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Preservation-related terms and indices 

Hydroxyapatite  A naturally occurring mineral form of calcium apatite 
(Ca10(PO4)6(OH)2) (J. A. Lee-Thorp et al., 1989) 

Bioapatite Contains carbonate ions (CO32−) substituted in the PO43− position 
or OH− position (J. A. Lee-Thorp et al., 1989) 

A-type 
carbonates 

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

B-type 
carbonates 

When the hydroxyl group OH− substitutes for the phosphate 
group PO34− along the c-axis in the crystal structure (Grunenwald 
et al., 2014) 

C/P  Shows the ratio of B-type carbonates V3 CO32– 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) 

IRSF (infrared 
splitting factor) 

Shows pronounced V4 PO3– 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 I, we used IRSF as a sign of the loss 
of the carbonate component from the bioapatite. 

ATR-FTIR or 
FTIR 

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) 
GI-1—Greenland interstadial 1  14.6–12.85 ka cal BP (corresponding to Bølling–

Allerød Interstadial) (Rasmussen et al., 2014) 
The “Voka” stage 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 & 

Gibbard, 2015) 
Pre-LGM 50–27 ka cal BP (and older) 
Post-LGM 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 palaeoenvironmental 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 δ18O of water (δ18Ow) 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 Kaatsjärv 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 I and III 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 I uses oxygen isotope analysis to examine regional climatic 
changes during the Last Glacial Maximum, while Paper III uses carbon and nitrogen 
isotope analyses to reconstruct the dietary patterns and local environmental conditions. 

Paper II 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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Figure 1. Map showing the general location of the investigated sites, along with other locations of mammoth sites discussed in the text. The dotted line shows the 
127 E meridian. Basemap: Biomes and Ecoregions, 2017 Esri, Maxar, Earthstar Geographics, and the GIS User Community.
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1 Scientific background 
1.1 Pleistocene megafauna and climate in the Northern Hemisphere 
The Northern Hemisphere during the Pleistocene epoch was characterised by a unique 
and extensive ecosystem known as the Mammoth Steppe with Mammuthus–Coelodonta 
faunal complex (Kahlke, 1994) supporting a diverse megafauna and consisting of 
mammoths (Mammuthus primigenius), woolly rhinoceros (Coelodonta antiquitatis), 
musk ox (Ovibos moschatus) and reindeer (Rangifer tarandus), saiga (Saiga borealis), and 
bison (Bison bonasus) (Guthrie, 1968, 1982; Kahlke, 1999; Stuart, 2005; Drucker, 2022). 
Mammoth steppe was a non-analogue productive ecosystem, cold and dry (R. D. Guthrie, 
1982; Yurtsev, 2001), having high insolation and low humidity (Guthrie, 2001). Fast 
turnover of nutrients and carbon in the upper soil levels, as well as high light exposure, 
supported a productive vegetation and, by extension, a large grazing community (Reinecke 
et al., 2021). The Pleistocene epoch was characterised by a general trend of global cooling 
and increasing aridification across Eurasia (Kahlke, 2014). In Northern Siberia, the latter 
half of the Middle Weichselian period (34–24 ka BP) was characterised by cooler summers 
compared to the period of 52–40 ka BP (Wetterich et al., 2021).  

The Last Glacial Maximum (LGM) (ca. 27.2–23.5 ka cal BP) and the Pleistocene to 
Holocene (ca. 11,700 cal BP) transition are the key time periods for the extinction of a 
large part of the Mammoth Steppe species (Cooper et al., 2015), and most of the 
survivors show a decline in their genetic diversity after the LGM (e.g., Lorenzen et al. 
(2011). The causes of the late Quaternary extinctions have been explained by various 
reasons: climatic change and human impact, either as separate factors or as a combined 
effect (e.g., Koch & Barnosky, 2006). The loss of a high proportion of the largest 
herbivores caused major changes to the landscape and functioning of ecosystems (e.g., 
Johnson 2009). During the LGM, the climate in northern Europe was extremely cold and 
dry, with reconstructed annual mean temperatures 8–24°C lower and modelled surface 
temperatures 10–20°C lower than at present (Bartlein et al., 2011; Feurdean et al., 2014; 
Kageyama et al., 2006; Pollard & Barron, 2003; Tarasov et al., 1999; Wu et al., 2007). 
Continuous permafrost (Kitover et al., 2016) extended as far south as 45°N in Germany 
and Poland (Huijzer & Vandenberghe, 1998). In Northern Siberia, the modelling studies 
indicate a global summer cooling of approximately 6°C during the period 23–19 ka BP 
compared to the previous period (Tierney et al., 2020). According to pollen records and 
climate models, the Eastern Siberia had higher summer temperature anomalies and 
moisture levels similar to modern conditions during the LGM (Weitzel et al., 2022). 
Fossil insects at the Laptev Sea Coast in Northeastern Siberia show the persistence of 
tundra steppe with warmer summers and colder winters than today (Sher et al., 2005). 
Pollen-based reconstructions (Cleator et al., 2020; Tarasov et al., 1999; Wu et al., 2007) 
also show higher summer temperatures at high latitudes compared to mid-latitude 
Central Siberia, despite overall cold and dry conditions during the LGM (Bush, 2004; 
Kageyama et al., 2001; Schirrmeister et al., 2002; Tarasov et al., 1999). 

The accelerated loss of megafauna during the Last Glacial Period happened worldwide 
and was quite severe in Eurasia and North America (Bergman et al., 2023; Seersholm et al., 
2020; Stewart et al., 2021; Stuart, 2005; Zimov et al., 2012). Mammoths disappeared 
from northern and north-eastern Europe between 22 and 18 ka, likely due to the extremely 
harsh climatic and environmental conditions near the Scandinavian Ice Sheet (SIS) margin 
(Ukkonen et al., 2011). The transition from the Pleistocene to the Holocene around 
11,700 years ago was marked by abrupt warming events (Birks & Birks, 2008; Drucker, 
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2022; Engels et al., 2022; Seddon et al., 2015). This period saw increased ground moisture 
due to precipitation and snowfall, along with the widespread proliferation of shrubs and 
trees (Rey-Iglesia et al., 2021). Although the extinction of mammoths at the end of the 
Pleistocene is well established, the timing of woolly mammoths’ disappearance varied 
across different regions. On mainland Asia and North America, woolly mammoths vanished 
between 14,000 and 13,200 years ago, although some mainland populations might have 
persisted until around 10,500 years ago (Graham et al., 2016). The final regional extinction 
in northern Europe occurred during the Younger Dryas (Greenland Stadial 1; GS1) at about 
12 ka cal BP, correlating with the decline of open biomes, such as steppe-tundra rapid 
reforestation during the Younger Dryas–Holocene boundary warming (Lõugas et al., 
2002; Ukkonen et al., 2011). Notably, rare mammoth populations survived well into the 
Middle Holocene on isolated islands: on Wrangel Island (northeast Siberia) until 
approximately 4,000 cal BP (3,730 14C years BP) (Arppe et al., 2019; Zimov et al., 2012), 
and on St. Paul Island (Bering Sea, Alaska) until about 6,500 cal BP (5,700 14C years BP) 
(Graham et al., 2016). 

1.2 Regional setting and geochronological context of the finds 

1.2.1 Southeast of the Western Siberian Plain (SEWS) 
The climate in the southeast of the Western Siberian Plain is extremely continental-
cyclonic, having short hot summers and long cold winters (Rutkovskaya, 1979, 1996) and 
the landscapes of the region alternate between forest-steppe, mixed small-leaved 
forests and southern taiga. Summers are warm and humid, with an average July 
temperature of +18.5°C in the southern part of the area. Winters in the region are 
moderately severe, with an average January temperature of –19.1°C. There are 246 days 
per year when the temperature is above 0°C. The average yearly precipitation is 
420–600 mm (Lapshina, 2003; Rutkovskaya, 1979). From 1977 to 1986, the average 
annual temperature was 0.4°C, whereas between 2018 and 2021, it was 1.5°C, indicating 
a temperature increase of over 1°C in the area since 1986 (Blyakharchuk et al., 2025). 

In SEWS, the most prominent late Pleistocene sites discovered thus far in Eurasia, 
especially in regarding the abundance of mammoth findings (S. Leshchinskiy, 2015) are 
Shestakovo, Krasnoyarskaya Kurya and Volchia Griva (Figures 1 and 2). Shestakovo has 
yielded over 4500 remains belonging to at least 18 woolly mammoths since 1975 
(Derevianko et al., 2000, 2003). Krasnoyarskaya Kurya have yielded 5600 woolly 
mammoth bones and teeth, skeletal fragments from at least 35 individuals (Lazarev & 
Leshchinskiy, 2011; Leshchinskiy et al., 2014; Seuru et al., 2017). Volchia Griva is possibly 
the largest site in Northern Asia where woolly mammoth remains are preserved in situ. 
Volchia Griva has yielded over 7000 fragments, whole bones, and teeth from at least 
80 woolly mammoths on an area of more than 550 m2 since 1957 (Leshchinskiy et al., 
2023; Leshchinskiy & Burkanova, 2022). Human presence at all three sites has also been 
proven by the presence of palaeolithic artefacts at all three sites (Derevianko et al., 2000; 
Leshchinskiy et al., 2021; Vasyukova & Leshchinskiy, 2011). 

Due to the substantial amount of mammoth fauna material buried at Shestakovo, 
Krasnoyarskaya Kurya and Volchia Griva, the uniqueness of these sites and the potential 
of holding valuable isotopic records, these sites were chosen as study sites specifically, 
and the time interval (ca. 27.5–22 ka cal BP) of the selected materials from SEWS covered 
the peak of LGM in the southeast of Western Siberia. Published oxygen isotope data for 
Siberia are limited, particularly for the LGM (e.g. Fox et al., 2007; Iacumin et al., 2010) 
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and are absent in the δ¹⁸Ow reconstructions for the southeast of Western Siberia (Genoni 
et al., 1998). The only available comparative reconstructed δ¹⁸Ow values near Shestakovo, 
Kranoyarskaya Kurya and Volchia Griva are primarily based on post-LGM reindeer 
samples (Genoni et al., 1998). Outside of SEWS, the nearest low-latitude mammoth-based 
δ¹⁸Ow values relevant for comparison are located in the European Plain. For carbon and 
nitrogen isotopes, Beringia is currently one of the best-documented areas regarding 
stable carbon and nitrogen isotope data derived from woolly mammoth (Szpak et al., 
2010) conducted a comprehensive study of 58 mammoth bone samples from both 
Eastern Beringia (Alaska and Yukon) and Western Beringia (Siberia), although only five 
samples out of 58 came from LGM. (Arppe et al., 2019) reported δ¹³C, δ¹⁵N, and δ³⁴S 
from 77 mammoth specimens from the last known mammoth refugia, Wrangel Island 
(Zimov et al., 2012). Approximately 12% of these samples were dated to the LGM. 
(Iacumin et al., 2000) reported δ¹³C and δ¹⁵N values from mammoth teeth and bones of 
post-LGM European Plain samples, reindeer and deer from south-central Siberia, and 
mammoth remains from the Taymyr Peninsula and Yakutia, many of which were not 
radiocarbon-dated. In contrast, isotopic data from SEWS, remain sparse. Leshchinskiy 
and Burkanova, 2022 provided the first δ¹³C and δ¹⁵N data from ten post-LGM mammoth 
bones recovered at Volchia Griva.  

1.2.2 Eastern Baltics 
The Eastern Baltic region is located in a transitional climate that ranges from maritime 
influences in the west to a more continental climate in the east. The landscape is 
predominantly flat, covered with mixed forests. In Estonia, the mean temperature in July 
is 16–17°C, while in February, the coldest month of the year, it ranges from –2.5°C to 
–7°C (Estonian Environment Agency, 2024). In Latvia, the mean temperature in July is
17.4°C, and in February, it averages –3.7°C (World Bank Group, 2024). The region receives 
an annual precipitation of approximately 550–700 mm. 

Pollen-based reconstructions and macrofossil records from the eastern Baltics indicate 
that the climate warming during the GI-1 (14,650–12,850 cal yr BP) was modest due to 
proximity of region to retreating continental ice. The climate was generally cool, with long 
winters, persistent ice cover, and brief summers (Veski et al., 2012, 2015, Bakumenko 
et al, 2025, in press).  Around 12,850 cal yr BP, the climate cooled again, though gradually 
in the southern Baltic-Belarus region (Heikkilä et al., 2009; Veski et al., 2012, 2015). 
During the Younger Dryas, dry conditions persisted (Goslar et al., 1999; Wohlfarth et al., 
2006), though short warmer episodes with brief summers were also likely (Grafenstein 
et al., 1999; Isarin & Renssen, 1999; Lane et al., 2013; Liiv et al., 2019; Schenk et al., 2018; 
Schmidt et al., 2002; Schwark et al., 2002). Younger Dryas ended with abrupt warming, 
marking the onset of the Holocene. 

The study of mammoths and their palaeoenvironment in the Eastern Baltics during 
the late Pleistocene is a relatively under-researched topic that has the potential for 
expanding our knowledge of the region’s mammoth fauna. Despite the significant role 
that mammoths played in the ecosystems of this period, there are still large gaps in our 
understanding of their distribution, behaviour, and interaction with the environment in 
this region. The discovery of mammoth remains in Estonia can be traced back to 1874 
(Grewingk, 1874). Since 1874 to 1960s, a total of 24 samples, including 13 molars and 
11 tusks, were recovered from various locations such as riverbanks, lake and seashores, 
construction sites, and glaciofluvial gravels. However, over time, some of these findings 
have been lost, and the remaining ones are unusable because there is no contextual 
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information or locations available for these finds (Lõugas et al., 2002) argue that most 
mammoth discoveries in Estonia have been redeposited into younger sediments due to 
glaciofluvial processes. 

Published isotopic data for the Eastern Baltics are even more scarce than for the SEWS. 
This is not only due to the small number of studies focused specifically on the region, but 
also because the existing studies often include isotopic information from the Eastern 
Baltics mammoth samples as part of broader European datasets aimed at addressing 
large-scale questions like reconstructing the climate of northern Europe during the 
Middle to late Weichselian or reconstructing the woolly mammoths’ habitat in Europe 
(e.g Arppe et al., 2011; Arppe & Karhu, 2010). One of the most detailed studies on the 
mammoths in Estonia was done by (Lõugas et al., 2002), where the authors reported δ¹³C 
values for 11 dated molar, tusk and bone mammoth samples from Estonia and western 
Russia. The largest catalogue of dated mammoth finds in the Eastern Baltics can be found 
in Ukkonen et al. (2011). Furthermore, there is no distinct site with a large accumulation 
of mammoth remains in the Eastern Baltics, such as, for example, Volchia Griva, where 
the material is preserved in a clear geological context that allows for a detailed taphonomic 
analysis and accurate dating. 

1.3 Sampling sites 

1.3.1 Shestakovo 
Shestakovo site (55°54′31.0″N, 87°57′07.0″E) (Figures 1 and 2) is located in the Kemerovo 
region, approximately 1 km downstream from the village of Shestakovo, on the high right 
bank of the Kiya River. The bone-bearing horizon is situated at an altitude of approximately 
160–170 m, with some areas reaching higher elevations. The site was particularly attractive 
to large herbivores due to the presence of a “beast solonetz,” a term used in Russian 
scientific literature to describe a geochemical landscape enriched with Ca, Mg and Na 
(Derevianko et al., 2000, 2003). A beast solonetz contains high concentrations of 
macro- and microelements, offering a broader interpretation than terms such as “salt 
lick,” “mineral lick,” or “mineral source.” Within these areas, animals engage in lithophagy 
(soil and rock consumption) and drink mineral-rich water from springs to maintain 
physiological homeostasis (Leshchinskiy, 2015). Samples from the Shestakovo site come 
from geological layers V and VI, which are the main bone-bearing horizon (Derevianko 
et al., 2000, 2003). The age of the samples from the Shestakovo site falls within the 
period of ca. 28–27 ka cal BP. 

1.3.2 Krasnoyarskaya Kurya 
Krasnoyarskaya Kurya (coordinates: 54°39′48.4″N, 80°19′47.6″E; surface elevation is 
123 m) (Figures 1 and 2) is situated in the southeastern region of the West Siberian Plain, 
within the Chulym River Valley. The site is located 148 km to the north of Shestakovo. 
Krasnoyarskaya Kurya samples come from the bone-bearing horizon’s middle and lower 
levels. The age of the samples from Krasnoyarskaya Kurya falls within ca. 25–23 ka cal BP 
(Boiko et al., 2005; Derevianko et al., 2003) and (Seuru et al., 2017). 

1.3.3 Volchia Griva 
Volchia Griva (translated to “Wolf’s Ridge” or “Wolf’s Mound”) (coordinates: 54°39′48.4″N, 
80°19′47.6″E; surface elevation approximately 148 m) (Figures 1 and 2) is a mound in 
“Mamontovoe” village, Kargat district of the Novosibirsk region, east of the Baraba 
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Lowland. It occupies the northeastern section of an elongated, sloping mound bearing 
the same name, which extends approximately 11 km in length and 0.5–1 km in width. 
The site is 500 km southwest of Shestakovo and 535 km southwest of Krasnoyarskaya 
Kurya.  

