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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
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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.
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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].
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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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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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V. New 14C Data of Megafaunal Remains from Lithuania—Implications for the Palaeoenvironmental Interpretation of the Middle
Weichselian. Geol. Q. 2023, 1, 3. [CrossRef]

50. Arppe, L.; Aaris-Sørensen, K.; Daugnora, L.; Lõugas, L.; Wojtal, P.; Zupin, š, I. The Palaeoenvironmental ∆13C Record in European
Woolly Mammoth Tooth Enamel. Quat. Int. 2011, 245, 285–290. [CrossRef]

51. Ayliffe, L.K.; Lister, A.M.; Chivas, A.R. The Preservation of Glacial-Interglacial Climatic Signatures in the Oxygen Isotopes of
Elephant Skeletal Phosphate. Palaeogeogr. Palaeoclimatol. Palaeoecol. 1992, 99, 179–191. [CrossRef]

52. Kohn, M.J.; Cerling, T.E. Stable Isotope Compositions of Biological Apatite. Rev. Miner. Geochem. 2002, 48, 455–488. [CrossRef]
53. van der Plicht, J.; Palstra, S.W.L. Radiocarbon and Mammoth Bones: What’s in a Date. Quat. Int. 2016, 406, 246–251. [CrossRef]
54. Vassiljev, J.; Saarse, L. Timing of the Baltic Ice Lake in the Eastern Baltic. Bull. Geol. Soc. Finl. 2013, 85, 9–18. [CrossRef]
55. Estonian Land Board, G.S. of E. Geological Base Map; 2024. Available online: https://geoportaal.maaamet.ee/eng/ (accessed on 15

September 2024).
56. Heiri, O.; Lotter, A.F.; Lemcke, G. Loss on Ignition as a Method for Estimating Organic and Carbonate Content in Sediments:

Reproducibility and Comparability of Results. J. Paleolimnol. 2001, 25, 101–110. [CrossRef]
57. Bronk Ramsey, C. Deposition Models for Chronological Records. Quat. Sci. Rev. 2008, 27, 42–60. [CrossRef]
58. Bronk Ramsey, C. Bayesian Analysis of Radiocarbon Dates. Radiocarbon 2009, 51, 337–360. [CrossRef]
59. Reimer, P.J.; Austin, W.E.N.; Bard, E.; Bayliss, A.; Blackwell, P.G.; Bronk Ramsey, C.; Butzin, M.; Cheng, H.; Edwards, R.L.;

Friedrich, M.; et al. The IntCal20 Northern Hemisphere Radiocarbon Age Calibration Curve (0–55 Cal KBP). Radiocarbon 2020, 62,
725–757. [CrossRef]

60. Stockmarr, J. Tables with Spores Used in Absolute Pollen Analysis. Pollen Spores 1971, 13, 615–621.
61. Berglund, B.E.; Ralska-Jasiveczowa, M. Pollen Analysis and Pollen Diagrams. Handbook of Holocene Palaeoecology and Palaeohydrology;

Interscience: New York, NY, USA, 1986; pp. 455–484.
62. Fægri, K.; Iversen, J. Textbook of Pollen Analysis, 4th ed.; John Wiley & Sons: Chichester, UK, 1989.
63. Bennett, K.D.; Willis, K.J. Pollen. In Tracking Environmental Change Using Lake Sediments; Springer: Berlin/Heidelberg, Germany,

2002; pp. 5–32. [CrossRef]
64. Beug, H.J. Leitfaden Der Pollenbestimmung Fur Mitteleuropa Und Angrenzende Gebiete; Publisher Verlag Friedrich Pfeil: Munich,

Germany, 2004.
65. Reille, M. Pollen et Spores d’Europe et d’Afrique Du Nord; Laboratoire de Botanique Historique et Palynologique, CNRS: Marseille,

France, 1992.
66. Chambers, F.M.; Beilman, D.W.; Yu, Z. Methods for Determining Peat Humification and for Quantifying Peat Bulk Density,

Organic Matter and Carbon Content for Palaeostudies of Climate and Peatland Carbon Dynamics. Mires Peat 2011, 7, 7.
67. Birks, H.H. Plant Macrofossils. In Tracking Environmental Change Using Lake Sediments; Last, W.M., Smol, J.P., Birks, H.J.B., Eds.;

Kluwer: Dordrecht, The Netherlands, 2002; Volume 3, pp. 49–74.
68. Katz, N.J.; Katz, S.V.; Skobeyeva, E.I. Atlas Rastitelnyh Ostatkov v Torfah (Atlas of Plant Remains in Peat); Nedra: Moscow, Russia,

