared
splitting factor (IRSF) (3.1-4.0) and carbonate/phosphate (C/P) (0.08-0.2) for enamel;
and IRSF (3.1-4.0) and C/P (0.05-0.3) for dentin (tusk). According to recommendations
by France et al. (2020), C/P index was paid more attention than other indices because it
is the most informative to distinguish poor general preservation for pre-treated samples.
C/P index shows the ratio of B-type carbonates to V3 PO43- and the deviations from the
established range will suggest loss or addition of carbonate and/or phosphate from the
bioapatite. IRSF index was also calculated and used to assess the degree of mineral
recrystallisation or matrix loss during diagenesis (France et al., 2020). The infrared
absorption spectrum of each sample was recorded using an FTIR spectrometer
IRTracer-100 (Shimadzu), equipped with a diamond attenuated total reflectance (ATR)
device. FTIR spectroscopy was performed at the Laboratory of Chemical Analysis at
Tallinn University of Technology, Tallinn, Estonia. Typical enamel FTIR spectra and
spectra for all analysed samples are included in the Supplementary Data of Paper I.

C:N ratio (organic fraction). The elemental carbon to nitrogen (C:N) ratio served as
the primary criterion for assessing preservation both for Siberian samples and Eastern
Baltic samples; however, we additionally considered collagen yields and the total carbon
and nitrogen content (weight-% C, weight-% N). According to Ambrose, (1990); DeNiro,
(1985); DeNiro & Weiner, (1988); Sealy et al., (2014); van Klinken, (1999), C:N ratios
between 2.9 and 3.6 are considered indicative of well-preserved collagen. We also
explored the option of applying a stricter C:N range of 3.1-3.3 suggested by (Guiry &
Szpak, 2021). The following elemental content criteria were used: C > 13% and N > 4.8%
(Ambrose, 1990).

Collagen yield. Well-preserved bone and dentine typically show collagen yields
around 20% (van Klinken, 1999), with collagen concentrations greater than 0.5-2%
generally considered sufficient for identifying adequately preserved collagen in ancient
bones and teeth (Ambrose, 1990; DeNiro & Weiner, 1988; Dobberstein et al., 2009; van
Klinken, 1999). Collagen yields were closely monitored in our sample set, and samples
with low collagen yields were excluded from the main dataset.

2.6 Plant macrofossil method (background and limitations)

Plant macrofossil method (general). Plant macrofossil analysis, first developed by
W.A. Watts in the United States (Birks & Birks, 1980; Watts & Winter, 1966), is one of the
most important methods in palaeoecological research (Birks, 2008). Macrofossils include
various plant remains such as fruits, seeds, leaves, cuticles, buds, anthers, flower parts,
rhizomes, twigs, wood, bark, and other vegetative components. In addition, mosses,
sporangia, megaspores, lichens, seaweeds, and Characeae oospores are commonly
identified. Plant macrofossil remains vary in size, typically ranging from 0.5 mm to several
centimetres, and in case of large woody fragments, they are referred to as “megafossils”
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3 Results
3.1 ATR-FTIR Spectral analysis

The ATR-FTIR spectra of all enamel samples exhibit features typical for enamel, except
for sample VG 30, which also failed during the Ag3P0O4 extraction and 8'0c analysis
(Supplementary Data of Paper 1). The ATR-FTIR spectra of the tusk samples similarly
show characteristics of pretreated dentine spectra reported by (France et al., 2020)
(Supplementary Data).

The calculated C/P ratios and IRSF values for each sample are presented in Table 1.
The C/P ratio values for 24 enamel and tusk samples fall within the well-preserved ranges
as defined by (France et al., 2020). However, five samples (VG 18, VG 29, VG 30, VG 31,
and KK 66), the majority of which are tusk samples, have C/P values outside the
recommended range (Figure 4).

For the IRSF index 13 enamel samples exhibit values within the recommended range,
while six samples (SH 55, VG 17, VG 18, VG 31, VG 32, KK 59) show elevated IRSF values
(Figure 4). VG 18 has an exceptionally high IRSF ratio of 8.058 and a negative C/P ratio of
—0.0009. In contrast to the enamel samples, all tusk samples, except for KK 60, display IRSF
values above the prescribed range for well-preserved dentine samples.

There is a negative correlation between the IRSF and C/P values (Figure 4), indicating
that higher IRSF values are strongly associated with lower C/P values. The coefficient of
determination (r?) is 0.68, suggesting that approximately 68% of the variability in IRSF
values can be explained by changes in C/P values.
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with elevated IRSF values from Shestakovo and Krasnoyarskaya Kurya had acceptable
collagen yields, C% and N% values and C:N ratios (Supplementary Data of Paper Ill, T1).

The samples from Volchia Griva exhibited more clear signs of post-depositional
alteration than those from Shestakovo and Krasnoyarskaya Kurya, along with a stronger
correlation between the preservation of mineral and organic component. Specifically, of
the 19 Volchia Griva samples analysed for phosphate §'®0 values, eight showed elevated
IRSF values (Table 4), indicating chemical alteration of the mineral fraction. Notably,
seven of these eight also displayed elevated C:N ratios, suggesting degradation of the
organic component as well. In total, ten Volchia Griva samples were excluded based on
high C:N ratios, six of which also had nitrogen concentrations below 3.5% and C:N ratios
exceeding 3.6—characteristics associated with the presence of non-collagenous
compounds such as lipids and humic acids (Guiry & Szpak, 2021). Although the link
between carbonate-phosphate disequilibrium and elevated C:N ratios is not consistent
across all samples, three samples from Volchia Griva with high C:N values also
demonstrated carbonate-phosphate disequilibrium, a sign of bioapatite isotopic alteration
(Supplementary Data of Papers I and lll). Notably, all samples showing this disequilibrium
came from Volchia Griva, which shows that both the organic and mineral components of
specimens from this site have undergone more severe diagenetic alteration than those
from Shestakovo and Krasnoyarskaya Kurya.

4.1.1 Preservation summary

Many isotopic and ancient DNA studies focus on well-preserved mammoth remains from
permafrost regions in northern Siberia. While mammoth tissues are indeed better
preserved under permafrost conditions, focusing on a specific geographic area limits our
understanding of mammoth ecology: these creatures inhabited a large territory spanning
from Ireland to Alaska (Guthrie, 1968; Kahlke, 1999; Stuart, 2005), and obtaining isotopic
records from underrepresented regions such as SEWS is essential for a more detailed
understanding of their dietary habits and migratory patterns. Our research demonstrates
that samples not preserved under permafrost conditions can still yield reliable results for
palaeoenvironmental reconstructions.

4.1.2 Environmental and climate dynamics
The calculated mean 60w for the SEWS sites is —14.6%o. According to the Online
Isotopes in precipitation calculator (OIPC 3.1; Bowen & Revenaugh (2003)) and to a lesser
extent the IAEA records (-14.6%o0; GNIP, Novosibirsk meteorological station, year 1991),
the present-day mean annual 880w values at all three sites are similar to mean value of
-14.6 %o calculated for the LGM. Thus, we did not observe the changes in the §¥0w
value of precipitation between ca. 28-22 ka cal BP the SEWS dataset and the present-
day at the mean annual level. This observation is consistent with the outcomes of the
Genoni et al. (1998) paper, where the authors suggest that, indeed, the mean isotopic
composition of atmospheric precipitation over Southern Siberia was not significantly
lower than that of modern mean annual precipitation; compared to the present day, the
summers were hotter, and the winters were colder.

50w values increase from the deposition of the bone-bearing layer at SH
(ca. 28-27 ka cal BP) with lower 80w values to those of Volchia Griva (24-22 ka cal BP).
According to the studies of the present day patterns of 80w in precipitation by
Butzin et al., (2014); Kurita et al., (2004) that air temperature is the main controlling
factor of the variability (ca. 80%) in 680w of annual precipitation in Russia, however,
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4.2 Carbon and nitrogen isotopic interpretation

We used a large carbon and nitrogen isotopic dataset comprised of mammoth data from
the Northern Siberian sites spanning 60—-12 ka (Arppe et al., 2019) with averages for §13C
(-21.7 £0.6%0; n = 82) and 8N (9.0 +1.8%o; n = 82) (“the Northern Siberian dataset”
further in the text) as a point of comparison with our dataset consisting of carbon and
nitrogen isotopic data from Shestakovo and Krasnoyarskaya Kurya (“SH+KK dataset”) and
Volchia Griva (“VG dataset”). Isotopic values at Volchia Griva clearly stand out from both
SH+KK and Northern Siberian mammoth data, therefore the comparisons of SH+KK and
VG datasets to the Northern Siberian dataset will be discussed separately below in the
text.

While the 8™C values of the SH+KK dataset (-21.1%0) and the Northern Siberian
dataset (-21.7%o) (Figure 8) suggest that the diet of mammoths in both regions consisted
predominantly of C; plants (Ambrose & DeNiro, 1986; van der Merwe, 1982), the average
8"3C value from the SH+KK dataset is higher than the Northern Siberian dataset by 0.6%o,
whereas the 6°N average value from the SH+KK dataset is 1.3%o lower (Figure 8 and
Table 1).

A pattern similar to the one with SH+KK site mammoths having higher §'3C values and
lower 8°N values compared to Northern Siberia, has been reported by Szpak et al., (2010),
where the authors compared the 8'C and &N values of Late Pleistocene woolly
mammoths in Eastern Beringia (Alaska and Yukon) with Western Beringia (i.e. Northern
Siberia). Because higher 8™C and &™N values are often linked to more arid climatic
conditions and higher temperatures (Amundson et al., 2003; Craine et al., 2009;
Grocke et al., 1997; Heaton, 1987; Kohn, 2010; Sealy et al., 1987; Wooller et al., 2021),
the pattern of lower §°N and a higher 83C contradicts this notion. According to Szpak
et al. (2010), the explanation of the contrasting §'C/8%°N responses could lie in more
arid conditions being the main driver behind higher 6°N values in Northern Siberian
mammoths. They also suggests that variations in high arctic 6"C may rather reflect
regional differences in mean annual temperature than the moisture differences, which
is also supported by the recent climate simulations (Extended data in Wang et al., 2021).

