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Summary

Few sediment/fossil records in northern Europe have escaped the widespread erosion by the 
Fennoscandian Ice Sheet during the Quaternary. Mostly due to non-typical bedrock conditions, 
a unique sediment record in the Sokli basin in northern Finland has survived multiple glaciations 
during the late Quaternary (last 130 kyr (thousand years)). The thick fossil-bearing lacustrine and 
fluvial deposits, which are found interlayered with glacial till beds, occur in a sheltered position in 
a steep depression formed in deeply weathered rocks of a magma intrusion (the Sokli Carbonatite 
Massif) in the Fennoscandian Precambrian Shield. 

This report brings together 15 years of collaborative research in the Sokli and adjacent Loitsana basins. 
The latter forms part of a subglacially formed meltwater corridor with eskers and holds a thick lake 
deposit of Holocene age (present interglacial; last c. 11 kyr). The research was performed in the period 
2006–2021 and was mainly funded by the Swedish Nuclear Fuel and Waste Management Company 
(SKB), with substantial additional funding from POSIVA (Finland), the Academy of Finland and the 
Bolin Center of Climate Change Studies at Stockholm University (Sweden). 

Sediments have been recovered in a series of percussion drilling operations (Sokli basin) and by 
manual coring using a Russian peat corer (Loitsana basin) and are dated by means of a combination 
of radiocarbon and luminescence dating techniques. The lacustrine and fluvial deposits, and thick 
sediment layers of glacio-lacustrine origin, are studied using multiple environmental and climate 
proxies following the newest developments in these fields. These include analyses of a large variety 
of fossil remains: pollen/spores, non-pollen palynomorphs (NPP’s), conifer stomata, macrofossils, 
diatoms, chironomids; diverse biogeochemical data: loss-on-ignition (LOI), carbon/nitrogen rations 
(C/N), elementary data inferred from X-ray fluorescence (XRF) core scanning, biogenic silica (BSi) 
measured by Fourier-transform infrared spectroscopy (FTIRS), stable isotopes from lipid biomarkers; 
and core lithology. Based on this multi-proxy data, detailed reconstructions have been made of 1) 
depositional environments and associated changes in aquatic and telmatic (shallow water (littoral)/
wetland/moist shore) ecosystems; 2) developments in regional vegetation; and 3) climate evolution. 
The detailed reconstruction of local (azonal) changes within the Sokli and Loitsana basins (1) facilitates 
the discrimination between local drivers (acting at the catchment scale) from regional climate, thereby 
increasing the accuracy of the regional vegetation and climate reconstructions. Furthermore, the 
combination of classic pollen analysis (which may suffer from long-distance transport) with conifer 
stomata and plant macrofossils (which originate from the lake/river surroundings), and by comparing 
the response of terrestrial and aquatic taxa (the latter of which do not depend on soil formation), have 
provided a solid basis for the interpretations of the regional vegetation and climate. Climate parameters 
are quantified based on pollen and chironomid assemblages, and from macrofossils/pollen of climate 
indicator plant species, using both classical multivariate regression methods and a new family of 
nonparametric machine-learning approaches adopted in paleoclimatology over the last decade.

Results from the Sokli and Loitsana studies have been published in 33 peer-reviewed scientific 
papers in international journals, four PhD theses, and three peer-reviewed SKB technical reports. 
The present report brings these data together in a concise and consistent way and brings in some 
new data. The multi-proxy data were earlier spread over many diagrams but are here combined 
coherently. Climate reconstructions based on pollen and indicator plant species have been re-run 
using the most recent protocols. Additionally, new detailed vegetation and climate records for the 
entire late Quaternary at Sokli and Loitsana are presented. The vegetation record is placed on an 
approximate timescale that makes use of, among others, a recently published speleothem record from 
a cave in northern Sweden (Korallgrottan). This report presents the first detailed comparison of the 
vegetation developments and climate evolution during the various ice-free time-periods at Sokli. 
Furthermore, sediment logs of all boreholes in the Sokli and Loitsana basins are presented and all 
dating results are discussed and evaluated. The latter applies as well to the quantitatively inferred 
climate estimates. 
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The multi-proxy analyses on the Sokli and Loitsana sediments provide an unprecedented wealth of 
environmental data for the late Quaternary of Fennoscandia. Most importantly, it has resulted in an 
environmental/climate record that significantly revises earlier concepts of glaciation, vegetation, 
and climate in Fennoscandia over the last 130 kyr. The Sokli sequence reveals a highly dynamic 
Fennoscandian Ice Sheet with significantly less ice-cover over Fennoscandia in both time and space. 
New data for the Tulppio Interstadial shows that, even under full glacial conditions (Marine Isotope 
Stage (MIS) 4-2 between c. 70–15 kyr BP, or the Pleniglacial in the NW European mainland strati
graphy), the Sokli basin was deglaciated twice in the middle part of MIS 3 around c. 40 kyr BP 
(Greenland Interstadials (GIS) 11/12 and 8). A glacier re-advance close to the basin, which is recorded 
during the oldest of the two ice-free periods in MIS 3 (Tulppio 1 Interstadial), and the glaciation 
(here defined as the Saariselkä glaciation) that separates the Tulppio 1 and 2 Interstadials, probably had 
their origin in the Saariselkä low-mountain range at c. 100 km north of Sokli. Ice build-up that led to 
the MIS 6 (before 130 kyr BP), MIS 5b (centered at c. 85 kyr BP), MIS 4-early 3 (c. 70–50 kyr BP) 
and MIS late 3-2 glaciations (c. 35–15 kyr BP), in contrast, are thought to have started mostly in the 
Scandinavian mountains. Ice-free conditions during parts of MIS 3, in the period between c. 50–35 kyr BP, 
are now reported from various key sites in Fennoscandia as well as in the central areas of Laurentide 
and Cordilleran glaciation in North America. Furthermore, in contrast to classical views of a harsh 
and unproductive ice-marginal environment, Sokli and Loitsana reconstruct warm insolation-forced 
summers and rich biota both in the Sokli Ice Lake and on the surrounding newly deglaciated terrain 
during the various deglaciation stages, in-line with studies in Canada. The Sokli basin was not glaciated 
during the cold MIS 5d stage (centered at c. 110 kyr BP). Instead, steppe-tundra vegetation, a braided 
river pattern and relatively high summer temperatures indicate a strong continental climate regime 
with the possibility of deep continuous permafrost. 

Results from Sokli also show that warm interglacial conditions prevailed during all three warm stages 
of MIS 5. MIS 5 is defined as the Last Interglacial Complex at Sokli, in agreement with data covering 
large parts of the European mainland. The Nuortti warm stage in the Sokli basin corresponds to MIS 
5e (centered at c. 125 kyr BP) or the Eemian Interglacial in the NW European mainland stratigraphy; 
the Sokli I warm stage corresponds to MIS 5c (c. 95 kyr BP; Brørup Interstadial); and the Sokli II warm 
stage to MIS 5a (c. 80 kyr BP; Odderade Interstadial). The interglacial developments in vegetation 
during MIS 5e, 5c and 5a were remarkably like that of the present interglacial (Holocene), although 
important and interesting differences are recorded. During all warm periods (MIS 5e, 5c, 5a and the 
Holocene) there were periods when mean July temperatures reached at least several degrees higher 
than the Late Holocene interglacial conditions. The Nuortti warm stage (MIS 5e) stands out by the 
local occurrence of temperate hazel (Corylus), winter temperatures probably higher than today, and 
substantial millennial-scale climate variability superimposed on the long-term orbital-forced climate 
evolution. Severe cooling and drying during the early MIS 5e Tunturi event between c. 127–126 kyr 
BP show the potential of major climate instability in a warm climate. A similar early MIS 5e cooling 
perturbation is recently depicted at high sediment accumulation rate sites in the northern North Atlantic 
Ocean, in the famous high-resolution speleothem record from Corchia, Italy, and the newly published 
speleothem record from Korallgrottan in northern Sweden. In the marine record, the cooling occurs 
associated with reductions in North Atlantic Deepwater formation. Finally, the environmental/climate 
conditions at Sokli reconstructed for MIS 5c and 5a preclude the persistence of any significant ice 
mass in Fennoscandia during these periods, in agreement with e.g. relative sea-level estimates from 
tectonically stable locations around the world. In summary, the Sokli archive does not only show a 
highly dynamic Fennoscandian Ice Sheet during the late Quaternary (Early and Mid-Weichselian), but 
it also reveals a much higher climate variability than previously reconstructed. Earlier environmental/
climatic reconstructions for the late Quaternary were mostly based on long-distance correlation of 
highly fragmented and often poorly dated litho- and bio(pollen)-stratigraphic data, and comparison 
with the global ice volume record inferred from the marine oxygen-isotope stratigraphy. According 
to these reconstructions, Sokli was glaciated for nearly 100 kyr, from the start of MIS 5d to the start 
of the Holocene. MIS 5c and possibly MIS 5a were the only periods considered, within this time 
interval (Last Glacial), with ice-free conditions and arctic tundra vegetation.

As a final note, the Holocene vegetation and climate record from Loitsana Lake, which has the same 
detail as the older records from the Sokli basin, is very similar to that obtained for other sites in northern 
Fennsocandia, including newly studied Kuutsjärvi at c. 10 km east of Sokli in the crystalline low 
mountains of the Värriö Tunturit. This shows a negligible influence, if any, of the non-typical bedrock 
geochemistry at Sokli on the paleo-records of regional vegetation and climate.
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Sammanfattning

Få sediment och fossila fynd i norra Europa har undgått den utbredda erosionen av den fennoskandiska 
inlandsisen under kvartär. På grund av icke-typiska berggrundsförhållanden har en unik sediment
sekvens i Sokli-bäckenet i norra Finland överlevt flera glaciationer under sena kvartär (senaste 
130 000 åren). De tjocka fossilbärande lakustrina och fluviala avlagringarna som finns mellanlagrade 
i glaciala moränbäddar förekommer i en brant sänka bildad i djupt vittrade bergarter tillhörande en 
magmaintrusion (”the Sokli Carbonatite Massif”) i den fennoskandiska urbergsskölden.

Denna rapport sammanställer 15 års forskningssamarbete i Sokli- och angränsande Loitsana-bäckenet. 
Den senare utgör del av en subglacialt bildad smältvattenkorridor med åsar och tillhandahåller en tjock 
sjöavlagring av holocen ålder (nuvarande interglacial; senaste 11 000 åren). Forskningen utfördes under 
perioden 2006–2021 och finansierades huvudsakligen av SKB, med betydande bidrag från POSIVA 
(Finland), Finlands Akademi och Bolin Center of Climate Change Studies vid Stockholms universitet 
(Sverige).

Sediment har erhållits i en serie slagborrningsoperationer (Sokli-bäckenet) och genom manuell kärn
borrning (Loitsana-bäckenet). Sedimenten har daterats med hjälp av en kombination av kol-14- och 
luminescensdateringstekniker. Lakustrina och fluviala avlagringar, samt tjocka sedimentlager av 
glacio-lakustrint ursprung, används för att rekonstruera miljö- och klimatförhållanden under sena 
kvartär enligt den senaste metodiken inom området. Dessa inkluderar analyser av ett stort antal fossila 
avlagringar: pollen/sporer, icke-pollen palynomorfer (NPP), barrstomata, makrofossiler, kiselalger, 
chironomider; olika biogeokemiska data: ”loss-on-ignition” (LOI), kol/kväve-relationer (C/N), data 
härledda från röntgenfluorescens (XRF) skanning, biogen kiseldioxid (BSi) mätt med infraröd spektro
skopi (FTIRS), isotoper från lipidbiomarkörer; samt kärnlitologi. Baserat på dessa multi-proxydata har 
detaljerade rekonstruktioner gjorts av 1) avlagringssmiljöer och tillhörnade förändringar i akvatiska 
och telmatiska (grunt vatten/våtmark/fuktig strand) ekosystem; 2) utveckling av lokal vegetation; och 
3) klimatutveckling. Den detaljerade rekonstruktionen av lokala (azonala) förändringar vid Sokli och 
Loitsana (1) gör att man lättare kan separera lokala faktorer från det regionala klimatet, vilket ökar 
noggrannheten i rekonstruktionerna av den regionala vegetationen och klimatet. Kombinationen av 
klassisk pollenanalys (som kan ha genomgått transport över långa avstånd) med stomata från barrträd 
och växtmakrofossiler (som härstammar från sjön/flodens omgivning), tillsammans med jämförelse av 
responsen från terrestra och vattenlevande taxa, ger en solid grund för tolkningarna av den regionala 
vegetationen och klimatet. Klimatparametrar kvantifieras med hjälp av överföringsfunktioner med 
avseende på pollen- och chironomidsammansättningar, samt från makrofossiler/pollen från klimat
indikatorväxtarter, genom att använda både klassisk multivariabel regression och nya tillvägagångssätt 
baserat maskininlärningsmetoder som används inom paleoklimatologi under det senaste decenniet.

Resultat från studierna vid Sokli och Loitsana har publicerats i 33 vetenskapliga artiklar i internationella 
tidskrifter, fyra doktorsavhandlingar och tre expertgranskade tekniska rapporter hos SKB. I denna rapport 
sammanställs dessa data på ett kortfattat och konsekvent sätt tillsammans med nya data. Multiproxydatat 
var tidigare utspridda i ett stort antal diagram, men är här kombinerade och presenterade på ett kortfattat 
och sammanhängande sätt. Klimatrekonstruktioner baserade på pollen och indikatorväxtarter har körts om 
med de senaste protokollen. Dessutom presenteras nya detaljerade vegetations- och klimatrekonstruktioner 
för hela den sena kvartären vid Sokli och Loitsana. Vegetationsrekonstruktionerna placeras på en ungefärlig 
tidsskala som bestäms bland annat av nyligen publicerade stalagmitdata från en grotta i norra Sverige 
(Korallgrottan). Denna rapport presenterar den första detaljerade jämförelsen av vegetations- och klimat-
utvecklingen mellan de isfria perioderna i Sokli under sena kvartär. Vidare presenteras sedimentloggar 
från alla borrhål i Sokli och Loitsana och alla dateringsresultat diskuteras och utvärderas. Det senare 
gäller även för de kvantitativt härledda klimatrekonstruktionerna.

Multiproxyanalyserna från Sokli och Loitsana-sedimenten har resulterat i en mängd unika miljödata 
för sena kvartär i Fennoskandia, vilka bidrar till att väsentligt revidera tidigare uppfattningar om 
glaciation, vegetation och klimat i Fennoskandia under de senaste 130 000 åren. Sokli-sekvensen 
avslöjar att den fennoskandiska inlandsisen var mer dynamisk än tidigare rekonstruktioner samt 
att det troligen var betydligt mindre is över Fennoskandia än vad man tidigare trott. Nya data för 
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Tulppio-interstadialen visar att, även under glaciala förhållanden (Marine Isotope Stage (MIS) 
4-2 mellan c. 70 000–15 000 år sedan), var Sokli isfritt vid två tillfällen i mitten av MIS 3 för ca 
40 000 år sedan (motsvarar Grönland interstadialer (GIS) 11/12 och 8). Tillväxt av is nära Sokli har 
registrerats under den äldsta av de två isfria perioderna under MIS 3 (Tulppio 1-interstadialen), och 
nedisningen (här definierad som Saariselkä-glaciationen) mellan Tulppio 1 och 2-interstadialerna, 
hade troligen sitt ursprung i Saariselkäs fjällskedja ca. 100 km norr om Sokli. Isuppbyggnaden som 
inträffade under MIS 6 (mer än 130 000 år sedan), MIS 5b (ca 85 000 år sedan), MIS 4-tidigare MIS 3 
(ca 70 000–50 000 år sedan) och sena MIS 3–2 (ca 35 000–15 000 år sedan) tros däremot ha vuxit till 
från de skandinaviska bergen. Isfria förhållanden under delar av MIS 3, ca. 50 000–35 000 år sedan, 
rapporteras nu ha varit förekommande på olika platser i Fennoskandia såväl som i de centrala delarna 
av Laurentide och Cordilleran-isarnas utbredningsområde i Nordamerika. I motsats till den klassiska 
bilden av en glaciation, som beskriver hårda och kala miljöförhållanden, uppvisar Sokli och Loitsana-
rekonstruktionerna flera perioder av varma somrar och en rik biota. Detta är i linje med resultat från 
tidigare studier i Kanada. Soklibäckenet var inte nedisad under det kalla MIS 5d-stadiet (ca 110 000 år 
sedan). Istället indikerar förekomsten av stäpp-tundravegetation, ett flätat flodmönster och relativt 
höga sommartemperaturer att ett kontinentalt klimat rådde vid Sokli under denna tid, potentiellt 
tillsammans med en djup kontinuerlig permafrost.

Resultaten från Sokli visar också att varma interglaciala förhållanden rådde under alla tre varma stadier 
av MIS 5. MIS 5 definieras som det sista interglaciala komplexet vid Sokli, i överensstämmelse med 
data från stora delar av det europeiska fastlandet. Nuorttis varma stadium i Soklibäckenet motsvarar 
MIS 5e (ca 125 000 år sedan) eller interglacialen Eem i den nordväst-europeiska fastlandets stratigrafi; 
Sokli I motsvarar MIS 5c (ca 95 000 år sedan; Brørup-interstadialen); och Sokli II motsvarar MIS 5a 
(ca 80 000 år sedan; Odderade-interstadialen). Utvecklingen av vegetation under MIS 5e, 5c och 5a 
var anmärkningsvärt lik motsvarande utveckling av nuvarande interglacial holocen, även om viktiga 
och intressanta skillnader också finns. Under alla varma perioder (MIS 5e, 5c, 5a och holocen) var 
medeltemperaturen i juli, åtminstone tillfälligt, flera grader högre än motsvarande temperatur under sena 
holocen. Nuorttis varma stadium (MIS 5e) utmärker sig genom den lokala förekomsten av tempererad 
hassel (Corylus), vintertemperaturer som troligen var högre än idag och betydande klimatvariationer 
på tidskalan tusentals år. Under det tidiga MIS 5e Tunturi-eventet för ca 127 000–126 000 år sedan 
blev klimatet betydligt kallare och torrare; denna förändring visar att även ett varmt klimat kan vara 
högst instabilt. En liknande tidig MIS 5e-avkylning har också rekonstruerats vid platser med hög 
sedimentackumulation i norra Nordatlanten, i den berömda högupplösta speleothemsekvensen från 
Corchia, Italien, samt i den nyligen publicerade speleothemsekvensen från Korallgrottan i norra Sverige. 
Marina data tyder på att nedkylningen av klimatet under denna tid uppkom i samband med en minskning 
av bildandet av djupvatten i Nordatlanten. Slutligen utesluter miljö-/klimatrekonstruktionerna för MIS 
5c vid Sokli att någon betydande ismassa kvarstod i Fennoskandia under denna period. Detta resultat 
stämmer överens med relativa havsnivåuppskattningar från tektoniskt stabila platser runt om i världen. 
Utöver en mycket dynamisk inslandsis under sen-kvartär (tidigt och mitten av Weichselglaciationen) 
uppvisar Soklisekvensen också en mycket högre klimatvariation under denna tidsperiod än vad som 
tidigare rekonstruerats. Tidigare miljö-/klimatrekonstruktioner för sena kvartär i Fennoscandia baserades 
mestadels på långdistanskorrelationer av mycket fragmenterade och ofta dåligt daterade lito- och 
bio(pollen)-stratigrafiska data. Enligt dessa rekonstruktioner var Sokli nedisad i nästan 100 000 år, 
från början av MIS 5d till starten av holocen. MIS 5c och möjligen MIS 5a var de enda perioderna, 
inom detta tidsintervall, som beaktades kunde ha haft isfria förhållanden och arktisk tundravegetation.

Slutligen kan noteras att rekonstruktionerna av de holocena vegetation- och klimatförhållanden från 
Loitsanasjön, vilka uppvisar liknande detaljeringsgrad som äldre sekvenser från Soklibäckenet, är 
mycket lika det som framställts för andra platser i norra Fennoscandia, inklusive det nyligen studerade 
Kuutsjärvi ca 10 km öster om Sokli vid Värriö Tunturits kristallina lågfjäll. Detta visar på ett försumbart 
inflytande av den icke-typiska berggrundsgeokemin i Sokli på rekonstruktionerna av klimatet och 
den regionala vegetationen.
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1	 Introduction

1.1	 Background
The classic geological reconstructions of environmental conditions including glaciations, vegetation 
and climate in Fennoscandia for the late Quaternary (last c. 130 kyr) were largely based on long-distance 
correlation of often poorly dated and highly-fragmented bio(/pollen)- and litho(/till fabric)-stratigraphic 
evidence (Andersen and Mangerud 1989, Mangerud 1991, Lundqvist 1992, Donner 1995). Long 
pollen records (i.e. spanning a long time sequence) from the NW European mainland were used as 
templates against which local and regional biostratigraphic schemes were correlated. As clearly out-
lined by Donner (1996), these correlations are fraught with uncertainties, caused by the correlation 
over long distances, i.e. over an area with a large climate gradient, and truncations of geological beds 
resulting in incomplete interstadial or interglacial sequences. Additionally, correlations build on the 
assumption that Late Pleistocene climate and vegetation gradients over central Europe-Fennoscandia 
were similar as today or steeper, influenced by the presence of the Fennoscandian Ice Sheet, and that 
climate conditions were similar or warmer than today only during the Eemian Interglacial (Marine 
Isotope Stage (MIS) 5e between c. 130–115 kyr ago; Figure 1-1). Furthermore, the late Quaternary 
glacial history of Fennoscandia is mostly based on correlations with the marine oxygen-isotope 
stratigraphy. Although it is widely acknowledged that the latter record carries a composite signal of 
e.g. ice volume, ocean water temperature and salinity, the marine oxygen-isotope record is widely 
used as a proxy for global ice volume changes during the Quaternary (last c. 2.5 million years) (e.g. 
Kleman et al. 1997). 

Long sediment records are rare in Fennoscandia due to repeated glacial erosion by the Fennoscandian 
Ice Sheet. A unique 30 m-thick sediment sequence of late Quaternary age has survived multiple 
glaciations in the Sokli basin in northern Finland (Figure 1-2). The thick fossil-bearing lacustrine 
and fluvial deposits, which are found interlayered with glacial till beds, occur in a sheltered position 
in a steep depression formed in deeply weathered rocks of a magma intrusion (the Sokli Carbonatite 
Massif (SCM)) in the Fennoscandian Precambrian Shield. Sokli was positioned under the ice-divide 
zone during the Last Glacial Maximum (LGM, c. 20 kyr BP in MIS 2), where low basal ice-flow 
velocities and/or frozen-bed conditions have resulted in limited glacial erosion (Kleman et al. 1997, 
1999, Boulton et al. 2001). Moreover, the maintenance of divergent ice flow, from the northern parts 
of the Scandinavian mountains (Scandes) into the Inari basin to the north and the Baltic basin to the 
south (Figure 1-2), dictated by the pre-glacial relief, is mentioned as a possible factor for the glacial 
preservation of pre-LGM sediments and landforms in both central Finnish and Swedish Lapland 
(Ebert et al. 2015). Although central Finnish Lapland holds a concentration of sediments pre-dating 
the LGM, the till-covered organic beds are generally only a few decimeters thick and often occur in 
a secondary position, i.e. the sediments are not found in-situ but have been truncated and transported by 
the ice sheet (Hirvas 1991). Therefore, the unique sediment preservation in the Sokli basin is probably 
mainly due to the non-typical bedrock conditions. It is the combination of a steep hollow in the soft, 
deeply weathered carbonatite rocks of the SCM, combined with the presence of surrounding hills 
formed in hard fenite rocks, which have provided shelter against glacial erosion (Figure 1-3). Another 
site with preservation of a thick sediment sequence is Rautuvaara in western Finnish Lapland. Here, 
a series of individual till beds, interbedded with sorted glacio-lacustrine sediment, but not including 
any organic-rich unit, can be followed over up to some 400 m on the eastern flank of the Alainen 
Rautuvaara hill. The sediments form part of an up to 40-m-thick valley-infill consisting of glacial 
and fluvial deposits. The Rautuvaara Section has earlier been considered as the stratotype for the 
northern Fennoscandian late Middle and Late Pleistocene (Hirvas 1991). Recent dating using the 
luminescence dating method indicates that the whole sediment succession was deposited during the 
Weichselian (Figure 1-1; Lunkka et al. 2014, Howett et al. 2015).
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Figure 1-1. Late Quaternary climate-stratigraphies in marine sediments (globally, after Lisiecki and Raymo 
2005; eastern subpolar North Atlantic, after McManus et al. 1994, Bond et al. 1993) and European terrestrial 
sediments. Shown are the NW European mainland stratigraphy (with important sites such as Twente in the 
Netherlands (van der Hammen and Wijmstra 1971, van Geel et al. 1989) and Oeral in northern Germany 
(Behre 1989) and the stratigraphies in the La Grande Pile basin in France (Woillard 1978, Turon 1984) 
and Sokli basin in northern Finland (Helmens 2014, Helmens et al. 2015, Salonen et al. 2018, this study) 
(Figure 1-2). Note that the Weichselian (or Last Glacial) in northwest Europe is defined as covering MIS 
5d-2, whereas in the La Grande Pile and Sokli basins the Last Glacial corresponds to MIS 4-2. Greenland 
Interstadials are according to Johnsen et al. (1992) and Dansgaard et al. (1993). Variations in summer 
insolation at high northern latitudes (Berger and Loutre 1991) are indicated at the left side of the figure. 
Adapted from Helmens (2014).
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With sediments preserved in their original stratigraphic position, an absolute timeframe obtained 
through radiocarbon and luminescence dating, and an unusual thickness and fossil-richness of 
lacustrine and fluvial deposits, the long sediment sequence in the Sokli basin provides a unique 
possibility for studying late Quaternary environmental and climate change in Fennoscandia. As 
mentioned at the start of this section, most pre-LGM sedimentary sequences in Fennoscandia that 
have been studied are highly fragmented, representing parts of an interstadial or interglacial sequence, 
and many sediment sections are poorly dated; the most common proxies that have been applied in 
environmental reconstructions are pollen and diatoms (Donner 1995). Long records such as preserved 
at Sokli have not yet been located at other sites in Fennoscandia. Long environmental/climate records 
that span the last 130 kyr BP are available, however, from sites directly outside the LGM extent of 
the Fennoscandian Ice Sheet, on the northern European mainland, where sediments have accumulated, 
like at Sokli, in glacial depressions formed during the Penultimate Glacial (MIS 6; Helmens 2014). 
As such, Sokli provides the opportunity for the late Quaternary environmental and climate record 
to be extended to high European latitudes. It is also important to note that, because of the northern 
location of the Sokli site and its position under the central part of the LGM ice sheet, ice-free intervals 
at Sokli most likely meant ice-free conditions over large parts of Fennoscandia. This is supported 
by an increase in detailed studies during the last two decades on geological sections dated to MIS 3, 
providing evidence for widespread deglaciation in Fennoscandia, including at Sokli, following sub-
continental-scale glaciation in MIS 4 (e.g. Helmens and Engels 2010 and references therein, Wohlfarth 
2010 and references therein, Helmens 2014 and references therein, Kleman et al. 2020, Mangerud et al. 
2023).

Following reconnaissance studies (Ilvonen 1973a, 1973b, Forsström 1990, Johansson and Räsänen 
1994, Helmens et al. 2000, 2007a, Alexanderson et al. 2008), the Sokli sediment sequence has been 
subjected to detailed studies starting in 2006, mostly funded by SKB, with additional funding from 
POSIVA (Finland), the Academy of Finland, and the Bolin Center of Climate Change Studies at 
Stockholm University (Sweden). A complementary study was carried out on the Holocene deposit 
in Loitsana Lake to obtain a reference section for the interpretation of the results from the older 
lake deposit in the adjacent Sokli basin. The sediments were studied using a multi-proxy approach 
in which a large variety of fossil remains, and sediment characteristics, were analyzed and results 
were integrated. Climate parameters were quantified using an ensemble of proxy-climate calibration 
methods. Studies have been conducted by an international team of researchers specialized in e.g. 
the identification of pollen, macrofossils, chironomids (aquatic insects) and diatoms, the analysis 
of biogeochemical data, as well as different climate reconstruction methods. 

The multi-proxy analyses on the Sokli and Loitsana sediments have provided an unprecedented 
wealth of environmental data for the late Quaternary of Fennoscandia. Most importantly, it has 
resulted in an environmental/climate record that significantly revises earlier concepts of glaciation, 
vegetation, and climate in Fennoscandia over the last 130 kyr. According to the earlier views (e.g. 
Mangerud 1991, Lundqvist 1992, Donner 1995), Sokli was glaciated for nearly 100 kyr from the 
start of MIS 5d at c. 115 kyr BP to the start of the Holocene at c. 10 kyr BP (Figure 1-1). MIS 5c 
(centered at c. 96 kyr BP; Brørup Interstadial in the NW European mainland stratigraphy) and possibly 
MIS 5a (c. 82 kyr BP; Odderade Interstadial) are the only periods that were traditionally considered, 
within this time interval (Last Glacial), to be ice-free with cold tundra conditions. Warm interglacial 
conditions prevailed during the preceding interglacial (MIS 5e around c. 125 kyr BP; Last Inter
glacial or Eemian Interglacial) and the Holocene (Present Interglacial). 

In sharp contrast to the earlier views, the Sokli record reveals a highly dynamic Fennoscandian Ice 
Sheet and significantly less ice-cover over Fennoscandia in both time and space. Furthermore, it 
does not only infer ice-free conditions for both MIS 5c and 5a but reveals interglacial vegetation 
successions with summer temperatures exceeding Late Holocene interglacial values by several 
degrees during these periods (Sokli I and Sokli II warm stages; Figure 1-1). Full glacial conditions 
during MIS 4-2 (c. 70–10 kyr BP) were interrupted at least twice by deglaciation of the Sokli basin 
(Tulppio Interstadial Complex around c. 40 kyr BP in mid-MIS 3). Ice-free conditions over large 
parts of Fennoscandia during MIS 3, in the period between c. 50–35 kyr BP, are now reported from 
various key sites, recently studied or re-studied (see above), in Fennoscandia. The proxy data from 
Sokli and Loitsana show that the response of biota to newly deglaciated terrain was fast and warm 
insolation-forced summers are recorded for the various late Quaternary deglacial phases. The Sokli 
basin was not glaciated during the cold MIS 5d stage (around at c. 110 kyr BP). Instead, steppe-tundra 
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vegetation, a braided river pattern and relatively high summer temperatures indicate a strong continental 
climate regime with the possibility of deep continuous permafrost. Steppe-tundra was widespread 
on mainland Europe during the cold stages of the late Quaternary (e.g. Granoszewski 2003). A 
high-resolution analysis of the lake deposit of MIS 5e age in the Sokli basin (Nuortti warm stage) 
further reveals a distinct millennial-scale climate variability superimposed on the long-term orbitally 
forced interglacial climate evolution and provides evidence for substantial climate instability under 
warmer-than-today baseline conditions. In the marine record, a concurrent cooling to the early MIS 
5e Tunturi event at Sokli occurs associated with reductions in North Atlantic Deepwater Formation, 
suggesting a weakening of the Atlantic Meridional Overturning Circulation (AMOC; Irvali et al. 2012, 
Galaasen et al. 2014). Overall, MIS 5e was the mildest period at Sokli of the last 130 kyr when also 
winter temperatures seem to have exceeded Late Holocene values. Finally, the prevalence of inter-
glacial conditions during all three warm stages of MIS 5, which has led to the definition of entire 
MIS 5 at Sokli as the Last Interglacial Complex, restricts the Last Glacial to MIS 4-2 with a total 
duration of c. 50 kyr (Figure 1-1). In a review paper in which Sokli is compared with long proxy 
records from Europe and marine data, Helmens (2014) proposes a subdivision of the last climate 
cycle into an early, overall mild interglacial half (MIS 5) and a late, overall cold glacial half (MIS 4-2), 
each with duration of c. 50 kyr. The warm interglacial conditions at Sokli during MIS 5c and 5a 
preclude the persistence of any significant ice mass in Fennoscandiaduring these periods, which is 
agrees with relative sea-level estimates from tectonically stable locations around the world for MIS 5a 
(Dorale et al. 2010).

Results from the Sokli and Loitsana studies are published in 33 peer-reviewed scientific papers in 
international journals, four PhD theses, and three peer-reviewed SKB technical reports (Table 1-1). 
The present report provides the following improvements and updates: 

1)	 Multi-proxy data that was earlier spread over many diagrams and publications are here combined 
and presented in a concise and coherent way.

2)	 Climate reconstructions based on pollen and indicator plant species are re-run using most-recent 
protocols. A new pollen sum is introduced.

3)	 New detailed vegetation and climate records for the entire late Quaternary at Sokli are presented.

4)	 Vegetation developments and climate evolutions that are reconstructed for the various ice-free 
timeperiods at Sokli are compared in detail for the first time.

5)	 Sediment logs from all boreholes in the Sokli basin, and the adjacent Loitsana basin, are provided 
and all dating results are discussed and evaluated.

6)	 Quantitatively inferred climate estimates are evaluated in detail.

7)	 A large part of the multi-proxy data for the MIS 5e Sokli lake deposit; the study on the lake 
sediments of MIS 5a age; and a comparison between the different glacial lake stages; which 
have been published but not yet reported in a SKB report, are included.

8)	 Important new data for the Tulppio Interstadial (MIS 3) are presented. Also, a new environmental 
record based on the Holocene peat deposit, and underlying lacustrine sediment, in the Sokli basin 
is provided.

The publications for each of the time-slices studied at Sokli and Loitsana, which lie at the basis of 
the report, including main topic/reconstruction and applied proxies, are summarized in Table 1-2.

Following chapter 1, which provides an introduction to the report and describe the present-day environ
mental setting of the study site, chapter 2 gives important information/data that lie at the basis of 
the environmental/climate reconstructions presented in chapters 3-5. Chapter 2 describes sediment 
recovery and borehole locations; provides a discussion on dating methods and presents all dating 
results as well as a thorough evaluation of these results; discusses the late Quaternary stratigraphy in 
the Sokli basin; and provides a discussion on multi-proxy comparisons, and a description of methods 
used for climate reconstruction. The implications of the Sokli results and comparison with other 
studies are integrated in all chapters including the summary. 

The relevance of the research conducted in the Sokli and Loitsana basins for the description of the 
historical climate evolution at Forsmark and the definition of climate scenarios in assessments of 
post-closure safety is summarized in SKB (2020), Section 4.3.5.
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Table 1-1. Publications on the Sokli and Loitsana records and related studies.

Alexanderson et al. (2008) Bos et al. (2009) Dalton et al. (2022)
Engels (2008) Engels et al. (2007) Engels et al. (2010)
Engels et al. (2014) Felde et al. (2020) Finné et al. (2019)
Helmens (2009) Helmens (2013) Helmens (2014)
Helmens (2019) Helmens and Engels (2010) Helmens et al. (2000)
Helmens et al. (2007a) Helmens et al. (2007b) Helmens et al. (2009)
Helmens et al. (2012) Helmens et al. (2015) Helmens et al. (2018)
Helmens et al. (2021) Katrantsiotis et al. (2021) Kylander et al. (2018)
Plikk (2018) Plikk et al. (2016) Plikk et al. (2019)
Plikk et al. (2021) Salonen (2012) Salonen et al. (2013)
Salonen et al. (2018) Salonen et al. (2021) Sánchez Goñi et al. (2017)
Shala (2014) Shala et al. (2014a) Shala et al. (2014b)
Shala et al. (2017) van Meerbeeck et al. (2011) Väliranta et al. (2009)
Väliranta et al. (2015)

Table 1-2. Summary of studies at Sokli and Loitsana used in the environmental and climate 
reconstructions presented in this report.