Since its discovery in 1957, Volchia Griva has been recognised as a large mammoth 
cemetery and one of the last mammoths refugia. (Leshchinskiy & Burkanova, 2022) state 
that large mammal remains have accumulated at this site from the Last Glacial Maximum 
(LGM) to the end of the Pleistocene. Similarly to Shestakovo, Volchia Griva was attractive 
to large herbivores because of the salt lick (S. V. Leshchinskiy, 2018). The age of the 
samples from Volchia Griva falls within ca. 24–22 ka cal BP (Kuzmin et al., 2024). 

1.3.4 Lake Kaatsjärv 
We have compiled 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 Kaatsjärv in central Estonia. Lake Kaatsjärv (Figure 3) 
is a small lake in central Estonia (59.1318 N; 25.3141 E) (Figures 1 and 3), surrounded by 
a mixed pine forest. The area of the lake is 1 ha, the elevation is 68.5 m above sea level 
(a.s.l.), and the maximum water depth is 6 m. We selected this lake because of its central 
location in Estonia, the fact that it had not been sampled before, and its potential to 
complement existing palaeoenvironmental records from the region. More detailed 
information on the coring of Kaatsjärv is presented in Paper II. 
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Figure 2. Map showing satellite images of 1) Shestakovo, 2) Krasnoyarskaya Kurya, and 3) Volchia 
Griva sites and their location on a larger map of Eurasia. Basemap: Esri, Maxar, Earthstar 
Geographics, and the GIS User Community. 



20 

Figure 3. Map showing the satellite image of 1) Krüüdneri; 2) Kukemetsa, 3) Puurmani and 4) Lake 
Kaatsjärv sites and their location on a map of Estonia. Basemap: Esri, Maxar, Earthstar 
Geographics, and the GIS User Community. 
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2 Methodology 
2.1  Mammoth sample selection 
For Papers I and III, we took 31 samples from the Laboratory of Mesozoic and Cenozoic 
Continental Ecosystems at Tomsk State University, Russia: 29 samples were from woolly 
mammoths, and two were from a deer and a horse. Samples from the southeast of 
Western Siberia included tooth enamel and tusks. For Paper II, we collected four 
Estonian mammoth tooth samples, two from the Puurmani site (TAM G441:47 and TAM 
G441:48), one from Kukemetsa (KUK) and one from Krüüdneri (KRÜ) sites. The specimens 
were cut using a Dremel 300 drill. All samples were photographed, stored in zip-lock 
bags, and labelled accordingly. In further text, Shestakovo will be referred to as “SH,” 
Krasnoyarskaya Kurya as “KK,” and Volchia Griva as “VG”. 

2.2  Stable isotopes 
The use of stable isotope analysis of skeletal remains in palaeoecology offers several 
significant benefits. It is often the only option available to study the foraging ecology of 
extinct animals (Ben-David & Flaherty, 2012) because we often do not have access to soft 
tissues such as blood, muscle, or hair, which would enable more precise dietary 
reconstructions (Bocherens, 2015). Stable isotopes allow to investigate how individual 
species respond to changes in habitat, food availability, competition, predation and how 
these responses influence reproductive success and survival, emerging population 
dynamics, and community and ecosystem processes (Ben-David & Flaherty, 2012). Stable 
isotope analysis, alongside other methods, can inform modern conservation efforts and 
policy decisions, helping to identify current risks to species by providing detailed 
understanding of past megafaunal extinctions (Ben-David & Flaherty, 2012). Therefore, 
choosing isotopic analysis as the primary method for our research was the most 
appropriate. This method is particularly effective when one has an abundance of teeth 
and bones, and a lack of access to soft tissues. 

Stable isotopic data in this dissertation text is reported as delta value, a per mill 
difference from the international reference standards based on the following formula: 
δ = (Rsample/Rstandard – 1) × 1000.  VSMOW (Vienna Standard Mean Ocean Water) 
standard is used for oxygen, VPDB (Vienna Peedee Belemnite) for carbon and 
atmospheric nitrogen called AIR is used as a standard for nitrogen isotopes.  

2.2.1 Oxygen isotopes 
Oxygen isotopes (general). Several studies (Daniel Bryant et al., 1994, 1996; Genoni et al., 
1998; Iacumin et al., 2004) showed that stable oxygen isotope compositions in mammoth 
enamel, dentin, and bone, provide valuable insights into past climatic conditions. 

The isotopic composition of body water determines the oxygen isotope composition 
of mammalian apatite. In turn, the magnitude and composition of oxygen fluxes influence 
the body water (Longinelli, 1984; Luz et al., 1984). Because the mineralised tissues of 
large mammals form at a near constant body temperature of 37°C, the composition of 
body water causes variability in their apatite’s oxygen isotope composition. The oxygen 
isotope composition of body water is sensitive to the oxygen isotope composition of 
meteoric water, as large mammals obtain most of their water through drinking from 
surface water reservoirs (Daniel Bryant & Froelich, 1995; Longinelli, 1984). In addition, 
annual δ18O mean of precipitation and annual mean surface air temperatures for 
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mid- and high northern latitudes are closely related (Dansgaard, 1964; Rozanski et al., 
1992). As a result, δ18O values obtained from animal tissues reflect temporal changes in 
humidity, aridity, relative air temperature and the climate (Metcalfe, 2017; Tütken et al., 
2007). Because of the connection between the δ18O values of mammal bioapatite 
(δ18Oap) and the ingested meteoric waters (δ18Ow), the δ18O values from mammal 
skeletal remains can be used for palaeoclimatological investigations. 

Oxygen isotopes (study-specific). Oxygen isotope analysis was conducted at the 
Laboratory of Chronology, Finnish Museum of Natural History. The sample preparation 
protocols were also performed at the same laboratory. The oxygen isotope data for both 
phosphate and carbonate are presented as delta values (δ18O) in per mil against to the 
VSMOW standard. Carbonate δ18O values were calibrated to the VSMOW scale using the 
conversion equation: δ18O(VSMOW) = δ18O(VPDB) * 1.03092 + 30.92 (Sharp, 2017). 
Oxygen carbonate results are provided in the Supplementary Data of Paper I. 

2.2.2 Carbon and nitrogen isotopes 
Carbon and nitrogen isotopes (general). Stable carbon and nitrogen isotope compositions 
of mammoth skeletal remains, such as dentin and bone, are used to extract information 
about mammoths’ diet and the surrounding vegetation (Ayliffe et al., 1992; Kohn & Cerling, 
2002). Carbon isotope analysis (δ13C) provides valuable insights into an animal’s dietary 
habits, palaeoecology, and climatic conditions by reflecting the isotopic signatures of 
consumed plants, which, as a result, can help differentiate between C3 and C4 vegetation 
in the diet (Arppe et al., 2011; Fox-Dobbs et al., 2008; Kuitems et al., 2015; Szpak et al., 
2010). Most trees, shrubs, herbs, grasses and sedges use the C₃ photosynthetic pathway 
(the Calvin cycle). These plants usually have δ¹³C values ranging between –35‰ and –22‰, 
with an average of –27‰ (Cerling et al., 1999; O’Leary, 1988). Plants that follow the C₄ 
pathway (the Hatch-Slack cycle), are mostly tropical grasses and some species of sedges. 
Their δ¹³C values range from –15‰ to –10‰, with an average of 13‰. Succulents that 
grow in dry environments use a mechanism called crassulacean acid metabolism (CAM). 
This photosynthetic mechanism combines features of both the C₃ and C₄ pathways, and 
usually plants with CAM type have their δ¹³C values between the other two types. 

Nitrogen isotope analysis (δ15N) is used to reconstruct trophic relationships and detect 
nutritional stress. The δ15N values in bone collagen are directly correlated to the δ15N 
composition of dietary protein (Deniro & Epstein, 1981; Schoeninger & DeNiro, 1984). 
Because nitrogen isotopic composition varies among food sources, analysing δ15N values 
from mammoth remains provides key insights into the dietary preferences of the 
analysed animals and the ecological conditions of the sites where they were found 
(Deniro & Epstein, 1981). The application of δ15N analysis, therefore, contributes to 
understanding trophic structures within past ecosystems and reconstructing dietary 
patterns of extinct herbivores. 

Carbon and nitrogen isotopes (study-specific). Collagen extraction for carbon and 
nitrogen isotope analysis was carried out using the protocol F outlined by Cersoy et al. 
(2017). The extracted collagen was placed in tin foil capsules, packed, and analysed using 
a Thermo-Finnigan Delta V Plus mass spectrometer coupled with a Thermo Flash 1112 
elemental analyser at Tartu University. The mean values and standard deviations (SD) of 
the two replicates for each sample are provided in Table 1, and detailed information for 
each duplicate is available in the Supplementary Data of Paper III. The δ¹³C and δ¹⁵N 
values are reported relative to the “Vienna” equivalent of the Belemnite PeeDee 
Formation (VPDB) and atmospheric nitrogen (AIR) standards, respectively. 
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2.3 Statistical analysis and isotopic data comparison 
The δ¹⁸O isotopic values from Shestakovo, Krasnoyarskaya Kurya, and Volchia Griva were 
compared using statistical methods. The mean values for these three sites were 
calculated as unweighted means. Statistical analysis was performed in Python (version 
3.11.4), using the pandas (McKinney, 2010), NumPy (Harris et al., 2020), and SciPy 
(Virtanen et al., 2020) libraries. The Python code used for these analyses is provided in 
the Supplementary Data. We used the Shapiro-Wilks test to assess the normality of the 
data distribution. Non-parametric Kruskal-Wallis test was applied for non-normally 
distributed data. Differences in carbon and nitrogen 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. The code is available 
in the Supplementary Data. RStudio (version R 3.6.0) was used to test the differences in 
isotopic values between Shestakovo, Krasnoyarskaya Kurya and Volchia Griva. The means 
for the three distinct sites were calculated as averages. 

2.4 Isotopic data processing: calibration equations 
For the mammoth enamel and tusk samples, the calibration equation for elephants 
(Ayliffe et al., 1992) was used to convert δ¹⁸O values of phosphate (δ¹⁸Op) to estimates 
of δ¹⁸O in water (δ¹⁸Ow), under the assumption that mammoths shared broadly similar 
ecological behaviours, dietary patterns, physiological traits, and metabolic rates with 
modern elephants (Haynes, 1991; Olivier, 1982). Previous studies have successfully 
employed this equation to calculate environmental water values (e.g., Arppe & Karhu, 
2010; Tütken et al., 2007)). For the horse sample, the calibration equation for wild horses 
(Delgado Huertas et al., 1995) was applied, and for the deer sample, the calibration 
equation for reindeer (Longinelli et al., 2003) was used. Error calculations and propagation 
for δ¹⁸Ow values followed the formulas outlined in Pryor et al., (2014). 

2.5 Preservation evaluation 
Preservation evaluation (general). Among skeletal tissues, tooth enamel has 
demonstrated the highest resistance to diagenetic alteration and is, therefore, usually a 
preferred material for isotope analysis (Kohn & Cerling, 2002; Metcalfe & Longstaffe, 
2012). Well-preserved specimens of mammoth tusks can also provide highly detailed 
records of both climate fluctuations and individual life histories (e.g. Rowe et al. (2024)). 
However, the preservation and the isotopic integrity of skeletal remains vary largely 
depending on site-specific environmental conditions (J. Lee-Thorp & Sponheimer, 2003). 
Unlike North Siberian permafrost sites, which have yielded well-preserved enamel and 
bone suitable for oxygen isotope analysis (e.g. Arppe et al., (2019); Fox et al., (2007); 
Iacumin et al., (2010)), the sites examined here are not under permafrost conditions. 
Consequently, carefully and methodically assessing the extent of post-depositional 
diagenetic alteration of the materials from permafrost-free sites is necessary.  

In studies of extinct megafauna, the selection of well-preserved samples is 
understandably prioritised, as the quality of preservation directly affects both the accuracy 
of isotopic results and the reliability of subsequent palaeoclimatic interpretations. 
However, in mammoth research, sometimes it is not possible to consistently obtain 
well-preserved samples. Although working with well-preserved material is more 
straightforward, this approach risks excluding significant portions of data, particularly 
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from underrepresented regions such as the ones discussed in this synthesis, the 
southeast of the Western Siberian Plain (SEWS) and the Eastern Baltics. Isotopic data 
from these areas are important for developing a more comprehensive understanding of 
past mammoth-related climatic and ecological conditions across Eurasia, and limiting 
analyses to Arctic Siberia alone, for example, paints only part of the picture. While future 
studies will need to place greater emphasis on assessing preservation in such contexts, 
the potential value of data obtained from less ideal or previously overlooked sites is 
immense. These data can serve as important reference points for both future 
investigations and paleogeographic reconstructions. Our study sties, SEWS and the 
Eastern Baltics differ widely in geographic location and chronology, but they are united 
by their historical “neglect” in isotopic research, largely due to uncertainties surrounding 
the preservation of the discovered mammoth remains. Therefore, regions such as SEWS 
and Eastern Baltics deserve more attention and a willingness to take some risks. Despite 
the additional effort required for preservation assessment and the more cautious 
interpretation of data, it is very important to include such samples in isotopic studies in 
order to achieve a more complete understanding of mammoth paleoecology and the 
environmental dynamics of the late Pleistocene in Eurasia. 

2.5.1 Visual preservation evaluation 
Each selected samples was categorised according to its condition (“very good”, “good”, 
or “acceptable”) based on visual and tactile inspections, paying particular attention to 
the colour and translucence of the enamel, as well as its hardness and brittleness. We 
intentionally selected samples representing the full spectrum of preservation conditions 
at SEWS sites.  When deciding which materials to select for our analysis, we considered 
the typical preservation state of materials from these sites. Photographs of the samples 
are included in the Supplementary Data of Papers I and III.  

2.5.2 Mineral and organic fractions 
Mammoth teeth consist of two fractions: the organic fraction, collagen, and the inorganic 
fraction, which is bioapatite. In this study, oxygen isotopes were extracted from the 
bioapatite (Ca10(PO4)6(OH)2), while carbon and nitrogen isotopes were extracted from 
collagen (C102H152N30O31). Both fractions require thorough preservation evaluation, 
as it is possible that within one sample, one fraction remains intact while the other 
degrades. We used various established methods described below to assess the 
preservation of each fraction. Detailed descriptions of the methodologies can be found 
in Papers I, II, and III. 

δ18O CO₃-PO₄ Equilibrium (mineral fraction). We assessed the preservation of the 
expected equilibrium between the δ18O values of the structural carbonate and phosphate 
components of bioapatite to determine whether the oxygen isotope compositions had 
been altered by diagenetic processes (Daniel Bryant et al., 1996; Iacumin et al., 1996). 
The oxygen isotope composition of the phosphate and structural carbonate within 
bioapatite is formed in isotopic equilibrium, derived from the same oxygen source—body 
water—at a consistent temperature (approximately 37°C for mammals). As a result, 
there is a strong linear relationship between the δ18Op and δ18Oc values (Iacumin et al., 
1996). When plotting δ18Op values against δ18Oc, the data points should align closely 
with the linear relationship line representing well-preserved isotope values, exhibiting a 
mutual offset within the acceptable range of 7.2–10.6‰ (Martin et al., 2008). 
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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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(MacDonald, 2013). Due to their relatively large size and weight, plant macrofossils are 
usually deposited near the parent plant. 

Macrofossil assemblages are interpreted using the ecological tolerances of identified 
taxa, and they often serve as indicators of past environmental conditions. This approach 
is applied in palaeoecological and archaeobotanical contexts, where plant remains may 
be associated with anthropogenic activity rather than natural vegetation (Birks & Birks, 
1980). The ecological interpretation becomes stronger when macrofossil assemblages 
are considered analogues to modern vegetation communities. 

Plant macrofossil analysis becomes more effective when combined with pollen 
analysis as part of a multiproxy approach. While pollen data provide broader regional 
signals, macrofossils often reflect more local vegetation and can give more detailed 
palaeoecological records in case of taxa that are challenging to distinguish using pollen 
analysis such as Larix, Populus, Cupressaceae and Juncus. Furthermore, macrofossils can 
often be identified at a more precise taxonomic level than pollen, which can usually be 
identified to the family or genus level. Therefore, they can offer a deeper insight into 
forest and other vegetational successions (Birks et al., 2000; Birks & Birks, 2003). This 
integrative approach provides a more comprehensive reconstruction of both aquatic and 
terrestrial vegetation histories than either method alone (Aarnes et al., 2012; Eide et al., 
2006; Gaillard & Birks, 2013; Jackson et al., 2014; Waller & Early, 2015). 

Plant macrofossil analysis (study-specific). A total of 35 sediment samples were 
processed to assess plant macrofossil content. The preparation of these samples 
followed the methodology outlined by Birks (2002). Plant macrofossils were identified 
using atlases, reference collections, and pertinent literature (Cappers et al., 2009; Katz 
et al., 1977). 

2.7 Pollen analysis 
Pollen analysis was conducted by Prof. Siim Veski from the Department of Geology at 
Tallinn University of Technology. In total, seven samples were analysed. Pollen 
identification followed the key by Fægri & Iversen (1989) and Beug (2004). A minimum 
of 500 terrestrial pollen grains per sample were counted and identified to the lowest 
possible taxonomic level using pollen identification keys, the reference pollen collection 
at the Department of Geology at Tallinn University of Technology, and additional 
literature sources (Beug, 2004; Reille, 1992). 