Paper Il suggested that the contrasting 8*C/8%°N responses may be explained by the
environmental threshold points: plant 8N values stop responding to changing mean
annual temperatures (MAT) in a linear way below —0.5°C (Craine et al., 2009), and since
mean annual temperatures during LGM in the Northern Siberia were far below zero
(Vandenberghe et al., 2014; Wang et al., 2021), it is highly likely plant 8°N values were
rather insensitive to variations in temperature. As for carbon isotopes, hypothesis of ‘too
wet to register differences in MAP’ does not seem plausible: while the correlation
between plant 8™C and mean annual precipitation (MAP) flattens out in wet
environments (Kohn, 2010), the mammoth steppe was generally characterised by aridity
with MAPs well below 500 mm/a (Wang et al., 2021).

Paper Ill also suggested that other alternative/complementary factors, such as
metabolic strategies for dealing with aridity and/or a diet composed primarily of
nutrient-poor, protein-deficient herbaceous and graminoid vegetation (Szpak et al.,
2010) could explain the more elevated 6N values in the Northern Siberian dataset.
A study by Wang et al. (2021) also supports the graminoid-dominated diet of the
Northern Siberia mammoths by showing that vegetation during the LGM in Northern
Siberia had a larger proportion of graminoids compared to Eastern Beringia. In addition,
in arid environments with plants having lower protein and nitrogen levels, the §"°N values
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Lihikokkuvote

Varjust valja: mammutite paleokeskkonna
rekonstrueerimine Ladne-Siberi tasandikul ja Ida-Euroopas
asuvate vahemuuritud piirkondade pohjal

Kdesolevas vditekirjas uuritakse mammutileidude isotoopanaliiliside markimisvaarset
potentsiaali kahes piirkonnas, mis on isotoop-geokeemiliste andmete poolest
alaesindatud: kolm suurimat hilispleistotseeni leiukohta/mammutite ,kalmistut”
Laane-Siberi tasandiku kaguosas (SEWS) (Sestakovo, Krasnojarskaja Kurja ja Volchia
Griva) ning Ida-Baltikumi alal. Vaatamata arvukatele igikeltsast parinevate leidude
uuringutele P6hja-Siberis ja Beringias, on isotoopandmed igikeltsata piirkondadest, nagu
SEWS ja Ida-Baltikumi piirkond, endiselt vahesed.

Kaesolevas uuringus kombineeritakse stabiilse hapniku, sisiniku ja lammastiku
isotoopide anallius paleobotaaniliste andmestikega (taimede makrofossiilid ja Gietolm),
et rekonstrueerida keskkonnatingimusi ja mammutite toitumist igikeltsata aladel. Kokku
valiti ja anallisiti 31 proovi mammutite leiukohtadest Lédane-Siberi kaguosas. SEWS-i
proovide vanusevahemik (ca 27,5-22 ka cal BP) hdlmab viimase jadgtumise maksimumi
Ladne-Siberi kaguosas. Lisaks koguti ja anallsiti stisiniku ja lammastiku isotoopide tarvis
neli Eesti mammutihamba proovi, sealhulgas neist kaks parinevad Euroopa noorimast
mammutileiust.

Erilist tahelepanu p6orati luuleidude sailivusele: bioapatiidi sailimise kontrollimiseks
kasutati 60 tasakaalu ja ATR-FTIR spektroskoopiat ning C:N suhet, kollageeni saagist ja
elementide sisaldust. ATR-FTIR spektroskoopia ei ole mammutite uurimisel bioapatiidi
sdilimise hindamise standardmeetod, kuid see vdimaldab saada Uksikasjalikku teavet
proovide mattumisjdrgse ajaloo kohta.

Selle uurimisprojekti peamised tulemused on:

e Pohjalik luuleidude sailivuse hindamine, tks projekti olulisemaid aspekte, naitas, et
Volchia Griva proovide mineraalne ja orgaaniline osa on kannatanud nii mattumisjargse
muutuse, voimaliku karbonaatse osise kao, kui keemilise ja mikrobioloogilise lagunemise
all. ATR-FTIR spektroskoopia abil suutsime kindlaks teha, et Krasnojarskaja Kurja ja
Volchia Griva leidusid md&jutas karbonaatse osise kadu, mis tdi kaasa struktuurilisi
muutuseid.

e |da-Baltikumi piirkonnas viitasid Euroopa noorimate mammutite proovide C% ja
%N vadrtused ning C:N suhe, et leiud on tdendoliselt olnud mdjutatud
mattumisjargsetest protsessidest.

e Hapniku isotoopanallitsi tulemuste pdhjal vdib viita, et hilispleistotseeni talved
SEWS piirkonnas olid kiilmemad ja suved soojemad kui tdnapaeval. Hapniku isotoopide
8'®0w vaartused olid suuremad Shestakovo ja Krasnojarskaja Kurja (umbes 28-23 ka cal
BP) leiukohtades kui nooremas, Volchia Griva (u 24—22 ka cal BP) leiukohas, mis viitab
piirkonna jarkjargulisele soojenemisele.

e Volchia Griva proovid sisaldasid ebatavaliselt kdrgeid 8N vaartusi vahemikus
10-15%o, mis on téenaoliselt kdrgeimad seni mammutileidudest méddetud lammastiku
vaartused. Meie hiipotees on, et kdrgete 8N vaartuste tekkimisele vdisid kaasa aidata
kohalikud keskkonnatingimused, nagu sooldunud pinnas, tallamine ja vGimalik, et ka
koprofaagia.

o Holotseeni perioodi alguses muutus Ida-Baltikumi maastik avatud maastikust
metsaseks, muutes keskkonna mammutitele ebasobivaks isegi Eesti pdhjapoolseimas
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Figure 5. Palaeo-geographic maps showing pie charts representing pollen-based reconstructions
of open (yellow) and forested (green) landcover proportions and the presence of herb (yellow) and
tree (green) macrofossil evidence. The extent of major water bodies is shown according to [54].
Contemporary for presented time slice continental ice margin is shown with a white overlay and
tentative maximum extent with dotted white lines [15,54]. Numbers in regular font refer to pollen
and plant macrofossil site, underlined numbers in bold and italics refer to mammoth sites.

Our findings agree with those of earlier studies by [29,90] and indicate that the late
Pleistocene mammoth populations in the Eastern Baltic area could have been trapped
between the quickly developing forests in the south and the receding ice edge and meltwater
lakes in the north. The contemporary plant macrofossil evidence supports the above-
described pattern of vegetation cover closely following the climate changes more clearly
than the pollen-based reconstructions (Figure 5). While considering pollen-based results, it
should be noted that the REVEALS model cannot estimate the part of the non-vegetated
ground and could, therefore, lead to gross overestimation of plant cover proportions
for both open and forested landcover types for mostly barren landscapes [91]. On the
other hand, the sparse vegetation cover producing low amounts of pollen could cause an
overrepresentation of long-distance-derived pollen grains in pollen samples. The study
on the modern forest-tundra ecotone in Scandinavia shows that the arboreal component
dominates the background pollen and can contribute ca 60% of the total pollen loading in
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samples from open tundra [78]. The aerobiological observations have shown that pollen
produced by members of the birch and pine family can travel >1000 km distances [92,93].
The plant macrofossil-based evidence shows that the first tree-type birch (Betula sect. alba)
and pine trees immigrated into eastern Latvia (Lake Lieliais Svetinu) ca 13.5 ka cal BP [94].
First, trees, the tree-type birch, reached the shores of Lake Nakri in southern Estonia, which
was also already during GI-1 (Figure 5) [31].

The last climate cooling episode, GS-1 (12.85-11.7 ka cal BP), corresponding to the
Younger Dryas climatostratigraphic episode before the current interglacial, caused consid-
erable climate cooling, especially in the northern part of the Eastern Baltic [95,96]. Both
pollen- and plant macrofossil-based evidence show a clear decrease in tree cover in Estonia
and Latvia (Figure 5). Furthermore, the results of the biostratigraphic analysis from Lake
Kaatsjdrv, situated in the border zone between the retreating glacier and immigrating vege-
tation with abundant finds of Dryas octopetala leaves accompanied by diminishing amount
of tree pollen and dominance of typical dry tundra elements as grasses, mugworts, and
members of amaranth family among herb pollen, show clear evidence of prevailing open
forb-dominated tundra conditions (Figure 4). However, the tree macrofossil finds from
Latvia suggest that at least some tree populations, probably established already during the
previous warmer period, survived the climate cooling (Figure 5). Amon et al. [94] have
reported continuous finds of birch seeds, pine and spruce needles, and stomata from Lake
Lielais Svetinu, Latvia.

Subsequently, by 11.7 ka cal BP, the GS-1 stadial ended abruptly with rapid climate
warming [97]. The disappearance of Dryas octopetala and the emergence of herbs such as
Cerastium and Rosaceae family members, along with the discovery of tree macrofossils
in Lake Kaatsjdrv, appear concurrently with climate warming. According to Birks and
Birks [98], the annual mean temperature in northern Norway steeply rose to around 6 °C
during the first 500 years of the Holocene. The formerly dominating Chenopodiaceae
diminished drastically in pollen records and were replaced by a high amount of birch
pollen (Figure 4). This signified a rapid transformation from a dry steppe tundra into a
forested landscape, considerably reducing the shrub and herb layers.

