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ABSTRACT

A series of abrupt climate events linked to circum-North Atlantic meltwater forcing have been recognised in
Holocene paleoclimate data. To address the paucity of proxy records able to characterise robustly the regional
impacts of these events, we retrieved a sub-centennial resolution, well-dated core sequence from Lake Kuutsjérvi,
northeast Finland. By analysing a range of paleo-environmental proxies (pollen, plant sedimentary ancient DNA,
plant macrofossils, conifer stomata, and non-pollen palynomorphs), and supported with proxy-based paleo-
temperature and moisture reconstructions, we unravel a well-defined sequence of vegetation and climate dy-
namics over the early-to-middle Holocene. The birch-dominated pioneer vegetation stage was intersected by two
transient tree-cover decrease events at 10.4 and 10.1 thousand years ago (ka), likely representing a two-pronged
signal of the 10.3 ka climate event. Our data also show a clear signal of the 8.2 ka climate event, previously not
well recorded in the European Arctic, with a collapse of the pine-birch forest and replacement by juniper
developing in tight synchrony with Greenland isotopic proxies over 8.4-8.0 ka. Supported by climate modelling,
severe winter cooling rather than summer might have been driving vegetation disruptions in the early Holocene.
The Kuutsjarvi data indicate an early arrival of Norway spruce (Picea abies) by 9.2 ka (pollen, DNA, and stoma
finds), as well as the first evidence for Holocene presence of larch (Larix) in Finland, with pollen finds dating to
9.6-5.9 ka.

1. Introduction

range of environmental impacts, including cooling and drying in
Europe, Greenland and eastern North America (Alley and Agﬁstsdéttir,

Widespread proxy data indicate repeated abrupt, sub-millennial
disruptions in Northern Hemisphere climate in the early part of the
current interglacial (12-8 ka), commonly linked to climatic and oceanic
impacts of freshwater routing and outburst floods related to the residual
ice sheets in North America and Europe (Bond et al., 1997; Clark et al.,
2001). In continents surrounding the North Atlantic, the best-
documented Holocene centennial event is the 8.2k event, named after
its estimated age at 8.2 ka. The 8.2k event has been associated with a
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2005). However, indications of North Atlantic freshwater forcing and
widespread cooling have also been documented at 9.3 ka and 10.3 ka as
well as during the Preboreal Oscillation (11.4 ka) of the first centuries of
the Holocene (Bjorck et al., 1997; Bjorck et al., 2001; Bond et al., 1997;
Clark et al., 2001; Rasmussen et al., 2007). In Europe, early-Holocene
abrupt cooling events have also been associated with minima in
archaeological datings, suggesting a possible influence on ancient
human populations as well (Herrle et al., 2018; Tallavaara et al., 2014).
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However, the precise climate signals of these abrupt events remain
poorly resolved, including the amplitude and seasonality of associated
temperature and moisture changes, as well as spatial expression and
possible inter-regional correlations. This is due to the paucity of high-
resolution proxy datasets, as well as seasonal biases in the available
proxies (Kaufman et al., 2020a; Salonen et al., 2012; Salonen et al.,
2019; Sundqvist et al., 2010), hampering a consistent hemispheric
detection and characterization of the events. Due to their linkage to
North Atlantic freshwater forcing, there is a growing interest to leverage
the late-Quaternary abrupt events and explore the climatic impact of
possible future disturbance in ocean circulation due to glacier melt
(Alley and Agﬁstsd(')ttir, 2005; Schenk and Wohlfarth, 2019), under-
lining the need for an expansive network of high-resolution, multiproxy
datasets describing the variation of seasonal temperature and precipi-
tation during past abrupt events.