1977.
69. Cappers, R.T.J.; Neef, R.; Bekker, R.M. Digital Atlas of Economic Plants; Barkhuis: Groningen, The Netherlands, 2009; Volume 1.
70. Grimm, E.C. Tilia and Tiliagraph. Illinois State Museum. Springfield. 1991, p. 484. Available online: https://www.neotomadb.

org/apps/tilia (accessed on 14 June 2024).
71. Sugita, S. Theory of Quantitative Reconstruction of Vegetation II: All You Need Is LOVE. Holocene 2007, 17, 243–257. [CrossRef]
72. Theuerkauf, M.; Couwenberg, J.; Kuparinen, A.; Liebscher, V. A Matter of Dispersal: REVEALSinR Introduces State-of-the-Art

Dispersal Models to Quantitative Vegetation Reconstruction. Veg. Hist. Archaeobot. 2016, 25, 541–553. [CrossRef]
73. Githumbi, E.; Fyfe, R.; Gaillard, M.-J.; Trondman, A.-K.; Mazier, F.; Nielsen, A.-B.; Poska, A.; Sugita, S.; Woodbridge, J.; Azuara, J.;

et al. European Pollen-Based REVEALS Land-Cover Reconstructions for the Holocene: Methodology, Mapping and Potentials.
Earth Syst. Sci. Data 2022, 14, 1581–1619. [CrossRef]

74. Mazier, F.; Gaillard, M.-J.; Kuneš, P.; Sugita, S.; Trondman, A.-K.; Broström, A. Testing the Effect of Site Selection and Parameter
Setting on REVEALS-Model Estimates of Plant Abundance Using the Czech Quaternary Palynological Database. Rev. Palaeobot.
Palynol. 2012, 187, 38–49. [CrossRef]

75. Wieczorek, M.; Herzschuh, U. Compilation of Relative Pollen Productivity (RPP) Estimates and Taxonomically Harmonised RPP
Datasets for Single Continents and Northern Hemisphere Extratropics. Earth Syst. Sci. Data 2020, 12, 3515–3528. [CrossRef]

76. Hjelle, K.L. Herb Pollen Representation in Surface Moss Samples from Mown Meadows and Pastures in Western Norway. Veg.
Hist. Archaeobot. 1998, 7, 79–96. [CrossRef]

77. Räsänen, S.; Suutari, H.; Nielsen, A.B. A Step Further towards Quantitative Reconstruction of Past Vegetation in Fennoscandian
Boreal Forests: Pollen Productivity Estimates for Six Dominant Taxa. Rev. Palaeobot. Palynol. 2007, 146, 208–220. [CrossRef]

78. von Stedingk, H.; Fyfe, R.M. The Use of Pollen Analysis to Reveal Holocene Treeline Dynamics: A Modelling Approach. Holocene
2009, 19, 273–283. [CrossRef]

https://doi.org/10.7306/gq.1671
https://doi.org/10.1016/j.quaint.2010.10.018
https://doi.org/10.1016/0031-0182(92)90014-V
https://doi.org/10.2138/rmg.2002.48.12
https://doi.org/10.1016/j.quaint.2014.11.027
https://doi.org/10.17741/bgsf/85.1.001
https://geoportaal.maaamet.ee/eng/
https://doi.org/10.1023/A:1008119611481
https://doi.org/10.1016/j.quascirev.2007.01.019
https://doi.org/10.1017/S0033822200033865
https://doi.org/10.1017/RDC.2020.41
https://doi.org/10.1007/0-306-47668-1_2
https://www.neotomadb.org/apps/tilia
https://www.neotomadb.org/apps/tilia
https://doi.org/10.1177/0959683607075838
https://doi.org/10.1007/s00334-016-0572-0
https://doi.org/10.5194/essd-14-1581-2022
https://doi.org/10.1016/j.revpalbo.2012.07.017
https://doi.org/10.5194/essd-12-3515-2020
https://doi.org/10.1007/BF01373926
https://doi.org/10.1016/j.revpalbo.2007.04.004
https://doi.org/10.1177/0959683608100572


Land 2025, 14, 178 22 of 23

79. Bunting, M.J.; Armitage, R.; Binney, H.A.; Waller, M. Estimates of ‘Relative Pollen Productivity’ and ‘Relevant Source Area of
Pollen’ for Major Tree Taxa in Two Norfolk (UK) Woodlands. Holocene 2005, 15, 459–465. [CrossRef]

80. Hopla, E.J. A New Perspective on Quaternary Land Cover in Central Alaska. Ph.D. Thesis, University of Southampton,
Southampton, UK, 2017.

81. QGIS Geographic Information System 2024. Available online: https://www.qgis.org/ (accessed on 14 June 2024).
82. Bunting, M.J.; Farrell, M.; Broström, A.; Hjelle, K.L.; Mazier, F.; Middleton, R.; Nielsen, A.B.; Rushton, E.; Shaw, H.; Twiddle, C.L.