During 11.7-11.3 ka cal BP, the pollen and plant macrofossils recorded from Lake
Kaatsjarv and other parts of Estonia show the establishment of more widespread tree cover
and abrupt shrinkage of the open landscapes (Figures 4 and 5). While forests were speedily
advancing in Latvia and southern Estonia, northern and western Estonia was submerged
by the Baltic Ice Lake [54], with the glacier front situated in southern Finland [15,99].

4.2. Mammoths and Environment

Rapid landcover change and afforestation in connection with rapid climate warming
have been suggested to be one of the major factors leading to the extinction of herbivorous
megafauna in Northern Europe at the end of the Pleistocene [3]. Furthermore, Ukkonen
et al. [3] noted that a higher abundance of mammoth remains in Northern Europe is primar-
ily associated with colder periods of the post-LGM, such as the GS-2 and GS-1 stadials, and
are absent during warmer intervals, like GI-1 interstadial. This observation fully agrees
with our results and raises the question of whether a similar pattern could be observed
during the earlier time periods [96]. The pre-LGM warmer period during the last glaciation,
ca 60-27 ka cal BP, led to ice-free conditions in the Eastern Baltic region (Figure 6). However,
these climate oscillations were less pronounced, and the environmental conditions were
more stable than those at the Late Pleistocene/Early Holocene boundary [22].

While only four mammoth molar samples have been found in Estonia and Latvia from
the post-LGM period and dated between 15.4 and 11.8 ka cal BP, many more are known
from the pre-LGM period, dated 50-27 ka cal BP (Figure 6, Table 2) [3]. Furthermore, it is



Land 2025, 14,178

15 of 23

important to consider that the true extent of mammoth presence during this time may be
heavily underrepresented due to the erosive effects of subsequent glacial advances [17].
Much of the material, including potential mammoth remains, could have been buried,
eroded, or displaced, limiting our ability to capture the actual abundance and distribution
of mammoth populations during the pre-LGM [1,22,100]. Due to the scarcity of the *C
dated remains, it is difficult to make firm conclusions about whether a long-term coherent
pattern of climate-dependent distribution of woolly mammoth exists in the Eastern Baltic
region. However, the available data suggests the tendency of the mammoth appearance in
connection to colder periods both during the pre- and post-LGM (Figure 6).

In contrast to the numerous pre-LGM mammoth finds known from the Eastern Baltic
area, the finds of contemporary (5027 ka cal BP) well-dated sediment sequences suitable
for biostratigraphic analysis are much less frequent. To the authors” knowledge, only
one site from the study area—the Voka site (Figure 1) in the northeastern part of Estonia
covering 38-32 ka cal BP—is rigorously dated to this period (Figure 6) [20,21].

The Pleistocene herbivorous megafauna depended on fodder of high nutritional
value [101]. Based on the mammoths’ stomach content analysis, Cyperaceae and Artemisia
were the key components of mammoths’ diet [102]. Our reconstructions from the pre-LGM
Voka site and our post-LGM reconstructions representing the cooler GS-1 stadial indicate
an environment dominated by dry steppe-tundra communities, which are rich in forbs,
graminoids, shrubs, including abundant finds of Dryas octopetala leaves, and pollen from
Cyperaceae, Artemisia, and Chenopodiaceae. As steppe animals that thrived in vast, open
landscapes [99], such landcover composition suggests an abundant subsistence basis with
plentiful food sources for mammoths to graze on. An examination of the Voka pollen-
based landcover reconstructions reveals that the landcover was notably stable during
many millennia of the pre-LGM, exhibiting only minor differences between vegetation
composition of cold and warm phases. The post-LGM landcover was much more dynamic,
and even though the open tundra-like environment prevalent during GS-1 seems to have
been suitable for mammoths, the animals may have struggled to adapt to the rapid climate
change-induced shifts in landcover characteristic to the end of the last glaciation and the
beginning of the Holocene (Figure 4). The volatile nature of the environmental conditions
could also explain a considerably lower number of mammoth finds belonging to the post-
LGM compared with the pre-LGM (Figure 6). The vegetation changes from forb-dominated,
dry steppe-tundra to landcover dominated by woody plants and graminoids were shown
to be concurrent with large-scale megafaunal extinction in eastern Siberia during the early
Holocene [103,104]. Our results show a similar pattern for Northern Europe, with a clear
connection between the rapid afforestation combined with the decline of the dry forb
steppe-tundra elements coinciding with the last finds of woolly mammoth remains, leading
to the ultimate extinction at the transition to the Holocene. Human activities, hunting, and
the associated impacts on mammoth habitats are often considered to be among the primary
factors contributing to the mammoths” demise [9,105]. However, in the Eastern Baltic, the
evidence of the coexistence of woolly mammoths with local prehistoric hunter-gatherers
is ambiguous. Meanwhile, the evidence from the oldest known settlement in Latvia, the
Mellupite settlement (12.3 £ 0.14 ka cal BP) [106], predates the last mammoth find by
200 years, suggesting short-term co-existence and possible hunting. However, the last
mammoth in Estonia predates the first known settlement, the Pulli settlement (11 £ 0.17 ka
cal BP), by ca 800 years, making hunting as a course for extinction unlikely [107-109].
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Figure 6. Radiocarbon-dated mammoth remains, NGRIP 5180 curve, and pollen-based landcover
reconstructions from Voka and Lake Kaatsjarv. Blue colour corresponds to the stadials (colder periods)
and pink to the interstadials (warmer periods) [22]. Numbers correspond to the site numbers in
Table 2.

4.3. Isotopic Evidence

Comparing palaeobotanical reconstructions based on pollen and plant macrofossil
data and isotopic composition of herbivorous faunal remains has been shown to provide a
deeper insight into vegetation changes in the investigated region and the diet of the tested
animals, e.g., [110]. Similar to pollen data, stable isotopic records from mammoths offer a
broad regional signal, with nitrogen and carbon isotope values representing an integrated
summary of the dietary intake over the final years of the analysed specimen because
bone collagen in adult proboscideans remodels over years and even decades, e.g., [111,112].
Isotopic data derived from dentine remains the only available tool for dietary reconstruction
in this context because we do not have access to soft tissues such as blood, muscle, or hair,
which would enable more precise dietary reconstructions [113]. While pollen data shows
general changes in the vegetation composition, isotopic analysis provides complementary
information about trophic interactions and dietary habits of the animals that inhabited the
landscape. While the isotopic results from only four dentine samples are insufficient for
a full-scope reconstruction, the isotopic data are still valuable for comparative purposes
and to support our landcover reconstruction-based interpretation. According to [114,115],
animals consuming 100% C3 plants have their collagen §'3C values close to —21.5%o.
Carbon (5'3C) isotopic values (—20.2%o and —21.2%o) from Puurmani samples indicate a
diet based on predominantly C3 plants. It has been shown that the depletion in '3C can be
characteristic of plants in heavily forested areas (e.g., [116]. Occasionally, mammoths could
supplement their diet with woody vegetation, resulting in lower carbon isotope values [103].
We did not observe this trend in our samples. Nevertheless, the rapid forestation of the
landscape in Estonia at the end of the studied period offers the possibility that mammoths
in this region may have consumed woody vegetation at certain times to compensate for the



Land 2025, 14,178

17 of 23

decreased amount of suitable vegetation. Future research on mammoth dietary habits in
the Eastern Baltic could explore this potential relationship in more detail.

The 5'°N values from Puurmani (+6.5%o and +7.4%) point to a low-protein, high-fibre
diet and align with nitrogen values reported for other European mammoth sites, e.g., [103],
who reported lower average §'°N values of 5.6%. from the Eliseevichi site (14.47 4 0.4 ka
cal BP) and 6.1%o from Yudinovo (15.7-14.4 ka cal BP) for the European plain, both lower
than the values from Puurmani. This suggests that mammoths in the European Plain were
not necessarily faring better in their diet than their Estonian counterparts. In contrast, the
51PN values from the Kriitidneri (9.8%0) and Kukemetsa (10.1%o) are higher and resemble
isotopic values for older periods in the European plain, where [103] reported average §'°N
values of 9.4%. from Khotylovo (24.9 ka cal BP) and 6.6%o. from Avdeevo (22.7 ka cal BP),
indicating some regional variation in the isotopic values. Multiple studies have shown
that climatic conditions, like aridity and temperature, can impact the !N values of plants
(e.g.,[117]) and, as a result, impact the 515N values from mammoths’ collagen. The nitrogen
isotope values decrease from the environmentally more favourable pre-LGM period to
the less favourable period during the post-LGM. This trend corresponds well with our
landcover reconstructions. Lowered nitrogen values from the Puurmani site align with an
observed general decline in §'°N values around 16.0 ka cal BP noted across south-central
Siberia, the European Plain [103], and Central and Western Europe [104].

More stable environmental conditions and a diet abundant in forbs (Dryas octopetala
being one of them), sedges, and mugworts may explain the potentially larger mammoth
populations in the Eastern Baltic during 38-32 ka cal BP in contrast to 14.3-11.3 ka cal BP.
The presence of a thriving megafauna population could have led to significant trampling
effects [118], which could, in turn, promote gap-based recruitment in vegetation [119]. This
process could have favoured the proliferation of forbs as suggested by [120]. Forbs are
notably more nutrient-rich than grasses [121] and more easily digestible [122], making them
an optimal food source for sustaining large herbivores. Michelsen et al. [123] demonstrated
that graminoids, abundant in open tundra ecosystems, typically exhibit higher §'°N values
than trees and shrubs. Similarly, herbs and subshrubs are more common in open envi-
ronments and more isotopically enriched than vegetation associated with forested areas.
Thus, the higher §'°N values during interglacial periods likely reflect a grass-dominated
diet, consistent with the open steppe-tundra landscapes of the time. In contrast, postglacial
landscapes were characterised by the increasing dominance of forests and larger vegetation,
such as trees and shrubs, leading to a dietary shift towards tree leaves and needles. This
dietary change resulted in more depleted 5'°N values in mammoth tissues, reflecting the
transition in their ecological environment.