In this study, we describe the high-resolution and robustly-dated
sediment core from lake Kuutsjarvi, NE Finland (Fig. 1), recording a
series of abrupt early-Holocene vegetation shifts and sub-millennial
climate events in the European Arctic. The Kuutsjarvi sequence has
been analysed for a range of fossil proxies including pollen data with
sub-centennial (~ 50 year) resolution through the early and middle
Holocene, complemented by records of plant macrofossils, conifer sto-
mata, and non-pollen palynomorphs (NPPs). In addition to the classical
fossil proxies, we present a high-resolution record of sedimentary
ancient DNA (sedaDNA) which has in recent studies proven a powerful
complement to fossil proxies in unravelling past biotic and abiotic
changes (Bjune et al., 2022; Brown et al., 2022; Garcés-Pastor et al.,
2022). To quantify past climatic conditions, we prepare a high-
resolution reconstruction of Holocene climate using an ensemble of
pollen-July temperature (Tjy) calibration models (Salonen et al., 2018;
Salonen et al., 2019), supported by vegetation community level esti-
mates of climatic requirements (Ellenberg indicator values; Tyler et al.,
2021) calculated from both pollen and sedaDNA samples. Finally, we
incorporate high-resolution climate simulations for the early Holocene
to evaluate hypotheses about potentially limiting climate parameters
that may explain ecological responses to abrupt events revealed by the
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2. Methods
2.1. Site and coring

Lake Kuutsjarvi (67°44'49"N 29°36'36"E, 341 m a.s.L) is located in
the Varrio Strict Nature Reserve in NE Finland (Fig. 1A), adjacent to the
Varri6 Research Station of the University of Helsinki. The lake (Fig. 1B)
is situated in a sheltered position at the head of a canyon, cut by Fen-
noscandian Ice Sheet meltwaters into the northern slope of the first
mountain (Ykkonen) in the Varriotunturit chain of low mountains.
Kuutsjarvi measures approximately 135 m in length, 75 m in width, and
0.65 ha in surface area, and has a very small catchment of <2 km?. The
lake bathymetry (Fig. 1C) was mapped with sonar (Humminbird 797c2i)
from 361 locations using a boat. Water depth (ca. 8 m) and sediment
thickness (ca. 6 m) are greatest in the western portion of the lake near its
apex, and it is here that the sediment coring boreholes were located.
Presently, the lake is fed by a small rivulet (inlet) in the NW. The water
depth at the outlet in the NE is ca. 1 m, but significantly more during
spring melt and probably less in the summer. The lake is ice-covered
from October to late May or early June. The south-facing steep slope
along the lake is dry and dominated by pine (Pinus sylvestris). The north-
facing steep slope, and the flat bottom of the canyon at the lake outlet,
are dominated by spruce (Picea abies). Abundant Salix, Equisetum and
Chamaepericlymenun suecicum further characterise the latter swamp
forest. The lake shore is dominated by Salix spp., Carex, Comarum pal-
ustre and Sphagnum fringed by alternating narrow belts of Carex and
Equisetum. The lake inlet is surrounded by a mixed forest with tall forbs
(Filipendula ulmaria, Chamaenerion angustifolium), ferns (Phegopteris
connectilis, Gymnocarpum dryopteris) and patches of wetland dominated
by Comarum palustre. Furthermore, dwarf shrubs (Vaccinium vitis-idaea,
V. myrtillus, V. uligonosum, Empetrum nigrum, Rhododendron tomento-
sum) are common throughout the catchment.

Kuutsjarvi was cored in April 2016 (Fig. 1C) using a heavy PP-piston
corer (Putkinen and Saarelainen, 1998) with a diameter of 6 cm. Two

Fig. 1. (A) Location of Kuutsjarvi in Finland (star) and supporting data sites in Greenland (squares); (B) Aerial view westward over of Kuutsjarvi in summer; (C) Sonar
bathymetry of Kuutsjarvi with the coring site indicated; (D) Coring at Kuutsjarvi in April 2016.
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parallel sequences (KJ1 and KJ2, at ca. 1 m distance from each other),
were obtained in overlapping 2-m long core sections and with a total
sediment core length of ca. 5.9 m. The KJ1 sequence was used for
radiocarbon dating and most proxy analyses described in this paper
(pollen, plant macrofossils, loss on ignition; see below) while the sub-
samples for sedaDNA analysis were taken from KJ2. Some of the
sedaDNA results from Kuutsjarvi have been published before in Rijal
et al. (2021), while this paper adds both additional sedaDNA samples
and a revised chronology based on additional radiocarbon dates
compared to Rijal et al. (2021).