Time-slice Main proxy Topic/reconstruction Reference

Early Holocene Lithology, geochemistry, diatoms Evolution Sokli Ice Lake Shala et al. (2014a)

Holocene LOI, C/N, macrofossils, diatoms, 
chironomids

Lake development Shala et al. (2014b)

Holocene Pollen Vegetation development Salonen et al. (2013)

Holocene Pollen, diatoms, chironomids, 
macrofossils

Comparison of climate records Shala et al. (2017)

Holocene Multiple proxies Environmental and climate records Shala (2014)

MIS 3 Lithology, diatoms Evolution Sokli Ice Lake, climate Helmens et al. (2009)

MIS 3 Chironomids Climate Engels et al. (2007)

MIS 3 Pollen, NPP’s, macrofossils Terrestrial and lake ecosystems, 
climate

Bos et al. (2009)

MIS 5d-c Macrofossils Climate Väliranta et al. (2009)

MIS 5d-c Lithology, LOI, chironomids, 
Macrofossils

Fluvial depositional environments, 
climate

 Engels et al. (2010)

MIS 5d-c Lithology, LOI, pollen, NPP’s, 
macrofossils 

Terrestrial and azonal ecosystems, 
climate

Helmens et al. (2012)

MIS 5a Pollen, NPP’s, macrofossils, 
diatoms, chironomids

Terrestrial and aquatic/wetland 
ecosystems, climate

Helmens et al. (2021)

Early MIS 5e Multiple proxies Environmental conditions and 
climate Tunturi event

Helmens et al. (2015)

MIS 5e Biogeochemistry, diatoms, 
pollen, NPP’s, macrofossils

Lake development Plikk et al. (2016)

MIS 5e Geochemistry, diatoms Lake development Kylander et al. (2018)

MIS 5e Pollen Vegetation and climate
(summer and winter temperatures)

Salonen et al. (2018)

MIS 5e Chironomids Climate Plikk et al. (2019)

MIS 5e Biomarker-isotopes Trends in summer and winter 
temperatures

Katrantsiotis et al. (2021)

MIS 5e Resting spores of diatom 
Aulacoseira

Morphology Plikk et al. (2021)
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Time-slice Main proxy Topic/reconstruction Reference

MIS 5e Multiple proxies Environmental and climate records Plikk (2018)

Holocene, MIS 5d-c Pollen Comparison of climate 
reconstructions

Salonen et al. (2013)

Holocene, MIS 3, 
5d-c

Chironomids Comparison of climate 
reconstructions

Engels et al. (2014)

Early MIS 5a, MIS 3, 
Early Holocene

Litholoy, diatoms, chironomids, 
pollen, NPP’s, macrofossils

Comparison of glacial lake stages Helmens et al. (2018)

Entire record Lithology, pollen Reconnaissance study Helmens et al. (2000)

Entire record Lithology Geochronology Alexanderson et al. (2008)

Entire record Lithology, pollen Stratigraphy Helmens et al. (2007a)

Entire record Lithology, pollen, macrofossils Climate-stratigraphy (Helmens 2014)

1.2	 Environmental setting
Sokli is in the northernmost part of the boreal forest biome in northwestern Europe (Figure 1-2). The 
main tree taxa in the region are birch (Betula pubescens and B. pendula), pine (Pinus sylvestris) and 
spruce (Picea abies). The northern limit of spruce is situated some 100 km north of Sokli. North of 
the spruce limit, pine forest predominates, succeeded northwards and upwards by birch-pine forest 
and then sub-arctic birch forest composed of the polycormic mountain birch B. pubescens subsp. 
tortuosa. The vegetation of the tundra region beyond the forest limit is mainly a dwarf-shrub tundra 
dominated by dwarf birch (B. nana) and Ericales. Lowland tundra is restricted to a narrow strip of 
land along the Barents Sea coast in northern Norway but becomes more widespread in the Russian 
arctic in northeastern Europe. Larch (Larix sibirica) starts its present-day range ca. 500 km east of 
Sokli, where with increasing continentality larch becomes an important component of the Russian 
northern taiga and the vegetation near the arctic forest limit. South of Sokli, several deciduous trees 
that are common in the temperate forest of central Europe (e.g. hazel (Corylus avellana), elm (Ulmus 
glabra), oak (Quercus robur)) reach their northern distribution limits in the boreal forest and transition 
to the hemi-boreal forest. The northern limit of Alnus glutinosa (alder), which thrives in wet habitats, 
is situated at some 400 km south of Sokli. A. incana is present throughout Fennoscandia, growing 
also in the open vegetation types of the northernmost regions. Mixed deciduous-coniferous forest 
with a variety of thermophilous trees (but mostly Quercus) is present south of c. 60° N.

Figure 1-2 further shows the present-day isotherms of mean July and mean January air temperatures 
over northern and central Europe (Hijmans et al. 2005). Except for the major mountain ranges, July 
temperatures increase with decreasing latitude, with the steepest temperature gradient in the east. 
January temperatures follow a perpendicular pattern to the July temperatures, with winter temperatures 
decreasing eastwards. The increase in July and decline in January temperatures along latitudinal 
transects eastward from the North Atlantic Ocean together constitute a gradient in climatic con
tinentality, defined as the temperature amplitude of the warmest minus coldest month divided by 
the sine of latitude.

Sokli is a deserted mining hamlet located in northeastern Finland close to the border with Russia (lat. 
67°48’ N, long. 29°18’ E, elevation c. 230 meters above sea level (m a.s.l.); Figure 1-3). The geology 
of the area comprises the Sokli Carbonatite Massif (SCM), which is a round massif about 7 km in 
diameter within its core Paleozoic carbonate-rich rocks of magmatic derivations/descent (Vartiainen 
1980). The carbonatite rocks are surrounded by a fenite halo that developed by metasomatism of the 
crystalline rocks that surround the magma intrusions (Vartiainen 1980). The top of the carbonatite is 
almost wholly weathered, leaving a regolith rich in apatite and francolite. The carbonatite rocks of 
the SCM have relatively high concentrations of calcium (Ca), sulphur (S), iron (Fe), and manganese 
(Mn) and contain the rare element niobium (Nb; Vartiainen 1980). Dispersed residual phosphorous 
deposits occur across the carbonatite bedrock (Talvitie et al. 1981). The SCM is the westernmost 
extension of deposits that form the Russian Kola alkaline rock province. The Precambrian rocks 
of the Fennoscandian Shield that surround the massif include metavolcanics, metasediments and 
granitoids (Mikkola 1937), rocks which form the bedrock in major parts of Finnish Lapland.
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The deeply weathered carbonatite rocks manifest themselves in the landscape as a circular depression 
bordered by a hilly ring of fenites (Figure 1-3). The surface of the Sokli mire (Sokliaapa) in the center 
of the massif lies at an elevation of c. 220 m a.s.l. and the highest fenite hill (Mäskaselkä) reaches 
314 m a.s.l. The Sokliaapa is drained by a rivulet called the Soklioja that flows southwestwards into 
the Yli-Nuortti. The latter is a tributary of the Nuortti River that, in its turn, drains towards the Barents 
Sea. The highest peaks in the Nuortti drainage basin are the Värriö Tunturit (Värriö fells) at c. 15 km to 
the southeast of Sokli. This low-mountain ridge exceeds 500 m a.s.l. in elevation and is covered with 
dwarf-shrub tundra. Mires of the aapa-type (a patterned fen) are extensively present in the region. The 
Sokliaapa consists of a Carex-Salix rich fen directly along the Soklioja, surrounded by a Carex-Betula 
nana moderate-rich fen. The outer, drier parts of the mire consist of an Ericaceae-Spaghnum poor fen 
containing ombotrophic hummocks with Rubus chamaemorus. Loitsana Lake is the only place within 
the Sokli massif where open-water conditions persist today. It has a current water depth between c. 1–2 m.

Sokli has a cool boreal climate. Temperatures in the region are currently increasing with the largest 
increases occurring after 2000. Since the modern climate calibration data used in our climate reconstruc-
tions span the period 1961–2000 (Section 2.3), a mean January and mean July air temperature of c.−14 °C 
and 13 °C, respectively, which are average values over 1971–2000 (Hijmans 2005), are used as present-day 
values in the report and figures. Mean annual precipitation amounts to c. 500–550 mm (Drebs et al. 2002).

Figure 1-2. Map of Europe (A) with present-day distribution of latitudinal vegetation belts and northern 
(or otherwise indicated) distribution limits of selected tree taxa (based on Donner 1995). The Sokli site and 
other stratigraphically important sites (see Figure 1-1) are highlighted in red. (B) shows the extent of the 
south-western portion of the North Eurasian Ice Sheet (including the Fennoscandian and British Ice Sheets) 
during cold stages of the last c. 160 kyr (based on Svendsen et al. 2004, Carr et al. 2006, Mangerud 2011). 
The ice extent in mid-MIS 3 follows Arnold et al. (2002) and this study. Also shown is the maximum limit of 
Pleistocene glaciation of the Alps (Ehlers and Gibbard 2004). Maps C and D provide present-day isotherms 
of mean July and January temperatures, respectively, over central and northern Europe, according to 
Hijmans et al. (2005). Adapted from Helmens (2014).
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2	 Methodology and geochronology

2.1	 Coring, dating and stratigraphy
Drillings carried out in connection with carbonatite prospecting reveal a string of hollows, with 
sedimentary infillings up to 10–30 m thick, which follows a NE-SW trending fracture zone through 
the Sokli Massif (Ilvonen 1973a, 1973b, Talvitie et al. 1981). A 30-m-thick sediment sequence that 
includes a series of organic-bearing units of late Quaternary age occurs in the center of the massif 
where two fracture zones cross (Ilvonen 1973a, 1973b, Johansson and Räsänen 1994, Helmens et al. 
2000, 2007a). The latter depression is referred as the Sokli basin (Helmens et al. 2000; Figure 1-3).

Heavy percussion drillings were performed in the Sokli basin at three different locations along a 
200-m-long transect and, at each location, several boreholes were taken within a few meters distance 
from each other (Figures 1-3, 2-1). The first sediment cores that were retrieved suffered from major 
gaps in sediment recovery. Among these are boreholes 900–902 and 905 cored in 1996 (Helmens et al. 
2000). Following this, a near continuous sediment record, which reaches down into a diatom-rich gyttja 
deposit near the base of the basin infill, was collected in 2002 with improved techniques (boreholes 
A- and B-series; Helmens et al. 2007a). Subsequently, boreholes 1/, 2/ and 4/2010 were drilled, 
resulting in a complete recovery of the lower diatom gytta deposit and underlying glacio-lacustrine 
sediment (Plikk et al. 2016). Additionally, coring 2/2010 retrieved a thick gyttja deposit on top of 
the lower glacial till bed in the upper part of the Sokli sequence (Helmens et al. 2021), as well as 
a sorted sediment intercalation in the uppermost till bed and a complete sedimentary record for the 
Holocene, both studied here. 

Drillings were carried out in winter from the frozen surface of the Sokli wetland by the Geological 
Survey of Finland. Use was made of a hydraulic piston corer with a flow-through coring device. 
Cores were taken into a PVC tube, 2 m long and c. 4 cm in diameter, which was driven by vibration 
into the sediment while inserted in a steel tube. Coarse and compact diamict deposits of glacial origin 
(till) obstructed the coring operations on several occasions. Furthermore, sand and gravel that had 
entered the sampling tubes from above contaminated the diatom gyttja sampling, as the latter low-
density sediment was unable to (entirely) push out the coarse sediment. This resulted in compaction 
of the diatom gyttja cores to various degrees. The contact between the diatom gyttja and the contamina-
tion, however, was usually sharp, and the latter was easily removed in the laboratory. The rather 
homogeneous diatom gyttja was then ‘stretched back’ to its original depths (Plikk et al. 2016). As 
a last note, the coring at some intervals resulted in an up-ward curving of particularly clayey-silty 
sediment layers. This distortion was also clearly visible in the laboratory and taken into consideration 
during sub-sampling. The cores that were retrieved from the Sokli basin by percussion drilling, to 
depths of 30 m below the surface, in general allowed the lithology/sedimentology of the basin sediment 
to be studied in detail. The cores and sub-samples were stored at c. −20 °C, which prevented the 
sediments from drying out while maintaining sample quality.

In addition to the boreholes from the Sokli basin, a 9-m-thick Holocene sediment sequence was 
retrieved from the nearby Loitsana Lake in 2008 (Figures 1-3, 2-1). Use was made of a Russian peat 
corer and coring was performed in early spring from the frozen lake surface (Shala et al. 2014b). 
Cores S1, 2 and 4 (Sokli basin) were collected in early spring using a motorized hand-coring device 
(deepest layers) and in autumn with a Russian peat corer. The Holocene sediment/sub-samples, 
which have relatively high water content, were stored above 0 °C.
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Figure 2-1. Borehole lithologies and chronologies in the Sokli and Loitsana basins, local climate-stratigraphy, 
and types of analyses applied to the Sokli and Loitsana sediments. For location of boreholes see Figure 1-3. 
Adapted from Helmens et al. (2021). (A) percussion drilling in the Sokli basin, with a slice of diatom gyttja 
of MIS 5e age recovered from a depth of c. 20 m below the surface of the frozen Sokliaapa. (B and C) coring 
of Holocene sediments in Loitsana Lake using a Russian peat corer (B) and Lymnos device (C). 
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Dating of the late Quaternary record is not without problems. Many of the 14C dates for sub-till organic 
beds in northern Finland are around 40 kyr BP (e.g. Mäkinen 2005), i.e. close to the methodological 
limit of radiocarbon dating. Meaningful dates in this age range can only be obtained if in situ contami-
nation of the 14C sample was reduced to very low levels, and contamination added during handling 
and processing in the laboratory, and laboratory background radiation, have been minimized (Hogg 
et al. 2006, Wohlfarth 2009). Despite these uncertainties, consistent series of 14C dates to ages as 
old as c. 60 uncal. kyr BP have been obtained for long pollen records on the European mainland, 
providing a chronological framework for vegetation and climate dynamics during MIS 3 that is in 
general agreement with the Greenland ice core and North Atlantic marine records (e.g. Woillard and 
Mook 1982, Behre and van der Plicht 1992, Müller et al. 2011). Compared with radiocarbon dating, 
luminescence dating has the advantages of a greater age range (covers the entire late Quaternary) 
and the ability to date minerogenic sediment. The experiences with OSL dating in Fennoscandia, 
however, show that the interpretation of the results is not always straightforward (e.g. Alexanderson 
and Murray 2007, 2012, Alexanderson et al. 2009). Inconsistent results (including both over- and 
underestimates of true ages) maybe due to site factors (e.g. the difficulty to assess the water content) 
as well as the luminescence properties of a sample (incomplete bleaching, fading of the OSL signal, 
weak signals). Similarly, OSL dating of long pollen records in northwestern Russia has provided a 
solid chronology for MIS 5 at Lake Ladoga (Andreev et al. 2019), whereas a large scatter in OSL 
dates for the lower part of a sediment sequence in Lake Yamozero has led to two conflicting MIS 5 
age models (Henriksen et al. 2008). Importantly, the classical MIS 5 pollen/climate records from 
central Europe, e.g. La Grande Pile (Woillard 1978, de Beaulieu and Reille 1992) and Oerel (Behre 
and Lade 1986, Behre 1989), remain without absolute chronologies and rely on land-sea correlation.

The late Quaternary sediment sequences in the Soki and Loitsana basins are dated by means of a 
combination of radiocarbon and luminescence dating. The absolute chronology is indicated along 
the sediment logs in Figure 2-1 and, in more detail, along the lithological columns in the multi-proxy 
diagrams (Figures 3-1 to 3-6, Figures 3-8 to 3-10). Unpublished dating results are shown in the latter 
diagrams with their respective laboratory numbers.

The Holocene record from Loitsana Lake is dated by eight AMS 14C datings on macrofossil remains 
of terrestrial plants (Shala et al. 2014b). Two outliers (shown in brackets in Figure 2-1) are from 
samples that contained unidentified leaf and epidermal remains, possibly of aquatic origin. Since 
Loitsana is a hard water lake with carbonates in circulation, the latter samples are suspected to be 
contaminated by old carbon. The age-depth model presented in Shala et al. (2014b) used IntCal09 
(Ramsey 2009, Reimer et al. 2009) and the CLAM package of Blaauw (2010) for R (R Core Team, 
2022). For the purposes of the present compilation study, age-depth modelling was done with the 
Bayesian algorithm Bacon (Blaauw and Christen 2011), using the RBACON library (Blaauw et al. 
2022) for R (Figure 3-5). Since the glacial lake stage at the start of the Loitsana record only lasted in 
the order of c. 25 yr (see Section 3.6), the two 14C ages of c. 9.4 kyr obtained for the glacio-lacustrine 
sediment were placed at the top of this sediment before applying the Bacon model. For the remaining 
part of the Loitsana record, the new age-depth model is rather similar to the one in Shala et al. (2014b). 
Additionally, three AMS 14C datings on bulk sediment (borehole 2/2010) and one using terrestrial 
plant macrofossils (borehole S1) date the lowermost part a new Holocene pollen and plant macrofossil 
record from the Sokli mire (Figure 3-6). The age of the minerogenic sediment sample (c. 9.3 14C kyr), 
which is of fluvial origin, is slightly older than that of the underlying gyttja and peat (c. 9.2 14C kyr). 
This can be explained by the fact that the former bulk sample likely incorporates older soil carbon from 
the catchment. The chronology is in line with that of the Loitsana Lake record (see also Section 3.5). 

Several absolute dates are available for the Tulppio Interstadial Complex of MIS 3 age (Figure 3-4). 
Wood encountered in the uppermost part of the glacio-lacustrine sediment in borehole 900 was dated 
at c. 42.5 14C kyr. Similar as wood from a thin organic-bearing sediment bed found interlayered in 
the till deposit that underlies this deglacial sediment (dated at > c. 42 14C kyr; Figure 2-1), and from 
the Holocene sequence in borehole 905 (c. 8.3 14C kyr), a thorough chemical pre-treatment was 
applied to remove possible contaminants. Therefore, the date of c. 42.5 14C kyr is accepted as a finite 
age even though it is close to the limit of the radiocarbon dating method (Helmens et al. 2000). Most 
recent coring (borehole 2/2010) has revealed a c. 30 cm-thick sorted silty to gravelly deposit inter-
calated near the top of the till bed that overlies the deglacial sediment of the Tulppio 1 Interstadial. 
A c. 10 cm-thick sorted sandy to gravely bed occurs as well, in the same stratigraphic position, in 
borehole B-series. One sample from sandy silt in the 2/2010 core was newly AMS 14C-dated at 
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c. 41.7 kyr (bulk sample) and c. 38.8 kyr (plant macrofossil remains). The bulk sample underwent 
a thorough chemical pre-treatment to avoid contamination with old carbon from the SCM. The bulk 
date of the sandy silt, which accumulated in a small floodplain pond (see Section 3.4; Tulppio 2 
Interstadial), however, probably slightly over-estimates the true age by incorporating older soil 
carbon from the catchment (see above). Originally, the time-interval represented by the deglacial 
sediment sequence was defined as the Tulppio Interstadial (Helmens et al. 2007a). Here, we extent 
the MIS 3 age interval represented in the Sokli sequence to include the newly dated fluvial deposit 
and the till that is interbedded in-between this deposit and the underlying glacio-lacustrine sediment 
and define this as the Tulppio Interstadial Complex (for further discussion see Section 3.4). The 
glacio-fluvial sediment at the base of the Tulppio Complex is OSL-dated at c. 48 kyr (see below), 
which is in line with the radiocarbon chronology. An additional OSL age of c. 72 kyr for the deglacial 
sediment sequence comes from sediment that displays signs of increased glacio-lacustrine influence, 
which may explain reduced sunlight exposure and incomplete bleaching. Also, the OSL characteristics 
of the latter sample are very poor. Therefore, the dating result is considered less reliable (Alexanderson 
et al. 2008) and an outlier in the chronology (Helmens et al. 2007b; Figure 2-1). Finally, an AMS 14C 
date of 54 ± 7/4 kyr (> 48 kyr with 2-sigma) for a very small sample of unidentified seeds from the 
upper part of the glacio-lacustrine sediment in borehole B-series (unpublished data; UtC 14712) is 
here considered an outlier as well (Figure 2-1). 

The first luminescence datings on the Sokli sediments were performed on boreholes 900 and 902 
using thermoluminescence (TL) and infrared stimulated luminescence (IRSL) techniques, in parallel, 
on feldspar (Figures 2-1, 3-1 and 3-2). The results are regarded reliable based on the TL plateau, 
laboratory bleaching properties and the agreement between TL and IRSL dates (Helmens et al. 2000). 
The Sokli sedimentary sequence was subjected to a more detailed optically stimulated luminescence 
(OSL) dating program with the availability of the long B-series borehole (Alexanderson et al. 2008). 
A SAR-dose protocol (i.e. measurements on single aliquots) was applied to address sample contami-
nation (e.g. incomplete bleaching; Fuchs et al. 2005, Lian and Roberts 2006). Focus was on quartz 
although feldspar also was dated in the program. Quartz is quicker and easier zeroed compared to 
feldspar and fading is usually not a problem in quartz. The OSL dates on quartz obtained from the 
B-series core have large standard errors that are mainly due to small sample sizes, relatively poor 
luminescence characteristics, and uncertainties in dose-rate determinations. Nevertheless, OSL ages 
obtained for glacio-fluvial and fluvial sediment are in sequence and group according to stratigraphic 
units (Figure 2-1). Furthermore, this absolute chronology agrees with earlier land-sea comparisons 
(Helmens et al. 2000, 2007a, Alexanderson et al. 2008). In contrast to the OSL dating results on quartz, 
the IRSL feldspar ages obtained for the B-series borehole are similar, in the order of 120–130 kyr, 
throughout the depth interval 8–20 m. The feldspar dates most probably over-estimate the true age 
due to incomplete bleaching (Alexanderson et al. 2008). 

The time interval during which the deglacial sediment and overlying sandy gyttja found at depths of 
c. 9–12.5 m below the surface of the Sokli wetland were deposited is defined as the Sokli II warm 
stage of the Last Interglacial Complex (MIS 5) (Helmens 2014; Figure 2-1) and this ice-free interval 
has earlier been correlated to MIS 5a centered at c. 82 kyr BP (Lisiecki and Raymo 2005; Figure 1-1). 
This is in line with the OSL dates of c. 74 kyr and c. 80 kyr for the Sokli II sediment sequence 
(Figure 3-3). Additionally, wood from the gyttja deposit has recently been AMS 14C dated at > 47 
and > 51 kyr (Helmens et al. 2021). Furthermore, two OSL dates of c. 94 kyr support the correlation 
of the gyttja deposit that is found at depths of c. 13–17 m (Sokli I warm stage) with MIS 5c around 
c. 96 kyr BP (Figure 3-2). The thick diatom gyttja deposit that stretches as a marker horizon near 
the base of the Sokli basin infill (Nuortti warm stage) is dated as older than c. 94 kyr BP (OSL) and 
c. 110–111 kyr BP (TL/IRSL), and younger than c. 150–178 kyr BP (TL/IRSL). This agrees with 
a correlation to MIS 5e dated between c. 115–130 kyr BP (Figure 3-1).

The vegetation and climate records obtained from the MIS 5e, 5c and 5a deposits at Sokli have a 
distinct interglacial character, being like that for the present interglacial (the Holocene) (Chapter 4), 
and entire MIS 5 (c. 130–71 kyr BP) is defined as the Last Interglacial Complex in the Sokli basin 
(Helmens 2014). This definition does not take into consideration possible differences in winter 
temperatures, since these are hard to reconstruct based on north European plant data, even for the 
Holocene. MIS 5 is also defined the Last Interglacial Complex at the famous La Grande Pile site in 
France (Figure 1-1). In contrast, MIS 5c and 5a are defined in the NW European mainland stratigraphy 
as the Brørup and Odderade Interstadials, respectively, of the Last Glacial (Figure 1-1). During 
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these interstadials, boreal forest developed, in contrast to the preceding Eemian Interglacial (MIS 5e) 
and the Holocene when temperate forest established. Helmens (2014) suggests that the absence 
of temperate forest in northwest-central Europe during MIS 5c and 5a is due to factors related to 
increased continentality, including low winter temperatures. The prevalence of interglacial conditions 
during the warm stages of MIS 5 as reconstructed at Sokli and La Grande Pile agrees with data from 
northeast-central Europe (Bolikhovskaya and Molodkov 2014). The latter results further agree with 
pollen records from loess-palaeosol sequences on the East European Plain, and a mollusc-based 
ESR (electron spin resonance) chronostratigraphy for the continental margin of northern Eurasia, 
indicating that during most of MIS 5 the vegetation cover in eastern Europe has evidently been of 
interglacial character (Molodkov and Bolikhovskaya 2009, 2010). The overall warm conditions 
during all three sub-stages of MIS 5 (5e, 5c, 5a) can be ascribed to higher-than-present summer 
insolation (Figure 1-1), with possible feedback mechanisms causing a strong decrease in winter 
temperature in northwest-central Europe during MIS 5c and 5a (Šeirienė et al. 2014).

The Sokli basin was glaciated during MIS 5b (Savukoski 2 cold stage of the Last Interglacial Complex), 
MIS 4 – early MIS 3 (Savukoski 3 Stadial) and late MIS 3 – MIS 2 (Savukoski 4 Stadial). The glacial 
advance that interrupts the Tulppio Interstadial Complex in mid-MIS 3 is here defined as the Saariselkä 
glaciation. Sokli was not glaciated during cold MIS 5d (Savukoski 1 cold stage) when strong conti-
nental conditions prevailed. Finally, two distinct cooling/drying events that interrupt the long-term 
climate evolution of the Nuortti warm stage (MIS 5e) have been defined the Tunturi (Helmens et al. 
2015) and Värriö events (Salonen et al. 2018). The events are dated to c. 127–126 kyr BP (Tunturi 
event) and c. 120 kyr BP (Värriö event) based on an event-stratigraphic correlation with U/Th-dated 
speleothem records from Europe, including a new high-resolution stalagmite isotope record from 
Korallgrottan in northern Sweden (Salonen et al. 2018, Finné et al. 2019; see Chapter 4).

2.2	 Multi-proxy comparisons
For the purposes of a reconnaissance study, boreholes 900–902 and 905 were subjected to a low-
resolution palynological analysis and the lithology was described in detail (Helmens et al. 2000; 
Figure 3-1). The Sokli and Loitsana sediments were studied in detail using a multitude of biotic and 
abiotic environmental and climate proxies since the availability of long sediment records in 2002 
(Figure 2-1). 

A multi-proxy approach has many benefits over the analysis of single proxies. The analysis of 
multiple proxies reduces the uncertainties and limitations of single proxies. Also, it allows the 
reconstruction of a suite of past environmental conditions, both on the local (catchment) and regional 
scale. It thereby facilitates the discrimination between local versus regional signals in the proxy data. 
A multi-proxy analysis also serves as an important validation tool for the quantitative climate 
reconstruction through comparison of climate records inferred from different proxies. Comparisons 
between proxies further allow e.g. differences in response time between aquatic and terrestrial proxies 
to be assessed. Finally, in the study of the Holocene sediment sequence from Loitsana Lake, Shala 
(2014) notes that the response to changes in environmental conditions can be highly individualist, 
further promoting the use of multi-proxy studies. Despite the many advantages, the interpretation of 
large datasets generated by the analysis of multiple proxies is not always straightforward. Aquatic and 
biogeochemical proxies are influenced by a complex and often interrelated suite of environmental/
climate parameters that complicates the identification of individual or main driving factors/processes. 
Although increasing used in Holocene and Late-Glacial reconstructions (e.g. Rosén et al. 2001, 
Bigler et al. 2002, Stančikaitė et al. 2015, Gałka et al. 2015, Bos et al. 2017), multi-proxy studies 
on pre-LGM deposits further remain rare, providing few studies for comparison. The chironomid 
analysis on the deposits of MIS 5e (Plikk et al. 2019), MIS 5d-c (Engels et al. 2010), MIS 5a 
(Helmens et al. 2021) and MIS 3 age (Engels et al. 2007) at Sokli are one of the first studies where 
chironomids are used for environmental and climate reconstructions on these timescales. The lakes 
that occupied the Sokli and Loitsana basins during the late Quaternary were relatively small and 
shallow and, as a result, the lake sediments are rich in a large variety of plant/animal fossil remains. 
In combination with biogeochemical data and detailed lithological descriptions of sediments, this 
has aided in the interpretation of multi-proxy data. 
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A similar suite of proxies was analyzed for most of the time-slices with ice-free conditions at Sokli. 
The proxies that are analyzed in the deposits of MIS 5e, 5d-c, 5a, mid-MIS 3 (Tulppio 1 Interstadial) 
and Holocene age (Loitsana Lake record) include pollen/spores, NPP’s (non-pollen palynomorphs) 
and stomata (i.e. the palynological analysis); macrofossils, diatoms and other siliceous microfossils 
(e.g. phytoliths); aquatic insects (chironomids); and LOI (loss-on-ignition) and lithology. Note that 
stomata were not analyzed in the sediments of MIS 5d-c and mid-MIS 3 age. The MIS 5e lake 
sequence was additionally analyzed for C/N (carbon/nitrogen rations), FTIRS (Fourier-transform 
infrared spectroscopy)-inferred BSi (biogenic silica), XRF (X-ray fluorescence)-based elementary 
data and biomarker isotopes. C/N was also measured on the Holocene sediment sequence from 
Loitsana Lake, and XRF-based elementary data is available for the Early-Holocene glacial lake 
sediment. The new Holocene record from the Sokli mire is based on palynology, macrofossils, LOI 
and lithology, whereas the Tulppio 2 Interstadial sediment (mid-MIS 3) was only subjected to a 
combined palynological and LOI/lithology analysis. 

The analysis of pollen and spores (palynology) in lake sediments has provided invaluable information 
on changes in vegetation and climate around the globe at different time-resolutions and for different 
parts of the Quaternary. There are, however, challenges in the interpretation of pollen/spore assemblages 
that accumulated in tundra and boreal environments. The first challenge concerns the influence of 
long-distance transported tree pollen in the tundra. Modern vegetation-pollen relationships studied 
in lake sediment (e.g. Aario 1940, Prentice 1978) show that the pollen spectra from the boreal forest 
are generally dominated by the forest’s three main tree elements Pinus, Betula and Picea. Pollen per-
centages of Pinus fall gradually from pine to birch forest, to increase again at the expense of Betula 
in the tundra. The increase in representation of Pinus relative to Betula occurs as the forest thins out, 
and Pinus pollen with their greater dispersal capability are blown in from the south. Long-distance 
transported pollen may dominate the pollen record in the tundra, where pollen production is low, 
and might lead to erroneous interpretations of forested conditions. A second challenge relates to the 
presence of boreal wetlands. Modern pollen traps in mires (Hicks 1994) reveal the same tendency in 
vegetation-pollen relationship as the modern lake samples, however, traps in mires show relatively 
high and variable pollen percentage values of taxa such as Salix, B. nana, Ericales, Cyperaceae and 
Poaceae. The latter taxa are typically found in the tundra. As pollen from local wetland are often 
over-represented in the pollen record, this swamping has the potential of an erroneous reconstruction 
of tundra vegetation while the area was vegetated with boreal forest. These limitations/uncertainties 
of the pollen/spore analysis can be reduced by combining the analysis with macrofossils and stomata. 
Plant macrofossils such as seeds, leaves, bark and needles originate from the lake’s immediate 
surroundings and provide evidence for the local presence of wetland and trees (e.g. Birks 2001). 
Conifer stomata, which are part of the epidermis of conifer needles, are used as evidence for local 
presence of individual conifer taxa as well (Sweeney 2004). Plant macrofossils can be identified 
to genera or species level, compared to pollen/spores that are often identified to family or genera 
level. However, macrofossil abundances are strongly influenced by taphonomic factors, where 
a long distance to the littoral/shore or to inflow of running water sharply reduces the amount of 
macrofossil remains in lake sediments (e.g. Hannon and Gaillard 1997, Väliranta 2006a). Therefore, 
the absence of a taxon in the macrofossil sample cannot be taken as proof for the absence of this 
taxon in the contemporary vegetation. Palynological samples further contain microfossils of various 
origin. Among these are spores of fungi and green algae and vegetative remains of aquatic plants. 
These non-pollen palynomorphs (NPP’s) increase the number of paleo-environmental indicators in 
the palynological analysis (van Geel 2001). Among the NPP’s, there are fossils that are not properly 
identified, but some of them nevertheless provide environmental information, where the ecological 
information is inferred from the co-occurrence with identified taxa and environmental parameters.

The analysis of diatoms, which are unicellular algae with shells made of amorphous biogenic silica, 
has a long track record in reconstructing past environmental conditions and provides information on 
e.g. pH, nutrients, water transparency/turbidity, turbulence, water depth/littoral conditions, water-
column mixing and lake ice cover duration (e.g. Battarbee et al. 2003, Kilham et al. 1996, Weckström 
et al. 2014). Chironomids are aquatic insects that are identified by the head capsules of their larvae 
preserved in lake sediments. Like diatoms, chironomids are a long used environmental proxy (e.g. 
Thienemann 1954). Most recently, chironomids have evolved as a strong climate proxy (Brooks 2006, 
Walker and Cwynar 2006, Heiri et al. 2014, Brooks and Langdon 2014). 
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Among the biogeochemical proxies, C/N ratios, measured in elemental analysis, are used among 
others to discriminate between different sources of sedimentary organic matter. In general, high C/N 
ratios (> 10) indicate input of organic matter from higher plants (littoral/wetland/terrestrial), and 
low ratios (< 10) reflect input from phytoplankton (Wetzel 2001). Organic content measured by LOI 
is often used as an indicator for in-lake and catchment productivity, whereas BSi content in lake 
sediments is a proxy for diatom abundance and primary production (Conley and Schelske 2001). 
BSi was measured in the Sokli studies using Fourier-transform infrared spectroscopy (FTIRS), 
a method that recently has arisen as a fast and cost-effective approach to reconstruct past environ-
mental conditions using sediments (Vogel et al. 2008, Rosén et al. 2010). However, the organic 
content of lake sediments is also influenced by changes in depositional environment such as influx 
of minerogenic sediment due to encroachment of running water or slope processes. These processes 
are usually traceable in core lithology and elemental composition data such as inferred through 
X-ray fluorescence (XRF) core scanning. Recent advancements in the XRF technique enable non-
destructive, in-situ measurements at sub-millimeter scales (Croudace et al. 2006). The elementary 
record is influenced by factors such as source rock composition, weathering and depositional/post-
depositional processes and can be used to infer changes in e.g. minerogenic input, redox processes 
and lake levels (Kylander et al. 2011). Finally, the isotope composition of macrophyte- and terrestrial 
plant-derived n-alkanes (lipid biomarkers) is increasing used in paleo-environmental and -climate 
studies (Sachs et al. 2009).