Pollen-based vegetation reconstructions were obtained using REVEALS modelling 
performed by Dr. Anneli Poska from the Department of Geology, Tallinn University of 
Technology. Maps and dating calibrations were made by Dr. Jüri Vassiljev from the 
Department of Geology, Tallinn University of Technology. We compiled data from 
27 pollen records and 8 plant macrofossil records from across the region to study 
vegetation changes and reconstruct the habitats of Europe’s last mammoths in Estonia 
and Latvia during the transition from the Pleistocene to the Holocene. All selected sites 
are radiocarbon-dated and provide information on vegetation development between 
14.3 and 11.3 ka cal BP. In addition, the well-dated pollen sequence from the Voka 
section (59.4144 N, 27.5981 E) (Molodkov et al., 2007; Molodkov & Bolikhovskaya, 2022) 
was used to reconstruct pre-LGM land cover for 500-year intervals centred around 33, 
34, 35, 36, and 37 ka cal BP. 
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2.8 Chronological control 
For SEWS, it was not possible to directly radiocarbon date the analysed samples. 
As a results, the temporal framework for the samples was established using the 
chronological data of the geological layers from which the specimens were collected. 
We identified the stratigraphic layers of origin for each sample and used published 
radiocarbon dates to determine the earliest and latest ages within those layers. The age 
range of each sample was then estimated accordingly, while also considering possible 
redeposition affecting the stratigraphy. 

Selected samples from Shestakovo come from geological layers V and VI, which are 
the main bone-bearing horizon of the site. In layer V, four mammoth bone samples were 
dated, and in layer VI, nine samples, including mammoth teeth and bones, horse and 
deer bones, charcoal, and burnt bones, were dated (Derevianko et al., 2000, 2003). 
The chronological boundaries for the selected samples are defined by a mammoth bone 
dated to ca. 27.5 ka cal BP (23,330 ±110 14C yr BP (GrA-13235)), and a mammoth bone 
dated to ca. 26.7 ka cal BP (22,340 ±180 14C yr BP (GrA-13240)). Thus, the estimated age 
range for the Shestakovo samples is approximately 28–27 ka cal BP.  

Krasnoyarskaya Kurya samples were obtained from the middle and lower levels of the 
bone-bearing horizon. Several finds were dated at this site: a mammoth humerus/or 
pelvis (ca. 23.5 ka cal BP (19,670 ±120 14C yr BP (GIN-12876))), an ulna/or humerus 
(ca. 23.8 ka cal BP (19,780 ±180 14C yr BP (GIN-12877))) (Boiko et al., 2005; Maschenko, 
2010) and pelvis (24.3–23.9 ka cal BP (20,020 ±80 14C yr BP (Beta-426078))); Seuru 
et al., 2017). Overall, the age range for samples from Krasnoyarskaya Kurya is within the 
period of ca. 25–23 ka cal BP.  

At Volchia Griva, selected samples come from the lower level of the bone-bearing 
horizon in the central assemblage. The earliest radiocarbon date from charcoal in 
this layer indicates that accumulation at Volchia Griva began around 24 ka cal BP 
(19,790 ±70 ¹⁴C yr BP, RICH-29414.1.1), while the most recent charcoal date suggests the 
end of accumulation occurred around 22 ka cal BP (18,230 ±70 ¹⁴C yr BP, IGANAMS-8485) 
(Kuzmin et al., 2024). Direct radiocarbon dating of the SEWS samples in future research 
would be largely beneficial, as there will be an opportunity to track the changes of 
carbon, nitrogen and oxygen isotopes of the mammoths from SEWS through time. 

For the Eastern Baltics, radiocarbon dates for mammoth samples were taken from 
published literature. Radiocarbon ages for the Puurmani specimens were taken from 
Lõugas et al. (2002), and the information about other dates mammoth samples in the 
Eastern Baltics was taken from Ukkonen et al. (2011), while the dates for the Krüüdneri 
and Kukemetsa samples were provided by Professor Siim Veski of the Department of 
Geology at Tallinn University of Technology. Radiocarbon dates for plant macrofossil 
remains from Kaatsjärv lake were done in the Poznan´ Radiocarbon Laboratory, Poland. 

2.9 Radiocarbon dating 
All radiocarbon dates related to the studied mammoth sites were calibrated using 
OxCal v.4.4.4 (Bronk Ramsey, 2009; Ramsey, 2008) and the InCal20 calibration curve 
(Reimer et al., 2020) and median calibrated years (ka cal BP, were 0 = 1950CE) at 95.4% 
probability were used below/in the discussion.



 

28 

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 Ag3PO4 extraction and δ¹⁸Oc analysis 
(Supplementary Data of Paper I). 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 
–0.009. 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 (r²) 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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Figure 4. The relationship between IRSF values and C/P values. A strong negative correlation 
suggests that the elevated IRSF values are linked to loss of carbonate. 
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3.2 δ¹⁸O Values 
Table 1 presents the isotopic values for all analysed samples. In total, 29 δ¹⁸Oₚ values and 
30 δ¹⁸Oc values were obtained. The range of δ¹⁸Oₚ values across the entire dataset 
spans from +6.9‰ to +11.9‰, while the δ¹⁸Oc values range from +16.3‰ to +22.5‰. 
Specifically, the δ¹⁸Oₚ values for Shestakovo vary from +6.9‰ to +8.8‰, for 
Krasnoyarskaya Kurya from +8.1‰ to +9.8‰, and for Volchia Griva from +8.2‰ to 
+11.9‰. Regarding the carbonate component, δ¹⁸Oc values for Shestakovo range from
+16.3‰ to +17.5‰, for Krasnoyarskaya Kurya from +17.7‰ to +19.1‰, and for Volchia
Griva from +18.7‰ to +22.5‰. 

3.2.1 Oxygen Isotope CO₃-PO₄ Equilibrium (mineral fraction preservation) 
The variation range of Δ¹⁸O CO₃-PO₄ offsets for the entire dataset spans from +7.4‰ to 
+11.7‰, which is the same as the range of Δ¹⁸O CO₃-PO₄ offsets for the Volchia Griva
samples. The samples from Shestakovo and Krasnoyarska Kurya show narrower ranges 
of Δ¹⁸O CO₃-PO₄ offsets, specifically from +8.7‰ to +10.4‰ and from +8.1‰ to +10.1‰, 
respectively (Table 1). Compared to the regression line representing the best fit through 
the modern animal data pairs, 25 samples show Δ¹⁸O CO₃-PO₄ offsets that fall within the 
range suggested by Martin et al. (2008) for good isotopic preservation of samples 
(Figure 5). However, four samples fall outside the envelope defined by well-preserved 
modern sample data, indicating isotopic disequilibrium: VG 23 (Δ¹⁸O CO₃-PO₄ offset 
11.1‰), VG 25 (10.7‰), VG 29 (11.3‰), and VG 33 (11.7‰). These four samples were 
excluded from the dataset used to calculate δ¹⁸Ow values for past ingested environmental 
waters. The quality control data for δ¹⁸Oₚ indicates a reproducibility of approximately 
±0.3‰ for δ¹⁸Oₚ and ±0.2‰ for δ¹⁸Oc. Therefore, it is possible that some of the discarded 
samples (e.g., VG 25) may potentially have intact δ¹⁸Oₚ values. However, for consistency, 
we adhered to the range of +7.2‰ – +10.6‰ (Martin et al., 2008) as the permissible Δ¹⁸O 
CO₃-PO₄ offset range for inclusion. 

After excluding the specimens with disequilibrium offsets, the ranges of δ¹⁸Oₚ values 
remained unchanged. The mean δ¹⁸Oₚ value for all accepted samples is +9.6 ±1.2‰. The 
site-specific mean δ¹⁸Oₚ values for isotopically preserved samples are +7.8 ±0.9‰ for 
Shestakovo, +9.0 ±0.6‰ for Krasnoyarska Kurya, and +10.5 ±0.9‰ for Volchia Griva. 
Statistical analysis revealed that δ¹⁸Oₚ and δ¹⁸Oс values significantly differ among the 
sites (Kruskal-Wallis test, p < 0.05). According to Tukey’s Honestly Significant Difference 
(HSD) test, there is a statistically significant difference in δ¹⁸Oₚ values between the 
Volchia Griva site and both the Krasnoyarska Kurya site (mean difference = 1.1971, 
p < 0.05 for δ¹⁸Oₚ) and the Shestakovo site (mean difference = 2.2704, p < 0.05 for δ¹⁸Oₚ). 
No significant difference in δ¹⁸Oₚ values was observed between the Krasnoyarska Kurya 
and Shestakovo sites (mean difference = –1.0732, p = 0.1517 for δ¹⁸Oₚ). 
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Figure 5. The relationship between oxygen isotope compositions of carbonate (δ18Oc) and phosphate (δ18Op) of bioapatite in mammoth dental samples from SEWS. 
The solid line δ18Oc = 1.037 (±0.026) δ18Op+8.57 (±0.504), with r = 0.98 (p < 0.0001) represents isotopic equilibrium between δ18Oc and δ18Op according to Martin 
et al. (2008), along with the dotted lines representing the upper and lower envelopes for the acceptable range of ẟ18Oc - ẟ18Op offsets from 7.4 to 10.6. In addition 
to the (Martin et al., 2008) dataset, the graph shows 23 mammoth and bison bone samples from northern Siberia with well-preserved isotopic values from (Iacumin 
et al., 2010) to compare with our dataset. 
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3.2.2 δ¹⁸Ow values 
Following the assessment of Δ¹⁸O CO₃-PO₄ offsets, 25 samples were retained to 
reconstruct environmental water δ¹⁸Ow values. This subset of 25 samples will be called 
the “new southeastern West Siberian (SEWS) dataset” in the following sections. The 
reconstructed δ¹⁸Ow values for each sample and reconstruction errors associated with 
them are provided in Table 1. The δ¹⁸Ow values of the horse and deer samples from 
Shestakovo were significantly lower than those of the mammoth specimens from the 
same site. For the purpose of presenting the mean values, only the mammoth specimens 
were used due to the constraints imposed by the error propagation method and to 
ensure comparability between the sites. The mean δ¹⁸Ow value for all accepted 
mammoth samples is –14.6 ±1.1‰ (Table 1). The site-specific mean δ¹⁸Ow values for 
isotopically preserved mammoth samples are –16.6 ±1.6‰ (n = 2) for Shestakovo, 
–15.2 ±1.2‰ (n = 11) for Krasnoyarska Kurya, and –13.6 ±1.0‰ (n = 11) for Volchia Griva
(Table 1). 

3.3  Carbon and nitrogen isotopes 

3.3.1 The preservation of mammoth samples in SEWS and Eastern Baltics 
The collagen yields varied significantly between 0.03% and 53%. Excluding two outliers 
with exceptionally high yields of 40.1% (VG 26) and 53.3% (VG 27), the average yield 
across the entire dataset was 0.5%. These high collagen yield values are likely due to the 
errors made during the weighting process. Despite this variability, sufficient collagen was 
extracted from all samples to obtain reliable IRMS measurements. 

Out of the 29 samples analysed, 13 were excluded from the dataset. Some of the 
rejected samples displayed very low collagen yields, such as KK 60 (0.04%) and VG 22 
(0.03%) (see Supplementary Data of Paper III). The full dataset, including reasons for 
rejection, is available in the Supplementary Data of Paper III. Sixteen samples remained 
in the final dataset, all considered to retain their original isotopic values (Table 1). 

Although the accepted samples had C > 13% and N > 4.8% (Ambrose, 1990), 
well-preserved collagen should typically have nitrogen content ranging from 11% to 17% 
(Ambrose, 1990; Sealy et al., 2014; van Klinken, 1999). Five of the 16 accepted samples 
had N concentrations below 11%. For carbon content, (van Klinken, 1999) reported a 
mean C% of 34.8 ±8.8 in a large collection of well-preserved 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 of the accepted sample met van Klinken's criteria but 
did not reach the higher values proposed by (Ambrose, 1990) and (Sealy et al., 2014). 

The C:N ratios for the accepted and rejected samples varied widely, from 3.3 to 24.3 
(Table 1). Among the accepted samples, the C:N ratios fell within higher end of the 
acceptable range (2.9–3.6) (Ambrose, 1990), with values ranging from 3.3 to 3.6. One of 
the rejected samples, SH 54, had an acceptable C:N ratio of 3.6 but was excluded due to 
extremely low collagen yield (0.07%), decreased C% (16.6%) and N% (5.4%) values, and 
a high δ¹³C value (–18.8‰) compared to other samples from the same site. The remaining 
12 rejected samples exhibited C:N ratios above 3.6, ranging from 3.6 to 24.4, suggesting 
contamination by carbon or loss of nitrogen. The highest C:N ratios were observed in KK 
60 (24.4) and VG 18 (15.9) (see Supplementary Data of Paper III), indicating the presence 
of carbon contamination and/or nitrogen loss. Additionally, KK 60 and VG 18 exhibited 
lower δ¹³C values (–25.6‰ and –23.6‰, respectively) and δ¹⁵N values (+5.4‰ and +5.6‰, 
respectively) than the other samples. 
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Samples TAM G441:47 and TAM G441:48 exhibited C:N ratios of 4.1 and 2.7, 
respectively, which fall outside the generally accepted range. In contrast, the samples 
KRÜ and KUK displayed acceptable C:N ratios of 3.1 and 3.3, respectively. 

3.3.2 δ¹³C and δ¹⁵N Values of SEWS 
The overall ranges of δ¹³C and δ¹⁵N values for both accepted and rejected samples span 
from –25.6‰ to –14.5‰ and from +3‰ to +15‰, respectively (Supplementary Data of 
Paper III). The broad range of δ¹³C values reflects the alteration and contamination 
effects in poorly preserved samples, while the δ¹⁵N range corresponds to taxon-specific 
ecological differences. Amongst the rejected samples, KK 60 and VG 18 exhibited the 
lowest δ¹³C values (–25.6‰ and –23.6‰, respectively) and the lowest δ¹⁵N values for 
mammoth samples (5.4‰ and 5.6‰, respectively). These distinctive δ¹³C and δ¹⁵N values 
were associated with low carbon (C%) values (< 10%) and nitrogen (N%) values (< 1%) 
(Supplementary Data). Additionally, VG 21 exhibited the highest δ¹³C value in the dataset 
(–14.5‰), which was also associated with lower C% (12.03%) and N% (2.07%) values, 
similar to KK 60 and VG 18 (Supplementary Data of Paper III). 

Table 1 presents the δ¹³C and δ¹⁵N values for the accepted samples, along with their 
site-specific ranges, means, and the overall range and mean for the accepted dataset. 
The results of the statistical analysis are provided in Table 1. In summary, the δ¹³C and 
δ¹⁵N values for Shestakovo and Krasnoyarskaya Kurya are similar, while Volchia Griva 
exhibits distinct δ¹³C and δ¹⁵N values. Given the small number of accepted samples from 
Shestakovo and their statistically similar isotopic values compared to Krasnoyarskaya 
Kurya, as well as the relatively close proximity of these two sites, we treated the values 
from Shestakovo and Krasnoyarskaya Kurya as a single dataset for further comparison. 
The combined averages are δ¹³C: –21.1‰ ±0.05 and δ¹⁵N: 8.0‰ ±0.07, while Volchia 
Griva has an average of δ¹³C: –20.3‰ ±0.06 and δ¹⁵N: 13.2‰ ±0.06. The average values 
and standard deviations for Shestakovo and Krasnoyarskaya Kurya exclude SH 53, as it is 
a horse molar. 

3.3.3 δ¹³C and δ¹⁵N Values of Eastern Baltics 
KRÜ yielded a δ¹⁵N value of +9.8‰ and a δ¹³C value of −21.1‰; KUK had a δ¹⁵N value 
of +10.1 ±0.02‰ and a δ¹³C value of −20.6 ±0.05‰; TAM G441:47 yielded a δ¹⁵N value 
of +7.4 ±0.09‰ and a δ¹³C value of −20.2 ±0.4‰. TAM G441:48 had a δ¹⁵N value of 
+6.5 ±0.9‰ and a δ¹³C value of −21.2 ±0.9‰.
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Table 1. Studied SEWS mammoth samples with oxygen isotope and FTIR results. M in the table stands for Mammoth, H for Horse, D for Deer. Orange colour shows 
the values of the inorganic fraction outside of the acceptable range, pink colour shows the values of the organic fraction outside of the acceptable range, green colour 
shows that the samples have been accepted, red colour shows that the samples has been rejected. The IDs of samples rejected from both datasets used for 
paleoclimatic reconstruction are shown in square brackets and separated from the accepted dataset with a line. The calculated ẟ18Ow values (see Methods for 
equations) are given with the associated reconstruction error based on (Pryor et al., 2014). FTIR indices (C/P and IRSF) that fall out of the acceptable range 
recommended by (France et al., 2020) are shown in italics. VG 18 and 30 failed to yield any Ag3PO4 crystal. 