2.2. Dating and chronology

A chronology for Lake Kuutsjarvi was created from 23 radiocarbon
samples, of which 19 have been published earlier (Rijal et al., 2021) and
four supplementary dates were added here from 39, 59, 63, 73 cm depth
(Table S1). Age-depth modelling was done with the Bayesian algorithm
Bacon (Blaauw and Christen, 2011), using the reacon library (Blaauw
etal., 2022) for R (R Core Team, 2022), with the default segment length
of 5 cm, accumulation shape of 3, and the default accumulation rate of
20.

In addition to the 540 cm thick gyttja spanned by the age-depth
model, our proxy data include pollen and plant macrofossil samples
from an underlying, ca. 50 cm thick organic-bearing minerogenic layer
that is interpreted to represent a brief time interval. This minerogenic
bottom layer was deposited in a series of overflow events when melt-
water from the Fennoscandian Ice Sheet overtopped a nearby col. in the
Varrio mountain ridge, <0.5 km west from Kuutsjarvi lake (Bogren,
2019). According to the deglaciation chronology of NE Finland
(Johansson, 1995; Johansson, 2007), the deglaciation of the area be-
tween Kuutsjérvi in the east and the Nuortti canyon some 15 km to the
west lasted less than ~100 years. Bogren (2019) estimates that the ice
was in position to produce the overflow events into the Kuutsjarvi basin
for approximately 10 years, and hence the minerogenic deposits at the
base of the Kuutsjarvi sequence are estimated to represent at most ~10
years of sedimentation.

2.3. Pollen analysis

Pollen samples were prepared from 1 em® subsamples, using HCI,
KOH, sieving (212 pm mesh), acetolysis, and bromoform heavy-liquid
treatments, and mounted in glycerol. A total of 167 pollen samples
were counted, mostly at 2 or 4 cm intervals, with a mean of 517 (min =
339, max = 784) terrestrial pollen and spore grains counted from each
sample. The pollen sampling resolution is sub-centennial across the
early- and middle-Holocene with a mean age gap of 47.1 years between
samples (min = 17 years, max = 80 years) through the 10.6-4.0 ka in-
terval. Due to the shift to a slower sedimentation, between 4 and 0 ka the
mean age gap increases to 159.7 years (min = 66 years, max = 332
years). The pollen counts were increased above 700 in the late-Holocene
sections with the largest age gaps, as the larger counts result in smaller
random variations in the pollen percentage values (Maher, 1972),
providing an alternative strategy to stabilise the pollen-based climate
reconstruction when increasing the temporal resolution is not possible.
Conifer stomata, charcoal (with a minimum size cutoff of a small pollen
grain, ~20 pm), Lycopodium marker grains (Stockmarr, 1971), and non-
pollen palynomorphs were also counted from the pollen slides. Pollen
and spores were identified according to Moore et al. (1991) and Reille
(1992) and stomata according to Sweeney (2004).

2.4. Plant macrofossil analysis

Plant macrofossil samples were prepared at 1-5 cm intervals from
subsamples of mainly ca. 5 cm®. The subsamples were sieved using a
100-pm mesh and the residue was examined under a stereomicroscope
and high-magnification light microscopes. No chemical treatment was
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necessary. All remains were counted and identified to the lowest
possible taxonomic level, mainly based on Mauquoy and van Geel
(2013) and Birks (2013).