Composite diagrams with a selection of multi-proxy data are provided in Figures 3-1 (MIS 5e), 
3-2 (MIS 5d-c), 3-3 (MIS 5a), 3-4 (MIS 3), 3-5 (Holocene; Loitsana Lake) and 3-6 (Holocene; Sokli 
wetland). Multi-proxy data obtained on the glacial lake sediments at the base of the MIS 5a and 
Holocene lake deposits, and the glacial lake sediment of mid-MIS 3 age, are summarized separately 
in Figures 3-8 to 3-10. For each of the diagrams presented in Figures 3-1 to 3-6, a common local 
zonation is applied to the fossil records of aquatic and telmatic plant/animal taxa. The local zonation 
also takes into consideration lithology and changes in biogeochemical data. The regional zonation, 
which is applied to the fossil record of terrestrial plant taxa, is provided with a prefix corresponding 
to the climate/chrono-stratigraphic unit in question. The zonations applied here largely follows those 
of the original papers (Table 1-2). Notably, macrofossils of plants such as Carex, Juncus, Poaceae, 
Salix, Betula nana and Ericales, for which a local wetland source can be assumed, are given in part B 
of the diagrams that summarizes aquatic and telmatic plant/animal taxa. In addition, the pollen/spore 
records of Cyperaceae, Salix and ferns, which mostly seem to have originated from local wetland/
moist shore habitats as well (see Chapter 3), are shown here. The latter are listed in the original 
publications among the terrestrial plant taxa. The pollen sum on which all pollen/spore percentages 
are calculated, however, remain the same as in the original papers. The pollen sum is discussed in 
more detail, and a new pollen sum is introduced, in Chapter 4. To be noted, sample-resolution may 
vary between proxies and within the time-slice that was studied. Minerogenic sediment was often 
analyzed with a relatively low sample resolution considering the relatively short time duration 
represented by this sediment. In contrast, as an example, the sediment intervals that represent the 
millennial-duration Tunturi and Värriö climate events (MIS 5e) are analyzed at high resolution.

2.3	 Climate reconstruction methods
Two methods are used to quantitatively infer climate from the Sokli fossil datasets. These are the 
climate indicator plant species method and the transfer function approach. The first method follows 
Iversen (1954) and Kolstrup (1980) and makes use of individual plant species, which present-day 
northern distribution limits show a strong correlation to mean July air temperature. The latter value 
is used as a minimum mean July temperature (min. Tjul) required by the plant in order to flower and 
reproduce. The plant species are mostly identified by their macrofossils, although some were identified 
by pollen or NPPs.

The transfer function approach is applied to fossil assemblages (Birks 2003, Birks et al. 2010). It uses a 
calibration set linked to current meteorological data. The calibration set consists of modern assemblages 
analyzed in surface sediment from a series of lakes situated along a gradient that covers changes in the 
parameter of interest, in this study mostly mean air July temperature (Tjul). The established relation-
ship between the modern assemblages and current climate is used in combination with the fossil 
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data to model past changes in Tjul. At Sokli, the transfer function approach has been applied to fossil 
pollen and chironomid assemblages and occasionally diatom assemblages. The focus here is on the 
pollen-inferred Tjul, whereas references are made to the chironomid-based reconstructions. Similar 
as plants, chironomids show a close relationship with mean July air temperatures (e.g Walker et al. 
1991a, 1991b, Brooks et al. 2007) and have been used to develop chironomid-Tjul transfer functions 
for different parts of northern Europe (e.g. Olander et al. 1999, Larocque et al. 2001, Luoto 2009).

2.3.1	 Climate indicator plant species
Minimum mean July air temperatures (min. Tjul) presented here follow the approach introduced in 
Väliranta et al. (2015). In this protocol, current plant species distribution data in Finland are linked 
to measured meteorological data over a Tjul gradient from c. 7.5 to 17 °C. This gradient spans over 
several bioclimatic zones from hemiboreal, via boreal to subarctic and many plant species reach 
their northern distribution limit within this gradient. Only in the northernmost part of the country, 
the plant distributions are constrained by altitude-related (orohemiarctic) factors. A unique modern 
spatial species-specific plant distribution dataset (http://www.luomus.fi/kasviatlas) covers the whole 
Finland and is subject to continuous botanical surveys. Long-term meteorological climate normal data 
are readily available. Thus, the plant distribution database can be used to correlate modern species 
distributions with climate. These factors provide an excellent setting to exploit observed modern 
plant species-temperature relationships for paleo-temperature reconstructions.

A total of 15 climate indicator plant species with a current clear northern distribution limit strongly 
related to Tjul were identified in the Sokli fossil datasets (Table 5-1). For each taxon, current Tjul is 
interpolated over a 10 × 10 km grid cell and several grid cells are analyzed containing the taxon 
occurrence along its northern distribution boundary. A median Tjul and Tjul range, i.e. the lowest and 
highest value along the species-specific distribution boundary in the grid cells, are calculated. The 
mean value integrates all July temperature values, i.e. also for those occurrences that may be located 
in unusually favourable microhabitats and exceptionaly ideal microclimates. The climate normal 
period of the meteorological data is 1970–2000 (Venäläinen et al. 2005) and the botanical survey 
data used is limited to this period as well (Lampinen and Lahti 2012).

It should be stressed that the Tjul values inferred from the indicator plant species are minimum values 
only, which implies that the true paleo-July temperatures may have been (considerably) higher. In 
addition, since most indicator species are identified by means of macrofossils, which occurrences 
are sporadic (see Section 2.2), the paleo-climate record is discontinuous. 

2.3.2	 Pollen-based climate reconstructions
Pollen-based Tjul reconstructions were earlier performed using a combined pollen-climate calibration 
dataset from Finland, Norway and northern Sweden (deposit of MIS 3 age; Seppä and Birks 2001), 
and two different ones, i.e. one from Finland and direct surroundings and another from a more 
continental region in northwestern Russia (Holocene, MIS 5d-c; Salonen et al. 2012, 2013). Transfer 
functions were developed by means of weighted averaging-partial least squares regression (WA-
PLS; ter Braak and Juggins 1993).

In this report, all reconstructions follow the approach of Salonen et al. (2018, 2019). These studies 
present a new pollen-climate calibration dataset, synthesized based on the European Modern Pollen 
Database (EMPD; Davis et al. 2013), and uses an ensemble of pollen-climate calibration models 
including classical and machine-learning approaches. The dataset extends the calibration lakes of 
Seppä and Birks (2001) and Salonen et al. (2012, 2013) with modern lake samples from the European 
mainland and the British Isles. Lakes are excluded from semi-arid and dry-summer climates to focus 
the pollen-climate modelling on plant taxa that are likely components in the northern European 
vegetation during the late Quaternary. The final dataset includes 807 lakes and modern climate data 
are extracted for each lake using the CRU CL v. 2.0 modern climate dataset for 1961–1990 (New et al. 
2002). Salonen et al. (2018, 2019) use six different methods to create pollen-climate models. These 
are WA-PLS (ter Braak and Juggins 1993) and weighted averaging regression (WA; Birks et al. 1990); 
maximum likelihood response curves (MLRC; Birks et al. 1990); the modern analogue technique 
(MAT; Overpeck et al. 1985); and two machine-learning approaches based on regression tree ensembles, 
i.e. the random forest (RF; Breiman 2001) and the boosted regression tree (BRT; De’ath 2007). 
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The climate reconstruction is summarized as a median of all six reconstructions. To estimate the 
likelihood of non-analogue errors, the compositional distance (squared chord distance) between each 
fossil pollen sample and the best matching modern pollen calibration sample is calculated (Overpeck 
et al. 1985, Birks 1998).

In addition to the reconstructions of Tjul, mean January temperatures (Tjan) are estimated based on the 
MIS 5e pollen record. These climate parameters (Tjul, Tjan) are chosen due to their ecological influence 
on vegetation and their low correlation (r = 0.27) in the calibration data (Salonen et al. 2018), facilitating 
the modelling of the independent effects of each variable (cf. Juggins 2013). Nevertheless, analyses 
of northern European surface pollen data show summer temperature to be the dominant ecological 
driver. In significance testing using a redundancy analysis permutation test (Telford and Birks 2011), 
the Tjul reconstruction is significant (p = 0.001), while for the Tjan reconstruction a significant result 
(p = 0.011) is yielded for part of the MIS 5e record, covering a long and stable Tjan increase across the 
upper c. 60 % of the MIS 5e sequence. Reconstruction errors, estimated by 10-fold cross validations, 
are in the range of 1.12–2.05 °C for the Tjul reconstructions, and 1.79–3.44 °C for the MIS 5e Tjan 
estimates, depending on the calibration model. Pollen-based Tjan reconstructions are not performed 
for the other time-intervals represented in the Sokli sequence. The pollen records for these periods 
are derived from smaller and shallower lakes than the lake of MIS 5e age, resulting in noise caused 
by pollen contributions from local wetland habitats. 

The pollen-based climate reconstructions are evaluated in the light of local (azonal) changes and 
site-specific conditions, as reconstructed in detail in Chapter 3, since these factors have the potential 
of significantly influencing the fossil pollen assemblages and thereby biasing/corrupting the climate 
estimates. Notably, the chironomid-based climate reconstructions have also been extensively validated 
against the lake histories (Engels et al. 2007, 2010, Shala et al. 2017, Plikk et al. 2019, Helmens et al. 
2021). As a final validation, the climate estimates inferred from different proxies are compared.
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3	 Reconstructions of environmental changes within 
the Sokli and Loitsana basins

This chapter provides a detailed summary of changes in late Quaternary depositional environments 
within the Sokli and Loitsana basins, and associated developments in local aquatic and telmatic (i.e. 
the transitional habitat zone from aquatic to terrestrial) ecosystems, which have been inferred from 
the sedimentary sequences and their fossil records. These environmental reconstructions were made 
in first instance to separate local drivers (acting at the lake/catchment level) from regional climate, 
thereby increasing the accuracy of the regional vegetation (Chapter 4) and climate reconstructions 
(Chapter 5). The reconstructions presented in this chapter, by themselves, have resulted in exceptionally 
detailed accounts on the environmental histories of a variety of lake types of different ages, and 
different fluvial regimes, as well as of contemporary compositions/successions in aquatic and telmatic 
plant/animal communities. The environmental reconstructions also provide qualitative information 
on climate, in particularly changes in degree of continentality, which complement the quantitative 
climate reconstructions of Chapter 5. 

Four organic-bearing lake deposits are represented in the late Quaternary sedimentary infills of the 
Sokli and Loitsana basins, dated to MIS 5e (Nuortti warm stage), 5c (Sokli I warm stage), 5a (Sokli 
II warm stage) and the Holocene (Figures 1-1 and 2-1). The oxbow lake of MIS 5c age forms part 
of a fluvial regime that prevailed in the Sokli basin during MIS 5d-c. In addition, thick minerogenic 
sediment beds of glacio-lacustrine origin, deposited in the Sokli Ice Lake during deglaciation, occur 
at the base of the MIS 5e, 5a and Holocene lake sediment sequences as well as interbedded in the till 
sequence of MIS 4-2 age (Tulppio 1 Interstadial of mid-MIS 3 age). All these lacustrine and fluvial 
deposits have been subjected to detailed multi-proxy analyses. In addition, the Holocene peat deposit 
in the Sokliaapa (mire) in the Sokli basin is studied here. Glacial lakes occupied large areas along the 
retreating margins of the Northern Hemisphere ice sheets; however, fossils in glacial lake sediments 
have been rarely analyzed in detail. The generally low fossil content and often broken/corroded nature 
of the fossil remains made these analyses particularly time-consuming. Note that developments in the 
Sokli Ice Lake during the MIS 5a, 3 and Holocene deglaciations are dealt with separatedly at the end 
of this chapter (Section 3.6).

The fossil remains of aquatic and telmatic plant and animal taxa are shown together in the parts B of 
the multi-proxy diagrams in Figures 3-1 to 3-6 and in the diagrams of Figures 3-8 to 3-10. A common 
zonation is applied to each diagram that also takes into consideration changes in lithology and 
biogeochemical data. This integration of proxy data allows concise and consistent descriptions of com-
munal changes, and changes in sedimentation, through time and facilitate the identification of driving 
mechanisms. Various proxies are also combined in the original publications to describe/interpret the 
environmental records (Table 1-2) and the local zonations applied here largely follow those of the original 
papers. Furthermore, the interpretations presented in this chapter largely follow the original papers. 

The four lake deposits/fossil records represented in the Sokli and Loitsana sedimentary sequences 
have one driving mechanism in common, i.e. lake infilling. The different origins of the lakes, however, 
also resulted in a set of drivers that are quite unique to each lake. These include changes in mixing 
(Nuortti lake) and flooding regimes (Sokli I oxbow lake and associated fluvial sediments of MIS 
5d-c age), wetland expansion and encroachment of running water (Sokli II lake), and input of flowing 
water from various sources (river versus groundwater from esker; Holocene Loitsana Lake). Not all 
mechanisms that drive the environmental records are solely related to local dynamics, but climate 
played a role as well. Identifying the climate signal has contributed to the climate reconstructions 
presented in Chapter 5. At the same time, the identification of marginal wetland zones has facilitated 
the reconstruction of regional vegetation development (Chapter 4) and contributed to the evaluation 
of the pollen-based climate reconstructions. Equally important, the detailed local environmental records 
have allowed an evaluation of the chironomid-inferred climate estimates. Finally, the littoral/wetland 
habitats described here hosted a number of plant species that are used as climate indicators (Chapter 5).

The unique character and chronology of each lake record provide strong evidence that the late 
Quaternary deposits at Sokli occur in-situ and that fossil remains are not re-deposited as suggested in 
Forsström (1990). Furthermore, there is no evidence for a domino-like stacking of glacio-tectonically 
upthrusted sediment wedges as suggested by P.L. Gibbard in Otvos (2015).
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3.1	 The Nuortti warm stage (MIS 5e) lake
A steep depression was carved out in the deeply weathered and fragtured rocks of the Sokli Carbonatite 
Massif (SCM) during the Penultimate Glaciation (MIS 6). The ice-divide zone of the Fennoscandian 
Ice Sheet was situated at this time over the northernmost part of Finland. This ice-sheet configuration 
would have allowed for more glacial erosion at Sokli than during the Last Glacial Maximum (LGM; 
MIS 2) when the divide was located over Sokli/central Finnish Lapland (Johansson 1995). At least 
9 m of diatom gyttja accumulated in the Sokli basin during the Nuortti warm stage (MIS 5e) of the 
Last Interglacial Complex (MIS 5) (Figure 3-1). The original thickness of this lacustrine deposit, 
however, might have significantly exceeded the 9 m recorded in borehole 2/2010 (Figure 2-1). It is 
likely that the sediments were compressed by the weight of the ice-sheet during younger phases of 
glaciation (see also Section 3.3). 

High percentage values of planktonic diatoms and the representation of the diatom genus Cyclotella 
in the fossil record (Figure 3-1B) indicate that the Nuortti lake was initially deep and stratified. 
The presence of an early, stratified lake with regularly anoxic bottom conditions is supported by 
the preservation of laminations in the lower part of the sediment record (indicating low levels of 
bioturbation). The sediment and fossil records for the upper part of the diatom gyttja deposit reveal 
an increasingly shallowing lake. Light yellowish spots marking the deposit’s uppermost part have 
been interpreted as a sign of desiccation caused by subaerial exposure or bottom freezing (Björck 
et al. 2000). The diatom gyttja becomes interlayered with sand near the top of the sequence and 
then turns to fluvial sands and gravels. The latter transition is conformable (i.e. non-erosive) in the 
B-series borehole and it is at this coring location (location 1) that the final birch forest phase of the 
Nuortti warm stage (zone Nu-VII; Figure 3-1A) is recorded (borehole 901). The early birch phase 
(zone Nu-I) occurred when over 3 m of silty-sandy glacio-lacustrine sediment was deposited in 
the earliest part of the stage. The latter sediment shows multiple upward-fining sequences of sand 
grading into silt or clay, probably representing a series of glacier meltwater pulses. A massive silt 
layer, deposited upon a more distal position of the ice-margin, occurs at the top of the glacial lake 
sequence.

The Nuortti diatom gyttja deposit is characterized by a rich algal record consisting of diatoms and 
green algae. The percentage of biogenic silica (BSi) in the sediment is high, on average some 40 %. 
Diatom fossils are well-preserved and species of Fragilariaceae are found in their colonial form, as 
chains. Characteristically, planktonic diatoms are nearly equally abundant to, or dominate over, benthic 
diatoms throughout the main part of the lake sequence. Pediastrum and Tetraëdron minimum dominate 
the green algal record. T. minimum re-occurs with peak values in the order of 2 000–11 000 % (calculated 
based on the Pollen Sum). Pediastrum is represented by six species of which P. boryanum v. pseudo
glabrum reaches 1 400 % in the uppermost part of the sequence; total Pediastrum concentrations amount 
here to over 16 000 colonies/cm3 sediment. In contrast, the chironomid assemblage is dominated by 
only two species. These are Corynocera ambigua, an oligo-mesotrophic taxon associated with clear, 
alkaline waters with a dense cover of submerged macrophytes, and Cladotanytarsus mancus-T, a 
mesotrophic warm-indicating taxon (Olander et al. 1999, Brodersen and Lindegaard 1999). Chironomid 
concentrations range from close to zero to 300 headcapsules/gram sediment. Plant macrofossils are 
near absent from the fossil record. The scarcity of macrofossil remains of plants, and the generally 
low representation of wetland plants in the microfossil record, suggest that the lake maintained a large 
open-water body throughout a major part of its infilling history. It also shows that the lake-bathometry 
was probably steep, due to pre-glacial, differential weathering of the carbonatite bedrock. The organic 
content of the diatom gyttja deposit, measured by loss-on-ignition (LOI), averages at about 20 %. 
Carbon/nitrogen (C/N) ratios, mostly at 15–20, suggest an equally large input of aquatic and terrestrial 
organic matter. 

The fossil record of the Nuortti lake deposit, e.g. with a distinct representation of the nutrient-demanding 
diatom genus Stephanodiscus, indicate a relatively large influence of the SCM on the aquatic eco
system and a warm climate. Similarly, changes in nutrient conditions were an important factor driving 
compositional changes in aquatic assemblages through time. The nutrient levels seem to, for an 
important part, relate to changes in mixing regime resulting from long- and short-term changes in 
climate and lake infilling.
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Figure 3-1. Selection of environmental and climate proxies for the Nuortti warm stage (MIS 5e) lake deposit in 
the Sokli basin based on Plikk et al. (2016, 2019, 2021), Salonen et al. (2018) and Kylander et al. (2018). Fossil 
remains of terrestrial plant taxa are summarized above (part A) and of aquatic and telmatic taxa below (B). Core 
lithology and biogeochemistry are given in both A and B. Part A further shows the climate/chrono-stratigraphy 
and absolute chronology. Developments in regional vegetation and the regional zonation, and in depositional 
environment and local zonation, are summarized together in the lower part of A. Abbreviations used for fossil 
remains: as=astrosclereid; ba=bark; bd=bud scale; car=caryopses; ck:=catkin scale; ct=conductive tissue; 
ed=epidermis; ep=ephippia; f=fruit; fc=frontoclypeus; hb=hair base cell; hc=head capsule; l=leave; ls=leave 
spike; lv=leavy stem; ms=megaspore; nl=needle; nt=nutlet; oo=oogonia; os=oospore; pr=perigynia; red=rooth 
epidermis; rs=resting spore; sb=statoblast; sc=scale; sd=seed; sg=sporangia; sl=spindle; sm=stomata; 
sp=spore; sr=sterigmata; st=stem; t=tissue; tr=tooth remain; tw=twig; vr= vegetative remain; wi=wing. 
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Figure 3-1. Cont.

>2
5

+++
++

+

+
+

+
++

+

+

+

++

+

+

++++
+

+

25

+
+
+
+

56
27

29
10

45

75

508

>8
50

293

38
01

20
91

70
53

11
30

0
39

20
26

73
35

09

87
5

13
90

22 14

30

.. ... ..
.... ..

..
.... ..

Botr
yo

co
cc

us
 br

au
nii

Tetr
ae

dro
n m

ini
mum

HdV
-22

5

Ped
ias

tru
m in

teg
rum

 

Gloe
tric

hia

Ped
ias

tru
m bo

rya
nu

m v

ps
eu

do
gla

bru
m

Sali
x

Care
x s

d

Spir
og

yra

Ped
ias

tru
m ka

wrai
sk

yi 

Pota
mog

eto
n

Nup
ha

r

Cyp
era

ce
ae

Nite
lla

 oo

Cha
ra 

oo

Plum
ate

lla
 sb

Myri
op

hy
llu

m sp
ica

tum
-T

Myri
op

hy
llu

m t

Sali
x l

C/N

Cyc
lot

ell
a m

ich
iga

nia
na

Cyc
lot

ell
a r

ad
ios

a 

Aula
co

se
ira

 sk
vo

rtz
ow

ii- 

Step
ha

no
dis

cu
s c

f m
inu

tul
us

  

Step
ha

no
dis

cu
s m

ed
ius

Aero
ph

ilic
 di

ato
ms

Stau
ros

ire
lla

 pi
nn

ata

Aula
co

se
ira

 gr
an

ula
ta

Stau
ros

ira
 co

ns
tru

en
s v

bin
od

is 

Cory
no

ce
ra 

am
big

ua

Clad
ota

ny
tar

su
s m

an
cu

s-T

Pse
ctr

oc
lad

ius
 so

rdi
de

llu
s-T

Chir
on

om
id 

co
nc

en
tra

tio
n

Chir
on

om
us

 pl
um

os
us

-T

Micr
ote

nd
ipe

s p
ed

ell
us

-T

Tan
yta

rsu
s l

ug
en

s-T

Nav
icu

la 
sc

ute
llo

ide
s

Step
ha

no
dis

cu
s p

arv
us

Step
ha

no
dis

cu
s n

eo
as

tra
ea

Pse
ud

os
tau

ros
ira

 

Aula
co

se
ira

 am
big

ua

Stau
ros

ira
 ne

op
rod

uc
ta 

Aula
co

se
ira

 su
ba

rct
ica

isl
an

dic
a r

s

Halo
ph

ylic
 di

ato
ms

Rhe
op

hy
lic 

dia
tom

s 

TiSOsm
un

da
 re

ga
lis

bre
vis

tria
ta

Stau
ros

ire
lla

 la
pp

on
ica

Serg
en

tia
 co

rac
ina

-T

Cric
oto

pu
s i

nte
rse

ctu
s-T

Cric
oto

pu
s c

yli
nd

rac
eu

s-T

Dicr
ote

nd
ipe

s n
erv

os
us

-T

End
oc

hir
on

om
us

 al
bip

en
nis

-T

18

19

17

16

24

C
la

y

Sa
ndSi
lt

LI
TH

O
LO

G
Y

D
EP

TH
 (m

)

22

23

21

20

25

Algae Wetland
plants

Aquatic
plants

Cyanobacteria Bryozoa

19

Sph
ag

nu
m

Bryo-
phytes

18

19

17

16

24

D
EP

TH
 (m

)

22

23

21

20

25

18

19

17

16

24

D
EP

TH
 (m

)

22

23

21

20

25

Ferns

Dryo
pte

ris
-T

Planktonic diatoms

+

++

+

+

+W
oo

d

ChironomidsFragilariaceae
(Benthic diatoms)

5
%

5
%

5
%

5
%

10
%

100
%

1000
%

200
%

1
%

5
%

2
%

10
%

10
%

10
%

10
%

10
%

5
%

5
%

2
%

2
%

1
%

1
%

1
%

1
%

1
%

10
%

10
%

5
%

5
%

5
%

5
%

5
%

5
%

5
%

5
%

5
%

3
%

3
%

2
%

10
%

10
%

100
hc/g

3
c

1
c

1
c

15 20

1000 5000
Peak area

c = macrofossil counts / 5 cc +
+ ++ abundant

present < 1%

1

2

3

4a
4b

5a
5b
5c

4c

Tunturi
event

Värriö
event

B Nuortti warm stage (MIS 5e) (Last Interglacial Complex)
 Aquatic and telmatic taxa

..

(B
en

thi
c h

ab
ita

t)

LOCAL
ZONATION

most severe
cooling/drying



SKB TR-23-28	 31

3.1.1	 Long-term changes in mixing regime and lake infilling
The laminations in the lower half of the Nuortti lake sequence are interpreted by Plikk et al. (2016) 
as possibly consisting of iron hydroxide and iron sulfide precipitates as described in Renberg (1981). 
These laminations can form and be preserved in high latitude lakes that are dimictic and sufficiently 
productive for anoxia to develop in the hypolimnion (i.e. the cold bottom waters) during the stagnation 
periods. Plikk et al. (2016) make this interpretation based on a high correlation of sulfur (S) and iron 
(Fe) in the XRF data, and their enhanced values in the lower laminated portion of the diatom gyttja 
sequence. Kylander et al. (2018) give an alternative interpretation of the geochemical data and propose 
that the increases in S and Fe, as well as manganese (Mn) and calcium (Ca), describe greater inputs 
of non-carbonaceous detrital material from SCM rock types typically rich in mainly S and Fe, but 
also Ca and Mn. However, the latter study comes to the same conclusion as Plikk et al. (2016) in that 
periods preserving laminations most likely had conditions that were more anoxic.

The fossil record in the laminated sediments shows a distinct increase in nutrient availability upwards 
in the sequence. It starts in local zone 1, continues on average during the Tunturi event (local zone 2), 
and culminates during the upper part of local zone 3. The pioneering green alga Botryococcus braunii 
is well-represented during local zone 1. In the lower part of the zone, it is accompanied by high 
percentage values of the oligo-mesotrophic diatoms Cyclotella michiganiana and C. radiosa, and 
Tetraëdron minimum. T. minimum is commonly reported from open waters of eutrophic lakes since the 
Holocene thermal maximum (Jankovská and Komárek 2000), though it is also found in oligotrophic 
lakes in northern Finland (Forsström et al. 2005, Weckström et al. 2010). In the upper part of local 
zone 1, nutrient-demanding (phosphate (P)) Stephanodiscus (S. cf minutulus, S. medius) increase and 
high pollen percentage values are recorded for Myriophyllum spicatum-type (including M. verticillatum 
and M. sibiricum). The latter are submerged aquatic plants that presently occur in sheltered waters 
of eutrophic lakes or in Ca-rich waters. This early rise in nutrient conditions coincides with a major 
change in regional vegetation, i.e. from open birch forest to a mixed boreal forest with spruce and 
larch (zones Nu-II and -III). It probably, at least partly (see below), results from soil development, 
causing external nutrient load to the lake due to enhanced weathering (Fritz and Anderson 2013). 
Strontium (Sr) on average increases in the elemental data throughout major part of the diatom gyttja 
deposit, suggesting increasing chemical weathering (Cohen 2003, Zeng et al. 2013). The increase in 
LOI during local zone 1, and decrease in titanium (Ti; proxy for minerogenic input), can be ascribed 
to the stabilization of the catchment through closure of the soil cover. 

S. medius dominates the planktonic diatom assemblage during local zone 3 and, together with enhanced 
representations of S. cf minutulus and S. parvus, and high BSi values, reflect a now highly productive, 
nutrient-rich lake (Bradbury 1988, Kilham et al. 1996). Peak values of Corynocera ambigua suggest 
clear and/or alkaline waters and chironomid concentrations are high. The overall low values of T. 
minimum during local zone 3, and in the upper part of local zone 1, possibly reflect a lower competitive 
ability of this species under nutrient-rich (high P) conditions. 

The overall increase in nutrient levels during local zones 1-3 might be the result of a climate-induced 
change in mixing regime. The absence of autumn-blooming diatoms such as A. ambigua, and the 
dominance of benthic Fragilariaceae over planktonic diatoms, suggest that the mixing periods were 
short during local zone 1 (Lotter and Bigler 2000). This possibly results from a pronounced seasonality 
with long cold winters and short warm summers. Warm summers during local zone 1 are supported 
by C. michiganiana and C. radiosa, i.e. diatoms favoured by deep, warm waters and stable summer 
stratification (Stoermer 1993, Wolin 1996, Whitlock et al. 2012). In contrast, the increase in the 
planktonic/benthic diatom ratio in local zone 3 may reflect an increase in the length of the growing 
season (Lotter and Bigler 2000). This can possibly be associated with shorter winters leading to an 
early ice-out, conditions favourable to S. medius and S. minutulus. These diatom taxa bloom during 
early spring when P is regenerated from the hypolimnion (Bradbury 1988, Bradbury and Dieterich-
Rurup 1993, Interlandi et al. 1999, Bracht et al. 2008. When also taking into consideration the presence 
of the autumn-blooming A. ambigua in local zone 3, the increased trophic state during this zone might 
be attributed to strong internal P loading, resulting from prolonged mixing in combination with pro-
nounced summer stratification related to warm summers. The pollen assemblages during local zone 3 
(zone NU-Va) reconstruct mean July temperatures that surpass the present-day value by several 
degrees and an increase in winter temperatures (Salonen et al. 2018). Interestingly, resting spores 
of A. skvortzowii-islandica disappear from the fossil record during local zone 3. Originally thought 
to be endemic of Lake Baikal in eastern Russia (Edlund et al. 1996), the presence of A. skvortzowii-
islandica in the early Nuortti lake might reflect the continental climate regime of eastern Russia. 
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A marked change in the aquatic ecosystem occurs at the transition from local zone 3 to 4. S. medius is 
replaced by the Si-demanding Aulacoseira subarctica as the dominant planktonic diatom taxon while 
A. ambigua increases its representation. T. minimum re-occurs with high values and Cladotanytarsus 
mancus-T becomes the dominant chironomid taxon. The sediment record shows a transition to non-
laminated sediment. The change in the algal community suggests less effective internal loading of 
P related to increased mixing and decreased bottom-water anoxia. This in turn could be caused by a 
change towards a cooler climate and/or a reduction in water depth, i.e. factors reducing the summer 
thermocline stability. A transition to shallower water at the base of local zone 4 is suggested by an 
increase of periphyton (i.e. diatoms attached to plants) such as Navicula scutelloides and Staurosira 
construens v. binodis. In addition, pollen of the aquatic plants Potamogeton and Nuphar, spores of 
ferns, and stomata of conifers (Pinus, Picea) become (near) continuously recorded from the lower 
part of local zone 4 onwards, suggesting a shallowing of the lake, a closer proximity to the littoral, 
and an increased influence of the lake’s surroundings. The apparent reduction in water depth is most 
probably related to progressive lake infilling. The strongly reduced representation of the chironomid 
taxon C. ambigua might indicate a change to more turbid (less transparent) water conditions. The 
lake, however, remained productive, and P likely continued to be recycled from the lake sediment, 
as indicated by high BSi values, decreasing C/N values, a distinct representation of the bryozoan 
Plumatella, and high percentage values of eutrophic S. parvus.

S. construens v. binodis shows another rise in percentage values at the base of local zone 5 and, 
together with an increase in planktonic diatoms common in shallow lakes and near-shore areas of 
deeper lakes (e.g. S. neoastraea), indicate a further decrease in lake water depth. At the top of the 
lake sequence (local zone 5c), the littoral diatom taxon Staurosirella pinnata and chironomid taxon 
Microtendipes pedellus-T increase, pollen values of sedges (Cyperaceae) are enhanced, and stomata 
of Larix become well-represented in the fossil record, reflecting a now very shallow, overgrowing 
lake. It is likely that also the high grass (Poaceae) pollen percentage values (Figure 3-1A) originate 
from a local wetland zone. Chironomus plumosus-T is well-represented during local zones 5a and 5c, 
as well as during the milder phases of the Värriö climate event (local zone 5b). It suggests shallow 
eutrophic lake water conditions with low oxygen levels (Brooks et al. 2007). S. pinnata is known to 
tolerate rapidly changing environments and often dominates shallow waters with sandy substrates 
(Haworth 1976, Jones and Birks 2004). Although Tanytarsus lugens is a classical cold indicator 
taxon (Brooks 2006, Self et al. 2011), the enhanced representation of this chironomid taxon in the 
upper sandy sediment probably reflects it pioneer character in coarse substrates as well (Axford et al. 
2009, Luoto and Sarmaja-Korjonen 2011).

3.1.2	 Millennial-scale events
The long-term lake development described above is interrupted by two millennial-scale climate 
perturbations, i.e. the early Nuortti Tunturi and late Nuortti Värriö events. Both climate events left 
a profound imprint on the multi-proxy record.

The most prominent change in regional vegetation is recorded during the Tunturi event. The mixed 
boreal forest that developed early in the Nuortti warm stage was replaced by open, subarctic birch-
dominated forest (zone Nu-IV). The change in vegetation was abrupt, had a step-wise recovery, and 
indicates a summer cooling in the order of 2 °C (see Chapter 5). A brief recovery phase with sharply 
increasing Pinus pollen values intersects the two main cooling phases. In contrast to the regional 
vegetation, the aquatic proxies show an earlier response to the climate perturbation, and a slightly 
longer duration of the Tunturi event, defined here as local zone 2.

Local zone 2 is defined by high percentage values of type HdV-225. This unidentified algal spore 
type is recorded in Late-Glacial and Early Holocene lake sediments from Europe and Canada where 
it is associated with dynamic conditions (e.g. shallow/fluctuating water levels; van Geel et al. 1989, 
Boyd et al. 2003). At Sokli, it occurs in the lake sediments of early MIS 5a age (Helmens et al. 2021) 
and in minerogenic sediment of fluvial (Helmens et al. 2012) and glacio-lacustrine origin (Bos et al. 
2009, Shala et al. 2014b, Helmens et al. 2018; this study). In the Nuortti lake sequence, minerogenic 
input ((Ti) is enhanced throughout local zone 2 and, together with the recording of plant taxa that 
tolerate an unstable soil cover (Juniperus, Hippophaë rhamnoides), is ascribed to increased soil erosion. 
Psectrocladius sordidellus-T is well-represented during the milder phases of local zone 2. This 
chironomid taxon is associated with submerged macrophytes (Tarkowska-Kukuryk 2014, Salgado 
et al. 2018). Chironomid concentrations are typically low. Furthermore, at the base of local zone 2, 
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B. braunni shows peak values, T. minimum returns in the fossil record, and Pediastrum integrum 
increases. The latter green alga is associated with cold, oligotrophic waters of lakes and swamps 
(Komárek and Jankovská 2001, Sarmaja-Korjonen et al. 2006, Weckström et al. 2010). Collectively, 
the aquatic community change at the base of zone 2 suggests a decrease in trophic status, a decline 
in lake-water temperature, increased influence of shallow water environments and, overall, a more 
dynamic local environment.