Sample ID Tissue 
type 

Visual 
inspection 

C/P IRSF δ18Op 
(VSMOW, ‰) 

δ18Oc 
(VSMOW, ‰)  

Δ18O 
CO3-
PO4 

δ18Ow  δ15N (‰, AIR) ± SD δ13C (‰, V-PDB) C:N Paper I | Paper III 

SH 53 H enamel Acceptable 0.155 3.42 +8.8 ± 0.09 +17.5 +8.7 - 19.4 ± 
2.9 

+3.0 ± 0.02 -20.3 3.6 

SH 54 D enamel Acceptable 0.109 3.648 +7.4 ± 0.03 +16.3 ± 0.20 +8.9 - 21.4 ± 
2.7 

+6.4 ± 0.13 -18.8 ± 0.24 3.4 Low 
collagen 

yield 
SH 55 M enamel Good 0.079 4.155 +6.9 ± 0.08 +17.3 +10.4 -17.4 ±

2.0 
+6.1 ± 0.04 -21.0 ± 0.01 3.4 

SH 56 M enamel Good 0.132 3.508 +8.6 ± 0.03 +17.5 ± 0.21 +8.9 -15.6 ±
1.8 

+8.8 ± 0.09 -20.5 ± 0.06 3.4 

Min. +6.9 +16.3 +8.7 - 21.4 +6.1 (mammoth) -21.0 (mammoth) 

Max. +8.8 +17.5 +10.4 -15.6 +8.8 (mammoth) -20.5 (mammoth) 

Average +7.8 +17.4 +9.7 -16.5 +7.5 (mammoth) -20.7 (mammoth) 

KK 57 M enamel Good 0.105 3.891 +8.5 ± 0.14 +18.4 ± 0.03 +9.9 -15.7 ± 
1.8 

+8.3 ± 0.01 -20.1 ± 0.11 3.6 

KK 58 M enamel Good 0.107 4.023 +9.6 ± 0.55 +18.9 ± 0.17 +9.3 -14.6 ± 
1.8 

+7.8 ± 0.02 -21.4 ± 0.12 3.5 

KK 59 M enamel Good 0.097 4.348 +8.3 ± 0.02 +18.1 ± 0.05 +9.8 -16.0 ±
1.9 

+8.6 ± 0.17 -21.5 ± 0.06 3.4 

KK 60 M tusk Acceptable 0.094 3.927 +9.0 ± 0.22 +18.1 ± 0.14 +9.1 -15.2 ± 
1.8 

+5.4 -25.6 24.4 Low 
collagen 

yield + C:N + 
C% + N% 

KK 61 M tusk Acceptable 0.091 4.475 9.4 +18.1 ± 0.17 +8.7 -14.8 +7.1 ± 0.02 -21.9 ± 0.0 3.6 

KK 62 M enamel Good 0.118 3.775 +8.1 ± 0.13 +17.7 ± 0.05 +9.6 -16.2 ± 
1.9 

- - - No δ15N and 
δ13C values 

KK 63 M enamel Good 0.101 3.962 +9.0 ± 0.12 +18.4 ± 0.26 +9.4 -15.2 ± 
1.8 

+8.0 ± 0.26 -21.9 ± 0.03 4.6 
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KK 64 M enamel Very good 0.088 3.561 +9.3 ± 0.04 +18.9 +9.6 -14.9 ± 
1.8 

+9.4 ± 0.12 -21.1 ± 0.01 3.3 

KK 65 M tusk Very good 0.05 5.184 +9.8 ± 0.14 +17.9 +8.1 -14.4 ± 
1.8 

+8.1 ± 0.08 -21.6 ± 0.03 3.3 

KK 66 M tusk Acceptable 0.032 5.223 +9.0 ± 0.21 +19.1 ± 0.19 +10.1 -15.2 ± 
1.8 

- - - 

Min. +8.1 +17.7 +8.1 -16.2 +7.1 -21.9   

Max. +9.8 +19.1 +10.1 -14.4 +9.4 -20.1 

Average +9.0 +18.4 +9.4 -15.2 +8.2 -21.3 

VG 16 M enamel Acceptable 0.083 3.917 +9.5 ± 0.03 +20.0 +10.5 -14.7 ±
1.8 

+12.6 ± 0.06 -20.8 ± 0.04 3.3 

VG 17 M enamel Acceptable 0.117 4.236 +11.9 ± 0.02 +19.3 +7.4 -12.1 ±
1.6 

+14.0 ± 0.17 -21.0 ± 0.54 5.4 Elevated 
C:N 

VG 19 M tusk Acceptable 0.054 5.678 +10.6 ± 0.05 +20.4 +9.8 -13.5 ±
1.7 

+11.4 ± 0.21 -18.4 ± 0.04 9.3 Elevated 
C:N 

VG 20 M tusk Acceptable 0.091 5.034 +8.7 ± 0.13 +18.9 +10.2 -15.5 ± 
1.8 

+11.5 -22.7 ± 1.40 5.6 Elevated 
C:N + C% + 

N% 
VG 22 M enamel Good 0.153 3.406 +10.2 +20.1 +9.9 -13.9 +13.1 ± 0.18 -15.5 ± 0.59 5.6 Low 

collagen 
yield + 

elevated 
C:N + N% 

VG 24 M enamel Acceptable 0.114 3.801 +10.4 ± 0.21 +18.7 ± 0.07 +8.7 -13.7 ± 
1.7 

+14.9 ± 0.08 -19.0 ± 0.08 3.7 Low 
collagen 
yield + 

elevated 
C:N 

VG 26 M enamel Very good 0.084 4.068 +10.6 ± 0.08 +20.6 ± 0.10 +10 -13.5 ± 
1.7 

+14.9 ± 0.03 -19.0 ± 0.23 3.5 

VG 28 M tusk Very good 0.054 4.931 +10.6 ± 0.03 +20.4 ± 0.05 +9.8 -13.5 ± 
1.7 

+15.0 -19.4 6.5 Low 
collagen 
yield + 

elevated 
C:N + N% 

VG 31 M enamel Acceptable 0.069 4.446 +11.3 ± 0.51 +20.2 ± 0.13 +8.9 -12.8 ± 
1.7 

+11.3 ± 0.02 -20.5   ± 0.0 3.4 

VG 32 M enamel Acceptable 0.088 4.382 +11.7 ± 0.48 +21.7 ± 0.20 +10.0 -12.3 ± 
1.6 

+11.8 ± 0.07 -20.6 ± 0.10 3.5 

VG 34 M enamel Acceptable - - +9.9 +20.3 ± 0.21 +10.4 -14.3 +14.0 ± 0.13 -20.8 ± 0.04 3.3 
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Min. +8.7 +18.7 +7.4 -15.5 +11.3 -20.9 

Max. +11.9 +21.7 +10.5 -12.1 +14.9 -19.0 

Average +10.5 +20.1 +9.6 -13.6 +13.2 -20.3 

[VG 18] M tusk Acceptable -0.009 8.058 - +22.2 - - +5.6 ± 1.79 -23.6 ± 0.03 15.9 Disequilibrium Elevated 
C:N + C% + 

N% 
[VG 23] M enamel Good 0.161 3.627 +11.4 +22.5 +11.1 - +12.6 ± 0.02 -20.0 ± 0.09 3.8 Disequilibrium Low 

collagen 
yield + 

elevated 
C:N 

[VG 25] M enamel Good 0.133 3.258 +8.9 +19.6 +10.7 - - - - Disequilibrium No δ15N and 
δ13C values 

[VG 29] M tusk Good 0.036 5.492 +9.3 ± 0.13 +20.6 +11.3 - - - - Disequilibrium No δ15N and 
δ13C values 

[VG 30] M enamel Good 0.624 3.672 - - - - +14.5 ± 0.16 -19.6 ± 0.14 4.0 Disequilibrium Low 
collagen 
yield + 

elevated 
C:N 

[VG 33] M enamel Acceptable - - +8.2 ±0.09 +19.9 +11.7 - +13.3 -20.7 3.4 Disequilibrium Low 
collagen 

yield 
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3.4  Land cover reconstruction 
Maps illustrating land cover proportions based on pollen data and plant macrofossil 
presence/absence were made for Estonia and Latvia, depicting open (represented by 
herbs and shrubs) and forested (represented by tree taxa) land cover across three 
distinct time periods: GI-1 (14.6–12.85 ka cal BP), GS-1 (12.85–11.7 ka cal BP), and EH 
(11.7–11.3 ka cal BP) (Figure 6). 

GI-1 (14.6–12.85 ka cal BP) (Figure 6). During this period, the Baltic Ice Lake covered 
half of Estonia, with its northern boundary defined by the glacier (Rosentau et al., 2009; 
Vassiljev & Saarse, 2013). The dominant vegetation consisted primarily of herbaceous 
plants, indicating a cold, open environment with limited tree cover. Pollen data show the 
presence of trees in northern and southern Estonia and central Latvia. In contrast, plant 
macrofossils suggest predominantly open landscapes with no tree cover in central and 
northern Estonia, and a mixture of open and forested areas in southern Estonia and 
central Latvia. 

GS-1 (12.85–11.7 ka cal BP) (Figure 6). Pollen data show a decline in forest cover 
across central Estonia, resulting in an open landscape, while northern and southern 
Estonia retained some tree cover. Plant macrofossils support the dominance of open 
landscapes in Estonia, with trees present only in central Latvia. 

EH (11.7–11.3 ka cal BP) (Figure 6). Pollen data indicate a predominantly open 
landscape in eastern Estonia, while forests dominated the northern, western, and 
southern regions of Estonia and southern Latvia. Plant macrofossil evidence shows the 
establishment of trees in northern Estonia and their continued presence in central Latvia, 
whereas in central and southern Estonia, trees began to establish during this period. 
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Figure 6. 1) Scheme illustrating the “Voka” stage in Estonia. The scheme is designed based on the pollen analysis done by Molodkov et al., (2007); Molodkov & 
Bolikhovskaya, (2022) and the isotopic analysis of mammoth tusks from Krüüdneri and Kukemetsa in Paper II. 2) Scheme of the GI-1 stage in Estonia. The scheme 
is designed based on the landcover reconstruction in Paper II, the timing of the ice marginal zones after Rosentau et al., (2009); Vassiljev & Saarse, (2013) and 
supported by Amon et al., (2012); Veski et al., (2012). 3) Scheme of the Younger Dryas stage in Estonia. The scheme is designed based on the landcover reconstruction 
in Paper II and supported by (Amon et al., 2012; Veski et al., 2012). 4) Scheme of the Early Holocene stage in Estonia. The scheme is designed based on the landcover 
reconstruction in Paper II and supported by Amon et al., (2012); Veski et al., (2012). 
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4 Discussion 
4.1  Sample preservation 
Compared to samples from high northern latitudes buried in permafrost conditions 
(Kohn and Cerling, 2002; Metcalfe and Longstaffe, 2012), the SEWS samples have poorer 
preservation overall. Notably, tusks from Krasnoyarskaya Kurya and Volchia Griva 
showed signs of carbonate loss and accompanying structural changes based on the 
elevated IRSF values and low C/P ratios. Nevertheless, the majority of their ẟ18O values 
have remained intact and can be used for palaeoclimatic reconstructions. 

Low collagen yields in the studied material suggest that collagen loss occurred, which 
is common for subfossil finds and which can serve as a sign of general degradation 
(van Klinken, 1999). The samples from all three SEWS sites may have degraded. In Paper I, 
we suggested that microbial heterotrophy potentially compromised the oxygen isotope 
integrity of the mineral part of some of the samples, and we also suggest that the same 
factor could have contributed to collagen deterioration as well. Moreover, the formation 
conditions of Volchia Griva, which included shifts between dry and wet phases 
(Leshchinskiy, 2018), could also create an environment favourable for the physical 
deterioration of the samples. It should be noted, however, that low collagen yields do 
not definitively suggest interactions with exogenous molecules, and the fact that 
degradation occurred does not mean that the isotopic integrity has also been 
compromised (van Klinken, 1999). 

The preservation of the mammoth tooth samples from the Eastern Baltics was not 
ideal as well. While based on the oxygen isotopic results, the mineral fraction of the 
Puurmani seems to have remained intact (see Arppe & Karhu, (2010)), the C% and N% 
values and the C:N ratio of the samples from both Puurmani mammoth samples 
indicated that the organic part is 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. 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 as well as 14C dating.  

Paper I established that the inorganic fraction of most samples from Shestakovo, 
Krasnoyarskaya Kurya and Volchia Griva is intact. Nevertheless, some tusk and enamel 
samples showed signs of post-depositional isotopic and chemical alteration. Specifically, 
tusks from Krasnoyarskaya Kurya and Volchia Griva experienced carbonate loss and 
structural changes based on the elevated IRSF values and lower C/P ratios (France et al., 
2020).  Unfortunately, we were unable to establish the exact cause of the loss, because 
it could have been due to a combination of site-specific conditions and sample 
pretreatment methods. 

We compared the preservation assessment results of the mineral fraction from Paper I 
with our evaluation of the organic fraction to determine whether there is a connection 
between the alteration of the mineral and organic components in our samples 
(Supplementary Data of Paper III). While we did not find any direct correlation, we did 
nevertheless notice that presentation visually estimated as poor is more strongly 
associated with the deterioration of the collagen, than with the mineral component at 
the SEWS sites. We also compared collagen quality control (QC) parameters with the 
elevated Infrared Splitting Factor (IRSF) values to see whether there is any clear 
relationship between the two factors, but we did not find any. For instance, the samples 
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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 III, 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 δ¹⁸O 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 III). 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 δ18Ow for the SEWS sites is −14.6‰. According to the Online 
Isotopes in precipitation calculator (OIPC 3.1; Bowen & Revenaugh (2003)) and to a lesser 
extent the IAEA records (−14.6‰; GNIP, Novosibirsk meteorological station, year 1991), 
the present-day mean annual δ18Ow values at all three sites are similar to mean value of 
−14.6 ‰ calculated for the LGM. Thus, we did not observe the changes in the ẟ18Ow 
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. 

ẟ18Ow values increase from the deposition of the bone-bearing layer at SH  
(ca. 28–27 ka cal BP) with lower ẟ18Ow values to those of Volchia Griva (24–22 ka cal BP). 
According to the studies of the present day patterns of ẟ18Ow 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 δ18Ow of annual precipitation in Russia, however,  
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the wintertime ẟ18Ow-T correlation is the main driving factor behind this correlation. 
Therefore, if during glacial times, the same relationship between ẟ18Ow and temperature 
existed, the SEWS δ18Ow values likely reflect changes in winter air temperatures in 
particular and the climate warming in the region overall. 

LGM is not represented in the previous ẟ18Ow records for the southeast of Western 
Siberia (Genoni et al., 1998), and the only reference values suitable for comparison with 
SEWS consist primarily of reindeer samples and are from the post-LGM time: Afontova 
Gora II site with an average δ18Ow value of −13.6‰ (17.2–15.5 ka cal BP) and one 
reindeer bone sample from the Listvenka site of −12.7‰ (16.2 ka cal BP) (Figure 4; 
Genoni et al., 1998). Compared to these values, the mean δ18Ow values at Shestakovo 
and Krasnoyarskaya Kurya are lower, but the Volchia Griva’s site-specific mean of 
−13.6 ±1 ‰ is similar to them. Since material from Volchia Griva is from the youngest
layer analysed (ca. 24–22 ka cal PB), the similarity of Volchia Griva’s mean value to that 
of post-LGM records supports the hypothesis of the temporal development of the 
climate in the region. 

The nearest ẟ18Ow LGM records are in the European Plain at a similar low latitude to 
that of the SEWS: in Khotylovo (29.2 ka cal BP); −11.6‰) and Avdeevo (27 ka cal BP; 
−11.8‰) (Figure 7; Genoni et al., 1998), which have a mean glacial δ18Ow value of
−11.6‰. The mean δ18Ow values for Shetaskovo, Krasnoyarska Kurya and Volchia Griva
during LGM were lower compared to those from the European Plain, which is consistent 
with the present-day pattern of ẟ18O values of precipitation over Eurasia: according to 
(OIPC 3.1; Bowen and Revenaugh, 2003), the modern mean ẟ18O precipitation values in 
SEWS (−14.6‰) are 4.6‰ lower than the annual mean ẟ18O precipitation values for the 
European plain: −10.0‰ (Figure 7). Paper I explains that such a difference between the 
mean ẟ18Ow values of the southeast of Western Siberia and the European plain shows 
that there was a similar gradient of the depletion of ẟ18O in precipitation over Eurasia at 
this latitude and that the “continental effect” during LGM was similar to present (Rozanski 
et al., 1993).  

The outcomes of Paper I align with results from previous studies, such as those by 
Genoni et al. (1998) and Szpak et al. (2010). For example, Szpak et al. (2010) suggested 
that mammoths were able to cope well with the extreme climatic conditions of the LGM. 
This interpretation is further supported by the phylogeographic analyses conducted by 
(Debruyne et al., 2008), which indicated that the LGM had only a minimal effect on the 
overall genetic diversity of high-latitude mammoth populations in Eurasia and North 
America. 
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Figure 7. Comparison of δ18Ow values reconstructed bioapatite δ18Op values from two low-latitude areas in Eurasia: the southeast of Western Siberia based on the 
new SEWS dataset as well as data from (Genoni et al., 1998) for Afontova Gora (AG II) and Listvenka; and sites of the European plain (Genoni et al., 1998). Box and 
whisker statistics are drawn for all data with finite calibrated dates from published sources. The numbers next to the boxes and datapoints refer to calendar years in 
ka cal BP. Horizontal dashed lines represent the regions' present-day level of δ18O values in precipitation.
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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 δ13C 
(–21.7 ±0.6‰; n = 82) and δ15N (9.0 ±1.8‰; 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 δ¹³C values of the SH+KK dataset (−21.1‰) and the Northern Siberian 
dataset (−21.7‰) (Figure 8) suggest that the diet of mammoths in both regions consisted 
predominantly of C3 plants (Ambrose & DeNiro, 1986; van der Merwe, 1982), the average 
δ¹³C value from the SH+KK dataset is higher than the Northern Siberian dataset by 0.6‰, 
whereas the δ15N average value from the SH+KK dataset is 1.3‰ lower (Figure 8 and 
Table 1). 