This interpretation supports the hypothesis that a shifting environment impacted
mammoth survival and dietary habits. Based on the limited isotopic records, the conditions
in central Estonia at the onset of the Holocene were probably no longer as favourable for
mammoths as in earlier periods: forests dominated the northern and southern regions of
Estonia and central Latvia, which did not satisfy their dietary needs. 5'°N values from the
pre-LGM Kriitidneri and Kukemetsa sites are higher than those from Puurmani, which can
indicate a significant change in their diet and possibly the loss of the specialised ecological
niche of these animals over time. Our observations agree with the findings of [124], who
also discovered that the extinction of mammoths in the central East European plains during
the Late Pleistocene was likely driven by the loss of their optimal habitat.

The C% and %N values and the C:N ratio of the samples from both Puurmani mam-
moth samples indicated that the samples are likely to have been altered by post-depositional
processes. However, it is challenging to establish the factor that caused this alteration due
to the lack of information about the burial context and the small selection of samples.
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The poor preservation of the two mammoth molar samples from Puurmani has posed
significant challenges to our research, as the samples’ condition raises concerns about the
reliability of the nitrogen and carbon isotopic values. Additional mammoth discoveries
from this period and isotopic analysis of these findings may provide more crucial insights
into the trophic position of the mammoths in the Eastern Baltic. Additionally, Figure 5
shows that the mammoth population in the Eastern Baltic declined since 50-33 ka cal
BP. Our landcover reconstructions and isotopic results show that the rapid forestation
and the limited availability of suitable nutrients significantly contributed to the decline of
mammoth populations in Estonia during the Late Pleistocene.

5. Conclusions

Our analysis demonstrates considerable differences in the pre- and post-LGM land-
cover response to climate changes. While moderate climate changes during the pre-LGM
period did not lead to considerable changes in the landcover composition, the larger climate
fluctuations post-LGM led to rapid changes. The landcover reaction to intermittent colder
and warmer periods was vigorous, resulting in a series of tree cover expansion and shrink-
age, ending with abrupt afforestation and the disappearance of dry steppe with tundra-like
open herb communities suitable for mammoths brought by rapid climate warming at the
beginning of Holocene. Plant macrofossils show the progression of the tree colonisation
more clearly than pollen-based reconstructions. During 11.7-11.3 ka cal BP, pollen and
plant macrofossil data from Kaatsjérv show the establishment of tree cover and the abrupt
disappearance of Dryas octopetala, a key component of forb tundra, indicating that central
Estonia became inhospitable for mammoths.

We analysed four mammoth dentine samples belonging to the youngest mammoth
finds in Europe (14.3-11.3 ka cal BP, 43.5 ka cal BP, and 39.1 cal BP). Although the isotopic
results for carbon and nitrogen isotopic values from the Puurmani samples are not highly
reliable due to the poor preservation state, and only two measured values are insufficient
to draw wider conclusions about the diet of the last European mammoths, the depleted
315N isotopic values align well with those observed in other European mammoth popu-
lations from the end of the Pleistocene. Consequently, the isotopic data suggest that the
investigated post-LGM mammoths probably had a suboptimal, nitrogen-deprived diet, in
contrast to the mammoth that inhabited the Eastern Baltic during the pre-LGM. This aligns
well with the concurrent decline in nutrient-rich, herb-dominated communities and the
overall expansion of less suitable tree communities for herbivore consumption.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/land14010178/s1.
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This study investigates the carbon and nitrogen isotopic composition of woolly mammoth (Mammuthus pri-
migenius) remains from three Late Pleistocene paleontological sites in the southeast of the Western Siberian Plain
(SEWS): Shestakovo, Krasnoyarskaya Kurya, and Volchia Griva. This region and time interval (28-22 ka cal BP)
remain underrepresented in isotopic records, particularly for 5'3C and §'°N values. We analysed 29 mammoth
dentine samples, alongside dentine from one horse and one deer. Preservation quality was rigorously evaluated
using established criteria, including C:N atomic ratios, collagen yields, and elemental carbon and nitrogen
content. Our results reveal the densest concentration of the highest mammoth 8'°N values reported for the

Northern Hemisphere. We attribute this isotopic enrichment to the unique local environmental conditions at
Volchia Griva, including saline soils and intensive trampling, which may have altered nitrogen cycling at the site.

1. Introduction

Stable carbon isotope analysis provides valuable insights into an
animal’s diet, local vegetation, and climate by reflecting the isotopic
values of consumed plants and indicating the proportion of C3 and C4
forage in the diet (Arppe et al., 2011; Fox-Dobbs et al., 2008; France
et al., 2007; Kuitems et al., 2015; Szpak et al., 2010). The isotopic
analysis of nitrogen in collagen is instrumental in understanding trophic
relationships and nutritional stress. Bone collagen nitrogen 5'°N values
directly correlate with the 5'°N value of dietary protein (Deniro and
Epstein, 1981; Schoeninger and DeNiro, 1984). The relationship be-
tween the 5'°N values of animals, tissues, and biochemical components,
and the 5'°N value of their diet suggests that animal nitrogen isotopic
compositions can provide insights into an animal’s dietary preferences,
particularly when potential food sources exhibit varying 5'°N values
(Deniro and Epstein, 1981). In addition, the changes in stable carbon
and nitrogen isotopes of plants can reflect the local soil characteristics
(e.g. Aslam et al., 1984; van Groenigen and van Kessel, 2002), which in
turn can influence the 5'°N values of plants and therefore affect herbi-
vores’ 8'°N values.

Woolly mammoth (Mammuthus primigenius) was a prominent species
of the "mammoth steppe" ecosystem, which spanned the northern

continents from Europe to North America (Guthrie, 1968; Stuart, 2005)
ca. 110,000-12,000 years ago (Koch and Barnosky, 2006). The
mammoth steppe resulted from the adaptation of Arctic tundra and
central Asian steppe species to increased aridity, colder temperatures,
and climatic fluctuations (Kahlke, 2014). This cold and
drought-resistant mosaic landcover dominated the nonglaciated parts of
the Northern Hemisphere, supporting diverse megafauna (Hibbert,
1982; Schweger, 1982).

The Last Glacial Maximum (LGM) ca 27 to 23 ka cal BP (Hughes and
Gibbard, 2015), was the most recent period when continental ice sheets
were at their maximum of extension (Drucker, 2022). LGM is considered
a pivotal era in the history of mammoth megafauna because it is a key
landmark for the many mammoth steppe species, as during this period,
Eurasia and North America experienced a large, accelerated loss of
megafauna (Cooper et al., 2015; Stuart, 2015). During 34-24 ka cal BP,
environmental conditions in the North Siberian parts of the mammoth
steppe were characterised by cooler summers compared to earlier pe-
riods, although temperatures were high enough to support the steppe
species; this interval has been described as a relatively "cool"
tundra-steppe phase (Sher et al., 2005). Overall, LGM in Northern
Siberia was characterised by arid conditions (Schirrmeister et al., 2002).
The existence of the mammoth steppe was maintained by a strongly
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continental climate, with summers that were either comparably warm or
only slightly cooler than present, and winters significantly colder (Sher
et al., 2005). Despite the harshness of this period, mammoth fauna
survived in the Arctic (Sher et al., 2005).

Insight into the mammoth food sources has been gained from the
isotopic compositions of megafaunal skeletal remains (e.g. Ayliffe et al.,
1992; Kohn and Cerling, 2002). However, the majority of published
carbon and nitrogen isotopic data on woolly mammoths have focused
predominantly on the northernmost parts of the mammoth steppe,
particularly Beringia, which is currently one of the best-documented
areas regarding mammoth stable isotope data (Fig. 1). Szpak et al.
(2010) conducted a comprehensive carbon and nitrogen isotope study of
58 mammoth bone samples from Eastern Beringia (Alaska and Yukon)
and Western Beringia (Siberia), with only five samples from the LGM.
They showed that before the LGM, high-latitude Siberia and the Russian
Far East were colder and more arid than ecologically more diverse
central Alaska and Yukon. However, during the LGM itself, Alaska and
Yukon became colder and more arid than western Beringia. Arppe et al.
(2019) examined §'3C, §'°N, and §°*s isotopic compositions of 77
mammoth specimens from the last mammoth refugium (Zimov et al.,
2012) at Wrangel Island, and Northern Siberia. Out of 77 samples,
approximately 12 % are dated to the LGM. They showed that
high-latitude Siberian mammoth populations existed in relatively stable
environmental conditions until their extinction, suggesting that events
too short-lived to have been recorded in bulk-sampled skeletal remains,
e.g. a starvation event or changes in water quality, may have played a
role in the eventual demise of the species. lacumin et al. (2000) reported
carbon and nitrogen isotope values of mammoth and other herbivore
teeth and bones of various ages from the European plain, south-central
Siberia, the Taymyr peninsula, and Yakutia, showing that mammoths in
Yakutia likely experienced more significant nutritional limitations and
incorporated more woody vegetation into their diet than the European
Plain populations. The only comprehensive study from the southeastern
Western Siberian Plain is a study by Leshchinskiy and Burkanova
(2022), who reported the first 5'3C and §'°N values from 10 post-LGM
mammoth bones and several fox, wolf, bison and horse bones at
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Volchia Griva. In addition to isotopic records, they also provided pollen
records for the site. Environmental reconstructions at Volchia Griva
showed a transition from wetter conditions to open forb-grass steppes
around 20-14 ka BP.