The most pronounced impact of the Tunturi event on the aquatic ecosystem is recorded during the two 
coldest phases with birch forest, particularly during the earliest one. All three dominant Stephanodiscus 
species (S. cf minutulus, S. medius, S. parvus) (nearly) disappear from the fossil record and are replaced 
by A. subarctica and A. ambigua, suggesting a breakdown of the thermal summer stratification. Minor 
increases in Fragilariaceae (e.g. Pseudostaurosira brevistriata) may indicate lake level lowering, 
but also prolonged period of ice cover (Lotter and Bigler 2000). At the same time, hyper-eutrophic 
A. granulata and the cyanobacteria Gloeotrichia show peak values. The peaks directly follow a dis-
tinct increase in minerogenic input. As such, the imbalance in P/N ratio reflected by these two taxa 
is probably the result of increased nutrient loading connected with soil erosion. Similar increases 
in high nutrient species (e.g. A. granulata and Gloeotrichia) and minerogenic input are recorded 
during the Younger Dryas and the Little Ice Age in Europe (Björck et al. 2000, Rioual et al. 2007, 
Cvetkoska et al. 2014, Pędziszewska et al. 2015, Zawiska et al. 2015).

Several more features in the fossil record suggest drops in lake level during the birch phases. These 
include peaks in the shallow-water green alga Spirogyra; occurences of aerophilic and halophilic 
diatoms; and increased pollen percentage values of telmatic Salix (also macrofossils present) and 
Cyperaceae. Notably, although Juniperus is well-represented in the pollen record during the Tunturi 
event, pollen values are lower during the coldest phases compared to the intermediate milder phase. 
The shrub Juniperus is known to be frost-susceptible and prefers a winter snow-cover (Iversen 1954, 
Lauber and Wagner 1998). Its decreased values during the cooling peaks may therefore indicate 
relatively dry climatic conditions. 

The late Nuortti Värrio event shows a similar structure as the Tunturi event, including two phases 
with severe conditions being preceded, intersected and followed by milder intervals (zone Nu-VIb; 
local zone 5b). However, whereas the Tunturi event shows the most pronounced, cooling-induced 
changes in regional vegetation, the Värriö event provides the most distinct evidence for drying-induced 
lake level drops. This might be due to a relatively close location of the Sokli site to a major ecotone 
(forest limit; see Chapter 4) at the start of the Tunturi event, whereas the Värriö event took place in 
an already shallow lake. In other words, both events might have experienced cooling and drying in 
a similar way, but the Tunturi proxy record might be more sensitive in revealing changes in regional 
vegetation and the Värriö event in lake level changes. Alternatively, the Tunturi event was mainly 
summer cold and the Värriö event mostly winter cold and dry (Section 4.6).

Planktonic diatoms mostly disappear from the fossil record at the base of local zone 5b, to return again, 
although in much lower values, at the base of local zone 5c. The periphyton S. construens v. binodis 
further increases and Pediastrum boryanum v. pseudoglabrum shows a sharp increase. Both taxa 
are associated with shallow, macrophyte-rich, eutrophic environments (Bradbury and Winter 1976, 
Cronberg 1982). Evidence for even shallower waters during the two most severe phases of the Värriö 
event include peak values for littoral S. pinnata; minor peaks in Spirogyra; occurences of aerophilic, 
halophilic and rheophylic diatoms; and increased pollen percentage values of Cyperaceae (Carex 
macrofossils present) and Poaceae. The two most severe phases further show high percentage values 
of C. ambigua, reaching almost 60 %, and peak values for Sphagnum. The strong representations of 
C. ambigua might reflect alkaline water conditions in the now strongly reduced lake water volumes 
(see also Section 3.6). The spores of the bryophyte Sphagnum, with peak values mirroring the Ti 
record, probably originated from the catchment. Sphagnum spore percentages also strongly increase 
in the upper sandy sediment of local zone 5c, and concur here with wood remains and high C/N 
ratios, reflecting a shallow lake and increased influence of the lake’s surroundings/catchment.

In addition to reductions in water depths during the Tunturi and Värriö events, a sudden drop in 
lake level is recorded during local zone 4b. The local zone is characterized by sudden increases in 
P. sordidellus-T, Endochironomus albipennis-T and Dicrotendipes nervosus-T. This chironomid 
assemblage, together with the enhanced representation of S. parvus, suggests shallow, eutrophic 
and macrophyte-rich waters.
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3.2	 Fluvial dynamics during the Savukoski 1 cold stage (MIS 5d) 
and Sokli I warm stage (MIS 5c)

Following the infilling of the Nuortti lake, a fluvial regime prevailed in the Sokli basin during the 
Savukoski 1 cold stage (MIS 5d) and Sokli I warm stage (MIS 5c) of the Last Interglacial Complex 
(MIS 5). Presently, the Sokli wetland is drained by a small rivulet called the Soklioja. The location of 
Sokli on the main water divide, separating the drainage basins of the Baltic Sea in the southwest and 
the Arctic Ocean to the northeast, however, makes it prone to changes in the local drainage pattern 
due to differential post-glacial rebound. It is possible that the Yli-Nourtti earlier flowed through the 
Sokli basin in a northeastern direction. This river drains the low mountains of the Värriö Tunturit and 
has a broader floodplain (Figures 1-3 and 3-7). 

The c. 7.5 m-thick fluvial sequence dated to the Savukoski 1 cold stage and Sokli I warm stage was 
studied at coring location 1, where the multi-proxy analyses were carried on the B-series borehole 
(Figures 1-3 and 2-1). The lowermost c. 2 m of fluvial sediment has the most coarse-grained lithology 
and, apart from a few samples of silty sediment, was not included in the fossil analysis. It consists of 
two fining-upward sequences in which a diamicton of sand and sub-angular rock fragments, reaching 
cobble size, grades into sand (Figure 3-2). The sediment is also most coarse-grained at the base 
of the fluvial sequence in borehole 4/2010, but overall fines-up from gravelly to sandy sediment, 
lacking the diamict intercalations. The upper c. 2 m of minerogenic sediment deposited during 
Savukoski 1 consists of sorted sands and silts and has a relatively rich fossil content. The sediment 
and fossil record depict a dynamic depositional environment, with frequent changes in the position 
of watercourses, suggesting a braided river pattern. The latter is supported by the presence of steppe-
tundra vegetation as inferred from the regional pollen record (zone Sa1-I; Figure 3-2A). This vegetation 
type implies a continental climate regime with low precipitation values and, probably, a relatively large 
sediment supply due to an incomplete soil cover, i.e. conditions leading to a braided fluvial pattern.

The uppermost c. 3.5 m of fluvial sediment was deposited during the Sokli I warm stage. It predominantly 
consists of organic-rich sediment with LOI values reaching 20–30 %. The sandy gyttja accumulated 
in an oxbow lake, after which stream channel deposition prevailed. The regional pollen record shows 
an interglacial vegetation development to mixed boreal forest with spruce and larch (zones SoI-I 
to –III). The change from a dynamic, braided fluvial pattern during the Savukoski 1 cold stage to 
a meandering river pattern with prolonged sedimentation in an oxbow lake during the Sokli I warm 
stage was probably caused by an increase in atmospheric humidity as the climate changed from a 
continental to a more oceanic regime. The fluvial sequence is abruptly overlain by glacial till and 
is most probably truncated at the top.

The fluvial sequence, especially the upper organic-bearing portion, has an exceptionally rich and 
abundant macrofossil content. Characteristically, it includes the fossil remains of a variety of (aquatic) 
insects living in running water (stream-inhabiting chironomids, Ephemeroptera, Simuliidae, Sciaridae) 
and (semi-) terrestrial habitats (Metriocnemus eurynotus, Limnophyes) (Figure 3-2B). Notably, sedi-
ments deposited in low energy environments have relatively large abundances of stream-inhabiting 
taxa. In contrast, those sediments interpreted as being deposited under running water conditions 
are almost devoid of these fossils. The latter deposits are rich in (semi-) terrestrial taxa that mostly 
probably were washed-in from the floodplain, or transported from the catchment, by running water. 
Klink (1989) notes that black flies (Simuliidae), although inhabitants of streams and rivers, are rarely 
represented in the fossil record from fluvial sediments. It is only when stream flow diminishes (for 
instance upon entering a lake) that remains of black flies preserve. This situation is exemplified in 
the fluvial sediment studied here. The macrofossil record further represents a large variety of aquatic 
and telmatic plants/animals. The taxa richness can be ascribed to the many habitats associated with 
a fluvial depositional environment, warm summers, and the nutrient-rich bedrock. Compositional 
changes in fossil assemblages seem for an important part be driven by shifts in flooding regime.
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Figure 3-2. Selection of environmental and climate proxies for the Savukoski 1 cold stage (MIS 5d) and 
Sokli I warm stage (MIS 5c) fluvial sequences in the Sokli basin based on Väliranta et al. (2009), Engels 
et al. (2010) and Helmens et al. (2012). For explanation of the diagrams see caption of Figure 3-1. 
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Figure 3-2. Cont.
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3.2.1	 A braided river pattern (Savukoski 1 cold stage)
The Savukoski 1 minerogenic sediment/fossil sequence (local zone 1; Figure 3-2B) reveals a series 
of depositional environments, i.e. a floodplain environment, a distinct lake stage, and several phases 
with stream channel deposition.

The lowermost coarse-grained stream channel deposit is intercalated near its top with slabs of silty 
sediment rich in exceptionally well-preserved bryophyte remains (local zone 1a). The bryophyte 
assemblage consists of Aulacomnium turgidum, Polytrichum jensenii, P. strictum, Warnstorfia 
exannulata group and Scorpidium spp. and indicates a nearby minerotrophic fen and an environment 
with wet depressions influenced by (seasonal) flooding (Ulvinen et al. 2002). The chironomid 
assemblage reflects the shallow water to (semi-) terrestrial conditions on a floodplain as well. 
It is dominated by Metriocnemus eurynotus and Orthocladius-T S. Metriocnemus is indicative 
of (semi-) terrestrial or very shallow water habitats (Cranston et al. 1983). 

The second coarse-grained stream channel deposit is abruptly overlain by a c. 0.5 m-thick silt layer 
(local zone 1b). A pebble lag occurs at the base of the silt layer, whereas the upper part is finely 
laminated with sand and organic matter. The silty sediment most probably accumulated in a lake 
that occupied an abandoned stream channel. Despite the low LOI (2–4 %), a relatively rich fossil 
assemblage is recorded. The aquatic plant family Nymphaeaceae is well-represented near the base 
of the layer. Upwards, with the transition to a more sandy lithology, a variety of aquatic plants 
(Potamogeton T berghtoldii, P. compressus, Callitriche cophocarpa/hamulata) and chironomid taxa 
(Cladotanytarsus mancus-T, Tanytarsus mendax-T) appear that indicate a moderate to high-nutrient 
availability. Also, wetland expanses (macrofossils of e.g. Cyperaceae, Juncus, Selaginella selaginoides) 
and mandibles of mayflies (Ephemeroptera) are found. Mayflies, which are aquatic insects, primarily 
live in streams; their fossil remains become preserved in the sediment here probably due to a decrease 
in water flow in the partly overgrown lake. The chironomid taxa Psectrocladius sordidellus-T and 
Ablabesmyia are also well-represented in the silt layer and are both associated with macrophyte 
abundances. Notably, the chironomid concentration reaches its highest values of the entire MIS 5d-c 
fluvial sequence (35 headcapsules/cc). This is, however, considerably lower than the up to 300 head
capsules/g recorded in the Nuortti lake sequence (Fig 3-1B). The lake sediment further reveals a 
variety of bryozoa, in particular Fredericella, as well as the aquatic plant Callitriche hermaphoditica. 
The latter occurs in clear, brackish coastal waters, lakes and rivers. As will be shown below, the 
successional development recorded in the silt layer, which reflects the infilling of the lake, is remarkably 
similar as depicted in the oxbow lake deposit of local zone 2. The silts of local zone 1b, however, 
generally lack the large abundances of macrofossil remains, the high organic content, and the bio
diversity of the oxbow lake sediment. These differences can be ascribed to the different climate 
regimes, and fluvial dynamics, under which the sediments of local zones 1 (Savukoski 1 cold stage) 
and 2 (Sokli I warm stage) were deposited. 

Two relatively fine-grained stream channel deposits occur in the upper part of local zone 1 (local 
zone 1c). Conditions within the channels were less energetic than during deposition of the gravely 
sediment in the lower part of the fluvial sequence and likely included prolonged phases of standing 
water. This is particularly so for the lower deposit which contains fossil remains of a variety of 
stream-inhabiting taxa including the insect black fungus gnats (Sciaridae). Characteristically, the 
fossil record of the stream channel deposits include taxa originating from the floodplain or catchment. 
These are the (semi-) terrestrial chironomids M. eurynotus and Limnophyes; the herb Crassula aquatic; 
and the soil fungus Glomus (HdV-207; van Geel et al. 1989). C. aquatic presently occurs on open, 
nutrient-rich, moist sediment that is seasonally flooded. In addition, the bryophyte assemblage with 
P. jensenii, Sphagnum squarrosum, W. group exannulata, Tomentypnum nitens and A. turgidum 
reflects an environment influenced by surface water flow and flooding (Ulvinen et al. 2002). The 
lower stream channel deposit further shows relatively high percentages values of the pioneer green 
algal Botryococcus braunii and algal type HdV-225. The latter is associated with open water and 
ephemeral pools (van Geel et al. 1989). In contrast, the upper stream channel deposit shows high 
abundances of spores, conductive tissue (HdV-217; van Geel et al. 1989) and vegetative remains 
(stem fragments) of Equisetum, as well as high percentage values of Cyperaceae pollen, indicating 
locally abundant stands of wetland vegetation. 
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Starting at the base of the silt deposit of local zone 1b, many of the abundant chironomid taxa indicate 
intermediate to warm summer conditions (e.g. C. mancus-T, Ablabesmyia, C. cylindraceus-T, C. 
intersectus-T) (Engels et al. 2010). Similarly, several plant taxa (e.g. P. compressus, Nyphar, C. 
aquatica) indicate July temperatures at least in the order of today’s values (Väliranta et al. 2009). 
The warm summers comply with a continental climate regime with long cold winters and short 
warm summers.

Conditions were possibly colder during the deposition of the gravelly sediment at the base of the MIS 
5d fluvial sequence (Figure 3-2A). Relatively high pollen percentages of Poaceae and Artemisia, 
and the near absence of pollen of shrubs, suggest a sparse vegetation cover and a vegetation type 
resembling a polar desert. The chironomid Orthocladius-T S is currently common on Svalbard and 
is frequently recorded in lake sediments dated to the Younger Dryas Stadial in Norway (Brooks et al. 
2007). M. eurynotus-T is also able to tolerate cold climate conditions. A more severe climate during 
the early part of MIS 5d, compared with the later part, is also recorded on the European mainland 
(Helmens 2014, and references therein).

3.2.2	 The Sokli I warm stage oxbow lake
The infilling of an oxbow lake, which remained flooded throughout the infilling process, is recorded 
in great detail in the c. 2.5 m-thick, highly compacted sandy gyttja deposit of local zone 2. The gyttja 
is interbedded with thin silt lamina in its lowermost part, and becomes increasingly interlayered 
with sand and wood upwards in the deposit. The subsequent return to coarse-grained stream channel 
deposition (local zone 3a), and the infilling of a pond (local zone 3b), conclude the Sokli I sediment/
fossil record (Figure 3-2B).

The aquatic plants Persicaria amphibia and Najas tenuissima are recorded at the very base of the 
gyttja deposit. N. tenuissima thrives on soft mud in water less than 1.5 m deep. It presently has scarce 
occurrences in southern Finland. P. amphibia is found along the major watercourses in Fennoscandia. 
In oxbow lakes, P. amphibia can tolerate the relatively high level of disturbance associated with 
flooding during the early phases of infilling of the lakes (Westhoff et al. 1981). Subsequently, 
Nymphaeaceae are abundantly represented by a variety of fossil remains (local zones 2a and 2b, 
lower part). These include leave fragments, astrosclereids (recorded as macrofossils and HdV-129 
(Pals et al. 1980), base cells of hairs (HdV-127; Pals et al. 1980) and pollen of Nuphar. HdV-127 is 
considered a better indicator of the local presence of Nuphar/Nymphaea than pollen of the entomo-
philous (i.e. insect-pollinated) taxa of Nymphaeaceae (Ralska-Jasiewiczowa et al. 1992). In contrast 
to P. amphibia, the water lily Nymphaea alba favors more moderate levels of disturbance, e.g. when 
sediment infill in an oxbow lake decreases the strength of water flow during flooding (Westhoff 
et al. 1981). A further reduction in water flow is recorded with the transition to a sandier lithology 
halfway local zone 2b. From here onwards, fossil remains of various aquatic insects typical of lotic 
(flowing water) conditions start to be continuously preserved in large abundances, among which 
the stream-inhabiting chironomids Eukiefferiella and Tvetenia. In contrast, chironomid and diatom 
concentrations (Helmens et al. 2012) are very low in the lower portion of the gyttja deposit. It is 
likely that these fossil remains were washed away during flooding. 

Confined to local zone 2a are high percentage values of Botryococcus cf neglectus, HdV-128 and 
bryophyte spores (HdV-340; van Geel et al. 1989). The green alga B. neglectus is presently found 
in relatively small, oligotrophic and mesotrophic water bodies (Jankovská and Komárek 2000), 
whereas the optimal environment of algal type HdV-128 is slowly moving water (van Geel et al. 1983). 
Despite in low concentrations, the chironomid assemblage in local zone 2a is divers. It includes 
various littoral taxa and taxa associated with macrophyte abundances (Dicrotendipes nervosus-T, 
Endochironomus albipennis-T, Cricotopus intersectus-T, Microtendipes pedellus-T) and suggests 
moderate nutrient levels. Subsequently, rising nutrient levels (to meso-/eutrophic conditions in local 
zone 2c) are revealed by increasing percentage values of Tanytarsus mendax-T and Cricotopus 
cylindraceus-T, and appearances of the aquatic plants Elatine triandra, Callitriche cophocarpa/
hamulata, Potamogeton T berchtoldii and P. cf friesii. The chironomid Chironomus anthracinus-T 
shows a high occurrence in the upper sandy part of the gyttja deposit (local zone 2c), and in the 
minerogenic sediment of local zones 1 (MIS 5d) and 3, possibly reflecting an affinity for coarse 
substrate. 
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Several wetland plants initiate their macrofossil records with the transition to a sandier lithology 
halfway local zone 2b, and a rich wetland assemblage is depicted in local zone 2c. Most character-
istically are the high pollen percentage values of Cyperaceae and high macrofossil abundances of 
the sedges Carex spp., Trichophorum alpinum and Rhynchospora alba. Clasterosporium carcinum 
(HdV-126; Pals et al. 1980) is a fungus that is parasitic on Carex spp. (van Geel et al. 1983). Other 
wetland taxa that are represented by macrofossils include Poaceae, Juncus, S. selaginoides, Ranunculus 
sceleratus, R. sect. Batrachium, Typha, Equisetum, Salix and Betula nana. Open water, however, 
persisted throughout infilling of the oxbow lake as indicated by high fossil occurrences of the bryozoa 
Plumatella, Cristatella, Pectinatella and Fredericella. Scattered occurrences of Pectinatella are 
presently only reported from southern locations on the European mainland (Wood and Okamura 2005). 
The cladocera Simocephalus is also well-represented in the fossil record from the gyttja deposit and 
suggests open, shallow water, eutrophic conditions and dense stands of vegetation (van Geel et al. 
1983). Fossil scales of the fish Perca fluviatilis (perch) are found in the lower part of the gyttja where 
Nymphaeaceae dominate.

The fossil record in the gyttja deposit further depicts the local presence of an Alnus carr (marshy 
forest) with Alnus glutinosa and abundant ferns in the undergrowth. A. glutinosa reaches its current 
northern distribution limit some 400 km south of Sokli, whereas the thermophilous fern Osmunda 
regalis, of which spores are found, has nowadays a rare occurrence on shaded, moist soil along lakes 
and rivers in southernmost Fennoscandia. Furthermore, the herbs Rorippa palustris, Urtica dioica, 
Bidens tripartita, Luzula and Glyceria fluitans are recorded by macrofossils and these plants were 
probably present in moist shore habitats as well. B. tripartita favors nitrogen-rich moist habitats, 
which occur where fresh organic material accumulates and decomposes (Jansen et al. 2000), and 
the presence of nitrogen-rich habitats is indicated by R. sceleratus as well. 

The coring site became part of the active river system again during local zone 3a. The sandy to 
gravely stream channel deposit contains in its lower part slabs of organic-bearing sediment (LOI to 
30 %), showing peak occurrences for a variety of taxa. These include various species of Ranunculus 
(R. T hyperboreus, R. T auricomus cf monophyllum, R. T acris), Salix, Cyperaceae, Menyanthes 
trifoliata, the green alga Spirogyra, ferns (Athyrium-T) and (semi-) terrestrial Limnophyes. The fossil 
assemblage indicates that the organic-rich intercalations represent shore/wetland vegetation that 
most probably was locally eroded and re-deposited together with the coarse-grained stream channel 
sediment. The sands and gravels themselves contain few fossil remains apart from high percentages 
of fern spores. 

A thin sandy gyttja bed, with a pebble lag at its base, is found on top of the stream channel deposit 
(local zone 3b). The gyttja seems to have been deposited in a shallow pond. Interestingly, it contains 
fossil teeth of Lemmus.

A large number of plant taxa that are represented in the fossil record of the Sokli I warm stage deposit 
reach their present-day northern distribution limit south of Sokli. In addition, several chironomid taxa 
(e.g. E. albipennis-T, Ablabesmyia, D. nervosus-T) suggest warm summers. Both proxies clearly 
indicate past July temperatures that were significantly higher than the present July temperature at 
Sokli (Väliranta et al. 2009, Engels et al. 2010).

3.3	 The Sokli II warm stage (MIS 5a) lake
The Sokli basin was glaciated during the Savukoski 2 cold stage (MIS 5b) and then deglaciated 
during the the Sokli II warm stage (MIS 5a) of the Last Interglacial Complex (MIS 5). The south-
eastern margin of the Fennoscandian Ice Sheet might have been situated at the so-called Pudasjärvi 
End Moraine during the MIS 5b ice advance (Johansson et al. 2011). The moraine, which is situated 
some 300 km south of Sokli, represents a pronounced complex of till-covered ice-marginal landforms 
(Sutinen 1992). In the Sokli basin, the glaciation is recorded by a diamiction that reaches a total 
thickness of c. 2 m in the B-series borehole (coring location 1; Figures 1-3 and 2-1). The diamicton 
here is clast supported in its lower part, whereas a sandy matrix dominates in the weakly stratified 
upper part, and is interpreted as basal till possibly overlain by ablation till (Helmens et al. 2007a). 
The basal till is also encountered at coring location 2, at a similar depth as at location 1, i.e. at c. 
12.5 m below the surface of the Sokli wetland. Its thickness is only c. 0.1 m in borehole 4/2010. 
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However, the till in the latter borehole occurs at the base of a core segment and difficulties penetrating 
the compact, coarse diamicton might have let to slight deviations in core depths.

On top of the diamicton, the sediment becomes more sorted and fines-upward to sand. This glacio-
fluvial sediment, in its turn, is abruptly overlain by a laminated silt-clay deposit of glacio-lacustrine 
origin (Helmens et al. 2018). Both the c. 1 m-thick glacial lake deposit and overlying c. 2 m of gyttja of 
the Sokli II warm stage (MIS 5c) in borehole 2/2010 (coring location 2) have been the subject of multi-
proxy analysis. It is likely that the waterlogged depression in which the gyttja deposit accumulated 
formed due to compression of the older basin sediments during the preceding glaciation. The regional 
pollen record in the lake sequence depicts a vegetation development towards pine-dominated boreal 
forest. An early shrub tundra phase is additionally recorded at coring location 1. The lake at this site, 
however, was very shallow (Cyperaceae pollen up to 40 % and dominance of Carex seeds; Helmens 
et al. 2000, 2007a, 2021) and became infilled with sediment early in MIS 5a. The Sokli II gyttja deposit 
in borehole 2/2010 becomes near the top increasingly interlayered with sand before turning to sand 
interbedded with thin organic laminae and then gravel. A c. 2 m long hiatus separates the lake deposit 
from till. The organic content of the gyttja is low, < 13 % (Figure 3-3A), indicating a relatively large 
input of minerogenic sediment into the lake throughout its infilling process.

Macrofossils and NPP’s are not found in large abundances in the Sokli II lake sequence, but their 
records are diverse. Combined with the pollen/spore, diatom, chironomid and sediment records, 
they trace in detail the development of the Sokli Ice Lake in the earliest part of the warm stage (see 
Section 3.6), and the subsequent infilling of a relatively small and shallow lake confined to the 
Sokli basin. Characteristic for the gyttja deposit are the fossil occurrences of the shallow aquatic 
plant Ceratophyllum (Figure 3-3B). This plant presently tolerates highly polluted waters where 
human-induced eutrophication has led to an impoverishment of the flora (Westhoff et al. 1981). 
The diatom record with c. 90 % of Fragilariaceae, and representations of Staurosira construens var. 
subsalina, Staurosirella leptostauron and Cocconeis placentula, indicate alkaline waters. Similarly, 
the dominance of Corynocera ambigua in the chironomid record might be due to alkaline water 
conditions, although macrophyte abundances might have (additionally) played a role. High nutrient 
levels in the lake are further revealed by the recording of the cyanobacteria Gloeotrichia and the 
diatom taxa Epithemia sorex and E. adnata, which are all capable of atmospheric nitrogen fixation 
in case of an imbalance in the P/N ratio. It is possible that the relatively small water volume of 
the Sokli II lake enhanced the influence of the local bedrock on the lake’s geochemistry, thereby 
resulting in eutrophic/alkaline lake water conditions. Notably, the MIS 5b glaciation followed a 
long time-interval with ice-free conditions at Sokli. The availability of deeply weathered rocks 
might additionally have influenced the nutrient status of the lake. The fossil record in the glacial 
lake sediment also reflects remarkably high nutrient levels (Section 3.6).

Open-water conditions during the early phase of gyttja deposition (local zone 1a in Figure 3-3B) are 
indicated by the fossil occurrences of the bryozoa Plumatella and Cristatella mucedo. The diatom 
and chironomid records reveal littoral conditions, whereas the fossil records of Salix, Cyperaceae 
(e.g. Carex) and Equisetum show the additional presence of a wetland zone. Many of the prevailing 
chironomid taxa are associated with shallow/littoral habitats and/or macrophyte abundances. These 
include Polypedilum nubeculosum-T, Endochironomus albipennis-T, Tanytarsus pallidicornis-T, 
Psectrocladius sordidellus-T, Cricotopus intersectus-T, C. cylindraceus-T, Dicrotendipes nervosus-T 
and Microtendipes pedellus-T. The diatom record is dominated by the littoral taxon Staurosirella 
pinnata, while the relatively high representations of Staurosira construens var. venter and S. construens 
var. binodis probably reflect their littoral and/or periphytic (growing on plants) habitat preferences as 
well. The aquatic plant assemblage of local zone 1a consists of a variety of Callitriche species (C. cf 
cophocarpa, C. hermaphroditica, C. hamulatae), narrow-leaved Potamogeton (P. pusilus/pectinatus/
rutilus, P. berchtoldii, P. compressus), Ceratophyllum and Myriophyllum spicatum-T (including M. 
verticillatum and M. sibiricum). P. pusilus and P. pectinatus are presently recorded in meso-haline 
waters. 
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Figure 3-3. Selection of environmental and climate proxies for the Sokli II Interglacial (MIS 5a) lake 
deposit in the Sokli basin based on Helmens et al. (2021). For explanation of the diagrams see caption 
of Figure 3-1. Note that multi-proxy data obtained on the glacial lake sediment at the base of the MIS 5a 
lake sequence are summarized separately in Figure 3-8. 
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Figure 3-3. Cont.
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A further shallowing of the lake, accompanied by an extension in the wetland zone, is depicted in 
local zone 1b. The zone is characterized by enhanced representations of Ceratophyllum and Spirogyra. 
Ceratophyllum is found as leaf spikes (HdV-137; van Geel et al. 1989) and plant tissue. It is identified 
as C. demersum in a SedaDNA analysis on the glacial lake sediment (Peter Heinztman, personal 
communication, 2021). Two species of the aquatic plant Ceratophyllum presently occur in Finland, 
i.e. C. demersum and C. submersum. The latter has only few localities along the southern coastline 
that have established during the last two decades. C. demersum occurs in shallow, eutrophic, oligo- 
to mesosaprobic water bodies (i.e. exclusively oxidizing to partly reducing decomposition; Westhoff 
and den Held 1975). The green alga Spirogyra (Zygnemataceae) is represented by four NPP types 
(HdV-130, -132, -210, -315; Pals et al. 1980, van Geel et al. 1983, 1989, van der Wiel 1983) and 
is characteristic of stagnant, shallow, meso-eutrophic freshwaters (van Geel and Grenfell 1996). 
The chironomid taxon Orthocladius oliveri-T, also recorded in local zone 1b, is related to shallow, 
eutrophic waters as well. Whereas narrow-leaved Potamogeton was abundantly represented during 
local zone 1a, Myriophyllum (including M. alterniflorum) becomes more abundant in local zone 1b. 
The aquatic plant assemblage is further enriched with Elatine triandra, Nuphar and Hippuris. Finally, 
an increase in pollen percentages of Cyperaceae and the presence of spores and conductive tissue of 
Equisetum (HdV-217; van Geel et al. 1989) indicate an extending wetland zone during local zone 
1b. Other wetland taxa that are recorded by macrofossils are Poaceae, Typha, S. selaginoides and 
Betula nana. van Geel (1978) found the fungus Tilletia sphagnii (HdV-27) to be almost completely 
restricted in its occurrence to peat containing Sphagnum remains. 

The sandy lithology and fossil record in the uppermost part of the gyttja deposit (local zone 1c) depict 
the final stage of infilling and overgrowing of the Sokli II lake. Aquatic taxa (bryozoa, green algae, 
aquatic plants) mostly disappear from the fossil record. In contrast, wetland plants are well-represented 
in the macrofossil record (Carex, Eriophorum, Trichophorum, Juncus, Salix, Ranunculus sect 
Batrachium). Pollen percentages of Alnus increase, while the continuing increase in fern spores 
suggests that ferns, like alder, were probably growing in the wetland or in a moist shore habitat as 
well. Concurrent with the expanding wetland zone, the encroachment of running water becomes 
visible in the fossil record, transporting with it material from the catchment. Stream-inhabiting 
chironomids and rheophylic diatoms (e.g. Meridion circulare, Diatoma mesodon) occur throughout 
the gyttja deposit, but the (semi-) terrestrial chironomid taxon Limnophyes increases its representation 
upwards in the deposit, the soil fungus Glomus is recorded, and large abundances of wood fragments 
are found. The fungal Ustulina deusta (HdV-44; van Geel 1978) grows on wood substrate. 

The aquatic/wetland assemblages with C. cophocarpa, P. compressus, C. demersum, E. triandra and 
Typha, and the predominance of intermediate- to warm-water chironomid taxa, indicate that mean 
July temperatures during the Sokli II warm stage exceeded present-day values by several degrees 
(Helmens et al. 2021).

3.4	 The Tulppio Interstadial Complex (mid-MIS 3)
The Sokli basin was glaciation once more during the Savukoski 3 Stadial (MIS 4), and then deglaciated 
twice during the Tulppio Interstadial Complex (TIC) in mid-MIS 3. The Fennoscandian Ice Sheet 
probably advanced into southern Finland and beyond during the MIS 4 glaciation (Svendsen et al. 
2004). Originally, it was believed that the ice-sheet maintained a sub-continental size during MIS 3, 
before its maximal expansion in the LGM (e.g. Donner 1995). However, many key geological data 
published in the past c. 20 years are indicating ice-free conditions in the central areas of Eurasian, 
Laurentide and Cordilleran glaciation during part(s) of MIS 3 (e.g. Ukkonen et al. 1999, Helmens 
et al. 2000, 2007, Olsen et al. 2001a, 2001b, Wohlfarth 2010 and references therein; Helmens 2014 
and references therein, Sarala et al. 2016, Dalton et al. 2016, 2022, McMartin et al. 2019, Mangerud 
et al. 2023).

There are several lines of evidence at Sokli that point to an active ice-sheet that was probably warm-
based in MIS 4/early 3 (Helmens et al. 2018). The MIS 3 glacio-fluvial sands and pebbles that overly 
the MIS 4 till deposit, and part of the till, contain interstratified and chucks of organic debris reworked 
from the MIS 5e diatom gyttja deposit in the Sokli basin (Helmens et al. 2000). The persistence of 
distinct clayey laminae throughout the overlying glacio-lacustrine sequence further suggests a continuing 
influence of the ice-sheet on sediment deposition, even in the case of a distal position. Finally, the 
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fossil record from the glacio-lacustrine sediment registers a glacier re-advance phase in which an 
earlier opened spillway was blocked by ice, resulting in the re-occurrence of a large, deep-water 
glacial lake stage (Section 3.6). Added to this, new data presented here shows that the Fennoscandian 
Ice Sheet subsequently overrode the Sokli basin, and then retreated once more in mid-MIS 3, during 
which fluvial sediment was deposited in the basin. 

The up to c. 2-m thick minerogenic, fining-upward and then coarsening-upward, laminated silt-clay 
sequence of glacio-lacustrine origin, that overlies the MIS 4 till at coring location 1 at depths of 
c. 5–7 m below the surface of the Sokli wetland, was studied using multiple proxies on the B-series 
borehole (Figures 1-3 and 2-1). The fossil remains of aquatic and telmatic taxa encountered in the 
glacial lake sediment are presented in Figure 3-9 and discussed in Section 3.6 focussing on the ice-
marginal environment. Terrestrial plant taxa, lithology and chronology are shown in Figure 3-4.

The glacio-lacustrine sediment is overlain by c. 2 m of till. Helmens et al. (2000, 2007a) describes 
the sediment contact as gradual and notes the occurrence of a dropstone in the laminated sediment 
just below the contact. The till deposit has earlier been interpreted as representing the last glaciation 
of the Sokli basin, starting during the late part of MIS 3 and lasting into the earliest portion of the 
Holocene (Helmens et al. 2000, 2007a). However, new 14C dating on a sorted sediment bed found 
intercalated in the uppermost part of the till, in the more recently obtained 2/2010 borehole (Figures 
2-1 and 3-4), shows that this sediment dates to MIS 3 as well. The c. 30 cm-thick sediment intercala-
tion consists of fine gravel grading into sandy silt and interbedded with coarse sand. A palynological 
analysis of the sandy silts records a dominance of wetland/shore plants (Cyperaceae, Salix, 
Sphagnum, ferns) and green algae (Pediastrum, Botryococcus braunii, Zygnema, HdV-128) (Figure 
3-4B). Together with findings of macroscopic remains of e.g. twigs, plant tissue and bryophytes, 
it is likely that the silts accumulated in a small floodplain pond. A similar sorted c. 10 cm-thick 
sandy to gravely bed is found in the same stratigraphic position in borehole B-series (Figure 2-1). 
The deglacial sediment below the till has earlier been defined as the Tulppio Interstadial (Helmens 
et al. 2007b). Here, based on the new evidence, the entire sediment sequence from the glacio-fluvial 
sediment on top of the MIS 4 till bed to the fluvial sediment intercalation is defined as the Tulppio 
Interstadial Complex (TIC). The ice-free intervals represented by the glacio-fluvial and -lacustrine 
sequence is named the Tulppio 1 Interstadial and by the fluvial sediment the Tulppio 2 Interstadial, 
and the intervening glaciation is named the Saariselkä glaciation/Stadial. This new interpretation 
means that the late MIS 3-2 glaciation (Savukoski 4 Stadial) is represented by only c. 15 cm of till 
(Figure 2-1). The Fennoscandian Ice Sheet during the last glaciation, however, was cold-based in 
central Finnish Lapland, lasting well into the deglaciation phase, which not only resulted in limited 
glacial erosion, but also in limited glacial deposition (Johansson 1995).