Palynological Perspectives on Vegetation Survey: A Critical Step for Model-Based Reconstruction of Quaternary Land Cover.
Quat. Sci. Rev. 2013, 82, 41–55. [CrossRef]

83. Cersoy, S.; Zazzo, A.; Lebon, M.; Rofes, J.; Zirah, S. Collagen Extraction and Stable Isotope Analysis of Small Vertebrate Bones: A
Comparative Approach. Radiocarbon 2017, 59, 679–694. [CrossRef]

84. Rosentau, A.; Vassiljev, J.; Hang, T.; Saarse, L.; Kalm, V. Development of the Baltic Ice Lake in the Eastern Baltic. Quat. Int. 2009,
206, 16–23. [CrossRef]

85. Ambrose, S.H. Preparation and Characterization of Bone and Tooth Collagen for Isotopic Analysis. J. Archaeol. Sci. 1990, 17,
431–451. [CrossRef]

86. Ambrose, S.H. Isotopic Analysis of Paleodiet: Methodological and Interpretive Considerations, Investigation of Ancient Human
Tissue: Chemical Analyses in Anthropology. Gordon Breach 1993, 10, 59–130.

87. Guiry, E.J.; Szpak, P. Improved Quality Control Criteria for Stable Carbon and Nitrogen Isotope Measurements of Ancient Bone
Collagen. J. Archaeol. Sci. 2021, 132, 105416. [CrossRef]

88. Kelly, E.F.; Yonker, C.M. Factors of Soil Formation|Time. In Encyclopedia of Soils in the Environment; Elsevier: Amsterdam, The
Netherlands, 2005; pp. 536–539.

89. Stone, E.J.; Lunt, D.J. The Role of Vegetation Feedbacks on Greenland Glaciation. Clim. Dyn. 2013, 40, 2671–2686. [CrossRef]
90. Amon, L.; Veski, S.; Vassiljev, J. Tree Taxa Immigration to the Eastern Baltic Region, Southeastern Sector of Scandinavian Glaciation

during the Late-Glacial Period (14,500-11,700 Cal. b.p.). Veg. Hist. Archaeobot. 2014, 23, 207–216. [CrossRef]
91. Sun, Y.; Xu, Q.; Gaillard, M.-J.; Zhang, S.; Li, D.; Li, M.; Li, Y.; Li, X.; Xiao, J. Pollen-Based Reconstruction of Total Land-Cover

Change over the Holocene in the Temperate Steppe Region of China: An Attempt to Quantify the Cover of Vegetation and Bare
Ground in the Past Using a Novel Approach. Catena 2022, 214, 106307. [CrossRef]

92. Hjelmroos, M. Evidence of Long-Distance Transport of Betula Pollen. Grana 1991, 30, 215–228. [CrossRef]
93. Szczepanek, K.; Myszkowska, D.; Worobiec, E.; Piotrowicz, K.; Ziemianin, M.; Bielec-Bąkowska, Z. The Long-Range Transport of
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Vēstures Institūta Žurnāla 2010, 77, 105–112.
107. Jaanits, L.; Jaanits, K. Frühmesolithische Siedlung in Pulli. Eest. NSV Tead. Akad. Toim. Ühiskonnateadused 1975, 24, 64–70.

[CrossRef]
108. Lõugas, L. Post-Glacial Development Ofvertebrate Fauna in Estonian Water Bodies; A Palaeozoological Study; Dissertationes Biologicae

Universitatis: Tartu, Estonia, 1997.
109. Poska, A.; Veski, S. Man and Environment at 9500 Bp. A Palynological Study of an Early-Mesolithic Settlement Site in South-West

Estonia. Acta Palaeobot. 1999, S2, 603–607.
110. Wooller, M.J.; Zazula, G.D.; Edwards, M.; Froese, D.G.; Boone, R.D.; Parker, C.; Bennett, B. Stable Carbon Isotope Compositions of

Eastern Beringian Grasses and Sedges: Investigating Their Potential as Paleoenvironmental Indicators. Arct. Antarct. Alp. Res.
2007, 39, 318–331. [CrossRef]

111. Kilgallon, C.; Flach, E.; Boardman, W.; Routh, A.; Strike, T.; Jackson, B. Analysis of Biochemical Markers of Bone Metabolism in
Asian Elephants (Elephas maximus). J. Zoo Wildl. Med. 2008, 39, 527–536. [CrossRef] [PubMed]

112. van der Merwe, N.J.; Thorp, J.A.L.; Bell, R.H.V. Carbon Isotopes as Indicators of Elephant Diets and African Environments. Afr. J.
Ecol. 1988, 26, 163–172. [CrossRef]

113. Bocherens, H. Isotopic Tracking of Large Carnivore Palaeoecology in the Mammoth Steppe. Quat. Sci. Rev. 2015, 117, 42–71.
[CrossRef]

114. van der Merwe, N.J. Carbon Isotopes, Photosynthesis, and Archaeology: Different Pathways of Photosynthesis Cause Char-
acteristic Changes in Carbon Isotope Ratios That Make Possible the Study of Prehistoric Human Diets. Am. Sci. 1982, 70,
596–606.