The lack of carbon and nitrogen isotope data from the LGM in the
southeast of the Western Siberian plain presents a significant gap in our
understanding of Late Pleistocene ecological and environmental condi-
tions. To fill this gap, this study aims to provide new carbon and nitrogen
isotope records from mammoth remains of three sites in the southeast of
the Western Siberian Plain: Shestakovo, Krasnoyarskaya Kurya and
Volchia Griva (Fig. 1). Each site has yielded large quantities of
mammoth remains: at Shestakovo, more than 4500 skeletal remains
from at least 18 individuals have been excavated (Derevianko et al.,
2000, 2003). Krasnoyarskaya Kurya site has similarly produced
approximately 5600 remains representing at least 35 mammoths
(Lazarev and Leshchinskiy, 2011; Leshchinskiy et al., 2014; Seuru et al.,
2017). Volchia Griva, discovered in the 1950s, has so far yielded over
7000 remains from at least 80 mammoths (Leshchinskiy et al., 2023;
Leshchinskiy and Burkanova, 2022). Shestakovo and Volchia Griva were
particularly attractive for large herbivores because both of these sites
had salt licks (,,.beast solonetz*) (Derevianko et al., 2000, 2003), where
animals suffering from a chronic deficiency of calcium and other
essential elements would eat rocks and soil to compensate for the min-
eral deficiency (Leshchinskiy, 2015, 2017). The large fossil assemblages
at these sites are comparable to other Late Glacial mammoth sites in
Siberia, such as Lugovskoye and Berelyokh, where approximately 5500
and 7200 woolly mammoth remains have been found, respectively
(Leshchinskiy, 2006, 2017). In Europe, similarly large collections of
mammoth fossils have been found at Krakéw Spadzista Street in Poland,
and Milovice I and Predmosti in the Czech Republic, respectively
(Brugere and Fontana, 2009; Krzeminiska and Wedzicha, 2015; Lesh-
chinskiy, 2012; Wojtal, 2004; Wojtal and Sobczyk, 2005). According to
radiocarbon-AMS dates of the subfossil-bearing layers, the mammoth
materials date to the LGM: 28-27 ka cal BP for Shestakovo, ca. 25-23 ka
cal BP for Krasnoyarskaya Kurya, and ca. 24-22 ka cal BP for Volchia
Griva (Boiko et al., 2005; Derevianko et al., 2000; Kuzmin et al., 2023;
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Maschenko, 2010; Seuru et al., 2017).

In this paper, we report on the carbon and nitrogen isotope analyses
of 29 megaherbivore tooth specimens, mainly representing the woolly
mammoth from Shestakovo, Krasnoyarskaya Kurya and Volchia Griva 1
to provide unique insight into the ecology of the mammoth fauna in an
underrepresented sector of the mammoth steppe, the southeast of
Western Siberian Plain, significantly contributing to the limited paleo-
ecological records in this region during the LGM. Additionally, we
discuss the preservation status of the remains, and its implications for
further studies of the mammoth fauna skeletal materials discovered at
these sites.

2. Materials & methods
2.1. Material collection

The samples listed in Table 1 were selected from the collection of
Tomsk State University. Altogether, 29 specimens belonging to woolly
mammoth (Mammuthus primigenius, n = 27), with one horse and one
deer molar were sampled using a Dremel 300 drill. The samples
included: four samples from Shestakovo, eight samples from Krasnoyr-
askaya Kurya and 17 samples from Volchia Griva (Supplementary data,
T1). Based on a visual and tactile inspection of the specimens, as well as
the hardness or softness of the material, we assigned the samples to one
of three categories (very good, good, or acceptable condition) (Table 1).
The samples represent the full spectrum of different condition categories
that reflect the typical condition of finds in these sites. Samples were
photographed and placed in zip packages. Photos of the samples and
their field numbers are given in the Supplementary data. For this study,
we analysed one horse molar dentine sample, one deer molar dentine
sample, 20 mammoth molar dentine samples and 7 mammoth molar
dentine samples.

2.2. Evaluation of preservation
We used the elemental C:N ratio of the extracted collagen as the main
preservation assessment criteria, with additional consideration of

collagen yields and the total carbon and nitrogen content (weight-% C,

Table 1
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weight-% N). In general C:N ratios falling within the range of 2.9-3.6
were considered indicative of well-preserved collagen (Ambrose, 1990;
DeNiro, 1985; DeNiro and Weiner, 1988; Sealy et al., 2014; van Klinken,
1999). We considered a stricter C:N range of 3.1-3.3 suggested by Guiry
and Szpak (2021). We used the following criteria regarding the
elemental contents: C > 13 % and N > 4.8 % (Ambrose, 1990). Gener-
ally, if a sample did not meet the target set for one or more of the above
criteria, we removed it from the main dataset. However, each sample
was considered separately, and preservation was assessed on a
case-by-case basis. Collagen yields have been calculated as the weight of
extracted collagen divided by the weight of the sample and multiplied by
100 and presented as % (Table 1). Usually, well-preserved bone and
dentine have collagen yields of ~20 % (van Klinken, 1999), and
generally, contents larger than 0.5-2 % are considered indicative of
well-enough preserved collagen for ancient bones and teeth (Ambrose,
1990; DeNiro and Weiner, 1988; Dobberstein et al., 2009; van Klinken,
1999). We did not use collagen yields as definitive criteria for rejection
because collagen loss may not necessarily change the sample’s isotopic
composition. Consequently, the resulting C:N ratios and elemental
concentrations can still meet the acceptable criteria (e.g., Dobberstein
etal., 2009). Therefore, we accepted samples with collagen yields lower
than 0.5 % if their C:N values, C% and N % were within the accepted
range and absolute delta values were similar to the rest of the group (e.g.
SH 53, SH 56, VG 32, VG 33) (Table 1). Nevertheless, we observed
collagen yields in our sample set attentively and, in some cases, removed
samples from the main dataset based on low collagen yields. We did not
use visual preservation as a criterion for sample rejection because
visually unappealing samples may still yield reliable isotopic results.

2.3. Carbon and nitrogen isotopic analysis

For isotopic analyses of carbon (5!°C) and nitrogen (5'°N) in
collagen a piece of material weighing 0.5 g was cut off. Collagen
extraction for carbon and nitrogen isotope analysis was conducted using
the method described in Cersoy et al. (2017) (Protocol F): coarse bone
powder (0.3-0.7 mm) was first treated with 1M HCI for 20 min, while
being stirred continuously. The resulting solution was filtered through
MF-Millipore™ membranes (mixed cellulose ester, 5.0-ym pore size,

Carbon and nitrogen isotope values, C and N weight-% concentrations, atomic C:N ratios and collagen yields of the accepted samples. M in the table stands for
Mammoth, H for Horse, SH for Shestakovo, KK for Krasnoyrskaya Kurya, VG for Volchia Griva. Bold and italics mark the values that are lower than the recommended
range. Asterisk marks abnormally high yield values considered to result from weighing errors.

Sample ID Visual inspection Skeletal element type 8'°N (%o, AIR) + SD 8'3C (%o, V-PDB) N% C% C:N Collagen yield %
SH 53 Acceptable H molar +3.0 + 0.02 —20.3 10.4 32.0 3.6 0.4
SH 55 Good M molar +6.1 + 0.04 —21.0 £ 0.01 12,5 37.0 3.4 0.6
SH 56 Good M molar +8.8 + 0.09 —20.5 £ 0.06 13.0 37.7 3.4 0.4

Min (mammoths) +6.1 -21.0

Max (mammoths) +8.8 -20.5

Average (mammoths) +7.5 —-20.7
KK 57 Good M molar +8.3 £ 0.01 —20.1 £0.11 10.7 32.8 3.6 0.6
KK 58 Good M molar +7.8 £ 0.02 —21.4 £ 0.12 10.9 325 3.5 0.7
KK 59 Good M molar +8.6 +0.17 —21.5 + 0.06 12,5 36.5 3.4 0.7
KK 61 Acceptable M tusk +7.1 £ 0.02 —21.9 £ 0.0 9.3 29.0 3.6 0.6
KK 64 Very good M molar +9.4+0.12 —21.1 £0.01 13.8 39.6 3.3 1.4
KK 65 Very good M tusk +8.1 +0.08 —21.6 + 0.03 11.7 329 3.3 0.5

Min +7.1 -21.9

Max +9.4 —20.1

Average +8.2 -21.3
VG 16 Acceptable M molar +12.6 + 0.06 —20.8 + 0.04 14.2 40.5 3.3 1.0
VG 26 Very good M molar +14.9 +0.03 —19.0 + 0.23 10.1 30.6 3.5 40.1*
VG 27 Very good M molar +14.3 £ 0.09 —20.1 £ 0.02 10.8 32.2 3.5 53.3*
VG 31 Acceptable M molar +11.3 £ 0.02 —20.5 £ 0.0 11.8 345 3.4 0.5
VG 32 Acceptable M molar +11.8 £ 0.07 —20.6 £ 0.10 10.5 31.9 3.5 0.2
VG 33 Acceptable M molar +13.3 -20.7 11.6 34.3 3.4 0.2
VG 34 Acceptable M molar +14.0 £ 0.13 —20.8 £ 0.04 13.5 38.6 3.3 0.7

Min +11.3 —-20.9

Max +14.9 —-19.0

Average +13.2 -20.3
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Fisher Scientific, France) and rinsed with Milli-Q water. The
acid-insoluble residues were then treated with 0.1M NaOH for 20 h,
followed by filtration through MF-Millipore™ membranes and rinsing
with Milli-Q water. Subsequently, the alkali-insoluble residues were
immersed in HCI (pH 2), and extraction was carried out at 100 °C for 17
h. The final extract was filtered once more using MF-Millipore™ mem-
branes before collection. Approximately, 0.5 mg of extracted collagen
was placed in tin foil caps, packed and analysed on a Thermo-Finnigan
Delta V Plus isotope ratio mass spectrometer (IRMS) paired with an
elemental analyser (Thermo Flash 1112) at Tartu University. Altogether,
29 samples were analysed in duplicates. The mean value and SD of the
two replicates for each sample are presented in Table 1. Detailed in-
formation on the values for each duplicate is included in the Supple-
mentary data, T3.