Wood encountered in the uppermost part of the glacio-lacustrine sequence (Tulppio 1 Interstadial) 
has been 14C-dated at c. 42.5 kyr, and an OSL age of c. 48 kyr was obtained on the underlying glacio-
fluvial deposit. 14C ages of c. 38.8 kyr (plant macrofossil remains) and c. 41.7 kyr (bulk sample) are 
newly obtained on the fluvial sediment bed (Tulppio 2 Interstadial), in which the latter date probably 
over-estimates the true age by incorporating older soil carbon from the catchment (see Section 2.1). 
The TIC records two ice-free intervals, one before c. 45 and the second one at about 42 cal. kyr 
(Reimer et al. 2009), separated by a phase with renewed glaciation of the Sokli site. The pollen 
record for the Tulppio 1 Interstadial shows shrub tundra vegetation, whereas birch forest is recorded 
for the Tulppio 2 Interstadial (Chapter 4). The TIC seems to record the millennial-scale climate 
variability of the middle part of MIS 3 around c. 40 kyr BP and is here correlated to GIS 12-8 in the 
Greenland record (Figure 1-1). The dynamic, warm-based ice-sheet conditions at the end of the MIS 
4 glaciation (see above), and the possible persistence of glacier ice in the Saariselka low-mountain 
range some c. 100 km to the north of Sokli, may explain the rapid, millennial-scale response of the 
Fennoscandian Ice Sheet during the TIC. An early MIS 3 ice-marginal retreat pattern towards the 
north has been reconstructed based on N-S trending, till-covered eskers in the Sokli region OSL-
dated to 65 ± 13 kyr BP (Johansson 2007a). 
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Figure 3-4. Selection of environmental and climate proxies for the Tulppio Interstadial Complex (mid-MIS 3) 
in the Sokli basin based on Bos et al. (2009) and this study. For explanation of the diagram see caption of 
Figure 3-1. Note that multi-proxy data obtained on the glacial lake sediment of the Tulppio 1 Interstadial 
are summarized separately in Figure 3-9. 

Analysts: K.F. Helmens (pollen/spores, NPP’s, lithology, stratigraphy, final data compilation);
J.A.A. Bos (macrofossils); P. Kuhry (pollen/spores, NPP’s; Tulppio 2 Interstadial)
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Well-dated environmental records for parts of MIS 3 have recently been published for two other sites 
in northern Finland, i.e. Petäjäselkä to the west of Sokli (Sarala and Eskola 2011, Väliranta et al. 2012) 
and Kaarreoja northwest of the Saariselka mountain range (Sarala et al. 2016). The stratified sediment 
sequences at both sites contain organic-bearing sediment that is 14C-dated at 35.3 ± 0.6 (Petäjäselkä) 
and 30.2 ± 0.3 kyr (Kaarreoja), and is bracketed by OSL dates as younger than c. 73–58 kyr and older 
than c. 32 kyr (Petäjäselkä), and younger than c. 52 kyr (Kaarreoja). Fluvial disturbance might explain 
the infinite 14C age (> 45 kyr BP) on wood from the Kaarreoja site (Sarala et al. 2016). Although the 
OSL dates have relatively large error margins, importantly, OSL and 14C ages occur in sequence. The 
ice-free interval at Petäjäselkä, for which a vegetation at or very close to the birch tree line is recorded 
(Väliranta et al. 2012), might correspond to the ice-free interval at Sokli in the later part of the TIC 
(Tulppio Interstadial 2; GIS 8). The birch forest phase with pine, recorded near the end of the Kaarreoja 
vegetation succession (Sarala et al. 2016), occurred later, at c. 35 cal. kyr BP (GIS 7). The peat in the 
upper part of the Kaarreoja organic-bearing sediment sequence is covered by glacio-fluvial sands, in 
is turn overlain by the youngest till bed correlated to MIS 2 (Sarala et al. 2016). Furthermore, till inter-
bedded in-between two fluvial sediment sequences at the Hannukainen mine, west of Sokli, has been 
OSL-dated as younger than c. 35–56 kyr and older than c. 39 kyr BP and might represent a mid-MIS 3 
glaciation (Salonen et al. 2014) corresponding to the Saariselkä glaciation at Sokli around c. 40 cal. kyr BP. 
Similarly, OSL dating of the detailed stratigraphy at the Rautuvaara mine, consisting of glacio-lacustrine 
sediment sequences interbedded with till, suggests that western Finnish Lapland was ice-free during two 
separate time intervals in MIS 3 (Lunkka et al. 2014). The latter is supported by the study of Howett et al. 
(2015) that dates the ice-free periods at Rautuvaara, using OSL, to c. 47–55 kyr and c. 33–36 kyr BP. Based 
on the 14C ages obtained for the pre-LGM interstadial deposits in central Swedish Lapland, Wohlfarth 
(2010) suggests ice-free conditions around and prior to 40 cal. kyr BP and ice-cover thereafter. In-line 
with this interpretation, Hättestrand and Robertsson (2010) tentatively consider the two phases with 
birch vegetation during the Tärendo II Interstadial of MIS 3 age. The severe cold phase that is recorded 
between the periods of warmer climate probably caused a glacier re-advance out of the mountains but not 
reaching the Riipiharju study site (Hättestrand 2008). Well-dated stratigraphic records from Norway show 
a similar picture for MIS 3 as is emerging from Sweden and Finland. The Ålesund Interstadial represents 
a 4 000-yr-long mild period (GIS 8-7; Mangerud et al. 2003) during which the coast, as well as large 
inland areas (Olsen et al. 2001a, 2001b), were ice-free. An ice advance beyond the coastline, dated to 
around c. 40 cal. kyr BP (Skjonghelleren Stadial; GST 9-10; Mangerud et al. 2003), separates the Ålesund 
Interstadial from warm interstadial conditions in early MIS 3 (Bo/Austnes Interstadial; Mangerud 2004).

Based on the detailed stratigraphic data from northern Finland, northern Sweden and Norway, it is likely 
to conclude that central Finnish Lapland was ice-free at least twice during MIS 3, around c. 47 kyr BP 
(GIS 12-11) and in the period at c. 42–35 kyr BP (GIS 8-7), separated by a period of glaciation around 
c. 40 kyr BP (GS 11-9). The TIC deviates considerably from the earlier sequence of events inferred 
from the Sokli sequence. The latter tentatively correlated the Tulppio Interstadial to GIS 14 around 
c. 53 kyr BP and considered the interstadial as the only phase during which Sokli was ice-free in MIS 3 
(Helmens et al. 2007b, 2009).

3.5	 The Holocene
Following the last deglaciation of the Sokli region in the earliest part of the Holocene at c. 10.7 cal. kyr BP, 
at least 2 m of glacio-lacustrine silty sediment (see Section 3.6) and 7 m of gyttja was deposited in 
Loitsana Lake. The lake is situated in a subglacial meltwater corridor that crosses the Sokli wetland 
(Sokliaapa) in a NW-SE direction, directly west of the Sokli basin. The corridor consists of sediment 
accumulations (eskers) and erosional features such as the deep Loitsana basin (Figure 1-3).

The Loitsana lake sequence was subjected to a multi-proxy analysis in order to obtain a modern reference 
section for the older lake deposits in the Sokli basin. It allows a direct comparison between the present-
day environmental setting of the lake and the fossil remains and biogeochemical data stored in the 
lake sediment. Also, changes in e.g. the drainage pattern that might have occurred in the course of the 
Holocene may still be traceable in the landscape. Importantly, Holocene environmental and climate 
records are readily available from Fennoscandia for comparison, in contrast to the older records in the 
Sokli sequence that are unique. The latter is particularly relevant considering the non-typical bedrock 
geochemistry at Sokli.
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For the purpose of the present compilation study, the Holocene sediments that underlie the Sokliaapa 
(wetland) in the Sokli basin are additionally studied. The Holocene sediment in borehole 2/2010 was 
subjected to pollen/spore and NPP analysis, and several 14C datings were carried out. This record is 
further complemented with unpublished macrofossil and 14C data from the nearby S1 and S2 cores. 
Cores S1-2 are located on the opposite side of the Soklioja rivulet from borehole 2/2010 but show a 
remarkably similar lithology (Figures 1-3 and 2-1). This new Holocene record represents a depositional 
environment that had not been earlier studied in any detail at Sokli, i.e. peatland, and it traces in detail 
the Holocene peatland development at the site. Furthermore, the Early Holocene sandy sediment at the 
base of the peat deposit provides a possibility to further explore the influence of a floodplain environ-
ment on the fossil record. Note that the pollen sum used in this study excludes the pollen of Cyperaceae 
since these are greatly over-represented in the pollen record from the peat.

At first glance, the Loitsana fossil record reveals a seemingly unusual sequence of events. In contrast 
to the MIS 5 interglacial lake records that show aquatic conditions gradually being replaced by wetland 
in the course of lake infilling, Loitsana depicts an early phase of peatland development following by 
open water. However, the fossil remains of wetland plants in the early part of the Loitsana sequence 
occur in sediment that is characterized by high sedimentation rates and large abundances of stream-
inhabiting chironomids. Therefore, the early phase of peatland development is interpreted to represent 
the initial terrestrialisation of the southern portion of the lake, being situated closest to the Soklioja 
rivulet, with fragments of wetland vegetation being transported to the northern part of the lake by 
running water. Following the redirection of the Soklioja away from Loitsana Lake c. 6.8 cal. kyr BP, 
Loitsana became an isolated esker lake. The change in drainage pattern might have been caused by the 
expanding peatland in combination with a sudden lowering in the water table. Alternatively, a thick 
delta deposit that is linked to the meltwater corridor might initially have obstructed the river, diverting 
water flow to the south through a now abandoned stream channel, and northwards into Loitsana Lake 
(Figure 1-3). Once the delta was eroded, the Soklioja attained its current course. 

3.5.1	 Loitsana Lake
Similar to the diatom records from the MIS 5c (Helmens et al. 2012) and MIS 5a lake deposits 
(Section 3.3), the diatom assemblages in the Loitsana gyttja predominately consist of alkaliphilous 
Fragilariaceae (Figure 3-5B). The local alkaline bedrock probably caused this mass-occurrence, 
although disturbances through fluvial/minerogenic influx and groundwater inflow from the esker 
might additionally have contributed to the mass-occurrence in the Loitsana record. Fragilariaceae 
are a group of taxa that are generally considered opportunistic and pioneering due to their wide 
range of ecological preferences and often dominate lakes that have some sort of disturbance (Lotter 
et al. 1999, Anderson 2000, Bigler et al. 2003). Although recorded in low percentage values, the 
successional development in which planktonic taxa (Stephanodiscus parvus, Cyclotella ocellata, C. 
radiosa) are being replaced by tychoplanktonic (Melosira varians) and then benthic taxa (Epithemia 
adnata, Cymbella ehrenbergii, Amphora libyca) depicts the gradually shallowing of Loitsana Lake 
as it is filled-in with sediment. The Cyclotella species occur in finely laminated sediment and suggest 
that the lake was stratified with anoxic bottom water conditions (Saros et al. 2014) in the period 
c. 9.4–8.6 cal. kyr BP. This local zone (1b) is further characterized by high abundances of the bryozoan 
Plumatella repens and low C/N values (c. 10), suggesting a high in-lake productivity. Cladotanytarsus 
mancus-T, which attains peak percentage values, is one of the dominant chironomid taxa in the Nuortti 
warm stage lake sequence and is a mesotrophic warm-indicating taxon (Olander et al. 1999, Brodersen 
and Lindegaard 1999). The aquatic plant and chironomid assemblages in the Loitsana lake sequence 
support warm summers in the early part of the Holocene (Shala et al. 2017). 

In contrast to the diatom record, the chironomid record shows a large turnover in species that seems to 
be largely driven by changes in nutrient availability (Luoto 2011). The chironomid taxa Endochironomus 
albipennis-T and Cricotopus cylindraceus-T, and the diatom species S. parvus, indicate nutrient-rich 
conditions at the start of the record. The enhanced trophic state in the earliest part of the Holocene 
might be the result of morphometric eutrophication (Hofmann 1998), i.e. a condition created by a 
reduction in lake volume, which at Loitsana happened following the drainage of the Sokli Ice Lake 
(see Section 3.6). The trophic state shifts to mesotrophic in local zone 1b (Cladotanytarsus mancus-T) 
and to oligo-mesotrophic in local zone 1c (Microtendipes pedellus-T, Sergentia coracina-T, Corynocera 
oliveri-T). Following the diversion of the Soklioja rivulet c. 6.8 cal. kyr BP, nutrient levels increase 
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again (C. ambigua, Dicrotendipes pulsus-T, Tanytarsus pallicornis-T, Paratanytarsus penicillatus-T), 
to return to meso-eutrophic levels in the uppermost shallow waters of local zone 3 (Cladotanytarsus 
mancus-T, C. plumosus-T, Tanytarsus mendax-T). Chironomus anthracinus-T and the diatom species 
Martyana martyi closely follow the records of stream-inhabiting chironomids and rheophylic diatoms 
(e.g. Meridion circulare var. circulare, Amphora pediculus) and probably relate to minerogenic 
sediment load. 

Figure 3-5. Selection of environmental and climate proxies for the Holocene lake deposit in Loitsana Lake 
based on Shala et al. (2014b) and Salonen et al. (2013). For explanation of the diagrams see caption of 
Figure 3-1. Note that multi-proxy data obtained on the glacial lake sediment at the base of the Holocene 
lake sediment sequence are summarized separately in Figure 3-10. 
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Figure 3-5. Cont.
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Fossil remains of aquatic plants are encountered in the lower part of the Loitsana sequence, however, 
their abundances significantly increase under shallower water conditions in the sequence’s upper 
part. Myriophyllum is here represented by tissue and pollen of M. spicatum-T and M. alterniflorum, 
and Potamogeton is recorded by tissue and leave fragments including those of P. pectinatus, P. 
berchtoldii and P. filiformis. The species assemblage depicts the relatively high nutrient availability 
during local zones 2 and 3. Staurosira construens var. venter peaks during local zone 2b, probably 
reflecting its periphytic (growing on plants) habitat preference. Also, Corynocera ambigua attains 
peak values during local zone 2. This chironomid taxon has a complex ecology (Brodersen and 
Lindegaard 1999), but has been found to prefer habitats with abundant vegetation (Mothes 1968). 
Its dominance in the Loitsana chironomid record, similarly as in the MIS 5e and 5a lake sequences, 
however, is probably due to alkaline water conditions.

The upper c. 1 m of gyttja represents the last c. 3.5 cal. kyr. The humid conditions of the Late Holocene 
might have increased water flow through the esker, resulting in a lake water body with low DOC 
content that favoured the green algaa Pediastrum integrum (Weckström et al. 2010; local zone 3). 
It might also have increased water flow in Loitsana Lake, from the esker in the east to the lake’s 
outlet in the west (Figure 1-3), thereby reducing sediment accumulation rates. Varies proxies show 
a further shallowing of the lake and increased influence from the wetland and catchment during local 
zone 3. These include rising LOI (to c. 50 %) and C/N values, an increase in the shallow-water green 
alga Spirogyra, and the continuous recording of Carex seeds. Furthermore, periphyton (S. construens 
var. binodis), shallow-water (Staurosirella lapponica, S. brevistriata) and aerophylic diatoms 
(Achnanthes exigua) are all well-represented. E. adnata, C. ehrenbergii and A. libyca all show peak 
values in the uppermost local zone 3b, indicating elevated conductivity/pH values in the now greatly 
reduced lake water volume. Interestingly, a phase with high LOI (c. 70 %) and high percentage values 
of S. brevistriata (70 %) is also picked-up shortly after c. 6.8 cal. kyr BP in local zone 2a, possibly 
recording a sudden, temporal lowering in lake level. This water level lowering might be related to 
the diversion of the Soklioja away from Loitsana Lake (see above), or might have contributed to the 
redirection in the rivulet. Abrupt lake level drops are also recorded in the Nuortti warm stage lake 
sequence and ascribed to millennial-scale climate events, superimposed on the long-term interglacial 
climate development (Section 3.1.2). 

As mentioned earlier, the fossil remains of wetland plants and shore taxa (Rorippa palustris, ferns, 
semi-terrestrial chironomids) in the lower deep-water part of the Loitsana lake sequence most probably 
were transported to the coring-site from nearby areas by running water. The wetland assemblages 
shows that in the period between c. 10.5 to c. 9.4 cal. kyr BP (local zone 1a), semi-aquatic conditions 
with Cyperaceae, Salix, Equisetum, Juncus and Typha developed into a meso-oligotrophic wet fen with 
Cyperaceae, Betula nana and Sphagnum. Fluvial inflow into the lake, and inwash of plant fragments, 
diminished during the mild phase between c. 9.4–8.6 cal. kyr BP (local zone 1b). A rich fen, with e.g. 
Sphagnum and brown mosses (Warnstorfia, Tomenthypnum, Drepanocladus), however, continues to 
be recorded after this period until c. 6.8 cal. kyr BP (local zone 1c). At this point, the Soklioja diverted 
its course away from Loitsana Lake and macrofossil remains of wetland plants mostly disappear from 
the fossil record.

3.5.2	 The Sokliaapa
The c. 4 m-thick Holocene sediment sequence in the Sokliaapa in the Sokli basin, at c. 1 km to the 
east of Loitsana Lake, shows a highly variable lithology (Figure 3-6). On top of the laminated silt-clay 
sequence of glacio-lacustrine origin, which here has a thickness of only c. 15–30 cm, sand gradually 
fines-up to silt, followed by c. 10 cm of peat. The thin peat bed (local zone 2b) has a LOI of almost 
60 % and a microfossil assemblage that predominantly consists of Cyperaceae pollen and fungal 
spores (Figure 3-6B). The latter represent HdV-126 (Clasterosporium carcinum; Pals et al. 1980), 
which is parasitic on Carex spp. (van Geel et al. 1983), HdV-200, HdV-201 and HdV-55A. HdV-200 
and -201 have a similar ecology and suggest the presence of relatively dry microhabitats on the standing 
culms of wetland plants or on plant remains in temporary desiccating pools (van Geel et al. 1989, 
Kuhry 1997). HdV-55A is probably produced by a representative of Sordariaceae, i.e. saprotrophic 
fungi that obtain their nutrients from non-living organic material (e.g. decaying plant remains; van 
Geel 1978, 1983). The fossil assemblage, which further includes seeds of Carex and Betula, reflects 
the conditions of a marsh.
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Figure 3-6. Selection of environmental and climate proxies for the Holocene deposit in the Sokli basin 
based on this study. For explanation of the diagram see caption of Figure 3-1.
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The c. 1.75 m thick deposit on top of the peat bed consists of gyttja that becomes increasingly inter
layered with sand and wood. The sediment then courses-up to fine, unsorted gravel interbedded with 
thin sandy gyttja laminae (local zone 2c). The fossil record is characterized by wetland elements 
(e.g. Cyperaceae, Carex, Salix, Equisetum, Juncus, Typha), algae (e.g. HdV-128, Spyrogira, Chara) 
and the aquatic plant Potamogeton. Fungal type HdV-420 is probably a Sordariaceae (Kuhry 1997). 
The lithology and fossil assemblage shows shallow, nutrient-rich waters with dense stands of vegetation, 
increasingly influenced by fluvial inputs, and suggests deposition in a floodplain environment. The 
wetland assemblage resembles the assemblage encountered in the lower part of local zone 1a of the 
Loitsana record and has a similar age (c. 10 cal. kyr BP). The sandy lithology at the base of the Loitsana 
sequence further suggests that both assemblages record an early phase of dynamic floodplain conditions.

The sandy/gravelly gyttja deposit is abruptly overlain by a c. 0.5 m-thick gyttja layer rich-in large 
plant fragments (local zone 2d), which in its turn is overlain by c. 2 m of peat (local zone 3). The 
fossil assemblage in the gyttja layer, with Menyanthes, Cyperaceae, Carex, Equisetum, Juncus, 
Betula and brown mosses, represents a transitional phase from the semi-aquatic conditions recorded 
in the floodplain sediment of local zone 2c to fen conditions of the overlying peat deposit. The peat 
deposit, which contains large wood fragments in its lower part, has an LOI approaching 100 %. It 
depicts a fen assemblage first characterized by Carex, Betula, abundant fungal remains, Potentilla 
and Filipendula (local zone 3a), followed by one dominated by Eriophorum, Betula, Ericaceae 
(incl. Andromeda), brown mosses, Sphagnum (incl. S. sect. Cuspidata) and Rubus chamaemorus 
(local zone 3b). Finally, a succession towards more ombrotrophic conditions with Sphagnum sect. 
Acutifolia and Dicranum is recorded in localized hummocks (local zone 3c). The base of the peat 
deposit coincides with the establishment of pine-dominated boreal forest at Sokli, which is dated at 
Loitsana Lake (and supported by the new 14C chronology for the Sokliaapa) to c. 9.2 cal. kyr BP.

The change from the dynamic floodplain conditions in the earliest part of the Holocene to the 
accumulation of 2 m of peat over the Holocene is intriguing. It recalls the abrupt transition from the 
dynamic floodplain environment in MIS 5d (Savukoski 1 cold stage) to the accumulation of a thick 
gyttja deposit in an oxbow lake during MIS 5c (Sokli I warm stage) (Section 3.2). It is possible that 
both transitions represent an enhancement in atmospheric humidity as the climate changed from dry 
continental conditions to a moister oceanic regime. Reconstructions of continentality index based on 
chironomids, both for Loitsana Lake (Engels et al. 2014) and Kharinei Lake in northeast European 
Russia (Jones et al. 2011), suggest that the climate was at its most continental before c. 8.5 cal. yr BP. 
The continental conditions in the Early Holocene are supported by the increased seasonality of the 
solar insolation at 60 °N at this time (summer c. 10 % higher, winter c. 20 % lower) (Berger and 
Loutre 1991).

3.6	 The Sokli Ice Lake (early MIS 5a, mid-MIS 3, Early Holocene)
Glacier meltwater trapped between the retreating ice-margin of the Fennoscandian Ice Sheet and 
higher unglaciated terrain gave rise to the formation of the Sokli Ice Lake at the start of the Nuortti 
(MIS 5e), Sokli II (MIS 5a) and Holocene (MIS 1) warm periods and the Tulppio Interstadial Complex 
(mid-MIS 3). Glacial lakes formed extensively along the retreating margins of the Fennoscandian and 
Laurentide Ice Sheets around the peak of high-latitude summer insolation at ca. 10 kyr cal. BP (e.g. 
Dyke 2004, Stroeven et al. 2016, Helmens et al. 2018). The formation of the glacial lakes was facili-
tated by a land-surface that was inclined towards the retreating ice-fronts, due to isostatic depression, 
and the production of large amounts of meltwater in the warming climate. 

The evolution of the Sokli Ice Lake following the deglaciations of the Sokli site has been reconstructed 
using geomorphological evidence (meltwater channels, eskers), topographic data and a high-resolution 
digital elevation model (Johansson 1995, Helmens et al. 2009, Shala et al. 2014a). The reconstruction 
for the Early Holocene is presented in Figure 3-7 (Shala et al. 2014a) and is representative for all 
deglaciation phases (Helmens et al. 2018). It shows that the Sokli Ice Lake varied in surface area 
and water depth depending on the position of the ice-front and the location of spillways/overflow 
sites. During Lake Stages 1 (deglaciation) and 2, the level of the glacial lake was controlled by the 
col at the head of the Törmäoja canyon that has a present elevation of 240 m a.s.l.. The glacial lake 
reached its maximum spatial extension during Lake Stage 2. Opening of the Nuortti canyon resulted 
in partial (Lake Stage 3; col at 220 m a.s.l.) and final drainage of the Sokli Ice Lake.
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Figure 3-7. (A) Evolution of the later stages of the Sokli Ice Lake in the Early Holocene; cross-sections 
show maximum water depths in Loitsana Lake. Note that elevations are modern values. Adapted from Shala 
et al. (2014a). A similar glacial lake evolution occurred during the early MIS 5a and mid-MIS 3 deglaciation 
episodes (Helmens et al. 2018). Lake Stage 1: deglaciation of the study site. Lake Stage 2: maximum spatial 
extent of the glacial lake. Lake Stage 3: partial drainage resulting in a smaller and shallower glacial lake. 
(B) Position of the ice front during the different deglaciation stages.
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The evolution of the Sokli Ice Lake is clearly recorded by the sediments in the Sokli and Loitsana 
basins. The ice-marginal retreat, and occurrence of deep-water conditions, during Lake Stages 1 and 2 
are depicted as upward-fining sequences of sandy and silty sediments grading into rhythmically 
laminated silts and clays. Following the sudden decrease in lake level and size associated with the 
opening of the Nuortti River canyon (Lake Stage 3), silts and sands were deposited (Figures 3-8 to 
3-10). The ice lake evolution is also traceable in the XRF-based geochemical record that is available 
for the Early Holocene glacial lake sequence. With the ice-margin close to the coring-site (Lake 
Stage 1), erosion of the Sokli Carbonatite Massif (SCM) is reflected in enhanced representations of 
elements typical for the local bedrock (Ca, S, Nb). A decrease in sediment input enriched in these 
elements is recorded during Lake Stage 2, i.e. when the SCM became entirely submerged in the 
expanding ice lake (Figure 3-7), to increase again during the shallow waters of Lake Stage 3 (Shala 
et al. 2014a; Figure 3-10).

The fossil records from the glacial lake sediments also trace the Sokli Ice Lake evolution in detail 
(Figures 3-8 to 3-10). They reveal marked compositional shifts in biotic assemblages in concordance 
with the changes in size and depth of the Sokli Ice Lake. Furthermore, fossil assemblages and successive 
developments appear to be influenced by actual water depth. Overall deepest lake conditions are 
reconstructed for early MIS 5a, and shallowest waters in the Early Holocene. This can be expected 
due to infilling of the Sokli basin and progressive lowering of the glacial lake outlet channels resulting 
from erosion. The overall coarse-grained glacio-lacustrine sediment of early MIS 5e age contains 
few fossil remains and is not included in the environmental reconstructions presented below. 

Glacial lake sediments have rarely been included in proxy-based paleo-environmental and -climate 
studies, with the consequence environmental and climate conditions during deglaciation of the large 
N-Hemisphere ice-sheets remain largely unknown. The fossil records from the Sokli Ice Lake sediments 
provide overwhelming evidence for warm, insolation-forced summers during the different deglacia-
tion phases in the late Quaternary (early MIS 5a, mid-MIS 3, Early Holocene and Helmens et al. 
2018 and references therein). Furthermore, rich biota is recorded in the glacial lake and along its 
shore, reflecting boreal conditions (e.g. Typha, Potamogeton friesii, Nymphaea, Cristatella mucedo, 
Psectrocladius sordidellus-T), and open sub-arctic woodland on recently deglaciated land. 

Although glacial lakes covered large parts of northern Europe and North America, contemporaneous 
glacial lakes generally were relatively small, confined to the deeper parts in the landscape. The glacial 
lakes went through complex evolutions as the topography changed and spillways opened up along 
the retreating ice-margins (e.g. Dyke 2004, Boyd 2007, Johansson 2007b, Carrivick and Tweed 2013). 
This is exemplified by the study of Jansson (2003) that mapped a total of 26 glacial lakes (65 sub-
stages) in Labrador/Ungava, eastern Canada, during the Early Holocene retreat of the Laurentide 
Ice Sheet. Within the glacial lakes, protected bays were common features and, in combination with 
inflow of rivers draining unglaciated terrain, allowed aquatic and telmatic biota to flourish in the 
lakes and along their shores. This is shown in the studies by Boyd et al. (2003) and Boyd (2007) on 
Glacial Lake Hind and our studies on the Sokli Ice Lake (Johansson 1995, Bos et al. 2009, Engels 
et al. 2007, Helmens et al. 2009, 2018, 2021, Shala et al. 2014a). Glacial Lake Hind is one of several 
interconnected proglacial lakes that formed across the Canadian prairies in front of the retreating 
margin of the Laurentide Ice Sheet. Rich biota was further promoted by enhanced nutrient levels in the 
recently deglaciated terrain combined with insolation-forced warm summers (Helmens et al. 2018).



SKB TR-23-28	 55

Figure 3-8. Selection of proxy data for deglacial sediment in the Sokli basin dated to early MIS 5a based 
on Helmens et al. (2021). Adapted from Helmens et al. (2018).

64

23 11

Botr
yo

co
cc

us
 br

au
nii

Sph
ag

nu
m

Cera
top

hy
llu

m
ls

Cyp
era

ce
ae

Spir
og

yra

Pinu
s

Pice
a

Fred
eri

ce
lla

sd

Dap
hn

ia
ep

Call
itri

ch
e ha

mula
ta

sd

Bryo
ph

yte
s m

ixe
d

Myri
op

hy
llu

m
vr

Rori
pp

a sd

Sali
x ba

, l

Care
x sd

Plum
ate

lla
sb

Cris
tat

ell
a sb

Ran
un

cu
lus

se
ct.

Batr
. s

d

Tree
Betu

la
sd

, c
k

Cory
no

ce
ra

oli
ve

ri-T

Proc
lad

ius

Tan
yta

rsu
s pa

llid
ico

rni
s-T

Pse
ctr

cla
diu

s so
rdi

de
llu

s-T

Poly
pe

dil
um

nu
be

cu
los

um
-T

Clad
ota

ny
tar

su
s man

cu
s-T

Chir
on

om
us

an
thr

ac
inu

s-T

Cory
no

ce
ra

am
big

ua

Micr
ote

nd
ipe

s pe
de

llu
s-T

Tan
yta

rsu
s lug

en
s-T

Chir
on

om
us

plu
mos

us
-T

End
oc

hir
on

om
us

alb
ipe

nn
is-

T

Stre
am

-in
ha

bit
ing

 ta
xa

Hill's
N2 d

ive
rsi

ty

2 C. cophocarpa, hermaphroditica

Call
itri

ch
e

2  sd

Betu
la 

na
na

sd

Betu
la

pu
be

sc
en

s/p
en

du
la

Pota
mog

eto
n n

arr
ow

-le
av

ed
3  l

2010
%

10
%

10
%

10
%

10
%

10
%

10
%

10
%

10
%

10
%

10
%

10
%

10
%

5
%

3
%

3
c

20
%

3
c

20
%

10
%

10
%

3
c

3
c

3
c

3
c

3
c

3
c

3
c

3
c

3
c

3
c

3
%

3
%

3 P. spp, compressus, berchtoldii

Other aquatic and telmatic taxa

Chironomids

3

Phy
tol

ith
s

Aula
co

se
ira

am
big

ua

Aula
co

se
ira

su
ba

rct
ica

Aula
co

se
ira

alp
ige

na

Aula
co

se
ira

lira
ta

Aula
co

se
ira

va
lid

a

Orga
nic

 co
nte

nt 
(LO

I)

Stau
ros

ira
co

ns
tru

en
s 

Stau
ros

ire
lla

pin
na

ta

Aula
co

se
ira

gra
nu

lat
a va

r. a
ng

.

Stau
ros

ira
co

ns
tr.

va
r. v

en
ter

Stau
ros

ire
lla

lep
tos

tau
ron

Rhe
op

hil
ic 

tax
a

Hill’s
 N 2 d

ive
rsi

ty

Step
ha

no
dis

cu
s

1

1 S. medius, minutulus, neoastraea

2/
20

10

LIT
HOLO

GY

BOREHOLE

DEPTH (m
)

AGES (
yr)

> 47,000

(74,000)   OSL age 

   14C age 

> 
51

,0
00

> 
47

,0
00

.
.

.
.

. .. .. .

.
. .

10.5
9.0

11.0

11.5

12.0

(7
4,

00
0 

±
26

,0
00

)

MIS 5b

.
.

..

.

5
%

1010
%

1
%

15
%

10
%

10
%

10
%

10
%

10
%

10
%

10
%

10
%

10
%

10
%

10
%

(8
0,

00
0 

±
26

,0
00

)

Stau
ros

ira
co

ns
tr.

va
r. b

in.

La
rix

< 1%

Terrestrial
plants

Analysts: Christos Katrantsiotis (siliceous microfossils);
Tommi Luoto (chironomids); Niina Kuosmanen
(pollen, spores, NPP’s); Minna Väliranta (macrofossils); 
Karin Helmens (final data compilation)

+ c
on

str
.

Diatoms 

.... ...

(B-series
borehole)

Bryophytes

Aquatic plants

Plants in wetland/moist shore habitat

Other aquatic taxa
(green algae,bryozoa, cladocera) 

1=present
3=abundant

3 3
c

Planktonic

Fragilariaceae (benthic)

Tychoplanktonic

gr
av

el

cla
y

sa
ndsil

t

Gyttja

Laminated
Distinct clay laminae
Organic bearing

Till

E
A

R
LY

 M
IS

 5
a

...

.

Early MIS 5a deglaciation

LA
KE ST

AGES*

Deglaciation

Max. extent
glacial lake

Glacial lake
drainage

Lake in
Sokli basin

So
kl

i I
ce

 La
ke

1
2

3

*See Figure 3-7

+

+

+ (B-series borehole)



56	 SKB TR-23-28

Figure 3-9. Selection of proxy data for deglacial sediment in the Sokli basin dated to mid-MIS 3 based on 
Engels et al. (2007), Bos et al. (2009) and Helmens et al. (2009). Adapted from Helmens et al. (2018).
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Figure 3-10. Selection of proxy data for Early Holocene deglacial sediment in Loitsana Lake based on 
Shala et al. (2014a, 2014b, 2017). Adapted from Helmens et al. (2018).
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3.6.1	 Deglaciation and ice-marginal retreat
The fossil content and diversity of fossil remains in the glacial lake sediment sequences of early MIS 
5a, mid-MIS 3 and Early Holocene age in general increase with increasing distance of the ice-margin 
from the coring-site (Lake Stages 1-2; Figures 3-8 to 3-10). The diversity of diatoms and chironomids 
in the diagrams is expressed by Hill’s N2 values (effective number of occurrences; Hill 1973). C/N 
values, available for the Early Holocene deglacial sediment, show a gradual decline during Lake 
Stages 1 and 2 suggesting a rise in in-lake productivity. Turbulent waters and turbid water conditions 
occur close to ice-margins and significantly decrease primary productivity (Henley et al. 2000). Also, 
the fossil record in the coarse-grained ice-marginal sediment at the base of the studied sequences 
(Lake Stage 1) can be expected to be diluted due to high sedimentation rates (Risberg et al. 1999) 
and plant/animal remains to be more easily destroyed in this high-energy environment. 