A pattern similar to the one with SH+KK site mammoths having higher δ13C values and 
lower δ15N values compared to Northern Siberia, has been reported by Szpak et al., (2010), 
where the authors compared the δ13C and δ15N values of Late Pleistocene woolly 
mammoths in Eastern Beringia (Alaska and Yukon) with Western Beringia (i.e. Northern 
Siberia). Because higher δ¹³C and δ¹⁵N values are often linked to more arid climatic 
conditions and higher temperatures (Amundson et al., 2003; Craine et al., 2009;  
Gröcke et al., 1997; Heaton, 1987; Kohn, 2010; Sealy et al., 1987; Wooller et al., 2021),  
the pattern of lower δ15N and a higher δ13C contradicts this notion. According to Szpak 
et al. (2010), the explanation of the contrasting δ¹³C/δ15N responses could lie in more 
arid conditions being the main driver behind higher δ15N values in Northern Siberian 
mammoths. They also suggests that variations in high arctic δ¹³C 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 III suggested that the contrasting δ¹³C/δ15N responses may be explained by the 
environmental threshold points: plant δ¹⁵N 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 δ15N 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 δ¹³C 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 III 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 δ¹⁵N 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 δ¹⁵N values 
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of herbivores may be elevated due to microbial recycling of nitrogen in the digestive tract 
(Sealy et al., 1987) or water saving mechanisms increasing the urea concentration of 
urine (Ambrose & DeNiro, 1986). While there is a lack of consensus on how animal 
metabolic processing influences the δ15N tissue (Sponheimer et al., 2003), it is nevertheless 
plausible that some of the nitrogen-conserving mechanisms mentioned above in the text 
were more commonly used by the Northern Siberian mammoths, resulting in their higher 
δ¹⁵N values. In summary, the isotopic differences between mammoth populations in 
Southeast Western Siberia and Northern Siberia can be explained by the differences in 
regional vegetation, climate, and physiological adaptations.
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Figure 8. Comparison between the δ13C and δ¹⁵N values between the SH+KK, Volchia Griva and the Northern Siberian Dataset (Arppe et al., 2019; Iacumin et al., 2010; 
Szpak et al., 2010).
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4.2.1 Unusual carbon and nitrogen isotopic values from Volchia Griva 
In support of the aridity-related interpretation of the δ¹⁵N data from Volchia Griva, 
the elevated δ¹³C values suggest that the mammoths found there came to the area from 
a more arid environment, whereas their counterparts in Northern Siberia or at 
Shestakovo and Krasnoyarskaya Kurya came to those sites from more northern regions. 
This hypothesis is supported by the palynological analysis from Volchia Griva 
(Leshchinskiy & Burkanova, 2022), which showed an aridisation of the climate since the 
site's formation. The soil salinity at Volchia Griva could also contributed to the elevated 
δ¹³C values (for review see van Groenigen & van Kessel (2002)). In addition, mammoths 
found at Volchia Griva could have supplemented their diet with C4 plants in addition to 
the regular diet composed of C3 plants: the geographical location of Volchia Griva is 
within the natural area of distribution of certain C4 taxa, such as which are well adapted 
to saline and ruderal environments (Rakhmankulova et al., 2019; Sukhorukov et al., 
2022). Pollen analysis from Volchia Griva supports the presence of such taxa at Volchia 
Griva: for the investigated period of 24–22 ka cal BP, Leshchinskiy & Burkanova (2022) 
showed the presence of Chenopodiacea, Poaceae and Asteracea pollen, families that 
have species that utilise the C4-type photosynthesis (Sage, 2017). 

Abnormally high δ15N values of mammoths from Volchia Griva occupy a unique niche 
among the published isotopic records of mammoth sites globally. There are very few 
published samples with δ15N values similar to the ones in Volchia Griva’s range of 
11–15‰ (e.g. Arppe et al., (2019); Bocherens et al., (1996); Iacumin et al., (2000); 
Kirillova et al., (2023); Metcalfe & Longstaffe, (2012); Szpak et al., (2010)). We suggest 
several potential factors that could have led to such high δ15N values: large animal dung 
accumulating at mineral oases like Volchia Griva could increase plant δ15N values 
(e.g. Szpak (2014)). Coprophagy, a common behaviour amongst mammoths, could 
elevate δ15N values in their tissues (Clementz et al., 2009; Kuitems et al., 2015; van Geel 
et al., 2008, 2011). In addition, local soils at Volchia Griva are heavily salinised, which 
would result in high δ15N values in local plants and, by extension, in local mammoths’ 
tissues. 

4.3  Eastern Baltics 
Here, it is useful to shift the focus away from the southeast of Western Siberia (SEWS), 
as our investigation in the Eastern Baltic presents a different perspective on the 
mammoth history, because the investigated time period is much closer to the species’ 
eventual disappearance in Europe. 

Rapid landcover change and afforestation is considered to have largely contributed to 
the extinction of herbivorous megafauna in northern Europe at the end of the 
Pleistocene, with mammoths persisting mainly during colder stadials of post-LGM (GS-2 
and GS-1) and disappearing in warmer intervals (GI-1) (Ukkonen et al., 2011). Such 
observation is in agreement with the results of Paper II and raises the question of 
whether a similar pattern could be observed during the earlier time periods (Veski et al., 
2015). Unlike the numerous pre-LGM mammoth finds in the Eastern Baltics, well-dated 
sediment sequences for the period of 50–27 ka cal BP suitable for biostratigraphic 
analysis are rare in the region. To date, only the Voka site in northeastern Estonia, 
dated to 38–32 ka cal BP, provides a reliable pollen-based record for this period 
(Molodkov et al., 2007; Molodkov & Bolikhovskaya, 2022). The reconstructions from the 
pre-LGM Voka site and the GS-1 stadial show that the environment was dominated by 
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dry steppe-tundra, rich in forbs, with the presence of Cyperaceae, Artemisia, and 
Chenopodiaceae. Such landcover composition indicates that the mammoths had plenty 
of food sources to graze on (Guthrie, 2001). Comparison between the “Voka” stage 
(period of 39–32 ka cal BP) and the GS-1 stadial periods shows that while the landcover 
was relatively stable during pre-LGM, the post-LGM landcover was more dynamic, and 
the animals may have struggled to adapt to the rapid climate change-induced changes. 
Climate warming at the beginning of the Holocene brought tree cover expansion and the 
disappearance of dry steppe with tundra-like open herb communities suitable for 
mammoths. Plant macrofossils 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 during 11.3–11.7 ka cal BP. Nitrogen 
isotopes obtained from Puurmani mammoth samples suggest that, in contrast to the 
mammoths that inhabited the Eastern Baltics during pre-LGM, post-LGM mammoths in 
Estonia probably had a more nitrogen-deprived diet, which aligns well with the decline 
of nutrient-rich herb-dominated communities and overall expansion of forests. 

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 Baltics. 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. 

4.4  Comparison with published records 
On a broader regional and chronological scale, there is an opportunity to compare the 
new carbon and nitrogen isotope data from SEWS and the Eastern Baltics to previously 
published datasets from other regions to place our results within the context of existing 
records. The comparative datasets and radiocarbon dates were taken from the following 
publications: (Arppe et al., 2019; Barbieri et al., 2008; Bocherens et al., 1994; Debruyne 
et al., 2008; Drucker et al., 2018; Grigoriev et al., 2017; Iacumin et al., 2000, 2010; Lõugas 
et al., 2002; Mann et al., 2013; Metcalfe et al., 2016; Orlova et al., 2004; Seuru et al., 
2017; Szpak et al., 2010). All published carbon and nitrogen isotopic data were divided 
into wider geographic regions: “Eastern Baltics”, “Siberia, West” (including all published 
carbon and nitrogen isotopic data west of 127°E meridian), “Siberia, East” (including all 
published carbon and nitrogen isotopic data east of 127 meridian), “East Beringia”, 
“SEWS”, “European Plain” (Figures 1 and 9; Table 2) and into three time periods: 
pre-LGM (before 27 ka cal BP), LGM (27–23 ka cal BP), and post-LGM (after 23 ka cal BP 
until 11. 7 ka cal BP) (Figure 9 and Table 2). We reported that nitrogen isotope values 
from Volchia Griva are among the highest reported to date in Paper III and above in the 
text, and Figure 9 shows how Volchia Griva stands out amongst other published isotopic 
records. Additionally, nitrogen and carbon values from Estonia and Eastern Beringia 
cluster closely together in the post-LGM period. This pattern may be explained by the 
increased wetness in both regions during post-LGM. For Eastern Beringia, this is 
confirmed by Szpak et al. (2010) and Wang et al. (2021), while in Eastern Baltics it is 
confirmed by the outcomes of Paper II. In general, Figure 9 shows that nitrogen values 
decrease in milder climates during the post-LGM. Although the comparative isotopic data 
available for nearby regions are sparse, and the closest comparable datasets are located 
thousands of kilometres away, this dissertation presents a new and substantial dataset 
from regions of the Eurasian mammoth steppe with scarce prior paleoenvironmental 
records, with extra attention given to sample preservation. Future research efforts in 
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southeastern Western Siberia will expand our understanding of the environmental and 
ecological dynamics of SEWS during the LGM. 

Our study in the Eastern Baltics demonstrates that in regions where mammoth 
remains are rare and their geological and taphonomic context is largely lost, vegetation 
reconstructions based on pollen and plant macrofossil analysis can effectively 
complement carbon and nitrogen isotope studies. Isotopic evidence shows that the 
depleted δ¹⁵N values observed in post-LGM mammoth samples from Estonia are 
consistent with those found in other European mammoth populations from the same 
period, indicating that these animals likely experienced a nitrogen-deficient diet. This 
pattern corresponds with the decline of herb-rich vegetation and the expansion of tree 
species less suitable for large herbivores. 

Table 2. The average carbon and nitrogen isotopic values for three time periods: pre-LGM (before 
27 ka cal BP), LGM (27–23 ka cal BP), and post-LGM (after 23 ka cal BP until 11. 7 ka cal BP and for 
Eastern Baltics, Siberia, West, Siberia, East, East Beringia, SEWS, European Plain. The comparative 
datasets and radiocarbon dates were taken from the following publications: Szpak et al. 2010, 
Iacumin et al. 2000, Arppe et al., 2019, Iacumin et al. 2010, Barbieri et al. 2008, Debruyne et al. 
2008, Grigoriev et al. 2017, Mann et al. 2013, Bocherens et al. 1994, Metcalfe et al. 2016, Seuru  
et al. 2017, Lanoë et al. 2017, Drucker et al. 2018, Drucker et al. 2014, Orlova et al. 2004, Lõugas 
et al., 2002. 

δ13C (‰) ± SD 
Region Pre-LGM LGM Post-LGM 

Eastern Baltics –20.9±0.3 - –20.7±0.5
Siberia, West –21.9±0.5 –20.9±0.0 –21.7±0.6
Siberia, East –21.8±0.5 –21.8±0.3 –21.5±0.5
East Beringia –20.9±0.4 –21.1±0.2 –20.8±0.3

European Plain –20.0±0.2 - –20.3±0.3
SEWS - –20.7±0.6 –21.0±0.2

δ15N (‰) ± SD 
Region Pre-LGM LGM Post-LGM 

Eastern Baltics +10.0±0.1 - +7.0±0.5
Siberia, West +9.0±1.3 +9.0±0.1 +9.5±1.1
Siberia, East +9.2±1.2 +8.8±0.9 +9.1±1.7
East Beringia +7.3±1.0 +9.0±1.1 +7.1±1.0

European Plain +9.5±0.4 - +5.5±1.5
SEWS - +11.1±2.7 +5.0±0.5
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Figure 9.  Comparison between the δ13C values and δ15N values of Eastern Baltics, Siberia, West, Siberia, East, East Beringia, SEWS, European Plain for three time 
periods: pre-LGM (before 27 ka cal BP), LGM (27–23 ka cal BP), and post-LGM (after 23 ka cal BP until 11. 7 ka cal BP.
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In conclusion, although the two regions examined in this study—the southeast of the 
Western Siberian Plain and the Eastern Baltic—are geographically distant, they are 
connected by a shared history of being overlooked in isotopic research due to 
uncertainties regarding the preservation state of mammoth remains. The sites of SEWS 
and Eastern Baltics present challenges related to both context and preservation. 
Krasnoyarskaya Kurya has experienced looting in the past (Seuru et al., 2017), and Volchia 
Griva, despite being known since the 1950s and subjected to multiple expeditions, has also 
seen significant material loss (prof. Sergey Leshchinskiy, pers. comm.). Moreover, these 
sites are outside the permafrost zone and far from better-documented regions, 
complicating comparisons with existing datasets. Despite these challenges, this research 
took a deliberate risk in investigating samples from these underrepresented regions and 
from the LGM, a time period for which isotopic records in Northern Hemisphere are 
notably limited. Acknowledging the inherent difficulties, particularly regarding 
preservation, we applied rigorous evaluation methods, including the use of ATR-FTIR in 
Paper I—an approach rarely applied to evaluate enamel samples of Pleistocene age, as 
enamel is viewed as a generally well-preserved material. Ultimately, this study 
demonstrates that, with careful selection and assessment, materials from these regions 
can yield valuable and reliable data. It is our hope that this work will encourage future 
researchers to direct more attention to such sites and to further explore their potential 
through isotopic analysis. 
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5 Conclusions 
This dissertation investigates the significant isotopic potential of mammoth remains from 
two regions that are currently underrepresented in isotopic studies: the three largest late 
Pleistocene sites or mammoth "cemeteries" in the southeast of the West Siberian Plain 
(SEWS) (Shestakovo, Krasnoyarskaya Kurya, and Volchia Griva), and the Eastern Baltics. 
Although substantial isotopic research has been conducted on remains from permafrost 
areas in Northern Siberia and Beringia, data from non-permafrost regions such as SEWS 
and the Eastern Baltics are still scarce. 

Over the course of the PhD project, we combined stable oxygen, carbon, and nitrogen 
isotope analysis with pollen and plant macrofossils to reconstruct environmental 
conditions and mammoth diets in non-permafrost contexts. A total of 31 samples from 
the SEWS mammoth sites were selected and examined. The analysed specimens date to 
27.5–22 ka cal BP, covering the peak of the LGM in the region. Additionally, four 
mammoth tooth samples from Estonia—including two from the youngest known 
mammoth remains in Europe—were analysed for carbon and nitrogen isotopes. Special 
effort was put into assessing the preservation of skeletal material, using δ¹⁸O equilibrium 
testing and ATR-FTIR spectroscopy for bioapatite, and C:N ratios, collagen yield, and 
elemental composition to evaluate collagen preservation. ATR-FTIR spectroscopy is not 
commonly used in mammoth studies, and integrating this method to provide valuable 
information about post-depositional changes in the samples was an experimental step. 

The preservation assessment, one of key focuses of the project, revealed that both 
the mineral and organic components of samples from Volchia Griva experienced post-
depositional changes, possibly carbonate loss and chemical or microbial degradation. 
ATR-FTIR spectroscopy indicated that tusk samples from Krasnoyarskaya Kurya and 
Volchia Griva, in particular, were affected by carbonate loss and related structural 
alterations. In the Eastern Baltics, the C% and N% values, along with the C:N ratio of the 
youngest European mammoth samples, suggest that post-depositional processes likely 
altered these remains. 

The oxygen isotope analysis indicated that winters during the LGM in SEWS were 
colder and summers warmer than present-day conditions. Within SEWS, δ¹⁸Ow values 
increased from Shestakovo and Krasnoyarskaya Kurya (28–23 ka cal BP) to Volchia Griva 
(24–22 ka cal BP), pointing to a gradual warming trend. The samples from Volchia Griva 
were particularly outstanding in terms of their unusually high δ¹³C and δ¹⁵N values, which 
are the highest among other published records. Elevated δ¹³C values suggest that 
mammoths that found their demise at Volchia Griva came from a more arid environment, 
which is supported by the palynological data indicating increasing aridity. C4 plant 
consumption and local soil salinity may also have potentially influenced the δ¹³C values 
of Volchia Griva’s mammoths. The exceptionally high δ¹⁵N values (11-15‰) could be 
explained by the large animal dung accumulation increasing plant δ¹⁵N, coprophagy and 
saline local soils. 

In the Eastern Baltics, the disappearance of Dryas octopetala at the onset of the 
Holocene marked a shift from open to forested landscapes, making the environment 
unsuitable for mammoths, even in the northern parts of Estonia. The Eastern Baltics 
mammoths also experienced a decrease in dietary quality, which may have played a role 
in their regional extinction. 