Differences in the relative content of stable isotopes of a chemical
element in a substance were measured in comparison with unified in-
ternational standards and denoted by the conventional unit & (delta),
which is expressed as a fraction of atoms of the heavy isotope from all
atoms of the given element and converted to permille (%o) of deviation
from the international standard (DeNiro, 1985). The 8'3C and 8'°N
values are reported against the "Vienna" equivalent of the Belemnite
PeeDee Formation (VPDB) and atmospheric nitrogen (AIR) standards,
respectively. We used IAEA N-1 (8!°N = +0.43 %o) (Boehlke and Coplen,
1995), IAEA N-2 (8!°N = 420.41 %o) (Boehlke and Coplen, 1995) and
USGS25 (8'°N = -30.41 %0) (Brand et al., 2014) reference values to
normalise data to the AIR scale and IAEA-CH-3 (8'3C = -24.72 %0)
(Coplen et al., 2006) and IAEA-CH-6 (5'3C = -10.449 %o) (Coplen et al.,
2006) to normalise data to the VPDB scale. We used urea (6'°N = -0.32
%o; 5'3C = -41.30 %0; n = 10) (Iva Analysentechnik, 2025) working
standard to monitor quality. The internal precision of measurement for
N was <0.2 %o and for C it was <0.1 %o.

2.4. Data analysis

Differences in isotopic values between Shestakovo, Krasnoyarskaya
Kurya and Volchia Griva were tested using RStudio (version R 3.6.0).
The means for the three distinct sites were calculated as averages.

Throughout the text, all the mammoth site-related radiocarbon dates
discussed in calendar years (cal BP) were calibrated using OxCal v.4,4.4
(Bronk Ramsey, 2009) and calibration curve InCal20 (Reimer et al.,
2020).

3. Results
3.1. Sample preservation

Out of 29 analysed samples, 13 samples were removed from the
dataset due to quality concerns. The full dataset with rejection reasons is
available in the Supplementary data, T1. Sixteen samples remain in the
main dataset and are considered to preserve the original isotopic values
(Table 1).

The amount of extracted collagen was small for the whole sample set,
with a highly variable yield percentage ranging between 0.03 % and 53
%. Not considering two samples with anomalously high yields at 40.1 %
(VG 26) and 53.3 % (VG27), the average for the entire dataset was 0.5
%. We attribute these two high collagen yield values to an error during
the weighing process. Despite the generally low yields, there was
enough collagenous extract to get a reliable IRMS measurement in all
cases, however, for VG 26 and VG 27 we were unable to remeasure the
samples because there was no material left.

Some of the rejected samples exhibited very low collagen yields, for
example, KK 60 (0.04 %) and VG 22 (0.03 %) (Supplementary data, T1).
Even though the accepted samples had weight % of C > 13 % and N >
4.8 % (Ambrose, 1990), it has been shown that fresh or well-preserved
collagen N contents should range from 11 % to 17 % (Ambrose, 1990;
Sealy et al., 2014; van Klinken, 1999). Five of the 16 accepted samples
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have N contents below 11 %. Regarding carbon content, van Klinken
(1999) observed a mean C% of 34.8 =+ 8.8 in a substantial collection of
acceptable collagens, while higher values ranging from 41 % to 47 %
were suggested by Ambrose (1990) and Sealy et al. (2014). In our
dataset, all C% values fall within the criteria suggested by van Klinken
(1999) but do not reach the higher values proposed by Ambrose (1990)
and Sealy et al. (2014). C and N weight-% concentrations in some of the
rejected samples fell out of the ranges established by Ambrose (1990),
Sealy et al. (2014) and van Klinken (1999) significantly. For instance,
VG 18 has a C concentration of 9.94 % and N of 0.73 % (Supplementary
data, T1).

The C:N range of samples was wide: 3.3-24.4. Amongst the accepted
samples, the C:N ratios were all within a narrow span of the higher half
of the total acceptable range of 2.9-3.6 (Ambrose, 1990), ranging from
3.3 to 3.6. Amongst the 13 rejected samples, only one sample, SH 54,
had an acceptable C:N ratio of 3.6 but was removed from the main
dataset due to an extremely low collagen yield (0.07 %), clearly lowered
C% (16.6 %) and N% (5.4 %) and a 5'3C value (—18.8 %q) that was
noticeably higher than the other samples from the site. All the remaining
12 rejected samples had a C:N ratio higher than 3.6 without exception,
varying from 3.6 to 24.4, indicating the presence of carbon contami-
nation or nitrogen loss. The highest C:N ratio were shown by KK 60
(24.4) and VG 18 (15.9) (Supplementary data, T1), which, in addition,
had lower §'3C values (—25.6 %o and —23.6 %o, respectively) and 8*°N
values (+5.4 %o and +5.6 %o, respectively) than the rest of the samples.

3.2. §3C and §'°N values

While the range of 513C and 8'°N values for the accepted samples was
—21.9 %o to —19.0 %o and from +6.1 to +14.9 %o, respectively (Table 1),
the overall range of 5'3C and §'°N values for all analysed samples was
from —25.6 %o to —14.5 %o and from +3 to +15 %o, respectively (Sup-
plementary data, T1). For §!3C, the very wide range of values is a
reflection of alteration/contamination effects in poorly preserved sam-
ples, while the range for 5'°N is associated with taxon-specific ecological
niche. Table 1 presents the 8'3C and 5!°N values of the accepted sam-
ples, their site-specific ranges and means and the range and mean for the
entire accepted dataset. Given the low accepted sample number for
Shestakovo and their statistically similar isotopic values in comparison
to Krasnoyarskaya Kurya, as well as the relatively close proximity of
these two sample sites, we treat the values from Shestakovo and Kras-
noyarskaya Kurya as a single dataset referred to as SH + KK further in
the text (averages 5!3C: —21.1 %o + 0.6 and 5'°N: 8.0 %o + 1.0) for
further comparisons with Volchia Griva (averages 5'°G: —20.3 %o + 0.5
and 8'°N: 13.2 %o + 1.0) and other published records. The average
values and standard deviations for the SH + KK dataset do not include
the values of SH 53 because it is a horse molar. Originally, we included
the horse and deer molars to be consistent with the 5'%0 study by Kri-
vokorin et al. (2024), as the set of samples used in that publication is
identical to the one we are using in this study. However, in the further
text, the results of horse and deer dentine samples are not discussed
because the deer sample was excluded from the main dataset due to low
collagen yield (see Supplementary data, T1), and the horse from Shes-
takovo being a singular sample not derived from mammoth in the whole
dataset and being very similar to the published isotopic values of horses
(e.g. Drucker et al., 2015) would not have contributed much valuable
insight into the Discussion.

4. Discussion
4.1. Sample preservation

The generally low yields obtained throughout the studied material
imply collagen loss, a common characteristic of subfossil finds. Low

collagen yields serve as a sign of general degradation (van Klinken,
1999), when the peptide bonds between amino acids (collagen a-chains)
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gradually break (Collins et al., 1995). Low yields observed in our sam-
ples suggest that the samples from all three sites have been subject to
degradation and that the preservation status is less than ideal. For
example, microbial heterotrophy implied as potential compromiser of
the oxygen isotope integrity of the mineral part of the samples
(Krivokorin et al., 2024), could have been a factor contributing to
collagen deterioration. Additionally, Volchia Griva’s formation condi-
tions, which included periodic shifts between wet and dry phases
(Leshchinskiy, 2018) may have created a conducive environment for the
physical deterioration of the samples. Notably, low collagen yields do
not immediately suggest interactions with exogenous molecules, and
degradation itself does not necessarily compromise isotopic integrity
(van Klinken, 1999).

According to Guiry and Szpak (2021), samples that have C:N values
between 3.3 and 3.6 are all likely to carry minor level carbon contam-
ination: according to their models, the strict induced error is within
0.5-1 %o from the measured value. We explored the option of applying
stricter collagen quality control criteria, as suggested by Guiry and
Szpak (2021). Applying the suggested stricter range of 3.1-3.3 to our
dataset would reduce the number of acceptable samples from 13 to four:
KK 64, KK 65, VG 16 and VG 34 ("the strict C:N dataset“). The averages
in the “strict C:N" dataset for Krasnoyarskaya Kurya (5'°N +8.8.%q; §'C
—21.3 %o) and Volchia Griva (8'°N +13.3 %o; 8'3C —20.8 %o) are similar
to the averages for the accepted, wider C:N based Krasnoyarskaya Kurya
(8"°N +8.2 %o; 513C —21.3 %o) and Volchia Griva datasets (5'°N +13.2
%0; 83C —20.3 %o). While the suggested strict C:N range can improve
data quality (Guiry and Szpak, 2021), applying a narrower C:N range to
our dataset does not influence the interpretation of our isotopic values,
since the average isotopic values in the “strict C:N” dataset do not differ
from those in the main dataset. Additionally, such a small dataset would
not be suitable for meaningful interpretations. Therefore, we continue
relying on the C:N criteria outlined in Ambrose (1990); DeNiro (1985);
DeNiro and Weiner (1988); Sealy et al. (2014); van Klinken (1999) and
use the isotopic values presented in Table 1. For the purposes of this
paper, i.e. a broad paleoecological interpretation and comparison to
other regions, the added uncertainty level implied by the C:N ratio range
3.3-3.6 in our dataset is acceptable and taken into consideration when
comparing datasets.