Chironomids that are recorded among the first colonizers of the Sokli Ice Lake are the deep-water 
taxa Heterotrissocladius maeaeri-T, Tanytarsus lugens-T and Procladius. H. maeaeri-T is also 
reported to have dominated the deep waters of the Late-Glacial Baltic Ice Lake in southern Finland 
(Luoto et al. 2010). The diatom record predominately consists of Fragilariaceae and Aulacoseira. 
Fragilariaceae is a group of taxa that is characterized as pioneering and opportunistic, since they 
colonize quickly, have high reproduction rates and are more adaptive to a changing environment 
(Risberg et al. 1996, Lotter et al. 1999). They often occur in lakes that have some sort of disturbance 
as, in this case, recently deglaciated lakes (Bigler et al. 2003). The encountered planktonic Aulacoseira 
species (A. ambigua, A. subarctica, A. alpigena) are all heavily silicified and most probably reflect 
a large influx of Si into the glacial lake and enhanced levels of turbulence. A high Si-level is further 
suggested by findings of Tetracyclus glans (Michel et al. 2006). Statoblasts of the bryozoan Fredericella 
indica (Økland and Økland 2001) and high abundances of pooid phytoliths and Tertiary diatoms in 
the sediment indicate wave action and significant shore erosion. Tertiary diatoms are exemplified by 
species like Pliocaenicus costatus, a relict freshwater taxon from the Pliocene, and Paralia sulcata 
of marine-origin, their robust structure allowing for multiple phases of re-working (Helmens et al. 
2009, and references therein). The cladoceran Daphnia (water flea) is additionally well-represented 
among the first lake colonizers.

Striking for the deglacial phase of MIS 3 age (Figure 3-9) is the co-occurrence of peak abundances 
of Procladius with a large variety of algae (B. braunii, Pediastrum, Tetraedon cf. minimum, Zygnema, 
Spirogyra, HdV-225; high diatom-inferred Hill’s N2) in the finely laminated clayey sediment at the 
end of the deep-water Lake Stage 2. This might reflect density stratification, a process typical for 
glacial lakes in which cold sediment-loaded meltwater extends below warmer and more transparent 
river-fed water (Carrivick and Tweed 2013, and references therein). The latter probably favoured a 
diverse algal community. Procladius is a ubiquitous chironomid taxon with a wide environmental 
tolerance, including turbid water inflows (Greffard et al. 2012), and is found in lakes with a large 
variability in limnological conditions, such as hypolimnetic oxygen availability and water temperature 
(Brodersen et al. 2004). 

The fossil record from the overall relative shallow water deglacial sediment of Early Holocene 
age shows the presence of the dwarf shrub Empetrum nigrum, the tall herbs Rorippa palustris and 
Filipendula, the grass Glyceria lithuanica, as well as Carex, Juncus Equisetum and Sphagnum, in 
what probably was local shore or wetland habitats along the glacial lake shoreline (Figure 3-10). 
The occurrences of the diatom taxa Epithemia adnata and Rhopalodia gibba in the upper part of the 
Lake Stage 2 sediment of Early Holocene age suggest pH values exclusively above 7 (van Dam et al. 
1994). High abundances of ostracod remains indicate enhanced Ca-concentrations. This lake water 
chemistry mostly probably resulted from rapid leaching of carbonates and other soluble minerals 
from surface soils shortly after deglaciation (Engström et al. 2000). An enhanced level of nutrients in 
the glacial lake during the latter part of Lake Stage 2 in MIS 3, and particularly during early MIS 5a, 
is further suggested by relatively high percentage values of Stephanodiscus species (S. medius, 
S. minutulus, S. neoastraea, S. alpinus).



SKB TR-23-28	 59

3.6.2	 Glacial lake drainage
The local establishment of diverse aquatic and telmatic communities is recorded in the silty/sandy 
glacial lake sediments during Lake Stage 3. This stage followed the opening of a spillway that 
resulted in a drastic decrease in water depth and size of the Sokli Ice Lake (Figure 3-7). The margin 
of the Fennoscandian Ice Sheet during Stage 3 was situated at a distance of less than 10 km from the 
coring-site (i.e. before deglaciation of the Nuortti canyon). 

Remarkably rich fossil assemblages are encountered in the Early Holocene sediment (Figure 3-10). 
The fossil remains reflect a shallow lake and even further shallowing, accompanied by an extension 
in the wetland zone (macrofossils of Carex, Ranunculus sect. Batrachium, B. nana, Vaccinium, 
Typha, Alnus), higher up in the Stage 3 silts. Characteristic are the high representations of the bryozoa 
Plumatella repens and Cristatella mucedo and the shallow-water plant Callitriche cophocarpa/
hermaphroditica; the occurrences of Nymphaea and Nuphar; and the large variety of Potamogeton 
species (P. berchtoldii, P. filiformis, P. friesii, P. obtusifolius, P. pectinatus). The pioneering, narrow-
leaved Potamogeton species thrive in shallow (0.1–1.5 m) water depths. C. mucedo indicates more 
coloured water with less wave action than F. indica (Økland and Økland 2005). Nutrient levels 
were relatively high as indicated by e.g. P. friesii, P. berchtoldii and P. pectinatus, Typha, and the 
chironomid taxon Endochironomus albipennis-T (Moller Pillot 2009). The chironomid record further 
shows various littoral taxa (Polypedilum nubeculosum-T, Microtendipes pedellus-T, Dicrotendipes 
nervosus-T). In contrast to these rich biotic communities, diatom assemblages are largely dominated 
by Staurosira construens var. venter, showing peak values reaching > 85 %. This might reflect the 
littoral and periphytic (growing on plants) habitat preferences of this diatom species and/or tolerance 
to poor light conditions (Bigler et al. 2003). LOI values are remarkably high, rising to 20 %. The 
silty sediment occurs interbedded with thin organic laminae at a site close to the former glacial 
lake shore (Saunavuotsoin Figure 1-3). This shows that postglacial carbon storage started within 
the glacial lake sediment, i.e. prior to the accumulation of peat that was initiated over large parts 
of northern Europe (e.g. Oksanen et al. 2001), and central and eastern Canada (Dredge and Cowan 
1989), due to the presence of the relatively impermeable glacial lake silts and clays.

The silty/sandy Lake Stage 3 sediment of MIS 3 age also records in detail shallowing waters, however, 
this trend is interrupted by the re-occurrence of a large, deep-water lake stage caused by a glacier 
re-advance phase (Figure 3-9). Initially, F. indica (Økland and Økland 2005) and the chironomid taxon 
Ablabesmyia (Vallenduuk and Moller Pillot 2007) suggest moderate nutrient availability. Subsequently, 
nutrient levels increase as indicated by high percentage values for E. albipennis-T combined with 
occurrences of P. friessi and the macro-alga Nitella. The appearance of the cladoceran Simocephalus 
in the upper sandy part of the deposit suggests shallow, open water, eutrophic conditions and dense 
stands of vegetation (van Geel et al. 1983). Strongly reduced water depths here are further indicated 
by enhanced values for the shallow-water alga Spirogyra and the littoral diatom taxon Staurosirella 
pinnata. High abundances of bryophyte leaves, seeds of Carex, Juncus, B. nana and E. nigrum, 
increased percentage values of Cyperaceae and Salix pollen, and a near continuous registration of 
hyphopodia of Clasterosporium caricinum (HdV-126), i.e. a fungus that parasitizes on Carex (van Geel 
et al. 1983), record a distinct expansion of the wetland zone. The glacier re-advance phase that inter-
rupted the shallow-lake Stage 3 resulted in the temporal re-occurrence of deep water (increases in 
tycho-planktonic diatom taxa and deep-water T. lugens-T), a large lake-size (Aulacoseira islandica 
and Serieyssol et al. 2009), oligotrophic lake water conditions (Cymbella aspera and Krammer and 
Lange-Bertalot 1986) and significant shore erosion (> 50 % of phytoliths).

Finally, the silty Glacial Lake Stage 3 deposit of early MIS 5a age contains macro-remains of 
Plumatella, Callitriche (C. cophocarpa, C. hermaphroditica, C. hamulata), narrow-leaved Potamogeton 
(e.g. P. compressus) and the shallow-water plant Ceratophyllum (Figure 3-8). Characteristic is the 
combined appearance of Tanytarsus pallidicornis-T and Psectrocladius sordidellus-T, i.e. chironomid 
taxa presently common in the sublittoral and littoral zones of boreal lakes mostly found living among 
Phragmites stands (Luoto 2010). Nutrient availability was overall high as indicated by occurrences 
of E. albipennis-T and Chironomus plumosus-T (Brooks et al. 2001), and a high representation 
of Stephanodiscus among the diatoms. The enhanced nutrient level, and high chironomid species 
diversity (high Hill’s N2 values), might be related to inflow of running water close to the coring-site. 
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The latter is indicated by relatively high abundances of stream-inhabiting chironomid taxa (e.g. 
Eukiefferiella, Rheocricotopus) as well as the type of lamination of the silty deposit, i.e. laminae 
of varying grain-sizes (clay to fine sand) and thicknesses. A strong reduction in water depth during 
deposition of the uppermost sandy part of the deposit is indicated by littoral M. pedellus-T and 
S. pinnata, and macrofossils of Carex, Salix and B. nana. Interestingly, the diatom Aulacoseira 
granulata var. angustissima appears with peak values in the upper sandy sediment of Lake Stage 3 
both during early MIS 5a and MIS 3 and, together with increased representations of the diatom taxa 
Staurosirella leptostauron, Diploneis elliptica and Amphora libyca, reflect alkaline waters with 
high Ca-concentrations (Gómez et al. 1995, Jones and Birks 2004). This lake water chemistry was 
recorded in the Early Holocene glacial lake sequence already during the relatively shallow-water 
Lake Stage 2. It is possible that the glacial lake volume during MIS 3 and early MIS 5a became only 
reduced enough during Lake Stage 3 in order for alkaline water conditions to be established.
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4	 Reconstruction of regional vegetation 
development

This chapter gives a detailed account of the developments in regional vegetation at Sokli over the 
last 130 kyr. It is a unique opportunity to reconstruct changes in vegetation over such a long period 
in Fennoscandia, a part of Europe where few sediment/fossil records have escaped the widespread 
erosion by the Fennoscandian Ice Sheet. As an introduction to this chapter, it is important to highlight 
that the results obtained on the late Quaternary glacial history of Sokli and on changes in regional 
vegetation during ice-free periods have been unexpected in many ways. Based on the long-distance 
correlation of litho-(till fabric) and bio-stratigraphic (pollen) fragmentary evidence, the warm stages 
MIS 5c (centered at c. 96 kyr BP; Figure 1-1) and possibly MIS 5a (c. 82 kyr BP) were the only time-
intervals of the Last Glacial Period (c. 120–10 kyr BP) considered to be ice-free at Sokli (Hirvas 
1991). The vegetation during these periods was inferred as tundra or an open vegetation close to the 
forest-limit. Sub-arctic birch forest was reconstructed for areas presently covered by mixed boreal 
forest south of Sokli, and the location of the conifer (pine) tree-limit was thought to be situated in the 
present temperate central-southern boreal zone in south Fennoscandia (Donner 1995 and references 
therein). In sharp contrast, the long Sokli record not only shows ice-free conditions both for MIS 5c 
and 5a, the combined pollen, stomate and macrofossil data for these time-intervals reconstruct inter-
glacial vegetation developments towards boreal forest and summer temperatures exceeding present-day 
values by several degrees, similar as during the Holocene Interglacial. Sokli was not glaciated during 
cold MIS 5d (c. 109 kyr BP), when steppe-tundra prevailed, and the region was deglaciated twice in 
mid-MIS 3 (c. 40 kyr BP) with developments of a treeline vegetation and birch forest. These highly 
dynamic environmental conditions inferred from the Sokli data were not restricted to what was earlier 
defined as the Last Glacial Period. A high-resolution analysis on the unique 9 m-thick lake deposit 
of MIS 5e age (c. 125 kyr BP) shows two millennial-scale cooling events intersecting interglacial 
warmth, with mixed boreal forest being replaced by birch forest during the early MIS 5e Tunturi 
event. Numerous studies on deposits of MIS 5e (Eemian Interglacial) age in central Europe suggest 
that the interglacial was characterized by a rather stable climate evolution with only minor short-term 
climate variability (Cheddadi et al. 1998, Rioual et al. 2001, 2007, Kühl et al. 2007) and MIS 5e was 
earlier thought to have a stable climate evolution in northern Fennoscandia as well (Saarnisto et al. 
1999). 

This is the first time that the vegetation that developed in the Sokli region during the different ice-free 
intervals of the late Quaternary is compared in detail. A figure is introduced (Figure 4-1A) that 
schematically shows the developments in regional vegetation on an absolute timescale for which 
the details are provided below. Summer temperatures that are independently inferred from aquatic/
wetland taxa, as reconstructed/discussed in Chapter 5, are summarized to the right of the vegetation 
record (Figure 4-1B). Stratigraphy and solar insolation are provided at the left side of the figure. 
This chapter will focus on the main vegetation types that established at Sokli as part of the long-term 
MIS 5e, 5c, 5a and Holocene interglacial vegetation developments, and the MIS 5d and mid-MIS 3 
vegetation, to explore their relationship to climate and/or other environmental conditions. This can 
be considered an important step, in addition to the characterization of the local environment in the 
Sokli and Loitsana basins (Chapter 3), towards the evaluation of the quantitative climate reconstructions 
presented in Chapter 5. Furthermore, references are made in the text to a new high-resolution Holocene 
vegetation and climate record from Kuutsjärvi in the nearby Värriö Tunturit (Salonen et al. 2024; for 
location see Figure 3-7). This lake is situated in Precambrian crystalline rocks, allowing an evaluation 
of a possible influence of the local carbonatite bedrock at Sokli on its vegetation and climate records.

Figure 4-1 reveals remarkably similar developments in regional vegetation during the Holocene 
and the three warm stages of MIS 5 age, although some important and interesting differences occur. 
The interglacial vegetation successions are characterized by the replacement of an open woodland 
vegetation by birch forest and then (mixed) boreal forest with pine (MIS 5a), spruce (MIS 5c, Holocene) 
and temperate hazel (MIS 5e). The local presence of larch is inferred for all 4 warm periods as well 
as for the mid-MIS 3 Tulppio 2 Interstadial defined here. The interpretations in terms of regional 
vegetation presented in this chapter largely follow those of the original publications (Table 1-2). The 
reconstructions make use of studies on modern pollen-vegetation relationships (Aario 1940, Prentice 
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1978, Hicks 1994) and modern pollen spectra encountered in pollen-climate calibration lakes (Seppä 
et al. 2004). 

The fossil records of terrestrial plant taxa are presented in part A of the multi-proxy diagrams in 
Figures 3-1 to 3-6 and are summarized in Figure 5-1A. Note that the palynological data in Figure 5-1A, 
as well as the pollen-based climate reconstructions in Figures 5-1B and 5-2, are based on a pollen 
sum that deviates from the one used in the original studies (and diagrams in Figures 3-1 to 3-6). 
The pollen sum is a selection of pollen/spore taxa on which all percentage values of plant taxa and 
NPP’s are calculated. The original studies use a pollen sum that is similar as applied in the modern 
pollen-climate calibration samples. An exception are the spores of Equisetum and Sphagnum that 
have been excluded from the sum, except for the MIS 5e study where Sphagnum spores are part of 
the pollen sum (Salonen et al. 2018). Enhanced spore percentages of Equisetum are accompanied 
in the multi-proxy datasets by macrofossils and/or NPP’s pointing to a local wetland source. Spores 
from the bryophyte Sphagnum is included in the pollen sum of the modern calibration dataset as 
representing boreal/sub-arctic conditions. Since the latter conditions are the frame in which most of 
the Sokli past vegetation changes operate, the spores of Sphagnum relate to the presence of wetland 
as well. It has further become apparent during the Sokli studies, and the present final compilation of 
data, that spores of ferns as well as pollen of sedges (Cyperaceae) and Salix mostly originated from 
local (azonal) habitats (see Chapter 3). The new pollen sum used in Figures 5-1 and 5-2 excludes 
all spore taxa. A pollen sum without spores is widely applied in long pollen records from central 
Europe. Nevertheless, Cyperaceae and Salix are not excluded from the new sum since these plant 
taxa are important elements in the present-day arctic tundra vegetation. However, the pollen records 
of the latter plants, together with their macrofossil/NPP records, are presented in part B of the multi-
proxy diagrams in Figures 3-1 to 3-6. Furthermore, the over-representation of Cyperaceae and Salix 
in pollen assemblages during phases with extensive wetland is taken into consideration in the 
reconstruction of the regional vegetation (this Chapter) and the evaluation of the pollen-based 
climate reconstructions (Chapter 5). Also, phases with wetland expansion, and sudden lake levels 
drops, are highlighted along the lithological column in Figure 5-1.

The timescale for the vegetation record of the Nuortti warm stage (MIS 5e) at the base of the Sokli 
sequence in Figure 4-1A is based on an event-stratigraphic correlation to U/Th-dated speleothem 
records from Europe (adapted from Salonen et al. 2018). It includes a novel, well-dated and high-
resolution early MIS 5e stalagmite-based carbon/oxygen isotope record from Korallgrottan (Coral 
Cave) in northern Sweden (Finné et al. 2019). The Coral Cave record dates the deglaciation phase 
to the MIS 6/5e transition at c. 131 kyr BP. This is the first absolute age determination derived 
from land-based evidence for the timing of deglaciation in northern Fennoscandia following the 
Penultimate Glacial (MIS 6). The Coral Cave record depicts an increase in growth rate paired 
with isotopic indications of a warmer climate at c. 127 kyr BP, comparing well with indications of 
wetter and warmer conditions in other parts of Europe at this time (Finné et al. 2019 and references 
therein). It also agrees with decreasing continentality (see Section 3.1.1) and establishment of warm 
interglacial conditions early in the Nuortti Interglacial (this chapter and Chapter 5). Remarkably, the 
following cooling/drying of the Tunturi event is clearly depicted at Coral Cave as a millennial-scale 
cooling between c. 126.8 and 125.7 kyr BP, occurring nearly concomitantly with drier conditions 
recorded in speleothems from France and Italy (Finné et al. 2019 and references therein). Among the 
latter, the stacked, extensively dated, and high-resolution oxygen isotope record from Corchia Cave 
(central Italy) dates the early MIS 5e dry interval to 127–126 ± 0.7 kyr BP (Tzedakis et al. 2018) and 
these ages are used in Figure 4-1A for the Tunturi event. Growth of the Coral Cave stalagmite ceased 
at c. 124.5 kyr BP. Correlation to speleothem records from Belgium and the northern Alps, and further 
supported by Greenland ice-core and Norwegian Sea data, suggest that the MIS 5e interglacial ended 
at c. 117.5 kyr (Salonen et al. 2018 and references therein). Using these anchor points, and assuming 
constant sedimentation rates, the Värriö cooling/drying event at Sokli dates to just younger than 
120 kyr BP, comparing well to a late MIS 5e aridity event at Corchia Cave dated to 119 kyr BP 
(Tzedakis et al. 2018). The Corchia Cave record depicts another distinct event at c. 122 kyr BP that 
might correlate to the sudden lake level drop of local zone 4b in Figure 3-1B, occurring at the base 
of zone Nu-VII (Figure 5-1), with an age of c. 123 kyr BP in Figure 4-1. 
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Figure 4-1. (A) Reconstruction of developments in regional vegetation at Sokli during the ice-free intervals 
of the late Quaternary on an approximate timescale; periods with glaciation are indicated to the left. (B) 
Mean July air temperatures (Tjul) independently inferred from aquatic/wetland plant taxa and chironomids. 
Climate-stratigraphies and solar insolation are shown at the left side of the figure (see also Figure 1-1).
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According to the speleothem-based correlation described above, the Nuortti warm stage lasted in the 
order of c. 13 kyr. This corresponds well with the duration of no more than 13 kyr for the Eemian 
interglacial forest phase in Germany, central Europe, as inferred from annually laminated diatomite 
sections (Turner 2002). Although climate records derived from a variety of natural archives are 
available for the warm stages MIS 5c and 5a, these do not provide a consistent chronology for these 
periods. This is due to incomplete records, differences in time-resolutions, differences in response 
times between proxies, and different dating methods and tuning approaches (Wohlfarth 2013, Helmens 
2014). The duration of the Brørup (MIS 5c) and Odderade Interstadials (MIS 5a) on mainland Europe 
are estimated at 5–10 kyr based on annually laminated diatomites and peat accumulation rates (Behre 
and van der Plicht 1992 and references therein). These estimates, together with the insolation-forced 
chronology of the marine oxygen-isotope stack, are used for the approximate timing/duration of the 
Sokli I (MIS 5c) and Sokli II warm stages (MIS 5a) in Figure 4-1. The Tulppio Interstadial Complex 
(MIS 3) is dated to c. 48–40 kyr BP and correlated to GIS 12-8 in the Greenland ice-core stratigraphy 
(see Section 3.4). Finally, the timescale for the Holocene record in Figure 4-1 is based on Bayesian 
age-depth modelling using radiocarbon dates from the Loitsana lake sequence (see Section 2.1). Precise 
age determinations are lacking to estimate the duration of the deglacial phases at the start of the Nuortti 
(MIS 5e), Sokli II (MIS 5a) and Holocene warm periods. According to the deglaciation history of 
northern Finland (Johansson 2007b, Stroeven et al. 2016), the duration of the Sokli Ice Lake following 
the last deglaciation of the Sokli site lasted c. < 100 yr and possibly < 25 yr. This time estimate is also 
used for the glacial lake phases early in MIS 5e and 5a.

4.1	 Steppe-tundra
Steppe-tundra vegetation was widespread on mainland Europe during the cold stages of the late 
Quaternary (e.g. Granoszewski 2003). Steppe-tundra associations are recorded at Sokli during the 
Savukoski 1 cold stage (MIS 5d; Figure 4-1A). Areas that presently maintain steppe-tundra have 
a strong continental climate regime with deep continuous permafrost.

The fossil pollen spectra encountered in the fluvial sediment of the Savukoski 1 cold stage are 
characterized by high percentages of non-arboreal pollen taxa (NAP to c. 60 %; Figures 3-2A and 
5-1) representing a combination of steppe and tundra elements. Relatively high pollen percentage 
values for Artemisia (c. 10–15 %) and Chenopodiaceae, together with a high representation of 
grasses (Poaceae to c. 50 %), suggest the presence of dry, steppe-like vegetation. Presently, the 
herbs Artemisia and Chenopodiaceae are common elements in the steppe and steppe-like vegetation 
of central and northeastern Eurasia (Shahgedanova 2008). Poaceae are a main constituent of the 
northern Eurasian tundra, but high pollen percentage values are primarily reported from modern 
pollen samples in the steppes (Tarasov et al. 1998).

The shrub Betula nana (dwarf birch) is represented in the Savukoski 1 pollen assemblages as well, 
and like other recorded plants such as sedges (Cyperaceae), is a typical element of the present-day 
northwestern and north-central Eurasian low-arctic shrub tundra (Shahgedanova and Kuznetsov 2008). 
NAP further includes a variety of heliophilous (light-demanding) herbs (Brassicaceae, Caryophyllaceae, 
Centaurium, Armeria maritima-T, Eryngium, Bistorta viviparum, Sedum-T), the arctic-alpine herb 
species Saxifraga oppositifolia-T (including S. aizoides; Seppä 1996), and the (dwarf) shrubs Juniperus, 
Salix and Ericales. Lycopodiaceae (lycopods; not shown in the multi-proxy records) and Polypodiaceae 
(ferns) are represented by low spore percentages only, mostly those of Huperzia selago. 

The macrofossil record indicates that the steppe-tundra was not tree-less. Well-preserved bark tissue 
of conifer trees, either pine (Pinus) or spruce (Picea), as well as seeds of tree-type birch are found in 
the sediment. These trees were probably present as scattered occurrences in favorable spots. Larch 
(Larix) may also have been present. This tree is generally very poorly represented in the fossil record 
(see Sections 4.2 and 4.4). The regional vegetation seems to have been rather similar throughout zone 
Sa1-I (Figure 3-2A). Relatively high pollen percentage values for Poaceae and Artemisia and the near 
absence of pollen of shrubs in the lower gravelly sediment, however, suggest a sparser vegetation 
cover, possibly comparable to a polar desert (zone Sa1-Ia; Figure 4-1A). 
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At present, steppe-tundra associations are rare. The co-occurrence of steppe and arctic-alpine species 
are described for the Chukotka Peninsula in northeastern Siberia (Yurtsev 1981) in Zlotin (2008) 
and the Kangerlussuaq area in west-central Greenland close to the Greenland Ice Sheet (Böcher 
1954 in Pennington 1980). Steppe-like vegetation in arid north-eastern Eurasia (‘cold steppes’) is 
not confined to the Siberian Arctic. For instance, south of the steppe-tundra in east Siberia, open 
larch forest with steppe communities and thickets of birch and pine occurs, where larch has a high 
resistance to extremely low temperatures and effects of permafrost changes (Tishkov 2008). Steppe 
communities are also described for the basins of the great Siberian rivers such as the Lena (Tishkov 
2008). Notably, xerophilous plant species, plants adapted to a very dry climate or habitat, are absent 
from the northern European – west Siberian provinces (Shahgedanova and Kuznetsov 2008). In 
west-central Greenland, steppe communities dominated by Poaceae, Artemisia and Cyperaceae occur 
on dry, south-facing slopes; on wind-exposed slopes and ridges characterized by a discontinuous 
plant cover with much destabilized mineral soil; and on sand and loess. Their presence contrasts 
markedly with the low shrub tundra background dominated by B. nana and the Ericaceae Ledum 
palustre (Böcher 1954).

At present, precipitation values are low in eastern Siberia and west-central Greenland. A thin snow 
cover combined with low winter temperatures has formed a permafrost layer of several hundred 
meters thickness (Tumel 2008, Claesson Liljedahl et al. 2016). The low precipitation values and 
thin active layer in summer result in dry habitats, particularly on south-facing slopes. The steppe 
communities form in response to local controls, especially moisture availability, with steppe plants 
occupying dry local habitats; disturbances and sandy substrates furthermore support their presence 
(e.g. Kienast et al. 2008). 

In the mosaic of steppe and tundra in the Kangerlussuaq area (west-central Greenland), Artemisia 
pollen percentages ranging from 1 to 40 % are recorded (Pennington 1980). The highest values occur 
in terrestrial moss polsters from the steppe vegetation itself and relatively low percentage values 
(2–7 %) in surface lake samples in which pollen of dwarf birch is over-represented with values of 
up to 70 %. Pollen values of over 50 % for Artemisia, Chenopodiaceae and Poaceae are depicted in 
surface pollen data along the Lena River (Tarasov et al. 1998). In contrast, Artemisia is represented 
by a few percentages only in surface lake samples from the northern European Russian tundra (Paus 
2000, Salonen et al. 2011).

It is possible that the local sandy floodplain within the Sokli basin during the Savukoski 1 cold 
stage provided suitable habitats, in addition to the surrounding slopes, for some of the herbs that 
are recorded in the pollen and macrofossil data from the fluvial sediment. Chenopodiaceae and 
Brassicaceae, for instance, flourish well on freshly deposited mineral-rich river sediment (Hoek 1997). 
Moreover, the pollen spectra from the fluvial sands at the base of the Holocene peat deposit in the 
Sokli basin shows Poaceae pollen values up to c. 20–25 % compared to < c. 5–10 % in the lacustrine 
sediment from Loitsana Lake during the Early Holocene (Figures 3-5 and 3-6), indicating local 
presence. Interestingly, the herbaceous taxa A. maritima and Centaurium are halophytes (salt-tolerant) 
and presently occur in Fennoscandia in mostly southern, coastal areas. Their presence in the fossil 
record of zone Sa1-I may indicate soils with high salt concentrations as nowadays found in continental 
Eurasia (Tishkov 2008). The herb Inula salicina occurs today in the so-called alvar vegetation 
on limestone islands in the southern Baltic Sea. The flora of the open alvar landscape is adapted 
to tolerate dryness, strong wind, thin snow cover, frost and flooding, conditions that can also be 
expected to have occurred in the steppe-tundra environment during the Savukoski 1 cold stage. 
Several of the herbs of the alvar are considered glacial relicts (Berglund et al. 1996).

A continental climate regime with (short) warm summers at Sokli during MIS 5d, warm enough for 
the presence of tree taxa, is supported by the aquatic proxies (plant/insects) that show mean July 
air temperatures at least in the order of present-day values (13 °C) to as high as c. 15.5 °C or more 
(Figures 4-1B, 5-1C; Engels et al. 2010). The present mean January temperature at Sokli is −14 °C 
and mean annual precipitation 500–550 mm. The chironomid taxon Orthocladius-T S (Figure 3-2B) 
is currently common on Svalbard (Brooks et al. 2007), suggesting colder summers during deposition 
of the lower gravelly sediment. Svalbard is underlain by continuous permafrost as well. According 
to the marine oxygen-isotope record, MIS 5d may have lasted in the order of c. 15 kyr (Figure 4-1). 
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4.2	 Vegetation in the ice-margin environment
The ice-margin of the Fennoscandian Ice Sheet receded from the Sokli site a number of times over 
the last c. 130 kyr (Figure 4-1A). These multiple deglacial phases, and the thick fossil-bearing glacial 
lake deposits that were left behind in the Sokli and Loitsana basins, provide a unique opportunity to 
reconstruct the earliest vegetation at the moment of deglaciation. 

The Sokli area was deglaciated, and glacial lake sediment was deposited, in the early parts of the 
Nuortti (MIS 5e), Sokli II (MIS 5a) and Holocene warm stages and during the Tulppio 1 Interstadial 
in mid-MIS 3. The paleo-botanical data for each of the deglacial phases (zones Nu/SoII/Tu1/Ho-I in 
Figures 3-1A, 3-3A to 3-5A; Figure 5-1A) depict a vegetation in close vicinity to the sub-arctic birch 
forest-line, consisting of low-arctic shrub tundra with scattered tree birches, or a so-called birch 
tree-line ecotone vegetation (indicated as open woodland in Figure 4A). Betula pubescens/pendula in 
general dominates the tree pollen spectra with percentage values up to c. 45 %, seeds of tree Betula 
are found, and NAP is relatively abundant. B. nana is particularly well-represented in the early MIS 5e 
and 5a pollen records. Dwarf birch is an important component of the present-day birch tree-line 
ecotone. NAP further consists of Ericales, Poaceae, Cyperaceae and lycopods. Rich herb floras are 
represented in the pollen and macrofossil records and include heliophilous (light-demanding) taxa 
(Artemisia, Chenopodiaceae, Brassicaceae, Caryophyllaceae (including Cerastium- and Arenaria-T), 
I. salinica, Matricaria maritima, Rumex/Oxyria) and the arctic-alpine plant species Bistorta viviparum, 
Arenaria norvegica and Saxifraga stellaris-T. S. oppositifolia, S. nivalis, S. cespitosa and Dryas 
octopetala are additionally recorded by SedaDNA data (Peter Heinztman, personal communication, 
2021). The pollen of Pinus in this type of assemblages, which reach values to around c. 20 %, can 
be considered as long-distance transport (Prentice 1978). 

Seeds of tree Betula were not encountered in the glacial lake sediment of MIS 3 age, but pollen values 
for B. pubescens/pendula at > 30 % suggest a distributional limit not far away from Sokli. It is possible 
that birch trees were present in the ice-marginal environment during MIS 3 in environmentally 
favorable areas. Birch is not the only tree that is recorded near the ice-margin. Pollen of Larix is 
found (early-MIS 5a and -Holocene) as well as macrofossil remains of Picea (MIS 3) and Alnus 
(Early Holocene). Larch is generally poorly represented in the fossil record and even low percentage 
values can be taken as evidence for its local presence (see Section 4.4). Spruce might have been 
present in the ice-marginal environment during early-MIS 5e and -5a as well (Picea pollen values 
to c. 2–3 %). The pollen production of spruce is relatively poor and even low percentage values can 
represent local presence of small populations (von Post 1930). Abundant needles of Picea are found 
in the sediment of Glacial Lake Hind in Canada (Boyd et al. 2003; Section 3.6). Furthermore, in 
addition to an abundance of seeds of tree birch, a bud scale of Pinus has been retrieved from glacio-
fluvial sediment at the base of the Holocene lake sediment sequence in Kuutsjärvi (Bogren 2019).

The establishment of birch forest at Sokli is recorded during the latest stage of sedimentation in 
the Sokli Ice Lake, both in early-MIS 5e and -Holocene. At this stage (Lake Stage 3; Figure 3-7), 
the ice-margin of the Fennoscandian Ice Sheet was situated at some 4 km from the Sokli site and 
Sokli had been deglaciated some 25–100 years. Birch forest established itself at Sokli in early MIS 5a 
sometime after the final drainage of the Sokli Ice Lake. The fact that forested conditions were achieved 
already in the ice-marginal environment during early-MIS 5e and -Holocene might be related to the 
slow melting of the large MIS 6 and LGM icesheets, allowing birch to migrate in congruent pace with 
the retreating ice-margin. As earlier suggested by Saarnisto et al. (1999), any periglacial vegetation 
zone at the front of the withdrawing ice-margin must have been narrow. 

As discussed in Section 3.6, the rich aquatic/wetland biota that are recorded in the glacial lake 
sediments reflect boreal conditions and reconstruct mean July temperatures at least as warm as today 
(Figures 4-1B and 5-1C). The warm summers during the various deglaciation phases are in accordance 
with high Milankovitch-forced summer insolation at high latitudes at the start of the MIS 5 warm 
stages and the Holocene, and higher-than-present day values in mid-MIS 3 (Figure 4-1). Apparently, 
aquatic/wetland taxa reacted quickly to the warm summer conditions, as they do not depend on 
e.g. soil formation, and small tree populations rapidly occupied newly deglaciated terrain as well. 
However, the open woodland vegetation on land, overall, was sub-arctic in origin. This suggests a 
large disequilibrium between regional vegetation and climate at the start of the warm periods. The 
rapid response of tree taxa (birch, spruce, larch, pine, alder) lends support for a northerly survival 
of trees north of the central European mountain chains, under glacial conditions (Willis and Andel 
2004, Heikkilä et al. 2009, Väliranta et al. 2011).
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4.3	 Pioneer birch forest
Despite warm summers, the terrestrial vegetation remained in disequilibrium with climate for another 
millennium. This birch forest phase is distinctly represented near the base of all four warm stages 
recorded in the Sokli sequence, not only during Nuortti (MIS 5e), Sokli II (MIS 5a) and the Holocene 
Interglacial, which were preceded by glaciation, but also in the early part of the Sokli I warm stage 
(MIS 5c) that followed cold conditions with steppe-tundra (Figure 4-1A). Biostratigraphically, the 
birch forest phase corresponds to zones Nu/SoI/SoII/Ho-II as well as Tu2-I (Figures 3-1A to 3-5A; 
Figure 5-1A). 