115. Ambrose, S.H.; DeNiro, M.J. The Isotopic Ecology of East African Mammals. Oecologia 1986, 69, 395–406. [CrossRef]
116. van der Merwe, N.J.; Medina, E. The Canopy Effect, Carbon Isotope Ratios and Foodwebs in Amazonia. J. Archaeol. Sci. 1991, 18,

249–259. [CrossRef]
117. Amundson, R.; Austin, A.T.; Schuur, E.A.G.; Yoo, K.; Matzek, V.; Kendall, C.; Uebersax, A.; Brenner, D.; Baisden, W.T. Global

Patterns of the Isotopic Composition of Soil and Plant Nitrogen. Glob. Biogeochem. Cycles 2003, 17, 31. [CrossRef]
118. Zimov, S.A.; Zimov, N.S.; Tikhonov, A.N.; Chapin, F.S. Mammoth Steppe: A High-Productivity Phenomenon. Quat. Sci. Rev. 2012,

57, 26–45. [CrossRef]
119. Owen-Smith, N. Pleistocene Extinctions: The Pivotal Role of Megaherbivores. Paleobiology 1987, 13, 351–362. [CrossRef]
120. Austrheim, G.; Eriksson, O. Recruitment and Life-History Traits of Sparse Plant Species in Subalpine Grasslands. Can. J. Bot. 2003,

81, 171–182. [CrossRef]
121. Güsewell, S. N:P Ratios in Terrestrial Plants: Variation and Functional Significance. New Phytol. 2004, 164, 243–266. [CrossRef]
122. Cornelissen, J.H.C.; Quested, H.M.; Gwynn-Jones, D.; Van Logtestijn, R.S.P.; De Beus, M.A.H.; Kondratchuk, A.; Callaghan, T.V.;

Aerts, R. Leaf Digestibility and Litter Decomposability Are Related in a Wide Range of Subarctic Plant Species and Types. Funct.
Ecol. 2004, 18, 779–786. [CrossRef]

123. Michelsen, A.; Quarmby, C.; Sleep, D.; Jonasson, S. Vascular Plant 15 N Natural Abundance in Heath and Forest Tundra
Ecosystems Is Closely Correlated with Presence and Type of Mycorrhizal Fungi in Roots. Oecologia 1998, 115, 406–418. [CrossRef]
[PubMed]

124. Drucker, D.G.; Stevens, R.E.; Germonpré, M.; Sablin, M.V.; Péan, S.; Bocherens, H. Collagen Stable Isotopes Provide Insights into
the End of the Mammoth Steppe in the Central East European Plains during the Epigravettian. Quat. Res. 2018, 90, 457–469.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.quaint.2011.02.023
https://doi.org/10.1126/science.1113442
https://doi.org/10.3176/hum.soc.sci.1975.1.06
https://doi.org/10.1657/1523-0430(2007)39[318:SCICOE]2.0.CO;2
https://doi.org/10.1638/2006-0024.1
https://www.ncbi.nlm.nih.gov/pubmed/19110692
https://doi.org/10.1111/j.1365-2028.1988.tb00966.x
https://doi.org/10.1016/j.quascirev.2015.03.018
https://doi.org/10.1007/BF00377062
https://doi.org/10.1016/0305-4403(91)90064-V
https://doi.org/10.1029/2002GB001903
https://doi.org/10.1016/j.quascirev.2012.10.005
https://doi.org/10.1017/S0094837300008927
https://doi.org/10.1139/b03-010
https://doi.org/10.1111/j.1469-8137.2004.01192.x
https://doi.org/10.1111/j.0269-8463.2004.00900.x
https://doi.org/10.1007/s004420050535
https://www.ncbi.nlm.nih.gov/pubmed/28308434
https://doi.org/10.1017/qua.2018.40

	Introduction 
	Materials and Methods 
	Study Area 
	Materials 
	Analysis of Lake Kaatsjärv Sediments 
	Landcover Reconstructions 
	Isotopic Analysis 

	Results 
	Lithology and Chronology of Kaatsjärv 
	Kaatsjärv Plant Macrofossils and Pollen Diagram Description 
	Landcover Reconstruction 
	Isotopic Results 

	Discussion 
	Landcover Reconstructions 
	Mammoths and Environment 
	Isotopic Evidence 

	Conclusions 
	References