4.1.1. Mineral fraction vs organic fraction

In a study focusing on the 580 values of the bioapatite phosphate of
the same material studied here (Krivokorin et al., 2024), found the
mineral fraction of the majority of samples from Shestakovo, Kras-
noyarskaya Kurya and Volchia Griva intact. Nevertheless, there were
both tusk and even enamel samples that showed signs of
post-depositional isotopic and/or chemical (cf. FTIR data) alteration.
Many of the tusk specimens from Krasnoyarskaya Kurya and Volchia
Griva displayed elevated Infrared Splitting Factor (IRSF) values and
associated lower C/P ratios interpreted to reflect carbonate loss and
accompanying structural changes (cf. France et al., 2020). The cause of
the loss could not be established, as it could be attributed to site-specific
conditions, sample pretreatment methods, or a combination of both
factors (Krivokorin et al., 2024).

We compared the results of the preservation assessment of the
mineral fraction from the article by Krivokorin et al. (2024) and the
results of our preservation assessment of organic fraction in this study to
see whether we could find a link between the alteration of the mineral
and the organic parts of our samples (Supplementary data, T1).
Regarding the visual preservation, some of the samples from Table 1
marked as visually “acceptable”, i.e. the poorest appearance compared
to other samples, yielded reliable oxygen isotope results (Krivokorin
et al., 2024). However, it is notable that out of the 13 rejected samples,
nine had “acceptable” visually evaluated preservation quality (Supple-
mentary data, T1). In contrast, out of 16 accepted samples, only seven
had “acceptable” preservation quality, which implies that the samples
rejected based on their collagen quality properties often had worse
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visual preservation. The remaining accepted samples had either “good”
or “very good” preservation quality. Thus, visual appearance is a more
relevant clue to the preservation of the organic than the mineral, espe-
cially the phosphate component of bioapatite at these sites.

Collagen quality control parameters, including C:N ratios, nitrogen
concentration, and collagen yield, did not show any clear relationship
with elevated IRSF values (Supplementary data, T1), which is here used
as a parameter of the general preservation status of the mineral
component. Samples with elevated IRSF values from Shestakovo and
Krasnoyarskaya Kurya had acceptable collagen yields, C% and N%
values and C:N ratios (Supplementary data, T1).

The samples from Volchia Griva showed more pronounced signs of
post-depositional alteration compared to Shestakovo and Krasnoyar-
skaya Kurya and more congruence between mineral and organic part
preservation: regarding the mineral component, eight out of 19 VG
samples analysed for phosphate §!%0 values showed elevated IRSF
values (Supplementary data, T1). Seven out of these eight samples also
demonstrated elevated C:N ratios in the organic part. Overall, ten
samples from VG were excluded due to elevated C:N ratios and six out of
these yielded N concentration values below 3.5 % and C:N ratios >3.6
(Supplementary data, T1), which can be considered an indicator of non-
collagenous molecules like lipids and humic acids (Guiry and Szpak,
2021). Overall, it is challenging to make firm conclusions about whether
there is a link between the post-depositional alteration of the organic
and the mineral fraction of the samples from Shestakovo, Krasnoyar-
skaya Kurya and Volchia Griva. However, it is notable that three samples
from Volchia Griva with elevated C:N ratios are also associated with
carbonate-phosphate disequilibrium, which was used to assess the iso-
topic alteration of skeletal bioapatite (Supplementary data, T1). The fact
that the samples with carbonate-phosphate 5'%0 disequilibrium come
exclusively from Volchia Griva further supports the evidence that the
mineral and the organic part of samples from Volchia Griva have suf-
fered from post-depositional alteration to a bigger extent than the
samples from Shestakovo and Krasnoyarskaya Kurya.

4.2. Carbon and nitrogen isotope composition

There is relatively little comparative data for Eurasian mammoths
from the LGM time period matching the datings of the sites analysed in
this study. Altogether, 13 specimens directly dated to ca. 28-22 ka ago
with published 8*3C and 5!°N isotope values are available from Northern
Siberia, specifically Wrangel Island, Bykovsky peninsula, Bolchoy Lya-
khovsky island, Lena Delta River and Taymyr Peninsula (Arppe et al.,
2019; Tacumin et al., 2010; Szpak et al., 2010) (Fig. 2). However, their
mean isotopic values (—21.6 + 0.5 %o for 5'°C and 8.7 + 0.9 % for §!°N)
are statistically indistinguishable from those of a much more extensive
compilation of North Siberian mammoth data spanning 60-12 ka (Arppe
et al., 2019) with §'3C (~21.7 + 0.6 %0; n = 82) and §'°N (9.0 + 1.8 %q;
n = 82), and therefore, we will use the wider dataset as a point of
comparison, and refer to it as the Northern Siberian dataset further in
the text. A comparison between the 5'°C and the 8'°N isotopic values of
SH + KK, Volchia Griva and Northern Siberian datasets is presented in
Fig. 3 (see Supplementary data, T2 for full comparative data), illus-
trating the elevated isotope values at Volchia Griva clearly standing out
from both SH + KK and Northern Siberian mammoth data.

Studies by (van der Merwe, 1982; Ambrose and DeNiro, 1986) show
that animals whose diet completely consists of C3 plants have collagen
8'3C values approximately around —21.5 %o, and the average 5'°C
values of SH + KK dataset (—21.1 %o) and the Northern Siberian datasets
(—21.7 %o) (Fig. 3) suggest that the diet of mammoths in both regions
consisted predominantly of Cg plants. However, the SH + KK and
Northern Siberian datasets are statistically different for 813¢
(p=0.02696) and 5'°N (p = 0.01054). The average 5'3C value from the
SH + KK dataset is higher than the Northern Siberian dataset by 0.6 %o,
whereas the 5'°N average value from the SH + KK dataset is lower than
that of the comparative dataset by 1.3 %o (see Fig. 3 and Table 1).
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Firstly, the potential carbon contamination in SH + KK samples with
C/N ratios >3.3 may introduce a larger error to isotopic analysis results,
and thus the difference in §'°C values should be considered tentative, as
discussed in the “Sample preservation” section above. In contrast, the
difference in 8'°N values is unequivocal. Despite complicating factors
like season of precipitation, and edaphic conditions such as water stor-
ing capacity and rooting depth (e.g. Ehleringer, 2005; Schenk and
Jackson, 2002; Farquhar et al., 1989) influencing plant isotopic values
on a local scale, on a global scale, temperature, aridity and altitude are
the main factors that influence §'°C and 8'°N of plants (e.g., Amundson
et al., 2003; Bocherens, 2015; Craine et al., 2009; Kohn, 2010; Korner

et al., 1991; Mannel et al., 2007; Sah and Brumme, 2003; Zech et al.,
2011). The potentially lower §'3C values in the Northern Siberian
datasets compared to SH + KK can be explained by large-scale lat-
itudinal trends in temperature and precipitation, which influence iso-
topic baselines at the plant level leading to lower plant 513C values at
higher latitudes (Kohn, 2010; Stuiver and Braziunas, 1987; Van Klinken
et al., 1994). The difference between the 8'3C values of the mammoths
at SH + KK and the Northern Siberian dataset could also be related to
differences in the makeup of their diets, with differences in the types and
proportions of various plants consumed by these populations from two
distant regions. For example, the mammoths in Northern Siberia could
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supplement their diet with bark, twigs and mosses (Gorlova, 1982;
Olivier, 1982; Vereshchagin and Baryshnikov, 1982), suggested by
Tacumin et al. (2000) to lower the 8'C of the mammoths’ tissues. During
harsh winters, the Northern Siberian mammoths may have relied on fat
reserves to survive periods of food scarcity (Kubiak, 1982; Olivier,
1982). Since fat has lower 8'3C values relative to other nutrients,
Bocherens (2003) suggested this metabolic strategy could also
contribute to the lowered §'3C values.

The relatively higher 5'3C values and lower 8'°N values for SH + KK
site mammoths compared to Northern Siberia mirror the pattern re-
ported by Szpak et al. (2010) for Late Pleistocene woolly mammoths of
Eastern Beringia (Alaska and Yukon) in comparison to Western Beringia
(i.e. Northern Siberia). The pattern of lower 5!5N combined with a
higher 5!3C appears to be in conflict with plant §'C and 5'°N values
showing parallel correlations to environmental gradients like tempera-
ture and moisture: higher §'°C and 5'°N values are often associated with
more arid climatic conditions and higher temperatures (Amundson
etal., 2003; Craine et al., 2009; Grocke et al., 1997; Heaton, 1987; Kohn,
2010; Sealy et al., 1987; Wooller et al., 2021). Szpak et al. (2010) pro-
posed more arid conditions as the main driver of higher 5'°N values in
Northern Siberian mammoths and suggested that variations in high
arctic §'3C may be insensitive to moisture differences and rather reflect
regional differences in mean annual temperature, i.e. warmer conditions
in Eastern Beringia. Indeed, according to recent climate simulations
(Extended data in Wang et al., 2021), Eastern Beringia was more wet
and had higher mean annual temperature than Western Beringia. This
same line of reasoning could also explain the differences between the
815N values of SH + KK and Northern Siberian datasets. We propose that
environmental threshold points may partially explain the contrasting
513C/81°N responses. For nitrogen isotopes, Craine et al. (2009) showed
that plant 8'°N values stop responding to changing mean annual tem-
peratures (MAT) in a linear way below —0.5°C. Considering that mean
annual temperatures during LGM in the Northern Siberia were far below
zero (Vandenberghe et al., 2014; Wang et al., 2021), it is highly likely
that plant 5!°N values were rather insensitive to variations in temper-
ature. However, in the case of carbon isotopes, while the global C3 plant
data analysed by Kohn (2010) showed that the correlation between
plant 5!°C and mean annual precipitation (MAP) flattens out in wet
environments, the mammoth steppe was generally characterized by
aridity with MAPs well below 500 mm/a (Wang et al., 2021) and thus, a
hypothesis of ‘too wet to register differences in MAP’ doesn’t seem
plausible.