2.5. Sedimentary ancient DNA (sedaDNA) analyses

Sedimentary ancient DNA data were generated from subsamples
taken from core KJ2, as previously described in Rijal et al. (2021). We
supplemented an existing dataset, derived from 45 subsamples from
Rijal et al. (2021) and Alsos et al. (2022), with 15 new subsamples for a
total of 60 sedaDNA samples from Kuutsjarvi. One sedaDNA sample
(EG21_TS540) was excluded, as it fell outside of the age-depth model,
and so a total of 59 samples were used for the final analyses. We also
generated data from nine new controls to give 17 controls in total, and
re-extracted two samples from around the 8.2 ka event (EG21_L362a and
EG21_1378a) (Supplementary Data). For the newly generated data, we
extracted, amplified, and sequenced sedaDNA using the same plant
metabarcoding approach as in Rijal et al. (2021), but with refined
taxonomic assignments using the PhyloNorway reference database,
following Alsos et al. (2022). All new raw sequencing data have been
deposited in the European Nucleotide Archive (project PRIJEB39329),
with the primer tag-to-sample lookup file provided in the Supplemen-
tary Data. For the previously published sedaDNA subsamples, ages had
been derived from an earlier age-depth model that was inferred by
correlating the KJ1 and KJ2 sediment cores, as radiocarbon dates were
derived from KJ1 and the sedaDNA samples were taken from KJ2. Here,
we revised all sedaDNA sample ages based on an updated correlation
between the KJ1 and KJ2 cores and the updated age-depth model which
is presented and used for all proxies in this study. Using these revised
ages, the mean sampling resolution for our sedaDNA samples was 180
years (sd = £ 173 years, min = 5 years, max = 1004 years). Only three
late-Holocene samples were separated by a > 500-year gap. The early-,
middle-, and late-Holocene samples had mean age gaps of 177 (+ 104),
125 (+ 58), and 306 (& 313) years respectively. The 13 negative con-
trols used to monitor for contamination in the ancient DNA lab con-
tained sporadic detections of Alnus incana, Picea abies, Rhodobryum
roseum, each occurring in only 1/104 of the total polymerase chain re-
action (PCR) repeats, and Angelica archangelica, which occurred in 2/
104 PCR repeats (Supplementary Data).

2.6. Data analyses of proxy records

A constrained cluster analysis with Bray-Curtis distance was per-
formed using the incremental sum of squares (CONISS) (Grimm, 1987)
approach, applied separately on terrestrial plant data based on sedaDNA
PCR repeats and on pollen, to define compositional change boundaries.
Pollen counts and PCR repeats were converted proportions prior to
cluster analysis. Broken stick models were used to select a statistically
significant number of vegetation clusters.

To estimate taxonomic richness in each proxy record, we used the
total number of taxa detected in each sample as a measure of richness for
sedaDNA and plant macrofossils, while rarefied pollen richness (Birks
and Line, 1992) was used for pollen calculated based on the sample
pollen sum. Temporal trends in richness were visualised using general-
ised additive models (GAM) following Rijal et al. (2021).

Rates of change through the pollen sequence were estimated with
detrended correspondence analysis (DCA) performed on the terrestrial
pollen data (implemented using the vecan library for R; Oksanen, 2022).
The rates of change were calculated as Euclidean distances of DCA the
sample values (using the first two DCA components) between adjacent
pollen samples, divided by the sample age gaps (Correa-Metrio et al.,
2014).

2.7. Paleoclimate reconstructions

A pollen-based paleoclimate reconstruction was prepared using an
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ensemble of six pollen-Tjy calibration models. This ensemble has earlier
been employed with the last interglacial (LIG) sequence from nearby
Sokli and is discussed in detail in Salonen et al. (2018); further discus-
sion on the calibration data and validation of calibration models is also
found in Salonen et al. (2019). The calibration models used include three
classical, unimodal transfer functions, the weighted averaging (WA;
Birks et al., 1990), weighted averaging-partial least squares (WA-PLS;
ter Braak and Juggins, 1993), and maximum likelihood regression
curves (MLRG; Birks et al., 1990). Also used were the modern analogue
technique (MAT; Overpeck et al., 1985) as well as two machine-learning
methods based on ensemble models of regression trees, the random
forest (RF; Breiman, 2001) and the boosted regression tree (BRT; De’ath,
2007). The reconstruction errors of the models, estimated as the root-
mean-square error of prediction in ten-fold cross-validations, range
from 1.12 to 2.05 °C (Salonen et al., 2018). The calibration models were
prepared in R using the libraries cam (Ridgeway, 2020), RANDOMFOREST
(Liaw and Wiener, 2002), and riosa (Juggins, 2020). The reconstructions
are synthesised as a median of the Tjy curves produced by the six
models, as well as a LOWESS smoother (span 0.05, one robustifying
iteration) fitted to the median. A 95% error band was produced by
calculating the median curve 1000 times from bootstrap samples of all
six reconstructions and extracting the 2.5th and 97.5th percentiles.