The birch forest phase at the start of the vegetation successions is characterized by exceptionally high 
pollen percentages of B. pubescens/pendula reaching values up to c. 80 %. Pollen of Cyperaceae and 
Alnus from local (azonal) habitats slightly depress these values in early MIS 5c. In modern pollen 
spectra from the present-day sub-arctic birch forest in northern Fennoscandia, pollen of Betula reach 
c. 35–50 %, the percentage Pinus pollen is c. 30 %, and NAP is relatively abundant and diverse 
(Prentice 1978). The fossil percentage values also greatly exceed means of c. 30–35 % for Betula in 
the modern pollen-climate calibration data from Finland and Russia (Salonen et al. 2012). Furthermore, 
B. pubescens/pendula pollen accumulation rate (PAR) values calculated for the Early Holocene at 
both Loitsana and Kuutsjärvi greatly exceed Betula PAR values from the present-day birch forest 
in northern Europe (unpublished data). Similarly, Betula pollen percentages are high, and always 
exceed the threshold PAR value for open birch forest (Seppä and Hicks 2006), in Early Holocene 
records from NE European Russia (Väliranta et al. 2011). A pronounced birch phase at the start of 
the MIS 5e, 5c and 5a warm stages is not limited to northern Europe. These birch phases are also 
distinctly recorded in long pollen sequences from central Europe (Helmens 2014), including La Grande 
Pile in France (de Beaulieu and Reille 1992), Oerel in Germany (Behre 1989) and Horoszki Duże 
in Poland (Granoszewski 2003). The percentage of Betula pollen here reach values of c. 50 to 80 %. 
The shortest period with birch forest is depicted in early MIS 5a.

Betula spp. are fast immigrants due to the advantage of an abundant production of wind-dispersed 
fruits, rapid reproductive rates, fast growth rates and a young reproductive-maturity age (Birks 
1986). This strong pioneer character of Betula, combined with time needed for slow soil forming 
processes, might have been important factors in the delayed establishment of boreal forest at the 
start of the interglacials at Sokli (Helmens et al. 2018, 2021). Similarly, Paus (2013) and Amon et al. 
(2014) mention seed dispersal, soil development and competition as factors influencing Late Glacial 
and Early Holocene forest development in Norway and the Baltic region. Väliranta et al. (2011) 
mention competition of niches (Giesecke and Bennett 2004) as a possible factor explaining the 
considerable time-lag of up to 1 500 yr between the first macrobotanical and/or stomata findings 
of Picea and the establishment of closed (mixed) spruce forest in northeastern Europe. 

The early birch forest phase at Sokli lasted c. 1 500 yr in the Early Holocene and c. 1 000 yr in early 
MIS 5e (Figure 4-1A). If the fine laminations in the lower part of the lake deposit of MIS 5c age have 
an annual origin (likely related to spring melt), a duration of c. 800 years is estimated for the early 
MIS 5c birch phase (Engels et al. 2010). Periods with Betula pollen values reaching c. 60–80 % in 
Early Holocene pollen records from southern Finland and Sweden lasted c. 500–1 000 yr (Heikkilä 
and Seppä 2003, Antonsson and Seppä 2007). The relatively short duration with pioneer birch forest 
at Sokli in MIS 5e and 5c, compared to the Holocene, might be related to differences in summer 
insolation (Figure 4-1), with higher insolation values in early MIS 5e and 5c possibly increasing the 
compatibility of conifer trees and/or enhancing weathering/soil formation. The fact that the shortest 
period with birch forest is recorded during MIS 5c is probably because this warm stage was not 
preceded by glaciation and weathering/soil formation had long been started. The new Holocene pollen 
record from the Sokliaapa shows that the polycormic mountain birch (B. pubescens subsp. tortuosa) 
initially predominated during the pioneer birch phase, followed by the spread of B. pubescens/
pendula (Figure 3-6A). The pollen of B. pubescens subsp. tortuosa was not separated from those 
of B. pubescens in the older deposits at Sokli. The pollen of the different species (e.g. B. nana)/
sub-species of birch are distinguished using a combination of size and morphological characteristics 
as in Terasmaë (1951) and Mäkelä (1996). 

Birch forest is additionally registered during the Tulppio 2 Interstadial (mid-MIS 3). The pollen spectra 
in the fluvial sediment is dominated by pollen of B. pubescens and B. nana (Figures 3-4A and 5-1A). 
The relatively high percentage values Poaceae pollen are probably related to the floodplain environment 
(see also Section 4.1).
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4.4	 Developments in boreal forest
The pioneer birch forest phase is succeeded by pine-dominated boreal forest during all four warm 
stages (zones Nu/ SoI/ SoII/Ho-III in Figures 3-1A to 3-3A, 3-5A, 3-6A; Figure 5-1A). During the 
Holocene, pine forest established in the Early Holocene at c. 9.2 kyr BP, lasted some 7 000 yr, and 
was replaced by mixed boreal forest with spruce (zone Ho-IVb) in the Late Holocene at c. 2 kyr BP 
(Figure 4-1A). The same succession is depicted in the Kuutsjärvi pollen record (Salonen et al. 2024). 
Picea needles occur in the Sokliaapa record prior to the Alnus expansion (Figure 3-6) dated at Loitsana 
to c. 8 kyr BP (Figure 3-5). In addition, pollen percentages of Picea at c. 1–2 % from about 5.5 kyr BP 
onwards, accompanied by Picea abies Seda. DNA at Kuutsjärvi (Salonen et al. 2024), show that local 
populations of spruce were present before the final expansion in the Late Holocene. Numerous paleo-
ecological studies show that Picea abies expanded in Fennoscandia during the Holocene thousands 
of years after all other boreal species had established (Giesecke and Bennett 2004, Latałowa and 
van der Knaap 2006). In contrast, Picea expands in vegetation model simulations prior to the period 
when the species becomes abundant in the pollen records and climate forcing parameters used in the 
model cannot explain the absence or insignificant abundance of Picea abies in Fennoscandia during 
the Early and mid-Holocene (Miller et al. 2007). Picea abies is a strong competitor in northern 
Europe and driving or limiting factors for Holocene changes in its abundance are still not completely 
understood (Miller et al. 2007).

Pine-dominated forest also lasted into the late part of MIS 5c before being replaced by boreal forest 
with spruce (SoI-IV). This takes into consideration that the gravelly fluvial deposit interlayered in 
the uppermost part of the MIS 5c gyttja most probably represents a relatively brief time window with 
high sedimentation rates (Figure 3-2A). A vegetation close to the forest limit seems to be recorded in 
the uppermost part of the MIS 5c pollen sequence (SoI-V), depicting cooling at the end of the warm 
stage. Picea pollen values of 5 % suggest the continuous presence of spruce in the open vegetation. 
Rising Pinus pollen percentage values accompanied by Pinus stomata (and diverse conifer macrofossil 
remains) show the establishment of pine forest in MIS 5a as well. Note that tree pollen percentages 
following the early birch forest phase in MIS 5c and 5a are depressed due to pollen/spores from local 
(azonal) habitats. Due to a hiatus in core recovery, the later half of the MIS 5a vegetation record is 
missing. 

In contrast to the warm MIS 5c, 5a and Holocene stages, the pine-dominated forest in MIS 5e is 
followed by mixed boreal forest with spruce early in the warm stage (Nu-IV). The boreal forest is 
temporarily replaced by birch forest during the Tunturi cold event (Nu-V), after which Picea pollen 
percentages continue to rise, to values of c. 10 % in the later part of the warm stage (zone Nu-VII). 
The latter zone is further characterized by the local presence of temperate Corylus, being near 
continuously recorded with relative pollen abundances (c. 1 %) only seen in Finnish surface-lake 
sediments samples within the modern occurrence limits of hazel (Salonen et al. 2012). The mixed 
boreal forest is replaced by birch forest at the end of the warm stage (Nu-IX). The fact that mixed 
boreal forest with spruce and larch (see below) established at Sokli early in MIS 5e, and that larch 
persisted throughout major part of the warm stage, is intriguing. Both trees are cold tolerant and 
can grow on permafrost. A likely explanation for their occurrences in MIS 5e lies in the distinctly 
continental climate conditions of early MIS 5e (see Section 3.1.1 and Chapter 5), which might have 
enabled these conifers to occupy vital niches.

Larix is recorded by pollen during all three warm stages of MIS 5 age (and additionally stomata in 
MIS 5e), the mid-MIS 3 Tulppio 2 Interstadial, and in the early part of the Holocene both at Sokli 
and Kuutsjärvi (Salonen et al. 2024). Pollen of Larix is only sparsely reported from till-covered 
sediments (Forsström 1990 and references therein) and Larix is rare in Holocene pollen records from 
Fennoscandia. Larix pollen is dated to c. 10 kyr BP in a high-elevation lake record in Norway (Paus 
2010) and cones and wood of Larix sibirica, also dated to the Early Holocene, are reported from the 
Swedish Scandes (Kullman 1998). Larix pollen has a short-distance dispersal and poor preservation 
(Gunin et al. 1999, MacDonald et al. 2000) and, as an example, only single Larix pollen grains are 
encountered in modern lake samples from the boreal forest and forest tundra in northwestern Russia 
where larch is an important component in the zonal vegetation (Salonen 2012). Also, the pollen of 
larch has rather in-distinct morphological characters, making it relatively easy to miss and difficult 
to identify during the palynological analysis. Identifications of Larix pollen at Sokli and Kuutsjärvi 
have been crosschecked and compared with modern reference material. In conclusion, it is likely that 
larch is under-represented in the palynological record in Fennoscandia.
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4.5	 On the azonal occurrences of Alnus
In contrast to the successional developments in vegetation types and occurrences of tree taxa discussed 
in sections 4.1 to 4.5, the pattern of Alnus pollen is erratic. Phases with Alnus pollen values over 
10 % are indicated to the right in Figure 4-1A. 

High Alnus pollen percentages (up to c. 20 %) are recorded during the pioneer birch forest and early 
pine forest phases in MIS 5c, to persist with values around c. 5 % into the mixed boreal forest with 
spruce. Seeds of alder are encountered where several wetland taxa (e.g. Carex spp., Rhynchospora 
alba, Typha) and taxa in other moist habitats (e.g. Rorippa palustris, Urtica dioica) start their macro
fossils records and are identified as Alnus glutinosa. A. glutinosa may have been present in an Alnus 
carr (marshy forest) with abundant ferns in the undergrowth (Section 3.2). Alnus pollen percentages up 
to c. 20 % are also detected in the mid-Holocene. The co-occurrence with taxa such as Filipendula and 
Typha latifolia (Figure 3-5), and the high pollen percentage values (see below), suggest the presence 
of A. glutinosa as well. Alder is further recorded throughout major part of MIS 5e, with values just 
over 10 % during the early pioneer birch forest phase. The three periods with high Alnus pollen 
percentages in MIS 5e, 5c and the Holocene show a remarkable similar pattern in which alder rapidly 
expands, probably in response to local (azonal) habitat availability, followed by a gradual retreat. 
A similar pattern, and percentage values of Alnus pollen as in the mid-Holocene, are dated at Kuutsjärvi 
to c. 6–4 kyr BP (Salonen et al. 2024), in contrast to Loitsana where this is dated to c. 8–6 kyr BP. 
This supports the idea that the occurrences of alder are strongly regulated by local habitat availability.

The northern limit of A. glutinosa is currently situated at some 400 km south of Sokli. A. incana is 
present throughout Fennoscandia, growing also in the open vegetation types of the northernmost 
regions. Alnus reaches values of c. 5–20 % in modern pollen assemblages from central and southern 
Finland; values abruptly fall to < 5 % north of the distribution area of A. glutinosa where also A. incana 
is scarce (Prentice 1978, Salonen et al. 2012). Today, A. incana sparsely grows in moist wetland 
habitats along small streams and lakes in the Värriö nature reserve just east of Sokli. In northwest 
Europe, groves of A. glutinosa often occur at the swampy margins of nutrient-rich lakes. The tree is 
particularly well adapted to this habitat because it can tolerate anoxic conditions in the waterlogged 
soils (Hannon and Gaillard 1997). A wetland habitat explains why A. glutinosa was present at Sokli in 
the early parts of the interglacials when the dominant vegetation on land was pioneering birch forest.

In conclusion, Alnus pollen is included in the pollen sum in northern Europe and at Sokli, however, the 
data presented here shows that it behaved as a wetland taxon and because of this probably is strongly 
over-represented in the pollen sum. Occurrences of Alnus pollen are also used as biostratigraphic 
markers, however, the relation to azonal habitat availability makes Alnus unsuitable to be included 
in biostratigraphic zonation.

4.6	 Millennial-scale vegetation changes
The most distinct response of vegetation to a change in climate of millennial duration is recorded 
during the early MIS 5e Tunturi cold event (zone Nu-V; Figure 3-1, 4-1A, 5-1A). The mixed boreal 
forest with spruce and larch that developed early in the MIS 5e warm stage is suddenly replaced by 
sub-arctic, open birch-dominated forest with abundant juniper in the under-growth. The recovery 
was stepwise and included a brief phase with sharply increasing Pinus pollen values intersecting 
the two main cooling phases. Alnus shows a distinct decrease in pollen percentages during the event 
probably due to the lowering in water levels as reconstructed by the aquatic proxies (Section 3.1.2). 

The late MIS 5e Värriö cold event shows a same structure as the Tunturi event including two phases 
with severe conditions interrupted by a brief recovery phase. Whereas the aquatic proxies sensitively 
record dry climatic conditions that led to lowered lake levels, the response of the regional vegetation 
to the Värriö event is more complex (zone Nu-VIIIb). The representation of birch in the regional 
vegetation diminishes during the event, and those of Picea and Pinus increase. Picea shows the highest 
pollen percentage values right at the start and end of the event, and during the recovery phase. In 
addition, Corylus pollen values overall fall. In contrast to the summer cooling during the Tunturi event, 
it is likely that the change in climate during the Värriö event was mostly a winter/continentality 
phenomena. Salonen et al. (2012) show that winter temperatures presently have a relatively large 
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influence on deciduous Corylus. According to Seppä et al. (2004), growing season length and frost 
sensitivity are major factors determining the current northern distribution limits of most temperate 
trees in northern Europe. Winter cooling might have favoured the recorded expansions in conifers.

Interestingly, the Värriö event occurs superimposed on an interval with enhanced pollen values 
for B. pubescens/pendula (zones Nu-VIIIa, c), suggesting a relatively long time-interval with 
climate instability as the MIS 5e warm stage approached its end. The vegetation, and lake levels 
(Section 3.1.1), temporarily recovered during zone Nu-VIIId, to conditions close to those recorded 
preceding the birch interval, before final cooling led to the replacement of boreal forest by birch 
forest (zone Nu-VII). Notably, the early MIS 5e Tunturi event is also preceded by a minor climate 
perturbation with enhanced B. pubescens/pendula values. Additionally, three more phases with rela-
tively high birch values are recognized in MIS 5e pollen record, and two in the Holocene sequence, 
and these are highlighted in Figure 4-1 as possible millennial-scale climate perturbations as well. 
The oldest Holocene event is dated around 8.2 kyr BP and is probably related to the 8.2 event. Both 
during the youngest Holocene event (around c. 6.5 kyr BP) and one of the MIS 5e events, lake level 
lowering is recorded (Chapter 3). It should be noted though that the Holocene pollen record lacks 
the high temporal resolution of the MIS 5e record, whereas significant contributions of pollen from 
local (azonal) habitats, combined with a relatively low-resolution analysis, hamper the detection 
of short-term events in the MIS 5c and 5a proxy records.
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5	 Climate reconstruction

Mean July air temperatures (Tjul) are reconstructed from the fossil records in the Sokli and Loitsana 
basins by a combination of two methods, the transfer function approach applied to pollen and chironomid 
assemblages and by using individual climate indicator plant species mostly identified by macrofossils. 
The former method is widely used on Late-Glacial – Holocene timescales. The climate indicator plant 
species method is traditionally applied to pre-LGM deposits in central Europe to explore summer and 
winter temperatures during the Eemian Interglacial and the Weichselian (Kolstrup 1979, Zagwijn 1996, 
Aalbersberg and Litt 1998). 

The paleo-climate data presented here focus on the pollen- and plant macrofossil-inferred reconstruc-
tions and follow the approaches introduced in Salonen et al. (2018, 2019) and Väliranta et al. (2015), 
respectively (see also Section 2.3). Salonen et al. (2018, 2019) provide a new pollen-climate calibration 
dataset that extends calibration lake samples from Fennoscandia, Svalbard and northwestern Russia with 
modern lake samples from the European mainland and British Isles. Modern climate data is extracted 
for each lake (see Section 2.3.2). An ensemble of methods that includes classical and machine-learning 
approaches is used to create pollen-climate models. Data evaluation is facilitated by the calculation of 
analogue distance, i.e. the compositional distance between each fossil pollen spectra and the best matching 
modern calibration pollen assemblage (Overpeck et al. 1985, Birks 1998), and by geographical plots of 
best matching calibration samples. In Väliranta et al. (2015), current plant distribution data from Finland, 
spanning over several bioclimatic zones from hemiboreal, via boreal to subarctic, are linked to measured 
meteorological data over a Tjul gradient from c. 7.5 to 17 °C. The protocol makes use of a unique modern 
spatial species-specific plant distribution dataset (http://www.luomus.fi/kasviatlas) that covers entire 
Finland and is subject to continuous botanical surveys. Climate indicator plant species identified in the 
Sokli and Loitsana fossil records and their minimum July air requirements (min. Tjul), i.e. the median 
of the July mean at the species northern distribution limit, are listed in Table 5-1; the table also shows 
the Tjul range, i.e. the lowest and highest value along the species-specific distribution boundary. 
Reconstruction errors for the pollen-based Tjul estimates are in the range of 1.12–2.05 °C.

Table 5-1. Climate indicator plant species used in the present study with median of mean July 
air temperature and mean July temperature range determining the species’ current northernmost 
distribution limit in Finland.

Taxon Median of July mean (°C) July mean range (°C)

Urtica dioica 12 10.1–13.1
Callitriche cophocarpa 13.7 13.5–13.9
Potamogeton friesii 13.8 13.6–14.5
Ceratophyllum demersum 13.9 12.9–14.1
Potamogeton compressus 13.9 13.1–14.3
Ranunculus sceleratus 14.2 14–15.9
Rhynchospora alba 14.7 14.5–15.1
Alnus glutinosa 14.8 14.3–15.2
Elatine triandra 15.2 14.5–15.9
Glyceria fluitans 15.4 15–16
Typha latifolia/angustifolia 15.5 14.5–16
Glyceria lithuanica 15.7 15.4–16.1
Crassula aquatica 15.8 14.3–16.1
Bidens tripartita 16.1 15.5–16.8
Najas tenuissima 16.6 16.1–16.7
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The paleo-climate data are presented in the climate panel of Figure 5-1. The pollen-based Tjul 

inferences (B in Figure 5-1) are summarized in a thick black line that is the smoothed median result 
of the six different pollen-climate calibration models. Analogue distance, where a short distance 
means a good fit, is indicated to the left; the red dashed vertical line represents the mean distance to 
best modern analogue in the Late Holocene samples. For the pollen records of MIS 5c and 5a age, 
an additional Tjul reconstruction is shown where the median value is compared with the median result 
by applying a pollen sum that excludes sedges (Cyperaceae). Note that pollen-climate calibration 
data for steppe-tundra (MIS 5d at Sokli; Figure 4-1) is not included in the calibration set of Salonen 
et al. (2018, 2019). Part C in the climate panel provides the min. Tjul values inferred from individual 
climate indicator plant species, where the black dashed curve summarizes the results. These aquatic/
wetland plant species are mostly identified by means of their macrofossil remains. It is important to 
note that the macrofossil record is sporadic, with occurrence being strongly related to distance to the 
littoral/shore or inflow of running water and representation of an aquatic/wetland taxon depends on 
local (azonal) habitat availability (e.g. Koff and Vandel 2008). Therefore, the climate record in C is 
discontinuous. 

Figure 5-1A is a summary of pollen data (and biostratigraphic zonation), as well as macrofossil/stomata-
inferred presence of tree taxa, where the pollen sum is adjusted from the one used in the multi-proxy 
diagrams (Figures 3-1 to 3-6 and 3-8 to 3-10) by excluding all spore plants (see Chapter 4). 
Furthermore, periods with glaciation, glacial lake conditions, wetland expansion or sudden lake level 
lowering are highlighted in and along the lithological column at the left side of the figure. Finally, 
the geographic locations of modern pollen analogues are plotted on the maps of Figure 5-2, with 
samples grouped according to biostratigraphic zones.

Figure 5-3 provides an additional reconstruction of mean January air temperatures (Tjan) inferred 
from the MIS 5e pollen record. Reconstruction errors are in the range of 1.79–3.44 °C depending on 
the calibration model.

The results from the quantitative climate reconstructions are validated, and results between methods 
are compared, in Section 5.1 below, before a synthesis of paleo-climate data is presented in 
Section 5.2.
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Figure 5-1. (B, C) Quantitative climate reconstructions inferred from the late Quaternary Sokli and Loitsana fossil 
records. (B) shows the pollen-based mean July air temperature (Tjul) inferences. Values are summarized in a thick 
black line that is the smoothed median result of six different pollen-climate calibration models. Analogue distances 
are indicated to the left. For the pollen records of MIS 5c and 5a age, an additional Tjul reconstruction is shown as 
well as the median result by applying a pollen sum without Cyperaceae. (C) Minimum Tjul inferences based on climate 
indicator plant species (Table 5-1). The red vertical line in both (B) and (C) is the present-day (1971–2000 mean) Tjul 
at Sokli (c. 13 °C). (A) provides a summary of pollen data, macrofossil/stomata-inferred local presence of tree taxa 
and biostratigraphy. Distinct intervals with vegetation-climate disequilibrium are shown as green shading. Periods 
with glaciation, glacial lake condition, wetland expansion or sudden lake level lowering are also highlighted. 
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Figure 5-2. Geographic location of modern pollen analogues plotted at the mean latitude and longitude of the 
five most compositionally similar modern pollen samples, with samples grouped according to biostratigraphic 
zones. Samples with a relatively poor fit are left out; threshold for inclusion is two times (MIS 5e) or three times 
(MIS 5c, 5a, Holocene) the mean Late Holocene analogue distance.

55
60

65
70

55
60

65
70

55
60

65
70

 d
eg

re
es

 N

Late MIS 5e (Zones VII-IX) 

55
60

65
70

10 20 30 40 50 60

MIS 5a

.

55
60

65
70

10 20 30 40 50 60

Holocene

SoI-I (2/2)
SoI-II (11/12)
SoI-III (13/18)

SoI-IVa (4/6)
SoI-IVb (1/3)
SoI-V (4/6)

Ho-I (2/7)
Ho-II (11/11)
Ho-IIIa (10/10)

Ho-IIIb (9/12)
Ho-IIIc (7/7)
Ho-IV (6/6)

10 20 30 40 50 6010 20 30 40 50 60

MIS 5c MIS 3

10 20 30

55
60

65
70

10 20 30 40 50 60

Tu1-I (40/40)
Tu2-I (2/2)

Nu-I (4/6)
Nu-II (5/10)
Nu-III (6/7)

Nu-IV (21/21)
Nu-V (29/29)
Nu-VI (41/41)

Early MIS 5e (Zones I-IV)

. .

..

10 20 30 40

Late MIS 5e (Zones VII-IX)

.

50

55
60

65
70

Nu-VII (46/46)
Nu-VIIIa (7/7)
Nu-VIIIb (19/22)

Nu-VIIIc (8/10)
Nu-VIIId (13/15)
Nu-IX (1/3)

(4/6)  # of samples shown on map / total # of samples in zone

 d
eg

re
es

 N

degrees E

Modern sample

SoII-I (8/8)
SoII-II (9/17)
SoII-III (8/15)

J.S. Salonen: pollen-based climate reconstructions; 
M. Väliranta: climate inferred from indicator plant taxa;
K.F. Helmens: data compilation

.



SKB TR-23-28	 75

Figure 5-3. Reconstruction of mean January air temperature (Tjan) inferred from the MIS 5e pollen record. Values 
are summarized in a thick black line that is the smoothed median result of six different pollen-climate calibration 
models (coloured lines). Reconstruction errors are in the range of 1.79–3.44 °C depending on the calibration 
model. The red vertical line is the present-day (1971–2000 mean) Tjan at Sokli (c. −14 °C). See also Figure 5-1.
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5.1	 Evaluation of the quantitative climate inferences
5.1.1	 Early phase with vegetation-climate disequilibrium
The climate records for the earliest parts of the Nuortti (MIS 5e), Sokli I (MIS 5c) and Sokli II (MIS 5a) 
warm stages and the Holocene, and the Tulppio 1 Interstadial (mid-MIS 3), are characterized by large 
differences between Tjul values inferred from pollen assemblages and Tjul based on climate indicator plant 
species. The paleo-botanical data reconstructs an open birch tree-line ecotone vegetation in the ice-
marginal environments, followed by the development of sub-arctic birch forest (Figure 4-1A; Sections 4.2 
and 4.3). These vegetation types presently occur in the northernmost parts of Finland and, accordingly, 
the pollen-based reconstructions show Tjul values mostly at c. 11–12 °C (Figure 5-1B). In sharp contrast, 
aquatic/wetland plants (and chironomids) record boreal conditions (Section 3.6) and consistently recon-
struct Tjul values up to several degrees higher than today’s value at c. 13 °C (Figure 5-1C). The discrepancy 
between Tjul reconstructed by regional vegetation versus aquatic/wetland proxies points to a phase of 
vegetation-climate disequilibrium at the start of the warm periods. Likely factors for the delayed response 
of terrestrial vegetation on land to the insolation-forced warm summers are slow soil forming processes 
and competition, where Betula with its distinct pioneer characteristics was a strong competitor 
(Sections 4.2 and 4.3).

Macrofossil remains of the aquatic plants Callitriche cophocarpa and Potamogeton friesii, the wetland 
taxon Typha latifolia, and the grass Glyceria lithuanica indicate a min. Tjul in the order of c. 13.5–15.5 °C 
during the Early Holocene. Lake water conditions in the Early Holocene were eutrophic due to leaching 
of freshly eroded surface soils, sudden decreases in lake volume and overall, relatively small lake volumes 
(Sections 3.5.1 and 3.6). Shala et al. (2017), however, shows that chironomid-inferred Tjul continues to 
be elevated at c. 14–15 °C when nutrient levels drop, i.e. sometime following the final drainage of the 
Sokli Ice Lake, indicating that temperature is most probably the main factor that drives the also high 
chironomid-based Tjul values for the Early Holocene. The present-day distribution of aquatic plants is 
regulated by temperature, not by edaphic factors or water chemistry (Lampinen and Lahti 2016). For 
aquatic plants, the nutrient status of the water is not crucial as many macrophytes are able to absorb 
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nutrients from the sediment (Moss 1982, van Donk and van de Bund 2002). Instead, the length of 
the open-water season (the growing season) controls vascular aquatic plant communities and their 
reproduction regardless of the lake’s nutrient status (Rørslett 1991, Väliranta 2006b). 

The MIS 3 glacial lake sediment contains macrofossils of P. friesii indicating that Tjul was at least 
c. 14 °C. Similar temperatures are indicated by the aquatic plants C. cophocarpa, C. compressus 
and Ceratophyllum demersum in early MIS 5a. The assemblage including the aquatic plant Elatina 
triandra and the wetland taxa Ranunculus sceleratus and T. latifolia reconstructs min. Tjul values in 
the order of c. 14–15.5 °C for early MIS 5c, with macrofossils of aquatic Nayas tenuissima suggesting 
min. Tjul as high as c. 16.5 °C in the earliest phase with more open vegetation. The chironomid 
assemblage in the lowermost part of the MIS 5c lake deposit, with Ablabesmyia, Endochironomus 
albipennis- and Dicrotendipes nervosus-T, reconstructs Tjul at c. 16 °C as well (Engels et al. 2010). 
Macrofossil remains are scarce in the lake deposit of MIS 5e age. Chironomid-based Tjul inferences 
for early MIS 5e show values between c. 12–14.5 °C (Plikk et al. 2019) and warm summer are 
supported by occurrences of the diatom taxa Cyclotella michiganiana and C. radiosa (Section 3.1). 
Finally, the deglacial sediments of Early Holocene, mid-MIS 3 and early MIS 5a age further contain 
several chironomid taxa that have intermediate to warm July air temperature optima in the order of 
c. 13–15.5 °C in a regionally enhanced modern chironomid-climate calibration dataset from Finland 
(Luoto et al. 2014a, 2014b). These include Psectrocladius sordidellus-, Microtendipes pedellus-, 
Cladotanytarsus mancus-, Polypedilum nubeculosum-, Chironomus anthracinus-, Cricotopus 
intersectus- and C. cylindraceus-T (Helmens et al. 2018). 

Warm summers in northern Europe during the Early Holocene are inferred from various proxies 
including aquatic plants, chironomids, diatoms, and megafossils (Kullman 1995, Rosén et al. 2001, 
Bigler et al. 2003, Allen et al. 2007, Paus 2010, Velle et al. 2010, Jones et al. 2011, Birks et al. 2012, 
Luoto et al. 2014a, Rantala et al. 2015, Väliranta et al. 2015, Paus and Haugland 2017). Importantly, 
a rich plant assemblage of wetland plants (e.g. Cicuta virosa), ferns (Thelypteris palustris, Matteuccia 
struthiopteris) and aquatics (e.g. Sparganium) depicted in SedaDNA data from Kuutsjärvi, just east 
of Sokli, records warm Early Holocene summers as well (Salonen et al. 2024). Furthermore, Early 
Holocene warm summers are proposed by Ritchie et al. (1983) based on fossils remains of e.g. Typha 
dated to 11.8–6 kyr BP (and clustering at c. 10 kyr BP) at 12 high-latitude sites in northern Canada. 
Typha is one of the first taxa detected in Early Holocene macrofossil records from European Russia 
as well (Wohlfarth et al. 2004, Väliranta et al. 2015). The plant is a very prolific, wind-dispersing, 
early successional taxon. It can rapidly colonize new areas, from one seed to 58m2 cover in 2 years in 
suitable habitats (Grace and Wetzel 1981). Highest summer temperatures during the Early Holocene 
are in accordance with high summer insolation in the northern hemisphere at this time (Figure 1-1). 

The pollen-based Tjul reconstructions for the earliest parts of the warm stages of MIS 5e, 5c and 5a 
age, and for the Tulppio 1 and 2 Interstadials (mid-MIS 3), are characterized by big differences in Tjul 
values between calibration models, large analogue distances, and wide spreads in geographic location 
of modern pollen analogues (Figures 5-1B and 5-2). Furthermore, a relatively large number of samples 
from these assemblages (biostratigraphic zones Nu/SoI/SoII/Hol-I and -II, Tu1/Tu2-I) exceed the 
threshold for inclusion on the maps of Figure 5-2. These characteristics make the temperature reconstruc-
tions unreliable. The occurrence of non-analogue vegetation is an important factor that explains the 
unreliable Tjul reconstructions during the birch forest phases. As discussed in Section 4.3, the fossil 
assemblages with exceptionally high pollen percentages of B. pubescens/pendula up to c. 80 % do 
not have a modern analogue in northern Europe. Betula (including the shrub B. nana) reaches values 
of c. 30–50 % in modern pollen spectra from the sub-arctic birch forest in northern Fennoscandia and 
northwest Russia (Prentice 1978, Salonen et al. 2012). Furthermore, harmonization between the fossil 
and calibration data sets probably contributed to the on average relatively high pollen-inferred Tjul 
values, and large differences in reconstructed values between calibration models, at the start of MIS 5e. 
As part of this process, pollen of B. nana, which reach high percentages here, are amalgamated with 
those of B. pubescens/pendula, since dwarf birch is not differentiated from tree birch in the modern 
pollen samples, despite differences in auto-ecology. The high pollen-inferred Tjul values for the birch 
forest phase of MIS 5c age, and large analogue distances, are driven by an over-representation of 
Alnus pollen from azonal wetland habitats (Section 4.5; see also Section 5.1.2). Alnus prefers moist 
habitats (Mossberg and Stenberg 2003), is a strong pollen producer (Bradshaw 1981), and can be 
greatly over-represented in the pollen record when locally present (Tinsley and Smith 1974).
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5.1.2	 The climate records for MIS 5e and the Holocene 
After the noisy interval early in MIS 5e and the Holocene, the pollen-based climate reconstructions 
stabilize with the establishment of pine-dominated boreal forest (zones Nu-III and Hol-IIIa). 

Differences in Tjul values between calibration models are small and modern analogue distances short 
throughout the warm boreal forest phases of zones Nu-IV, -VI and -VII in MIS 5e. The analogue 
distances are similar or lower compared to the mean distance for Late Holocene samples. This suggests 
robust reconstructions with small errors due to climate-vegetation disequilibrium, non-analogue paleo-
vegetation or -climate, or pollen from local (azonal) habitats. Tjul inferences reach c. 15 °C during 
the early MIS 5e boreal phase (zone Nu-IV) and close to c. 16 °C during the long phase with mixed 
boreal forest that follows the Tunturi event (zones Nu-VI and -VII). An overall slight decrease in 
Tjul is reconstructed from the base of zone Nu-VII, in the middle part of the MIS 5e record, onwards. 
Reconstructions of winter temperatures show an opposite trend with Tjan gradually increasing from 
c. −13 °C to c. −10 °C, compared to present-day values of c. −14 °C, during zones Nu-VI and -VII 
(Figure 5-3). Although the Tjan reconstruction should be interpreted with caution, due to the compara-
tively weak signal of winter temperature in north European pollen data, the first-order trend towards 
warmer winters during MIS 5e, validated by independent diatom (Section 3.1.1) and biomarker-isotope 
data (Katrantsiotis et al. 2021), is considered the most salient feature (Salonen et al. 2018). The 
geographic plots in Figure 5-2 demonstrate that best modern analogues for the MIS 5e boreal forest 
pollen assemblages are in east-central Finland, south of Sokli (zones Nu-IV and -VI). A shift in the 
analogue locations south- and west-wards is shown during zone Nu-VII, in parallel with the trend 
towards warmer winters. 

Analogue plots show larger geographical spreads, and analogue distances increase, during the Tunturi 
event (zone Nu-V), around the Värriö event (zone Nu-VIII), and during the subsequent change to 
sub-arctic birch forest (Nu-IX). The Tjul depression during the Tunturi event is estimated to be c. 3–2 °C 
and less than 1 °C during the Värriö event. As discussed in Section 4.6, cooling during the Värriö 
event might have been mostly in winter. Minor depressions in Tjul are furthermore recorded for several 
of the other millennial-scale phases with increased B. pubescens/pendula pollen percentages. Tjul 
slightly increases after the Värriö event, to values close to those attained during zone Nu-VII (c. 15 °C), 
before dropping to c. 12 °C during the final birch forest phase. The latter value, however, is probably 
overestimated due to high pollen percentages of Alnus. Both the Tunturi and Värriö climate perturbations 
are characterized by sudden drops in lake levels and overall shallow water conditions are recorded 
from about the base of zone Nu-VIII onwards due to lake infilling. It is likely that the minor wetland 
expansions that accompanied these changes in lake level/water depth (Section 3.1) contributed to the 
relatively poor analogue fits during these periods. 