Alternative or complementary factors accounting for the more
elevated 8!°N values in the Northern Siberian dataset point to involve-
ment of metabolic strategies for dealing with aridity and/or a diet
composed primarily of nutrient-poor, protein-deficient herbaceous and
graminoid vegetation, as discussed in Szpak et al. (2010).
Graminoid-dominated diet of the Northern Siberia mammoths is also
supported by Wang et al. (2021), who showed that vegetation during
LGM in Northern Siberia had a larger proportion of graminoids
compared to Eastern Beringia. It has been suggested that in arid envi-
ronments, where plants typically contain lower protein and nitrogen
levels, herbivore §!°N may be elevated due to water saving mechanisms
increasing the urea concentration of urine (Ambrose and DeNiro, 1986),
or microbial recycling of nitrogen in the digestive tract (Sealy et al.,
1987). Overall, despite the conflicting evidence on the influence of an-
imal metabolic processing on tissue 515N (e.g. Sponheimer et al., 2003;
Ambrose, 2000; Hartman, 2011), it is plausible that the physiology and
metabolism of the Northern Siberian mammoths would have addition-
ally influenced bodily isotope levels during the LGM, a period generally
thought to represent a very arid and cold time period, which could have
resulted in their higher 5'°N values. In summary, we propose that,
similarly to what has been reported for West Beringian mammoths
(Szpak et al., 2010), regional vegetation, climate, and physiological
adaptations all likely contributed to the isotopic differences between
mammoth populations in Southeast Western Siberia and Northern
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4.2.1. Unusual isotopic values from Volchia Griva

Leshchinskiy and Burkanova (2022) published 813C and 8'°N values
for five mammoth bone samples from Volchia Griva (age range —
22.2-23.7 ka cal BP), which are very similar to our results and are here
combined with our samples from that site to yield an extended Volchia
Griva dataset with mean §'3C and §'°N values at —20.3 %0+0.5 and +
13.3 %o+0.1, respectively. Mammoths had a low-protein diet and
generally tended to have higher 5'°N values than other herbivores like
horses or deer (Bocherens et al., 1996), but the mammoths from Volchia
Griva occupy an outstanding position among the so far published iso-
topic records of mammoth sites globally due to their abnormally high
!N values. The average §'°N value from Volchia Griva is 5.3 %o higher
than the average SH + KK values and 4.3 %o higher than the average of
the North Siberian dataset (p < 0.05). To the authors’ knowledge, few
woolly mammoth samples to date have yielded §'°N values in such a
high range of 11-15 %o. For example, in the compilation of East Eurasian
and Northwest North American isotope data on mammoths (Arppe et al.,
2019) less than 5 % of the >350 listed samples showed 5'°N values > 12
%o common for Volchia Griva mammoths, most of them from Northern
Siberia (Bocherens et al., 1996; lacumin et al., 2000; Kirillova et al.,
2023; Szpak et al.,, 2010) and a few from Northern Yukon (Metcalfe
et al., 2016). Overall, Volchia Griva potentially has the densest con-
centration of the highest §'°N values reported for the Northern
Hemisphere.

The fact that Volchia Griva has significantly higher §!°C and 8'°N
values than the SH + KK dataset is unexpected considering the relatively
short distance between Shestakovo, Krasnoyarskaya Kurya and Volchia
Griva. We propose that potential explanations for such differences in the
isotope levels could lie in local characteristics of these sites and poten-
tially also the likely temporal differences between the sites. We consider
the elevated isotopic baselines of the Volchia Griva site as a likely
relevant cause of the observed elevated 8'°N values, because, in addition
to mammoths, for the same period of 22.2-23.7 ka cal BP, Leshchinskiy
and Burkanova (2022) published elevated §'°N values for a single equid
(+12.3 %o) as well as elevated 8'°N values for carnivores such as fox
(16.2 %o) and wolf (17.1 %o). The other factors discussed further in the
text are offered as mechanisms that can further influence the isotopic
values.

Mineral salts were the primary factor attracting large herbivores to
Volchia Griva (Leshchinskiy, 2018) and Shestakovo (Derevianko et al.,
2000), and it also seems conceivable that there might be a connection
between the elevated salinity of local soils in these areas and the ni-
trogen isotopic composition of local plants. High soil pH and salinity
decrease NO3 uptake by the plants’ roots (Aslam et al., 1984) and can
elevate the 5!°N values of plants (van Groenigen and van Kessel, 2002).
Therefore, it is possible that the salinisation of local soils at Volchia
Griva would result in high §'°N values in local plants and, by extension,
in local mammoths’ tissues. However, it is also worth noting that while
both Shestakovo and Volchia Griva were “beast solonetz”, we did not
observe a similar pattern of elevated §!°N values in Shestakovo samples,
which may be due to the low number (n = 2) of analysed samples or
other site-specific differences in soil properties, for which we do not
currently hold any detailed information. This is why the high nitrogen
values in samples from Volchia Griva are particularly important: there
are currently no studies exploring whether such elevated nitrogen values
are a general feature of salt licks. This presents a promising direction for
future research.

Elevated soil salinity can also influence plant §'3C values: in a
manner comparable to effects of stress induced by aridity, plants tend to
close their stomata due to salt stress, which reduces stomatal conduc-
tance and the within-cell partial 2co, pressure. As a result, the salinity-
stressed plant assimilates a larger proportion of 13CO,, leading to less
negative 5'°C values in the newly formed plant tissues (van Groenigen
and van Kessel, 2002). In addition, although the §'3C values from
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Volchia Griva suggest a diet primarily composed of C3 plants, we do not
entirely rule out the inclusion of C4 vegetation. Volchia Griva lies within
the present-day native geographical distribution of certain C4 taxa, such
as Atriplex sibirica and Atriplex tatarica (Rakhmankulova et al., 2019;
Sukhorukov et al., 2022) and these species are not only well adapted to
arid climates but also well adapted to saline and ruderal environments
(Rakhmankulova et al., 2019; Sukhorukov et al., 2022). The presence of
such taxa at Volchia Griva is supported by the pollen analysis from
Volchia Griva (Leshchinskiy and Burkanova, 2022) and suggests a minor
C4 component in mammoth diets at Volchia Griva.

As an additional local factor, large animal herds frequenting sites of
mineral oases produce a lot of dung. Szpak (2014) showed that using
animal dung as a fertiliser can increase plant 5'°N values by +2 - +8 %o
(if cattle manure is used) and even by +10 to +40 %o (if pig — an
omnivore - manure is used). Although reaching such an effect of
elevated nitrogen values generally requires a substantial amount of dung
(Bogaard et al., 2013), the presence of mammoth and other large animal
populations frequenting Volchia Griva over several millennia could have
led to the elevation of local soil 3'°N values contributing to the observed
values. It is also possible that the mammoths at Volchia Griva practised
coprophagy, which would, in turn, result in elevated 515N values in their
tissues (Clementz et al., 2009; Kuitems et al., 2015; van Geel et al., 2008,
2011).

The elevated §'3C and 8'°N values at Volchia Griva, compared to
both the SH + KK dataset and the Northern Siberian dataset, may also
suggest that the mammoths found at Volchia Griva could have subsisted
in more arid conditions than their counterparts in Northern Siberia or at
Shestakovo and Krasnoyarskaya Kurya, yet a difference in climatic
conditions among the SEWS sites seems improbable due to their close
mutual proximity. Speculatively, some kind of a permanent geographic
separation in the large-scale foraging range areas between the pop-
ulations frequenting VG and those discovered at SH + KK could be
suggested. However, the fact that the layer dates providing the chro-
nological context indicate the sites are not contemporaneous may play a
significant role, and the isotopic differences could also reflect temporal
changes in the environment. This hypothesis is further supported by the
results of palynological analysis from Volchia Griva (Leshchinskiy and
Burkanova, 2022), which showed a clear aridisation of the climate since
the site’s formation.

5. Conclusion

We analysed 29 mammoth molar dentine samples, alongside dentine
from one horse and one deer molars from three Late Pleistocene pale-
ontological sites in the southeast of the Western Siberian Plain (SEWS):
Shestakovo, Krasnoyarskaya Kurya, and Volchia Griva. We assessed the
preservation of these samples using C:N atomic ratios, collagen yields,
and elemental carbon and nitrogen content. Our results reveal unusually
high §'°N values reported for mammoth remains in the Northern
Hemisphere from Volchia Griva. We attribute this isotopic enrichment
to the unique local environmental conditions at Volchia Griva, including
saline soils and intensive trampling, which may have altered nitrogen
cycling at the site. The clear difference in 5!°N and 5'°C values between
Volchia Griva and the other two sites, suggests that the mammoth
population represented at Volchia Griva had different foraging areas
from those at Shestakovo and Krasnoyarskaya Kurya despite the
geographical proximity of the sites. This could be interpreted either as
restricted geographic mobility between site areas or, perhaps more
likely, a reflection of the likely non-contemporanous nature of the sites,
with Shestakovo and Volchia Griva displaying completely non-
overlapping age ranges.

Future studies of skeletal materials from these sites should take into
consideration the generally poor preservation of the organic component,
resulting in low extract yields, and select samples in quantities sufficient
to run initial analyses, potential reanalysis, and C14 dating. Quality
screening should follow the established protocols; however, we advise
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considering evaluating the preservation of the samples on an individual
basis. Tusks seem to have a higher rejection rate compared to molars;
this trend is observed for both the mineral and organic components.
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