Integrating isotopic data with pollen and plant macrofossil records allows us to 
understand the environmental changes that may have influenced the extinction of 
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mammoth steppe megafauna more thoroughly. This research demonstrates the need for 
additional isotopic investigations in underrepresented areas and confirms that, when 
properly evaluated, non-permafrost specimens can serve as valuable sources of 
palaeoenvironmental data. 
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Abstract 
Out of the shadows: reconstructing mammoth paleoecology 
from underrepresented regions of the Western Siberian Plain 
and Estonia, Eastern Europe 
This dissertation explores the immense isotopic potential of mammoth remains from two 
regions underrepresented in terms of isotopic data: the three largest Late Pleistocene 
sites/mammoth “cemeteries” in the southeast of the West Siberian plain (SEWS) 
(Shestakovo, Krasnoyarskaya Kurya and Volchia Griva) and the Eastern Baltic.  Despite 
the extensive isotopic research conducted in permafrost in Northern Siberia and 
Beringia, isotopic data from non-permafrost regions such as SEWS and the Eastern Baltic 
remain scarce. 

This study integrates stable oxygen, carbon, and nitrogen isotope analysis with 
palaeobotanical proxies (plant macrofossils and pollen) to reconstruct environmental 
conditions and mammoth diet in non-permafrost contexts. In total, 31 samples from 
mammoth sites in the southeast of Western Siberia were selected and analysed. The time 
interval (ca. 27.5–22 ka cal BP) of the samples from SEWS covers the peak of LGM in the 
southeast of Western Siberia. In addition, four Estonian mammoth tooth samples, two 
from the youngest mammoth find in Europe, were collected and analysed for carbon and 
nitrogen isotopes. Special attention was given to the preservation of skeletal remains: 
using δ¹⁸O equilibrium and ATR-FTIR spectroscopy of bioapatite, and C:N ratios, collagen 
yield, and elemental content to check the preservation of collagen. ATR-FTIR spectroscopy 
is not a standard method for evaluating the preservation of bioapatite in mammoth 
research, but it can provide detailed insights into the post-depositional history of the 
samples. 

The main outcomes of this research project are: 
• Thorough preservation assessment, which was one of the most important

aspects of the project, showed that the mineral and the organic part of samples from 
Volchia Griva have suffered from post-depositional alteration, potentially carbonate loss, 
chemical and microbial degradation. Using ATR-FTIR spectroscopy helped us to identify 
that tusk specimens from Krasnoyarskaya Kurya and Volchia Griva specifically had 
suffered from carbonate loss and accompanying structural changes. 

• In the Eastern Baltics, the C% and %N values and the C:N ratio of the samples
from the European youngest mammoths indicated that the samples are likely to have 
been altered by post-depositional processes. 

• Oxygen isotopic results showed that winters during the Late Pleistocene were
colder and summers warmer than today. Within SEWS, oxygen isotope data show 
increasing δ¹⁸Ow values from Shestakovo and Krasnoyarskaya Kurya (ca. 28–23 ka cal BP) 
to Volchia Griva (ca. 24–22 ka cal BP), suggesting gradual warming in the region.  

• Samples from Volchia Griva exhibited unusually high δ¹⁵N values in the range of
10–15‰, possibly the highest nitrogen values reported for mammoth remains so far. 
We hypothesise that local environmental conditions, such as saline soils, trampling, and 
possibly coprophagy, could have contributed to such high δ¹⁵N values. 

• In the Eastern Baltics, at the beginning of the Holocene, the landscape shifted
from an open to a forested one, making the environment inhospitable for mammoths 
even in northernmost Estonia. The mammoths in the Eastern Baltic experienced a decline 
in the nutritional value of their diet, contributing to their demise in the Eastern Baltic. 
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• Combining isotopic methods with pollen and macrofossil analysis offers a more
comprehensive understanding of the environmental changes that may have contributed 
to megafaunal extinction.  

• This work demonstrates the need for further isotopic studies in underrepresented
regions and confirms that non-permafrost materials, when carefully screened, can be a 
valuable source of paleoenvironmental information. 
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Lühikokkuvõte 
Varjust välja: mammutite paleokeskkonna 
rekonstrueerimine Lääne-Siberi tasandikul ja Ida-Euroopas 
asuvate vähemuuritud piirkondade põhjal 
Käesolevas väitekirjas uuritakse mammutileidude isotoopanalüüside märkimisväärset 
potentsiaali kahes piirkonnas, mis on isotoop-geokeemiliste andmete poolest 
alaesindatud: kolm suurimat hilispleistotseeni leiukohta/mammutite „kalmistut”  
Lääne-Siberi tasandiku kaguosas (SEWS) (Šestakovo, Krasnojarskaja Kurja ja Volchia 
Griva) ning Ida-Baltikumi alal.  Vaatamata arvukatele igikeltsast pärinevate leidude 
uuringutele Põhja-Siberis ja Beringias, on isotoopandmed igikeltsata piirkondadest, nagu 
SEWS ja Ida-Baltikumi piirkond, endiselt vähesed. 

Käesolevas uuringus kombineeritakse stabiilse hapniku, süsiniku ja lämmastiku 
isotoopide analüüs paleobotaaniliste andmestikega (taimede makrofossiilid ja õietolm), 
et rekonstrueerida keskkonnatingimusi ja mammutite toitumist igikeltsata aladel. Kokku 
valiti ja analüüsiti 31 proovi mammutite leiukohtadest Lääne-Siberi kaguosas. SEWS-i 
proovide vanusevahemik (ca 27,5–22 ka cal BP) hõlmab viimase jäätumise maksimumi 
Lääne-Siberi kaguosas. Lisaks koguti ja analüüsiti süsiniku ja lämmastiku isotoopide tarvis 
neli Eesti mammutihamba proovi, sealhulgas neist kaks pärinevad Euroopa noorimast 
mammutileiust. 

Erilist tähelepanu pöörati luuleidude säilivusele: bioapatiidi säilimise kontrollimiseks 
kasutati δ¹⁸O tasakaalu ja ATR-FTIR spektroskoopiat ning C:N suhet, kollageeni saagist ja 
elementide sisaldust. ATR-FTIR spektroskoopia ei ole mammutite uurimisel bioapatiidi 
säilimise hindamise standardmeetod, kuid see võimaldab saada üksikasjalikku teavet 
proovide mattumisjärgse ajaloo kohta. 

Selle uurimisprojekti peamised tulemused on: 
•    Põhjalik luuleidude säilivuse hindamine, üks projekti olulisemaid aspekte, näitas, et 

Volchia Griva proovide mineraalne ja orgaaniline osa on kannatanud nii mattumisjärgse 
muutuse, võimaliku karbonaatse osise kao, kui keemilise ja mikrobioloogilise lagunemise 
all. ATR-FTIR spektroskoopia abil suutsime kindlaks teha, et Krasnojarskaja Kurja ja 
Volchia Griva leidusid mõjutas karbonaatse osise kadu, mis tõi kaasa struktuurilisi 
muutuseid. 

•    Ida-Baltikumi piirkonnas viitasid Euroopa noorimate mammutite proovide C% ja 
%N väärtused ning C:N suhe, et leiud on tõenäoliselt olnud mõjutatud 
mattumisjärgsetest protsessidest. 

•    Hapniku isotoopanalüüsi tulemuste põhjal võib väita, et hilispleistotseeni talved 
SEWS piirkonnas olid külmemad ja suved soojemad kui tänapäeval. Hapniku isotoopide 
δ¹⁸Ow väärtused 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 järkjärgulisele soojenemisele.  

•    Volchia Griva proovid sisaldasid ebatavaliselt kõrgeid δ¹⁵N väärtusi vahemikus  
10–15‰, mis on tõenäoliselt kõrgeimad seni mammutileidudest mõõdetud lämmastiku 
väärtused. Meie hüpotees on, et kõrgete δ¹⁵N väärtuste tekkimisele võisid kaasa aidata 
kohalikud keskkonnatingimused, nagu sooldunud pinnas, tallamine ja võimalik, et ka 
koprofaagia. 

•    Holotseeni perioodi alguses muutus Ida-Baltikumi maastik avatud maastikust 
metsaseks, muutes keskkonna mammutitele ebasobivaks isegi Eesti põhjapoolseimas 
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osas. Ida-Baltikumi mammutite sööda toiteväärtus langes, mis oli põhjuseks nende 
väljasuremisele Ida-Balti piirkonnas. 

•    Isotoopmeetodite kombineerimine õietolmu ja taimsete makrofossiilide
analüüsiga annab põhjalikuma ülevaate keskkonnamuutustest, mis võisid viia 
Pleistotseeni megafauna väljasuremiseni.  

•    Uurimus tõstatab vajaduse täiendavate isotoopuuringute järgi vähemuuritud
piirkondades ja tõestab, et hoolikalt valitud igikeltsata piirkonna leiud võivad olla 
väärtuslikuks teabeallikaks mineviku keskkonnamuutuste kohta.  
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Appendix 1 (Paper I) 

Krivokorin, I., Amon, L., Leshchinskiy, S. V., & Arppe, L. (2024). Oxygen isotope studies of 
the largest West Siberian mammoth sites and implications for last glacial maximum 
climate reconstruction. Quaternary Science Reviews, 343, 108938. 
https://doi.org/10.1016/j.quascirev.2024.108938  
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Abstract: The Eastern Baltic area stands out as a unique location due to the finds of Europe’s
youngest dated mammoth remains (12.6–11.2 ka cal BP). Our study explores the drastic
climate and landcover changes during the extinction of these gigantic herbivores at the
Pleistocene/Holocene boundary. We used macrofossil analysis to determine the major
contemporary terrestrial plant genera present in the area and used corresponding pollen
taxa for REVEALS model-based landcover reconstructions. Our results indicate that these
last mammoths utilised the open landcover of the Eastern Baltic, which developed as
the continental ice sheet retreated during the termination of the last glaciation. Due to
climate warming during the initial stages of the Holocene interglacial, the Eastern Baltic
became speedily populated by birch and pine forests. The abrupt disappearance of typical
forb-dominated tundra indicators, such as Dryas octopetala, and the fast increase in tree
birch marked a shift from an open, tundra-like landscape to a forested one, making the
environment inhospitable for mammoths even in northernmost Estonia by the beginning
of the Holocene. A comparison between the isotopic values of nitrogen (δ15N) and carbon
(δ13C) obtained from mammoths’ molars from 14.3 and 11.3 to 43.5 and 39.1 ka cal BP
showed that mammoths experienced a decline in the nutritional value of their diet, resulting
in their demise in the Eastern Baltic.

Keywords: pollen; plant macrofossils; woolly mammoth; LRA REVEALS; Estonia; Latvia

1. Introduction

The Eastern Baltic stands out amongst other European locations because the youngest
woolly mammoth (Mammuthus primigenius Blumenbach) tooth remains in Europe were
discovered here, dating to 12.6–11.2 ka cal BP [1]. Despite the scarcity of evidence, these and
several other mammoth fossil finds suggest that these animals were present in the area dur-
ing the Pleistocene/Holocene transition [1–3]. These findings raise questions about the en-
vironment these last mammoths inhabited and whether it affected their eventual extinction.

The extinction of mammoths has drawn the attention of numerous researchers
globally, as these animals inhabited vast areas in Europe and North America [2,4,5] ca
110,000–12,000 years ago [6]. Different factors have been proposed as potential contributors
to the extinction: landscape acidification, mineral deficiency [7], nutrient deficiency [8],
large skeletal size, genetic mutations and diseases [9], climatic changes [3], and human hunt-
ing [10]. The abrupt disappearance of mammoths from Europe approximately 12,000 years
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ago has been attributed to the decline of open biomes during the latter part of the Last
Glacial–interglacial cycle, specifically during the Allerød and Early Holocene warming [2].
In the context of our research, certain factors, such as skeletal size, osteoporosis, or mineral
deficiency, are challenging to investigate due to the limited number of samples and poor
preservation of some mammoth remains. Nevertheless, we can assess the potential role
of landcover change in the extinction of mammoths in the Eastern Baltic area. In contrast
to a few finds dated to the termination of the last glaciation, the Eastern Baltic has an
abundance of mammoth remains dated to the period prior to the Last Glacial Maximum
(LGM). According to NGRIP Greenland ice core stratigraphy, the Last Glacial Maximum
covers a period of 27–23 ka cal BP [11].

We focused our study on two contrasting periods: post-LGM and pre-LGM. Special
attention was given to the post-LGM time interval between 14.3 and 11.3 ka cal BP because
this period is crucial for understanding the environment in which the last European mam-
moths lived. While offering valuable insights into the past existence of mammoths, it is
underrepresented in terms of pollen and plant macrofossil studies [12]. We plan to fill this
critical gap in vegetational data by using plant macrofossils to determine the major contem-
porary terrestrial plant genera present in the Eastern Baltic and exploiting corresponding
pollen taxa to make REVEALS model-based landcover reconstructions.

To determine whether the climatic and landcover changes were indeed the driving
factors behind the extinction of the last European mammoths, we have compiled a com-
prehensive dataset consisting of all available pollen and plant macrofossil records and
mammoth finds from the Eastern Baltic and a new pollen and plant macrofossil record
from Lake Kaatsjärv in central Estonia. We will support the investigation by 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 played a
definitive role in the decline of mammoths in the Eastern Baltic during the Late Pleistocene.

Furthermore, we extracted stable carbon (δ13C) and nitrogen (δ15N) isotopic values
from the two Eastern Baltic’s youngest molar samples found from Puurmani in central
Estonia and compared the results with the published isotopic values of other mammoths
that lived during the investigated time period including newly obtained isotopic values
from two mammoth molar samples from the pre-LGM time period for comparison.

2. Materials and Methods

2.1. Study Area

The Eastern Baltic has a transitional climate ranging from maritime in the west to
continental in the east. The area is characterised by flat terrain covered with mixed forests.
In Estonia, July’s mean temperature is 16–17 ◦C, and February’s (coldest month) is −2.5
to −7 ◦C today [13]. In Latvia, July’s mean temperature is 17.4 ◦C and February’s mean
temperature is −3.7 ◦C [14]. Mean annual precipitation is 550–700 mm.

The Eastern Baltic area was glaciated during the LGM. The ice retreat from the region
started ~18 ka cal BP years ago [15]. The current area of Latvia became ice-free at ~15 ka cal
BP [16] and Estonia at ~13 ka cal BP [17]. The Eastern Baltic geomorphology is mostly char-
acterised by undulating low-lying glacial moraine plains, insular heights not higher than
300 m a.s.l., and drumlins and eskers consisting of deposits left by the last ice sheet [18,19].

2.2. Materials

We use data from 27 pollen and 8 plant macrofossil records across the region to
investigate the vegetation changes and reconstruct the living environment of Europe’s
last mammoths in Estonia and Latvia at the Pleistocene/Holocene boundary (Figure 1,
Table 1). All selected sites are radiocarbon-dated and contain information about vegetation



Land 2025, 14, 178 3 of 23

development during the time interval between 14.3 and 11.3 ka cal BP. Lake Kaatsjärv
in central Estonia was sampled for pollen and plant macrofossil analysis to fill a gap
in available records. The well-dated pollen record from the Voka section (59.4144 N,
27.5981 E) [20,21] (Figure 1C) was used to reconstruct the pre-LGM landcover for 500-year
time windows centred around 33, 34, 35, 36, and 37 ka cal BP.

Table 1. List of studied sites. EH—Early Holocene 11.7–11.3 ka cal BP, GS-1—Greenland stadial 1
12.85–11.7 ka cal BP (corresponding to Younger Dryas), GI-1—Greenland interstadial 1 14.6–12.85 ka
cal BP [22].

Site Number Site Longitude Latitude Analyses
Time Periods

Reference
EH GS-1 GI-1

Post-LGM sites
1 Ermistu 23.9829 58.3572 Pollen + [23]
2 Hino 27.2386 57.5831 Pollen + [24]
3 Imatu 27.4611 59.0997 Pollen + [25]
4 Järveotsa 24.1542 59.0956 Pollen + + [26]

5 Kaatsjärv 25.3141 59.1318 Pollen,
Macro + + + This study

6 Kahala 25.5315 59.4867 Pollen + + [27]
7 Kirikumäe 27.2522 57.6830 Pollen + + [28]
8 Kursi 26.0156 59.1558 Macro + + + [29]
9 Mäetilga 27.0719 57.7420 Pollen + + + [30]

10 Nakri 26.2731 57.8951 Pollen,
Macro + + + [31]

11 Parika 25.7742 58.4903 Pollen + [32]
12 Prossa 26.5778 58.6492 Macro + [33]
13 Pupastvere 26.6239 58.5115 Macro + + This study
14 Päidre 25.5033 58.2761 Pollen + + [34]
15 Ruila 24.4297 59.1758 Pollen + [35]
16 Rõuge 26.905 57.7389 Pollen + [36]
17 Saviku 27.1940 58.4062 Pollen + + [37]
18 Solova 27.4280 57.7004 Macro + + + [38]
19 Tondi 24.8533 59.4450 Pollen + [39]
20 Tuuljärv 27.0556 57.7056 Pollen + + [40]

21 Udriku 25.9315 59.3719 Pollen,
Macro + + + [41]

22 Vaskna 27.0783 57.7117 Pollen + + [40]
23 Verijärv 27.0583 57.8083 Pollen + [42]
24 Väike_Juusa 26.5172 58.0592 Pollen + [43]
25 Āraiši 25.2828 57.2514 Pollen + + + [44]
26 Kurjanovas 28 56.5 Pollen + + + [45]

27 Lielais
Svētin, u 27.1491 56.7591 Pollen,

Macro + + + [12]

We used dates and locations of mammoth findings in the Eastern Baltic from previous
publications to place these discoveries within the framework of landcover changes in the
region (Table 2, Figure 1). The youngest mammoth finds in Europe come from the Puurmani
site in Estonia (Table 2, Figure 1B), radiocarbon dated to 11.8 ± 0.36 and 11.9 ± 0.25 ka
cal BP [1]. The youngest finds from Latvia are from the Rudzati and the Rucava sites
(Table 2, Figure 1B) and are dated to 12.2 ± 0.18 and 15.4 ± 0.11 ka cal BP [3]. There is a ca
15,000-year gap in the mammoth records from the Eastern Baltic, as the area was covered
in ice during the Last Glacial Maximum. This contemporaneous gap has been reported
in unglaciated areas of Northern Europe as well [46]. Therefore, the second youngest
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mammoth find in Estonia (Rõngu) is dated to 30.2–29.3 ka cal BP [3] and in Latvia (Veselava
and Pl,avin, as) from 32.8 to 29.7 ka cal BP [47] (Table 2, Figure 1C)

Table 2. C14 dated mammoths remains in Eastern Baltic.