During the Holocene, short analogue distances are displayed briefly during the period with pine-
dominated boreal forest between c. 9.2 and 8.5 cal. kyr BP, and after c. 5.7 cal. kyr BP where pine 
forest is succeeded by mixed boreal forest with spruce. In-between these two periods, between c. 7.6 to 
5.7 cal. kry BP (zone Ho-IIIb), analogue distances and reconstructed Tjul values (reaching over 15 °C) 
closely follow the curve of Alnus pollen percentages. Moreover, whereas high Alnus pollen percentage 
values are recorded in the Loitsana sequence in the early part of the mid-Holocene, similar values, and 
the same trend, and Tjul over 15 °C, are dated at nearby Kuutsjärvi to the late part of the mid-Holocene 
between c. 6–4 kyr BP (Salonen et al. 2024). As discussed in Sections 4.5 and 5.1.1, Alnus expands 
with azonal habitat availability (moist ground such as wetland), occurs over-represented in the pollen 
records, and as shown here has a significant impact on the pollen-based climate reconstruction. A 
comparison with the Kuutsjärvi record shows that Alnus over-estimates the pollen-inferred Tjul values 
by c. 1.5 °C during the mid-Holocene. Nevertheless, the high Alnus pollen percentage values of 
up to c. 20 %, and the co-occurrence with taxa such as Filipendula and Typha latifolia, suggest the 
local presence of Alnus glutinosa at Loitsana during the mid-Holocene (Section 4.5). The northern 
limit of A. glutinosa is currently situated at some 400 km south of Sokli. As climate indicator plant 
taxa, A. glutinosa and T. latifolia reconstruct a min. Tjul at c. 15–15.5 °C (Table 5-1). Except for 
alder, pollen from azonal wetland habitats is limited in the Loitsana pollen record. However, sedge 
(Cyperaceae) pollen values at c. 5 % (Figure 3-5B) might explain the relatively low pollen-inferred 
Tjul values (when corrected for the over-estimation in Tjul caused by Alnus pollen) compared to those 
reconstructed using the climate indicator plant species method for the mid-Holocene (Section 5.1.3). 
Tjul values drop with the transition to the Late Holocene at c. 4 cal. kyr BP (zone Ho-IV). Additionally, 
minor dips in Tjul are recorded around the 8.2 event and the interval with enhanced birch pollen values 
and relative low lake levels around c. 6.5 cal. kyr BP. 
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The early MIS 5e Tunturi event provides evidence for substantial cooling under warmer-than-today 
conditions (Helmens et al. 2015, Salonen et al. 2018, Plikk et al. 2019, Katrantsiotis et al. 2021). The 
cooling event is matched by a major decline in sea-surface temperatures, accompanied by reducing 
North Atlantic Deepwater formation, recorded in marine core MD03-2664 from a high sediment-
accumulation rate site on the Eirik Drift in the northeast Atlantic Ocean, just south of Greenland, at 
this time (Irvali et al. 2012, Galaasen et al. 2014). Moreover, a major cooling event intersecting peak 
Eemian (MIS 5e) warmth is recorded in detail in a high-resolution core M23323 from the Norwegian 
Sea (Bauch et al. 2011). The cooling event recorded in the latter marine core has approximately the 
same temperature decrease, structure, and duration as reconstructed at Sokli. Furthermore, a spike 
in ice-rafted-debris suggests that widespread expansions of winter sea-ice cover accompanied the 
surface cooling of the Norwegian Sea (Bauch et al. 2011). The latter might explain the dry climate 
reconstructed at Sokli during the Tunturi event. The cooling in the Norwegian Sea record, and the 
start of the Eemian here, have been dated several thousands of years later than at Sokli and at the 
Eirik Drift (Bauch et al. 2011); it should be noted, however, that uncertainties in marine chronologies 
can result in age differences of up to 3–5 kyrs between marine records (Govin et al. 2015).

5.1.3	 The climate records for MIS 5c and 5a
In contrast to the pollen-inferred Tjul records for MIS 5e and the Holocene, which stabilize following 
the early interval with climate-vegetation disequilibrium, substantial differences in reconstructed 
Tjul between calibration models, large analogue distances, and wide spreads in modern analogue 
geographic locations continue during MIS 5c and 5a. This behavior reflects the distinctly different 
nature of the MIS 5e, 5c, 5a and Holocene lakes. The lake of MIS 5e age maintained a large open-
water body throughout major part of its infilling history, bordered by a limited wetland zone, whereas 
during the Holocene, Loitsana Lake remained relatively large in the coring-site due to continuous 
inflow of groundwater from the adjacent esker. Therefore, the pollen-based climate records from 
these lakes suffer in general little from noise induced by local wetland habitats. 

The lake of MIS 5c age occupied an abandoned stream channel on the floodplain of a small meandering 
river. Although open water prevailed during the infilling of the oxbow lake, the first signs of terrestrialisa-
tion become visible with the transition to pine-dominated boreal forest (zone SoI-III). Rich aquatic 
and wetland communities and plants found in moist shore habitats (Figure 3-2B) provide a wealth 
of climate indicator species and show that Tjul exceeded the present-day values of c. 13 °C by several 
degrees. Four plant species indicate Tjul higher than c. 14 °C (Callitriche compressus, Ranunculus 
sceleratus, Rhynchospora alba, A. glutinosa), another four higher than c. 15 °C (Elatine triandra, 
Glyceria fluitans, T. latifolia, Crassula aquatic), whereas Bidens tripartita indicates Tjul at least at c. 
16 °C. Similarly, aquatic and wetland plants (C. cophocarpa, Ceratophyllum demersum, E. triandra and 
T. latifolia) in the relatively small and shallow MIS 5a lake (Figure 3-3B) during the pine-dominated 
boreal forest phase (zone SoII-III) show that Tjul was at least c. 13.5–15 °C. In order words, many 
plant species that currently have a much more southerly distribution grew in the Sokli region during 
the warm stages MIS 5c and 5a (Väliranta et al. 2009, Helmens et al. 2021). 

In contrast, the pollen-inferred Tjul for the boreal phases in MIS 5c (zones SoI-III and -IVa) and 5a run 
at (much) lower values of c. 14 °C (MIS 5c) and c. 12 °C (MIS 5a). The wetland expansions have a 
distinct impact on the pollen records, with pollen of sedges reaching c. 20 % (MIS 5c) and over 30 % 
(MIS 5a). Cyperaceae are common taxa in modern calibration samples from the tundra and have some 
of the lowest Tjul optima in the pollen-climate calibration dataset from Fennoscandia (Salonen et al. 
2012, 2013). In order to evaluate the influence of the high Cyperaceae pollen percentages on the 
pollen-based climate reconstructions for MIS 5c and 5a, the median of their Tjul records is compared 
with median Tjul values recalculated using a re-fined pollen sum that excludes Cyperaceae (red dashed 
curves in Figure 5-1B). The exclusion of sedge pollen leads to c. 1.5–2 °C higher Tjul values in MIS 5c, 
raising Tjul to higher than 15 °C, and warmer summers, higher than c. 13 °C, in MIS 5a. Importantly, the 
range in Tjul estimated by the different calibration models in MIS 5c (not indicated in Figure 5-1B) is 
lowered to values similar or even lower than during the boreal forest phases in the Holocene suggesting 
a relatively reliable pollen-based climate reconstruction. In addition to Cyperaceae, however, the shrub 
Salix and herbs like Ranunculaceae, Rosaceae, Apiaceae and Poaceae, which are also represented in 
the pollen records, probably all occurred in local (azonal) habitats as well and, as a result, Tjul values 
may still be under-estimated. This is the case for the period with fluvial sand/gravel deposition in the 
late part of MIS 5c where the analogue distance is the highest of all intervals in Figure 5-1B.
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5.1.4	 The MIS 5d cold stage
Climate in areas with steppe-tundra vegetation today, i.e. a vegetation type that is reconstructed at 
Sokli during MIS 5d (Section 3.2.1), is strong continental with large differences between summer 
and winter temperatures and low precipitation values. In east Siberia, mean January temperatures 
and annual precipitation values are as low as c. −40 °C and 200 mm, respectively (Shahgedanova 
2008), and in the Kangerlussuaq area in west-central Greenland −26 °C and 150 mm, respectively 
(Eisner et al. 1995). A continental climate regime with (short) warm summers during MIS 5d, warm 
enough for the presence of tree taxa (Figure 5-1A), is supported by the aquatic proxies that suggest 
Tjul in the order of c. 11–13 °C (chironomids; Engels et al. 2010) and at least c. 14–16 °C (C. compressus, 
Crassula aquatica).

5.2	 Uncertainties and climate synthesis
There are several assumptions, shortcomings, and possibilities for errors in proxy-based climate 
reconstructions, which are relevant to the studies at Sokli and are discussed below.

The basic assumption throughout the climate reconstruction methods is methodological uniformi-
tarianism (Birks and Birks 1980, Birks 2003, Birks and Seppä 2004), namely that modern-day 
observations and relationships can be used as an analogue or model for past conditions and, more 
specifically, that fossil taxa-climate relationships have not changed with time, at least in the late 
Quaternary. The Quaternary is a geological period characterized by highly variable environmental 
and climate conditions that involved large latitudinal shifts in vegetation belts as well as longitudinal 
displacements in vegetation (expansions of steppes). This opens the possibility for non-analogue 
paleoclimates and -vegetation types that may yield biased reconstructions (e.g. Salonen et al. 2013). 
Reconstructing climate from changes in regional vegetation further assumes that the post-glacial 
vegetation development in northern Europe took place in approximate dynamic equilibrium with 
climate. The fact that open sub-arctic birch vegetation is recorded at Sokli in the ice-marginal environ-
ment, both in early MIS 5e, 5a and the Holocene, and during deglaciation in mid-MIS 3, while the 
aquatic ecosystem had a boreal character, points to a phase of distinct climate-vegetation disequilibrium 
at the start of the warm periods. This phase was prolonged for c. 1 000–1 500 yrs due to the persistence 
of a non-analogue vegetation type. Slow soil forming processes on land and competition are likely 
factors that led to the pioneer birch forest vegetation that has no close modern analogue in northern 
Europe. The birch forest phase was followed by pine-dominated boreal forest, however, despite warm 
summers, mixed boreal forest with spruce only established late in the Holocene and MIS 5c. Picea 
is cold tolerant and can grow on permafrost and the reason for the delayed development of mixed 
boreal forest with spruce in Fennoscandia is still poorly understood. Boreal forest with spruce and larch 
established at Sokli early in MIS 5e, to persist throughout major part of the warm stage. A likely 
explanation lies in the distinctly continental climate conditions of early MIS 5e, which might have 
enabled conifers to occupy vital niches. All these three developments, i.e. climate-vegetation dis-
equilibrium during deglaciation, the persistence of pioneer birch forest vegetation, and the delayed 
response of spruce have their influence on the pollen-based climate reconstructions. Added to this, 
there are strong indications that alder behaved like a wetland plant, rapidly expanding upon habitat 
availability followed by gradual decline. As a result, alder should not be included in the pollen sum 
and the pollen-based climate reconstruction.

Also evident from the Sokli and Loitsana studies is the large influence of wetland vegetation on the 
pollen-inferred climate estimates. Modern lakes used in the Fennoscandian pollen-climate calibration 
datasets are carefully selected avoiding lakes that, for instance, have large marginal wetlands (Salonen 
et al. 2013). The modern pollen assemblages from these lakes are considered to capture the atmospheri-
cally mixed pollen of regional vegetation that is related to climate, with little non-climatic noise 
from local (azonal) habitats. For older lake deposits, however, such a selection often cannot be made. 
These deposits are scarce, particularly in formerly glaciated northern Europe; they may no longer 
have a relationship with the present-day landscape/drainage system; and the character of the paleo-lake 
usually only becomes apparent upon proxy analysis. However, even in Holocene studies, the possible 
effect of azonal habitats on the climate reconstructions should be taken into consideration. For instance, 
lake level lowering due to a change in climate or catchment hydrology may have led to temporal 
extensions in wetland habitats that is not apparent in the present-day lake setting. Boreal wetlands 
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are rich in plant taxa that commonly occur in the open tundra and wetland plants occur often over-
represented in the pollen record. Therefore, the presence of wetland has the potential of significantly 
underestimating true paleo-temperatures. 

The climate indicator plant species that are used in the Sokli and Loitsana studies currently display 
clear northern distribution limits in Finland that strongly relate to mean July air temperature. However, 
outlies do occur beyond these boundaries. Occurrences in unusually favourable microhabitats or 
exceptionally ideal microclimates are few in comparison with species frequency south of the northern 
limit of main occurrence and outlie occurrences are integrated in the Tjul values presented in Table 5-1. 
It is important to highlight that none of the aquatic/wetland climate indicator plants species identified 
in the Sokli and Loitsana fossil records, indicating warmer-than-present day summers, occur at Sokli 
or Loitsana today, even though suitable habitats such as moist, nutrient-rich soils are extensively 
available. Furthermore, Tjul values inferred from climate indicator plant species are minimum values, 
i.e. the current mean July temperature at the taxon’s northern distribution limit. Therefore, the true 
Tjul values may have been (significantly) higher. Additionally, because of the nature of the macrofossil 
record, plants that occurred in a wetland habitat are not necessarily all represented in the fossil record. 
Also, here there is a potential for underestimation of true Tjul values.

Although a strong climate proxy (e.g Brooks 2006, Walker and Cwynar 2006), chironomids are 
influenced by a variety of environmental conditions, such as water depth, nutrient availability, and 
macrophyte abundance, which have the potential to override the climate signal (e.g. Velle et al. 2005, 
Luoto and Ojala 2016). Therefore, similar as with the pollen inferred climate reconstruction, the 
climate inferences from chironomid assemblages extracted from the Sokli and Loitsana sediments are 
evaluated against the environmental history of the paleo-lakes (Engels et al. 2007, 2010, Shala et al. 
2017, Plikk et al. 2019, Helmens et al. 2021). Another important aspect to be mentioned in respect to 
the Sokli/Loitsana studies is the length or the temperature range of the modern calibration transect. 
The calibration transects used in the chironomid-based climate reconstructions are shorter, particularly 
at the warm end, than the one used in the pollen-based reconstructions. The paleo-temperature that is 
reconstructed is limited by the highest/lowest current Tjul of the transect and, because of the so-called 
‘edge effect’, is even under-estimated at the warm and over-estimated at the cold end. The effect of 
transect length on reconstructed paleo-temperatures may explain, at least part of, the overall slightly 
lower Tjul values reconstructed for the boreal phases at Sokli using chironomid assemblages compared 
to pollen assemblages or climate indicator plant species.

The numerical methods used to model the past temperature values in the transfer function approach 
can additionally bias the quantitative reconstructions. In the approach presented in Salonen et al. 
(2018, 2019), an ensemble of calibration models, including classical and machine-learning ones, 
are used in the pollen-based temperature reconstructions. Some recent studies using simulated 
non-analogue fossil data (Goring et al. 2015, Juggins et al. 2015) have suggested that regression-tree 
ensemble models may be more robust in non-analogue conditions compared to classical methods 
such as WA (Birks et al. 1990), WA-PLS (ter Braak and Juggins 1993) and MAT (Overpeck et al. 
1985). However, due to remaining challenges in the evaluation of model performances regarding 
fossil samples that lack good modern analogues in the calibration data, all six methods are used 
here as they all show acceptable performance in cross-validations, as well as generally similar and 
realistic reconstructed paleo-climate patterns (Salonen et al. 2018). Reconstruction errors, estimated 
by 10-fold cross validations, are in the range of 1.12–2.05 °C for the pollen-inferred Tjul reconstructions, 
and 1.79–3.44 °C for the MIS 5e Tjan estimates, depending on the calibration model (Salonen et al. 
2018). 

Important to be mentioned is also the influence of location of modern calibration data in respect to 
degree of continentality on reconstructed Tjul values. The detailed information available on plant 
species distribution in Finland shows that Tjul requirements of climate indicator plants species are 
generally slightly higher in continental eastern Finland compared to the Baltic Sea coast in the west. 
This trend towards higher July temperatures in the east is also visible on a larger European scale. 
Isarin and Bohncke (1999) note that the current northerly extension of Typha latifolia approximates 
the 13 °C July isotherm on the British Isles; coincides with the 15 °C July isotherm in Sweden; 
whereas even further east in central Russia this species appears limited by the 17 °C July isotherm. 
Higher Tjul optima in the east are also estimated for chironomid taxa (Self et al. 2011, Engels et al. 
2014). Furthermore, Salonen et al. (2013) find that reconstructed pollen-based Tjul values using 
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calibration data from Finland run at lower values throughout by c. 1.5–2.5 °C than those modelled 
using a training set from a more continental region in northwestern Russia. Similarly, Norwegian 
calibration datasets reconstruct approximately 1.0–2.7 °C colder than Russian models when applied 
to fossil chironomid assemblages from a lake in Siberia (Self et al. 2011). It is likely that the taxa 
require higher Tjul values in the east to compensate for the shorter growing season. Winters are long 
and cold in northeastern Eurasia, and summers (particularly the month July) warm but short, while 
spring and autumn are indistinct and very short lasting. The higher Tjul requirements with increasing 
continentality pose a problem for the paleo-temperature reconstructions. The applicability of modern 
calibration sets in Tjul reconstructions may be limited to relatively narrow continentality regimes, 
as the inferred/modelled Tjul responses are also a function of the specific distribution of seasonal 
temperatures in the region (Self et al. 2011, Salonen et al. 2013). The application of modern trainings 
sets to fossil records that have similar climate (continentality) regimes, however, implies that the degree 
of continentality can be independently inferred from the fossil data. Additionally, the distribution of 
seasonal temperatures may have changed over time, further complicating this issue. When not adjusted 
for, Tjul values may be under-estimated for continental regimes and over-estimated in oceanic settings. 

It becomes clear from the above that quantitative climate inferences from geological proxy records 
should be treated with caution. As a very important step, climate parameters inferred from fossil 
assemblages using the transfer function approach should be validated against the lake’s environmental 
history and climate reconstructions from various proxies should preferably be compared (Birks and 
Birks 2006, Birks et al. 2010, Juggins and Birks 2012, Juggins 2013). This approach is applied in the 
Sokli studies. It is 1) the detailed reconstructions of lake histories and fluvial dynamics; 2) validation 
of quantitative climate records against the local (azonal) records; 3) combination of classic pollen 
data (which may suffer from e.g. long-distance transport) with conifer stomata and plant macrofossils; 
4) comparing response-time between terrestrial plant taxa (influenced by e.g. soil formation) and aquatic 
plants/insects; and, finally, 5) the comparison of the quantitative climate estimates reconstructed 
using different proxies and methods, which have provided a solid basis for the climate reconstructions 
at Sokli. Figure 5-4 lists the most likely paleo-Tjul or -minimum Tjul values for the various time intervals 
when Sokli was ice-free during the last 130 kyr, based on the evaluations presented in this chapter. 
In addition, Tjan values for MIS 5e and qualitative inferences on winter conditions are summarized. 
Nevertheless, because of the limitations/uncertainties discussed in this section, and considering the 
error limits in the pollen- and chironomid-based climate reconstructions and minimum July mean 
ranges of the individual climate indicator plant taxa, the climate inferences presented in Figure 5-4 
should be considered as the best possible estimations of these paleo-climate parameters. 

As a final note, comparisons between the Holocene vegetation/climate records from Loitsana Lake at 
Sokli and Kuutsjärvi in the nearby crystalline mountains of the Värriö Tunturit (Salonen et al. 2024) 
show no apparent influence of the carbonatite bedrock at Sokli on the paleo-records of regional 
vegetation and climate.
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Figure 5-4. (B) Summary of paleo-climate data inferred from pollen and chironomid assemblages and aquatic/
wetland climate indicator plant species, based on a detailed evaluation of the quantitatively inferred climate 
estimates, shown along side the late Quaternary vegetation/glaciation record at Sokli (A). Qualitative estimates of 
winter temperatures based on various proxies are provided in addition to pollen-based Tjan inferrences for MIS 5e.
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6	 Conclusions

This report summarizes in a concise, consistent, and coherent way interpretations of late Quaternary 
environmental- and climate-proxy data from the Sokli site in northern Finland, published in a total of 
36 peer-reviewed scientific papers and SKB technical reports over the last 15 years. Additionally, the 
report presents some new data on the Tulppio Interstadial of mid-MIS 3 age and the Holocene peat 
deposit in the Sokli basin.

Sediment logs of all boreholes in the Sokli and Loitsana basins are presented; all dating results are 
provided and evaluated; climate reconstructions are re-run using the most recent protocols, introduced 
in Salonen et al. (2018, 2019) and Väliranta et al. (2015), and results are evaluated/validated; vegetation 
developments and climate evolutions reconstructed for each of the ice-free periods over the last 130 kyr 
at Sokli are for the first time compared in detail. Sokli was ice-free during the Nuortti (MIS 5e centered 
at c. 125 kyr BP), Sokli I (MIS 5c, c. 95 kyr BP) and Sokli II (MIS 5a, c. 80 kyr BP) warm stages 
of the Last Interglacial Compex (MIS 5); the Tulppio 1 and 2 Interstadials in mid-MIS 3 (around c. 
40 kyr BP; GIS 11/12, 8); and the Savukoski 1 cold stage in MIS 5d (c. 110 kyr BP). The MIS 5e, 
5c and 5a warm periods correspond to the Eemian Interglacial (MIS 5e) and Brørup and Odderade 
Interstadials (MIS 5c and 5a, respectively) in the NW European mainland stratigraphy. 

The Sokli and Loitsana sediments are dated by means of a combination of radiocarbon and luminescence 
dating techniques. OSL dates have large standard errors mainly due to small sample sizes, relatively 
poor luminescence characteristics, and uncertainties in dose-rate determination. However, the OSL 
ages on glaciofluvial and fluvial sediment are in sequence and group according to stratigraphic units; 
the youngest age determination agrees with AMS 14C dates; and the oldest ages are in line with TL/
IRSL dates. Moreover, the absolute chronology agrees with earlier land-sea comparisons. 

The conclusions are outlined in the following.

•	 Four organic-bearing lake deposits of different ages are represented in the late Quaternary 
sedimentary infills of the Sokli and Loitsana basins. Each lake deposit displays concurrent shifts 
in biotic and abiotic proxies including lithology; reconstructs in detail the lake infilling history 
and associated successional developments in aquatic and telmatic plant/animal communities; 
and provides detailed information on regional vegetation developments and climate. Each lake 
record is unique in terms of sediment characteristics and fossil assemblages. Additionally, they 
have fossil taxa in common. However, aquatic/wetland taxa peak in different parts of the records, 
reflecting the different origin and environmental histories of the lakes. 

•	 The lacustrine and fluvial deposits in the Sokli and Loitsana basins, and their fossil records, 
reconstruct a consistent sequence of events. The oldest lake (MIS 5e age) was relatively large 
and deep and occupied a steep depression carved out in the Sokli Carbonatite Massif by the 
Fennoscandian Ice Sheet during MIS 6 glaciation. Following the infilling of the lake, a fluvial 
regime, with an oxbow lake, prevailed during MIS 5d-c. Glaciation in MIS 5b resulted in com-
pression of the older sediments, under the weight of the ice sheet, and the return of a waterlogged 
topographic depression. The MIS 5a lake, however, was small and shallow and was infilled with 
sediment during the early half of the warm stage. Full glacial conditions ruled during MIS 4-2, 
except for two periods in mid-MIS 3 when Sokli was deglaciated; a glacial lake is recorded in 
the early ice-free interval (dated to before c. 45 cal. kyr BP; GIS 12-11) and fluvial conditions 
during the latter one (c. 42 cal. kyr BP; GIS 8). Thick glacio-lacustrine sediment beds were laid 
down in the Sokli Ice Lake also in the earliest parts of MIS 5e, 5a and the Holocene. Although 
sharing many characteristics, each glacial lake deposit in the Sokli and Loitsana sequences is 
unique. Finally, following the latest deglaciation, lacustrine conditions continued in Loitsana 
Lake throughout the Holocene, in a topographic depression of glacio-fluvial origin, whereas peat 
accumulation prevailed in the Sokli basin. Loitsana initially received water and sediment from 
the Soklioja rivulet, before becoming groundwater-fed from the adjacent esker.

•	 The chronology, unique character of each lake record as well as the consistent sequence of events 
described above provide strong evidence that the late Quaternary deposits at Sokli occur in-situ 
and that fossil remains are not re-deposited.
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•	 A rich algal record consisting of diatoms and green algae characterizes the 9 m-thick diatom 
gyttja deposit of MIS 5e age. The green alga Tetraëdron minimum re-occurs with peak values and 
six species of Pediastrum are identified. In contrast, plant macrofossils are nearly absent from 
the fossil record. The c. 2.5 m-thick, highly compacted oxbow lake deposit of MIS 5c age has 
an exceptionally rich and abundant macrofossil content. Characteristically, it includes the fossil 
remains of a variety of (aquatic) insects living in running water (stream-inhabiting chironomids, 
Ephemeroptera, Simuliidae, Sciaridae) and (semi-) terrestrial habitats, the latter transported from the 
floodplain/catchment by running water as well. Macrofossils and NPP’s (non-pollen palynomorphs) 
are not found in large abundances in the c. 2 m-thick MIS 5a lake deposit, but their records of 
aquatic and wetland taxa are diverse. The lake filled-in with sediment early in the MIS 5a warm 
stage and the latter part of MIS 5a is missing from our records. The fossil/sediment record of the 
7 m-thick Holocene lake deposit from Loitsana reconstructs an early phase of peatland develop-
ment, represented by e.g. abundant leave fragments of the bryophyte Sphagnum, followed by open 
water with a rich aquatic plant community and high representations of the green alga P. integrum. 
It depicts the terrestrialisation of the southern portion of the lake when still fed by the Soklioja 
rivulet, whereafter Loitsana became an isolated esker lake. The new record of the c. 2 m-thick 
Holocene peat deposit in the Sokliaapa (wetland) in the Sokli basin contains rich NPP and plant 
macrofossil assemblages and shows changes in fen vegetation before the final succession to 
ombrotrophic conditions. Finally, diverse NPP and plant macrofossil assemblages encountered in 
the c. 2 m-thick fluvial deposits of MIS 5d and Early Holocene age, the latter underlying the peat 
deposit in the Sokli basin, reflect a dynamic floodplain environment. The former deposit contains 
an exceptionally well-preserved, c. 110 kyr old bryophyte assemblage that reflects the shallow 
water to (semi-) terrestrial conditions, influenced by (seasonal) flooding, on a floodplain. 

•	 The reconstructions of late Quaternary depositional environments within the Sokli and Loitsana 
basins, and associated developments in local (azonal) aquatic and telmatic ecosystems, which 
have been inferred from the sedimentary sequences and their fossil records, have resulted in an 
exceptional wealth of environmental data for the late Quaternary in Fennoscandia. The environ-
mental records obtained from the four lake deposits have one driving mechanism in common, i.e. 
lake infilling. In addition, each lake record has a unique set of drivers. These include changes in 
mixing regimes (MIS 5e); flooding regimes (MIS 5c); wetland expansion and encroachment of 
running water (MIS 5a); and changes in source of running water (river versus esker-fed ground-
water; Holocene). Not all mechanisms that drive the environmental records are solely related to 
local dynamics, but climate played a role as well.

•	 The thick minerogenic glacio-lacustrine deposits of early-MIS 5a, Early-Holocene and mid-MIS 3 
age have relatively rich fossil records and sensitively reconstruct the evolution of the Sokli Ice Lake 
following the deglaciations. The fossil aquatic/wetland communities have a boreal character, driven 
by high insolation-forced summers, in contrast to the paleo-vegetation on land that was sub-arctic. 
High nutrient levels in the lake are the result of enhanced nutrient levels in the recently deglaciated 
terrain.

•	 The mid-MIS 3 deglacial sediment/fossil record stands out. The glacio-fluvial sediment and under
lying MIS 4 till bed contain reworked organic debris. A glacier re-advance phase is recorded in 
which an earlier opened spillway was blocked by ice, resulting in the re-occurrence of a large, 
deep-water glacial lake stage. In addition, new data shows that the Fennoscandian Ice Sheet 
subsequently overrode the Sokli basin, and then retreated once more shorthly after. The evidence 
points to an active ice sheet that was probably warm-based.

•	 The Sokli and Loitsana proxy records reveal four interglacial vegetation successions dated to 
MIS 5e, 5c and 5a and the Holocene. The vegetation successions are remarkably similar, although 
important and interesting differences occur. They are characterized by the replacement of an open 
woodland vegetation by birch forest and then (mixed) boreal forest with pine (MIS 5a), spruce 
(MIS 5c, Holocene) and temperate hazel (MIS 5e). The local presence of larch is inferred for all 
four warm stages as well as for the mid-MIS 3 Tulppio 2 Interstadial. 
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•	 An open woodland vegetation followed by the establishment of sub-arctic birch forest is recorded 
in the ice-marginal environment. Any periglacial vegetation zone at the front of the withdrawing 
ice-margin must have been narrow. The rapid response of tree taxa (birch, spruce, larch) to newly 
deglaciated terrain lends support for a northerly survival of trees under glacial conditions as 
suggested by other studies. Pioneer birch forest, which does not have a close modern analogue, 
persisted c. 1 kyr despite overwhelming evidence from aquatic/wetland taxa for warm insolation-
forced summers. The shortest duration with birch forest (c. 800 yr) is recorded in early MIS 5c, 
i.e. the only warm stage that was not preceded by glaciation and soil formation had long been 
started. The longest birch-phase (c. 1 500 yr) occurred in the Early Holocene under relatively 
low summer insolation. Local stands of spruce occurred in the following pine-dominated boreal 
forest, when aquatic/wetland taxa point to warm summers, but mixed boreal forest with spruce only 
developed late in MIS 5c and the Holocene. Picea abies is a strong competitor in northern Europe 
and driving or limiting factors for Holocene changes in its abundance are still not completely 
understood. In contrast, mixed boreal forest with spruce and larch established at Sokli early in 
MIS 5e and persisted throughout major part of the warm stage. A likely explanation for the latter 
lies in the distinctly continental climate conditions of early MIS 5e, which might have enabled 
conifers to occupy vital niches. Alder shows an erratic pattern. Within a certain climate-envelop, 
it behaves like a wetland taxon, rapidly expanding upon habitat availability followed by gradual 
decline. Finally, steppe-tundra, with scattered birch trees and conifers, prevailed during the cold 
MIS 5d stage in response to a strong continental climate regime.

•	 Climate indicator plant species reconstruct minimum mean July air temperatures (min. Tjul) in 
the order of c. 14–15.5 °C for the Early Holocene; c. 14 °C in early MIS 5a and the Tulppio 1 
Interstadial (mid-MIS 3); and c. 14–15.5 °C for early MIS 5c, with macrofossils of aquatic 
Nayas tenuissima suggesting min. Tjul as high as c. 16.5 °C in the earliest phase with more open 
vegetation. Chironomid-based Tjul inferences for early MIS 5e show Tjul values in the order of 
c. 12–14.5 °C and warm summer are supported by occurrences of the diatom taxa Cyclotella 
michiganiana and C. radiosa. Today’s Tjul value at Sokli is c. 13 °C, which is the average mean 
value over 1971–2000 and the baseline Tjul value used in the climate reconstructions The higher-
than-present summer temperatures reconstructed for the Early Holocene at Sokli are in-line with 
various proxy data from nearby Kuutsjärvi and different sites in Fennoscandia, north European 
Russia and Canada. 

•	 Pollen-based Tjul inferences reach c. 15 °C during the early MIS 5e boreal phase and close to c. 16 °C 
during the long phase with mixed boreal forest that follows the Tunturi event. An overall slight 
decrease in Tjul is reconstructed from the middle part of the MIS 5e record onwards. Reconstructions 
of winter temperatures show an opposite trend with Tjan gradually increasing from c. −13 °C to 
c. −10 °C, compared to present-day values of c. −14 °C. Tjul depression during the early MIS 5e 
Tunturi event (c. 126–127 kyr BP ago) is estimated at c. 3-2 °C and less than 1 °C during the 
late MIS 5e Värriö event (c. 120 kyr BP ago). Cooling during the Värriö event might have been 
mostly in winter. Sudden drops in lake levels, and probably relatively dry climatic conditions, 
further characterize both the Tunturi and Värriö millennial-scale climate perturbations. The Tunturi 
cooling is matched by a major decline in sea-surface temperatures accompanied by reducing North 
Atlantic Deepwater formation recorded in high-resolution marine data from the northwest Atlantic 
Ocean. The mixed boreal forest that developed at Sokli early in MIS 5e was abruptly replaced 
by open birch forest with an unstable soil cover during the Tunturi event. Tjul slightly increases 
after the Värriö event, to values close to those attained before the climate perturbation, before 
dropping to c. 12 °C during the final birch forest phase of the MIS 5e warm stage. 

•	 An exceptionally rich climate indicator species assemblage shows that Tjul exceeded the present-
day values at Sokli by at least several degrees during the pine-dominated boreal forest phase in 
MIS 5c. The combined aquatic/wetland plant assemblage that includes Callitriche compressus, 
Ranunculus sceleratus, Rhynchospora alba, Alnus glutinosa, Elatine triandra, Glyceria fluitans, 
Typha latifolia, Crassula aquatic and Bidens tripartita indicates Tjul at least at c. 16 °C. Tjul during 
the following mixed boreal forest phase with spruce was at least c. 15 °C. Similarly, min. Tjul at 
c. 15 °C is inferred for the pine-dominated boreal forest phase in MIS 5a and the mid-Holocene. 
In order words, many plant species that currently have a much more southerly distribution grew 
in the Sokli region during the warm stages MIS 5c and 5a. The prevalence of warm interglacial 
conditions during all three warm stages of MIS 5 (5e, 5c, 5a) as reconstructed at Sokli agrees 
with data for large parts of mainland Europe.
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•	 Climate in the present-day areas with steppe-tundra vegetation is strongly continental with large 
differences between summer and winter temperatures, low precipitation values and occurrence 
of deep continuous permafrost. A continental climate regime with (short) warm summers at Sokli 
during MIS 5d, warm enough for the presence of tree taxa, is supported by the aquatic proxies that 
suggest Tjul in the order of c. 11–13 °C (chironomids) and at least c. 14–16 °C (climate indicator 
plant species).

•	 Comparisons between the Holocene vegetation/climate records from Loitsana Lake at Sokli and 
Kuutsjärvi in the nearby crystalline mountains of the Värriö Tunturit (Salonen et al. 2024) show 
no apparent influence of the carbonatite bedrock at Sokli on the vegetation and pollen- and plant 
species-based climate reconstructions.

•	 The results obtained at Sokli have resulted in an environmental and climate record that significantly 
revises earlier concepts of glaciation, vegetation and climate in Fennoscandia over the last 130 kyr. 
Previous environmental/climate reconstructions for the late Quaternary in Fennsocandia were 
mostly based on the long-distance correlation of highly fragmented and often poorly dated litho- 
and bio(pollen)-stratigraphic data, and comparison with the global ice volume record inferred 
from the marine oxygen-isotope stratigraphy. According to these early reconstructions, Sokli was 
mostly glaciated for nearly 100 kyr, from the start of MIS 5d to the start of the Holocene. MIS 5c 
and possibly MIS 5a are the only periods considered, within this time interval (Last Glacial), with 
ice-free conditions and arctic tundra vegetation.
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