Site Longitude Latitude Lab Code
14C age ka

BP

Calibrated Ages, ka cal BP
Description Reference

at 95% Weighted Average

Post-LGM
Estonia

1 Puurmani 26.2905 58.5758 Hela-423 10.1 ± 0.2 12.6–11.2 11.8 ± 0.36 Molar [1]
1 Puurmani 26.2897 58.5788 Hela-425 10.2 ± 0.1 12.5–11.4 11.9 ± 0.25 Molar [1]

Latvia
2 Rucava 21.1603 56.1634 LuS 7538 12.88 ± 0.07 15.6–15.2 15.4 ± 0.11 Molar [47]
3 Rudzati 26.453 56.4171 Hela-1316 10.31 ± 0.07 12.5–11.8 12.2 ± 0.18 Scapula [47]

Lithuania
4 Jiesia river 23.8963 54.8952 LuS 7529 13.8 ± 0.08 17–16.5 16.7 ± 0.14 Molar [47]

Pre-LGM
Estonia

5 Heimtali 25.5002 58.3197 Hela-420 >37 42.1–41.7 Tusk [1]
6 Ihasalu 25.202 59.4971 OxA 11563 46.5 ± 1 52.4–46.7 49.4 ± 1.52 Ivory [48]
6 Ihasalu 25.202 59.4971 Hela-426 >41 44.4–43.5 Molar [1]
7 Kallaste 26.5813 57.6105 Hela-421 >38 42.4–42.2 Molar [1]
8 Koosa 27.0724 58.5116 OxA-12058 40.9 ± 0.6 44.8–43 43.9 ± 0.49 Tooth [48]
9 Krüüdneri 26.6959 58.1284 Poz-118416 39.5 ± 1.3 45.5–41.9 43.5 ± 0.97 Tusk This study
10 Kukemetsa 26.7619 58.5148 Poz-118415 34.6 ± 0.7 41.2–37.8 39.7 ± 0.84 Tusk This study
11 Kunda 26.54 59.4613 Hela-424 >38 42.4–42.2 Tusk [1]
12 Mooste 27.2209 58.1404 Hela-418 30.64 ± 0.83 37.1–33.4 35.2 ± 0.89 Molar [1]
13 Rõngu 26.2442 58.1435 Poz-16733 25.63 ± 0.17 30.2–29.3 29.9 ± 0.22 Humerus [3]
14 Taagepera 25.6921 57.982 OxA-11562 42.2 ± 0.65 46.1–44 45 ± 0.52 Molar [3]
15 Tahkumägi 26.5375 57.5573 Hela-422 >38 42.4–42.2 Bone [1]
16 Tudulinna 27.07 59.0377 OxA 11562 34.81 ± 0.34 40.7–39.3 40 ± 0.36 Ivory [48]
16 Tudulinna 27.07 59.0377 Hela-414 >40 43.3–42.9 Tusk [1]
17 Valga 26.05 57.78 OxA-11607 28.78 ± 0.16 33.8–32.3 33.2 ± 0.36 Tooth [48]
18 Vitipalu 26.4154 58.1652 Poz-118499 38.3 ± 0.9 43.9–41.4 42.5 ± 0.56 Tooth This study

Latvia
19 Aizpute 21.0562 56.539 Hela-1315 >40 43.3–42.9 Tusk [3]
20 Jaunpils 23.013 56.731 LuS 7537 40.7 ± 0.8 45–42.7 43.8 ± 0.6 Molar [47]
21 Ikšk, ile 24.4976 56.8378 LuS 7535 40.85 ± 0.75 45–42.8 43.9 ± 0.58 Molar [47]
22 Kalni,

Nigrande 22.1266 56.4466 Hela-1314 30.42 ± 0.77 36.6–33.3 35 ± 0.8 Tusk [3]
23 Plavinas 26.195 56.496 LuS 7536 27.85 ± 0.2 32.8–31.2 31.8 ± 0.31 Molar [47]
24 Veselava 25.398 57.279 LuS 7539 25.8 ± 0.17 30.7–29.7 30.1 ± 0.17 Molar [47]

Lithuania
25 Ariogala 23.6999 55.4833 FTMC-FR-

48-2 28.633 ± 0.1 33.3–32.2 32.9 ± 0.32 Incisivi [49]

25 Ariogala 23.6999 55.4833 FTMC-FR-
48-1

25.159 ±
0.09 29.8–29.2 29.4 ± 0.18 Incisivi [49]

26 Sviraičiai 22.5315 55.9974 RICH-22970 35.415 ±
0.23 41.1–40 40.6 ± 0.27 Humerus

fragment [49]

27 Žemgrindžiai 21.29 55.77 FTMC-
OZ78-1

26.579 ±
0.05 31.1–30.8 30.9 ± 0.08 Tibia [49]

28 Žagare
esker

23.2191 56.3511 KIA-55701 27.96 ± 0.23 32.9–31.4 32 ± 0.39 Incisivi [49]

29 Kazokiškiai 24.8198 54.8076 OxA-10874 46.3 ± 1.1 52.4–46.2 49.3 ± 1.64 Incisivi [3]
30 Jiesia 23.9282 54.858 LuS-7531 42.3 ± 1 47.1–43.2 45.2 ± 0.92 Molar [47]
30 Jiesia 23.9282 54.858 LuS-7532 41.35 ± 0.8 45.6–43 44.3 ± 0.68 Molar [47]
30 Jiesia 23.9282 54.858 OxA-10872 40.9 ± 0.65 44.9–42.9 43.9 ± 0.52 Incisivi [3]
31 Jucaičiai 22.1791 55.4522 OxA-10870 40.6 ± 0.8 44.9–42.7 43.8 ± 0.59 Molar [3]
32 Kazokiškiai 24.8198 54.8076 OxA-10875 38.05 ± 0.7 43–41.5 42.3 ± 0.36 Incisivi [3]
32 Kazokiškiai 24.8198 54.8076 OxA-10873 33.74 ± 0.38 39.6–37.5 38.6 ± 0.59 Incisivi [3]
33 Pilsudai 22.5133 55.4173 LuS-7533 33.65 ± 0.3 39.4–37.5 38.5 ± 0.52 Molar [50]
34 Kruonis 24.2709 54.7805 OxA-10810 30.35 ± 0.25 35.3–34.4 34.8 ± 0.26 Incisivi [3]
35 Turženai 24.0924 54.9838 LuS-7528 21.4 ± 0.12 26–25.4 25.7 ± 0.13 Molar [50]
36 Olando

kepure 21.0675 55.7977 Hela-3320 27.49 ± 0.25 31.9–31.1 31.5 ± 0.22 Molar [49]

36 Olando
kepure 21.0675 55.7977 LuS 7918 >43 45.8–45.1 Molar [3]

37 Juodeliu 23.1044 54.3868 OxA-10844 >31.4 36.1–35.5 Tusk [3]
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Figure 1. Overview map (A) and maps of the Eastern Baltic area showing post-LGM. (B) and pre-
LGM. (C) known woolly mammoth finds and available plant macro remains and pollen records. Site
descriptions and site numbers are given in Tables 1 and 2. Numbers in regular font refer to pollen
and plant macrofossil site, underlined numbers in bold and italics refer to mammoth sites.

We have analysed two dentine samples from the youngest Estonian mammoth at
Puurmani for stable carbon (δ13C) and nitrogen (δ15N) isotopes, which contain information
about fauna’s diet, contemporary plant cover, etc. [51,52]. In addition, we have analysed
dentine samples from Krüüdneri (KRÜ) and Kukemetsa (KUK) sites (Table 2).

Possibility of abrupt changes in sedimentation rate and interruptions in sediment
accumulation during the Late Glacial time [33] could impact the accuracy of the time
determination and complicate establishing a chronological framework [53]. Keeping this in
mind, we used only well-dated sequences to diminish possible inaccuracies and avoided
interpolations beyond the dates.

2.3. Analysis of Lake Kaatsjärv Sediments

Lake Kaatsjärv (Figure 2) is a small lake in central Estonia (59.1318 N; 25.3141 E),
surrounded by a mixed pine forest. The area of the lake is 1 ha, the elevation is 68.5 m
above sea level (a.s.l.), and the maximum water depth is 6 m. The lake is located in front of
the Pandivere (14.2 ka cal BP) ice marginal zone [17,54].
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Figure 2. Shaded relief map with some geologial landforms (A) and false colour forestry orthophoto
CIR-NGR (B) of the Lake Kaatsjärv area [55]. (C) Lake Kaatsjärv view from the coring point.

The sediment core was taken from the ice using a 1 m long and 10 cm diameter Russian
corer. The retrieved cores were photographed in the field, packed into plastic tubes, and
transported to the laboratory, where they were stored in a cold room at 4 ◦C until sampled
for 14C pollen and plant macrofossil analysis. The water depth at coring point was 400 cm.
We analysed a 1.3 m long sediment sequence (980–1100 cm below lake water surface)
covering the time period ca 11.5–13 ka cal BP. The organic matter (OM) and mineral matter
(MM) content of the sediment was determined by loss on ignition (LOI) [56]. Carbonate
matter content (CM) was calculated as the difference between LOI at 950 ◦C (for 2 h) and
LOI at 550 ◦C, multiplied by 1.36 to express carbonates as CO3

2− [56]. The noncarbonate
mineral matter (MM) content was calculated by subtracting OM and CM from the total dry
sample weight.

The age of the Lake Kaatsjärv sediments was determined using radiocarbon dat-
ing. Sediment samples for AMS 14C dating were wet sieved through a 0.2 mm mesh;
afterwards, the terrestrial plant macrofossils were selected and analysed in the Poznan
radiocarbon laboratory. The age–depth model was constructed using the Oxcal 4.4.4 de-
position model [57,58] and the IntCal20 calibration curve [59]. All modelled ages used in
this study are given as weighted averages in calibrated years before the present (ka cal BP),
where 0 = 1950 CE.

For pollen analysis, 1 cm3 of sediment was taken. Altogether, seven samples were
analysed. One Lycopodium spore tablet (13,911 spores per tablet; Batch No. 710961) was
added to each sample before the chemical treatment to estimate the concentration of
microscopic objects per cm3 [60]. Samples were treated with 10% HCl and 10% KOH,
followed by the standard acetolysis method [61,62]. Mineral matter was removed with
hot 40% hydrofluoric acid [63]. The pollen identification follows Fægri and Iversen [62]
and Beug [64]. A minimum of 500 terrestrial pollen grains per sample was counted and
identified to the lowest possible taxonomic level using pollen keys, the reference pollen
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collection at the Department of Geology at Tallinn University of Technology, and other
literature sources [64,65]. The percentages of terrestrial taxa were calculated based on
arboreal and non-arboreal terrestrial pollen sum, excluding sporomorphs of aquatic and
wetland plants. Aquatics, spores, and non-pollen palynomorph percentages were calculated
in relation to the terrestrial pollen sum [66].

For plant macrofossils analyses, ~55 cm3 of sediment at 2 cm intervals were taken
from Lake Kaatsjärv. In total, 35 sediment samples were processed for plant macrofossil
content. Samples for plant macrofossil analysis were prepared following [67]. Samples
were wet sieved through the mesh of 0.125 mm. Plant macrofossils and other remaining
materials were examined using a stereo and light microscope. We used plant macrofossils
atlases, reference collections, and relevant literature during identification [68,69].

The results of plant macrofossil analysis (expressed as the number of plant macrofossils
per 100 cm3 of sediment, i.e., concentration) and pollen (expressed as pollen percentages)
analysis are presented in a combined diagram generated using TILIA v.2.0.1 [70].

2.4. Landcover Reconstructions

We have used pollen and plant macrofossil analysis results to reconstruct the com-
position of the terrestrial landcover, with special attention to the open versus forested
conditions. Accordingly, we have included only terrestrial plant taxa and restricted the
pollen records to the tree taxa and herb families represented in any of the plant macrofos-
sil datasets confirming local presence of the taxon in order to reduce possible effects of
redeposited and long-distance transported pollen (Table 3).

Plant macrofossil analysis from lake sediments represents an extra-local signal that
could lead to an overrepresentation of aquatic plants and an underrepresentation of ter-
restrial plants. As a result, some important components of terrestrial vegetation could be
missing from the records. We used presence/absence data rather than concentrations or
percentages to diminish such effects to specify the terrestrial landcover type.

The cover fractions of the selected 21 tree, shrub, and herb taxa (Table 3), representing
>90% of the total terrestrial pollen sum, were reconstructed from pollen data using the
REVEALS (Regional Estimates of Vegetation Abundance from Large Sites) model [71]. We
used the REVEALSinR function from the DISQOVER package in R [72]. The REVEALSinR
parametrisation used the actual basin diameters, the Pollen Productivity Estimates (PPEs)
relative to Poaceae, standard errors (SEs), and fall speeds of pollen, as shown in Table 3.
The distance weighting method was set standard GPM (Gaussian Plume model) for stable
conditions. The REVEALS model enables us to overcome the discrepancies between the
proportions of pollen counts and vegetation cover derived from differences in pollen
production and dispersal abilities of the taxa. The model is intended to estimate the
vegetation proportions on a regional scale using pollen data derived from large basins.
We have not strictly followed this assumption, as the data used here were derived from
different-sized lakes. However, several previous investigations have shown the method’s
stability even when pollen records from variable-sized basins have been used [73,74].
Furthermore, the lake sizes were generally considerably larger than today during the Late
Glacial period, and the contemporary landcover was sparse, suggesting that most of the
recorded pollen was of regional origin regardless of the lake size.

Pollen Productivity Estimates (PPEs) and pollen fall speeds are necessary inputs for
the REVEALS model. A large variety of PPE datasets is available from different locations
in Northern Hemisphere [75]. Best results are usually achieved using the PPEs derived
from environments like those attempted to reconstruct. We have therefore used the PPEs
obtained from arctic and boreal environments of Northern Europe [76–78] and North
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America [79,80] whenever available (Table 3). The PPEs for a few taxa missing from the
above-mentioned sources were adopted from Europe-based sets [75].

The reconstructed cover proportions of terrestrial plant macrofossils and selected
terrestrial pollen taxa (Table 3) were amalgamated into two major landcover types typical
of the Late Glacial and Early Holocene environments in the Eastern Baltic area: (1) open
landcover represented by different herbs, sedges (e.g., Carex spp., Eriophorum spp.), grasses
(Poaceae), dwarf shrubs from heather (Ericaceae) family, and willow (Salix spp.); (2) forested
landcover represented by typical boreal trees like birch (Betula), pine (Pinus), spruce (Picea),
and aspen (Populus) (Table 3).

Many researchers do not differentiate between different birch pollen types. Therefore,
it must be kept in mind that the birch pollen type used here includes pollen grains produced
by both tree (Betula pendula and B. pubescens) and shrub (B. nana and B. humilis) forms of
birch as the dataset was harmonised to a level obtainable for all exploited records. As birch
is included here as a forest indicator, the possible addition of smaller or larger amounts
of shrub-derived birch pollen could lead to an overestimation of forestation degree by
reconstructions.

The pollen-based landcover reconstructions are presented as cover proportions, and
macrofossils are shown based on the presence/absence of the determined landcover type
indicator species. The results of landcover reconstructions are presented using QGIS
3.34 [81].

Table 3. The Pollen Productivity Estimates (PPEs) relative to Poaceae, standard errors (SE), and fall
speeds of pollen grains used for calculations derived from 1 [82]; 2 [76]; 3 [80]; 4 [77]; 5 [78]; 6 [75].

Landcover Type Taxon PPE (SE) Fall Speed

Open

2 Apiaceae 0.21 (0.03) 0.042
6 Artemisia 4.33 (1.592) 0.014

2 Asteraceae sect. Cichorioideae 0.07 (0.02) 0.029
6 Brassicaceae 0.07 (0.04) 0.021

5 Calluna 0.3 (0.03) 0.038
1 Caryophyllaceae 0.6 (0.05) 0.032
6 Chenopodiaceae 4.28 (0.27) 0.019

2 Cyperaceae 0.13 (0.03) 0.035
1 Equisetum 0.09 (0.02) 0.021

5 Ericaceae (incl. Empetrum nigrum and Vaccinum t.) 0.09 (0.035) 0.032
1 Juniperus 1.4 (0.05) 0.016

Poaceae 1 (0) 0.035
2 Ranunculaceae (incl. R. acris t.) 0.08 (0.02) 0.02

2 Rosaceae (incl. Filipendula and Dryas octopetala) 0.18 (0.04) 0.022
2 Rumex (incl. R. acetosa and R. acetosella t.) 0.04 (0.02) 0.018

5 Salix 0.09 (0.03) 0.022
6 Urtica 10.52 (0.31) 0.01

Forested

4 Betula (incl. B. humilis and B. nana) 2.24 (0.2) 0.024
5 Picea 2.8 (0.21) 0.056
4 Pinus 8.4 (1.34) 0.031

3 Populus 0.11 (0.09) 0.026

2.5. Isotopic Analysis

Two mammoth molars found at Puurmani manor TAM G441:47 and TAM G441:48
were collected from the Estonian Museum of Natural History and sampled using a Dremel
300 drill. Two mammoth molars from Krüüdneri (KRÜ) and Kukemetsa (KUK) were sam-
pled from the collection of the Museum of Tartu University. Collagen extraction for carbon
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and nitrogen isotope analysis was conducted using Protocol F by Cersoy et al. [83] and
analysed in a Thermo-Finnigan Delta V Plus mass spectrometer paired with an elemental
analyser (Thermo Flash 1112) at Tartu University. The samples were analysed in duplicates,
and the average of two was used.

3. Results

3.1. Lithology and Chronology of Kaatsjärv

The lithology of Kaatsjärv is presented in Figure 3. Radiocarbon dating results are
given in Table 4 and Figure 3. Radiocarbon date Poz-173419 is considered to be an outlier.

 

Figure 3. Lake Kaatsjärv sediment sequence age–depth model, loss on ignition (LOI) results and,
lithology. The modelled ages are shown at a 95.4% probability range. The graphs on the age–depth
curve show the likelihood (grey) and posterior (black) probability distribution of the calibrated
radiocarbon dates. The weighted average ages are shown by white circles with associated standard
errors (black lines), and an asterisk marks the outlier not used in the model. OM: organic matter, MM:
mineral matter. GI-1 and GS-1: Greenland interstadial and stadial, respectively [22], EH: part of the
Early Holocene.
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Table 4. 14C dates from Lake Kaatsjärv. OxCal deposition model results are given as modelled ages
at a 95.4% probability range and corresponding weighted averages. Poz-173419 is marked with an
asterisk because this date is an outlier that was not used in the age model.

Depth, from
the Lake Water

Surface, cm
Lab Code

14C age
ka BP

Modelled Ages
ka cal BP

Remark Dated Material
At 95.4%

Probability
Range

Weighted
Average

1015 Poz-173419 * 11.8 ± 0.07 14.0–13.5 13.7 ± 0.09 0.3 mgC

Dryas octopetala
leaves

unidentified stems
and leaves

1040 Poz-173420 10.5 ± 0.120 12.6–12.4 12.5 ± 0.06 0.08 mgC

Dryas octopetala
leaves

unidentified stems
and leaves

1050 Poz-173421 10.6 ± 0.07 12.8–12.6 12.7 ± 0.04 0.18 mgC

Dryas octopetala
leaves

unidentified stems
and leaves

1058–1068 Poz-81832 11 ± 0.06 13.1–12.8 12.9 ± 0.07 Bulk sediment

3.2. Kaatsjärv Plant Macrofossils and Pollen Diagram Description

The biostratigraphical material from Lake Kaatsjärv (Figure 4) was divided into three
zones determined following the Greenland Ice Core Chronology (GIGC05modelext) [22].

 

Figure 4. Combined diagram of selected taxa showing pollen percentages (filled bars) and terrestrial
plant macrofossils concentrations expressed as the number of plant macrofossils per 100 cm3 of
sediment (outlined with a thick stroke).

Ka-1 (GI-1; 13.5–12.85 ka cal BP). This zone is characterised by Pinus domination in
the pollen spectrum among tree taxa, but its part decreases by the end of the zone. Picea
is not as prominent as Pinus but also increases by the end of the zone. At the same time,
Cyperaceae and Poaceae increase noticeably, as does Artemisia and Chenopodiaceae pollen.
There is a peak in Non-Arboreal Pollen (NAP) taxa at 12.8 ka cal BP. Plant macrofossil finds
were very rare in this zone, mainly consisting of rare Tomentypnum nitens leaves.
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The lowermost pollen samples from sandy silt sediments of Lake Kaatsjärv, below
1068 cm, >13.0 ka cal BP, contain redeposited pollen, making it unsuitable for our analysis.
The presence of tree taxa like Alnus, Ulmus, and Corylus in this sequence is inconsistent
with the vegetation and climate information for that period and was excluded from further
analysis. The issue of redeposited pollen in the periglacial sediments is a common problem
for the Eastern Baltic [12]. In addition, these samples have lower pollen concentrations and
contain a high amount of corroded pollen grains.

Ka-2 (GS-1; 12.85–11.7 ka cal BP). This is the only zone where the plant macrofossils
become prominent. In this zone, Pinus gradually decreases amongst tree pollen taxa, and
Betula continues to decrease. Quercus decreases by the end of the zone. Salix, in contrast,
increases throughout the zone. Poaceae, Cyperaceae, Chenopodiaceae, and Artemisia
continue to increase. Plant macrofossils of KA-2 are represented by Potentilla palustris,
Carex, and Juncus seeds. Dryas octopetala peaks at the depth of 12.5 ka cal BP.

The zone demonstrates a noticeable change in the vegetation composition as Cerastium,
Rosaceae, and Poaceae seeds are present. By the end of the zone, however, Rosaceae,
Poaceae, Carex, and Juncus seeds decline; Dryas octopetala also decreases and abruptly
disappears at 11.7 ka cal BP.

Ka-3 (EH; 11.7–11.3 ka cal BP). Pinus increases in the pollen spectrum, but Betula
becomes dominant in the zone among tree taxa, surpassing Pinus. Herbs like Poaceae,
Cyperaceae, Artemisia, and Chenopodiaceae are decreasing. There is very little to no
herb-derived macrofossil material in this zone. However, the seeds belonging to tree-type
birch, Betula sect. Albae appear in this zone for the first time. The plant macrofossil assem-
blage instantly changes to Betula sect. Albae and Potamogeton dominated (Supplementary
Materials Data).

3.3. Landcover Reconstruction

Maps encompassing Estonia and Latvia representing pollen-based landcover propor-
tions and plant macrofossil-based presence/absence evidence of open (represented by
herbs and shrubs) and forested (represented by tree taxa) landcover were generated for
three time periods: GI-1 (14.6–12.85 ka cal BP), GS-1 (12.85–11.7 ka cal BP), EH (11.7–11.3 ka
cal BP) (Figure 4).

GI-1 (14.6–12.85 ka cal BP). Half of Estonia’s current territory was submerged by
the Baltic Ice Lake and delimited by the glacier in the north [54,84]. Sparse vegetation
dominated by herbaceous plants indicates a cold, open environment with limited tree cover.
According to pollen data, trees were present in northern and southern Estonia and central
Latvia during this period. However, plant macrofossil evidence shows open landscapes
with no tree cover in central and northern Estonia and a mixture of open and forested
landscapes in southern Estonia and central Latvia.

GS-1 (12.85–11.7 ka cal BP) (Younger Dryas). Pollen evidence shows that central
Estonia was an open landscape, with a marked decline in forest cover, but northern and
southern Estonia kept some tree cover. However, according to plant macrofossils, open
landscapes dominated Estonia, and trees were present only in central Latvia.

EH (11.7–11.3 ka cal BP). Pollen evidence shows the predominantly open landscape
in eastern Estonia, whereas the northern and western parts of Estonia and the south of
Estonia and Latvia were predominantly occupied by forests. Plant macrofossils indicate
that the trees established their presence in northern Estonia and kept their presence in
central Latvia, whereas the trees in central and southern parts of Estonia only started to
establish their presence.
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3.4. Isotopic Results

Isotopic results are summarised in Table 5. We used the C:N atomic ratio to evaluate the
extent of bone decomposition and its potential impact on the results. Following the criteria
outlined by [85], C:N ratio values should fall within a range of 2.9–3.6. The acceptable
nitrogen (N%) and carbon (C%) values should be higher than 1% and 3% [86]. TAM G441:47
and TAM G441:48 displayed nitrogen values of 0.5% and 0.9%, carbon values of 2.3 and
2.5, and C:N ratios of 4.1 and 2.7, respectively, outside of the ranges that are considered
acceptable. KRÜ and KUK displayed acceptable C:N ratios of 3.1 and 3.3, respectively.
Stricter criteria for the C:N ratio of 3.1-3.3 range suggested by Guiry and Szpak (2021) [87]
also show that C:N ratios of TAM G441:47 and TAM G441:48 fall outside of the acceptable
range, whereas KRÜ and KUK show acceptable C:N ratios.

Table 5. Summary of the isotopic results of four mammoth molars from three different Estonian sites.

Sample ID Material δ15N (‰) ± SD δ13C (‰) ± SD N C C:N

KRÜ Mammoth molar +9.8 −21.1 1.1 3.6 3.1
KUK Mammoth molar +10.1 ± 0.02 −20.6 ± 0.05 1.0 3.6 3.3

TAM G441:47 Mammoth molar +7.4 ± 0.09 −20.2 ± 0.4 0.5 2.3 4.1
TAM G441:48 Mammoth molar +6.5 ± 0.9 −21.2 ± 0.9 0.9 2.5 2.7

4. Discussion

4.1. Landcover Reconstructions

The combined effect of climate cooling and warming and changes in the extent of
major water bodies and dry land created a highly variable landscape with a dynamically
changing landcover for three millennia (14.6–11.3 ka cal BP) at the end of Pleistocene and
the beginning of Holocene. The drastic water level changes in the Baltic basin caused by
the combined effect of glacial meltwater input and glacioisostatic land uplift considerably
changed the shoreline of the Eastern Baltic (Figure 5) [84]. The landscape emerged as a
barren periglacial wasteland behind the retreating ice front, with continental ice cover
persisting in northern Estonia until 14 ka cal BP and in southern Finland up to 11.7 ka
cal BP [15]. The soil in the deglaciated region can develop in 100–1000 years [88], and
shrubs and grasses can appear relatively shortly after glacier retreat according to modelling
studies from Greenland [89], which shows that after the ice retreat in the Eastern Baltic, the
landscape could become attractive for herbivores in a relatively short time period.

According to our pollen-based reconstructions, the area of present Estonia and Latvia
was covered with sparse open landcover during a two millennia-long warmer period (GI-1,
14.6–12.85 ka cal BP) at the end of the last glaciation (Figure 5). Open dry tundra-like
communities with grasses, sedges, mugworts (Artemisia), and members of the amaranth
family (Chenopodiaceae) dominate the herb pollen assemblage at Lake Kaatsjärv (Figure 4).
While such herbal vegetation composition is typical for most of the Late Glacial pollen
sequences from the Eastern Baltic [12], there is no contemporary plant macrofossil evidence
of mugworts or amaranth family members in the region. However, it must be kept in mind
that both Artemisia and Chenopodiaceae are wind-pollinated taxa and therefore prone to
be overrepresented in pollen spectra. Most pollen-based reconstructions show low (10–20%)
but steady tree cover in Estonia and Latvia. However, our results of plant macrofossil
analysis suggest that at least boreal trees (birch and pine, spruce, and aspen) were present in
Latvia. Furthermore, there is evidence of tree birch (Betula sect. Albae) presence in Lithuania
already around 18.7 ka cal BP, directly after ice retreat from the region [49].
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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
Kaatsjärv, 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 Kaatsjärv, 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
Kaatsjärv 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
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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 14C
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 (50–27 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 δ18O curve, and pollen-based landcover
reconstructions from Voka and Lake Kaatsjärv. 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 δ13C values close to −21.5‰.
Carbon (δ13C) isotopic values (−20.2‰ and −21.2‰) from Puurmani samples indicate a
diet based on predominantly C3 plants. It has been shown that the depletion in δ13C 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
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decreased amount of suitable vegetation. Future research on mammoth dietary habits in
the Eastern Baltic could explore this potential relationship in more detail.

The δ15N values from Puurmani (+6.5‰ 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 δ15N values of 5.6‰ from the Eliseevichi site (14.47 ± 0.4 ka
cal BP) and 6.1‰ 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
δ15N values from the Krüüdneri (9.8‰) and Kukemetsa (10.1‰) are higher and resemble
isotopic values for older periods in the European plain, where [103] reported average δ15N
values of 9.4‰ from Khotylovo (24.9 ka cal BP) and 6.6‰ 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 δ15N values of plants
(e.g., [117]) and, as a result, impact the δ15N 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 δ15N 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 δ15N 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 δ15N 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 δ15N 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. δ15N values from the
pre-LGM Krüüdneri 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 Kaatsjärv 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
δ15N 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.
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Climate Variability and Associated Vegetation Response throughout Central and Eastern Europe (CEE) between 60 and 8 Ka.
Quat. Sci. Rev. 2014, 106, 206–224. [CrossRef]

96. Veski, S.; Seppä, H.; Stančikaite, M.; Zernitskaya, V.; Reitalu, T.; Gryguc, G.; Heinsalu, A.; Stivrins, N.; Amon, L.; Vassiljev, J.; et al.
Quantitative Summer and Winter Temperature Reconstructions from Pollen and Chironomid Data between 15 and 8 Ka BP in the
Baltic–Belarus Area. Quat. Int. 2015, 388, 4–11. [CrossRef]

97. Alley, R.B.; Meese, D.A.; Shuman, C.A.; Gow, A.J.; Taylor, K.C.; Grootes, P.M.; White, J.W.C.; Ram, M.; Waddington, E.D.;
Mayewski, P.A.; et al. Abrupt Increase in Greenland Snow Accumulation at the End of the Younger Dryas Event. Nature 1993, 362,
527–529. [CrossRef]

98. Birks, H.J.B.; Birks, H.H. Biological Responses to Rapid Climate Change at the Younger Dryas—Holocene Transition at Kråkenes,
Western Norway. Holocene 2008, 18, 19–30. [CrossRef]

99. Guthrie, R.D. Origin and Causes of the Mammoth Steppe: A Story of Cloud Cover, Woolly Mammal Tooth Pits, Buckles, and
inside-out Beringia. Quat. Sci. Rev. 2001, 20, 549–574. [CrossRef]

100. Laumets, L.; Kalm, V.; Poska, A.; Kele, S.; Lasberg, K.; Amon, L. Palaeoclimate Inferred from Δ18O and Palaeobotanical Indicators
in Freshwater Tufa of Lake Äntu Sinijärv, Estonia. J. Paleolimnol. 2014, 51, 99–111. [CrossRef]

101. Willerslev, E.; Davison, J.; Moora, M.; Zobel, M.; Coissac, E.; Edwards, M.E.; Lorenzen, E.D.; Vestergård, M.; Gussarova, G.; Haile,
J.; et al. Fifty Thousand Years of Arctic Vegetation and Megafaunal Diet. Nature 2014, 506, 47–51. [CrossRef]

102. van Geel, B.; Fisher, D.C.; Rountrey, A.N.; van Arkel, J.; Duivenvoorden, J.F.; Nieman, A.M.; van Reenen, G.B.A.; Tikhonov,
A.N.; Buigues, B.; Gravendeel, B. Palaeo-Environmental and Dietary Analysis of Intestinal Contents of a Mammoth Calf (Yamal
Peninsula, Northwest Siberia). Quat. Sci. Rev. 2011, 30, 3935–3946. [CrossRef]

103. Iacumin, P.; Nikolaev, V.; Ramigni, M. C and N Stable Isotope Measurements on Eurasian Fossil Mammals, 40 000 to 10 000 Years
BP: Herbivore Physiologies and Palaeoenvironmental Reconstruction. Palaeogeogr. Palaeoclimatol. Palaeoecol. 2000, 163, 33–47.
[CrossRef]



Land 2025, 14, 178 23 of 23

104. Bocherens, H.; Drucker, D.G.; Bonjean, D.; Bridault, A.; Conard, N.J.; Cupillard, C.; Germonpré, M.; Höneisen, M.; Münzel, S.C.;
Napierala, H.; et al. Isotopic Evidence for Dietary Ecology of Cave Lion (Panthera spelaea) in North-Western Europe: Prey Choice,
Competition and Implications for Extinction. Quat. Int. 2011, 245, 249–261. [CrossRef]

105. Zimov, S.A. Pleistocene Park: Return of the Mammoth’s Ecosystem. Science 2005, 308, 796–798. [CrossRef]
106. Zagorska, I. New Testimony about Reindeer Hunters in Latvia (Jauna Liecı̄ba Par Ziemel,briežu Medniekiem Latvijā). Latv.
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