2.8. Reconstruction of plant ecological indicator values

To aid in the assessment of the possible climatic factors that may
have caused the variations in our proxy data, we complemented our
pollen-based Tjy reconstruction with reconstruction of selected ecolog-
ical indicator values of plants, including the so-called Ellenberg values
for moisture requirement and temperature optimum (Tyler et al., 2021),
from our pollen and sedaDNA data. With pollen, we first calculated a
moisture requirement value for each tree and shrub pollen type, as the
mean moisture requirement value of all species included in that pollen
type (Tyler et al., 2021). A Holocene moisture requirement curve was
then prepared by calculating for each fossil sample the mean of the
pollen type-specific indicator values, weighted by pollen abundance. For
each sedaDNA sample, we calculated the proportion of PCR repeats, a
conservative quantitative proxy for plant abundance, of each indicator
value category for both temperature optimum and moisture require-
ment, following the methodology of Alsos et al. (2022) and using the
same Tyler et al. (2021) indicator value data as above. Temperature
optimum was expressed on an 18-category scale ranging from 1 (sub-
tropical) to 18 (high arctic-alpine) with the current data representing
categories 5-16. Moisture requirement ranges from 1 (very dry) to 12
(deep permanent water), but we only included plants from the terrestrial
range (2-9; no taxa with the value 1 were recorded) for the plots
tracking the moisture variation through time.

2.9. Analysis of plant climatic tolerances

To constrain the possible winter temperature regime in the early
Holocene, we estimated the cold tolerance of mountain birch (Betula
pubescens subsp. tortuosa). Utilizing the predominant Eurasian distribu-
tion data of Betula pubescens (observations for Betula pubescens subsp.
tortuosa are geographically limited to Fennoscandia), as sourced from
GBIF (Global Biodiversity Information Facility) and complemented by
CHELSA (Climatologies at High resolution for the Earth’s Land Surface
Areas) climate data spanning the period 1981-2010, a temperature limit
of the species can be estimated: the contemporary average temperature
during the coldest month within the species’ coldest distributed sites
situated in the northern expanse of Siberia was determined to be
—35.9 °C. The corresponding value based on the observation of Betula
pubescens subsp. tortuosa was only —13.9 °C, which is possibly an overly
conservative estimate. We assume that the majority of the GBIF obser-
vations at the coldest sites with Betula pubescens actually represent Betula
pubescens subsp. tortuosa. The species’ tolerance with regard to

Global and Planetary Change 237 (2024) 104462

minimum temperature was determined based on the coldest observed
range of the species using January mean temperature data.

2.10. Paleoclimate model simulations

To put paleoclimate reconstructions and paleo-environmental
changes in the early Holocene into a broad-scale physical-dynamical
context, the results are compared to simulated changes in January and
July temperature relative to the pre-industrial (1850 CE) average. High-
resolution (0.9° x 1.25°) global climate simulations were performed as
snapshot simulations of climate states for 11 and 9 ka with the Com-
munity Earth System Model (CESM1.0.5) using the same model setup as
for an earlier set of simulations for the deglaciation (Kuang et al., 2021;
Schenk et al., 2018). Horizontal boundary conditions for sea-surface
temperatures (SST) and sea-ice (ice fraction) were prescribed in our
simulation with a climatology based on the monthly means over +50
years centred around 11 and 9 ka derived from a previous fully-coupled
transient atmosphere-ocean simulation conducted for the last 22 ka
years at a coarser model resolution (He et al., 2013; Liu et al., 2009). The
paleo-topography was adjusted to past sea-level lowstands and conti-
nental ice sheets are included in CESM1 together with setting orbital
forcing parameters to 11 and 9 ka as well as prescribing greenhouse gas
concentrations as 50 year averages around 11 and 9 ka, respectively.
In addition to surface temperature anomalies, mean near-surface wind
patterns from the lowest model level (sigma 992 hPa) for past climate
states are shown highlighting the dominating wind pattern across
northern Europe.

3. Results
3.1. Chronology

The chronology of Kuutsjérvi is based on 23 radiocarbon dates pre-
pared from macrofossil fragments of terrestrial plants (Table S1). The
fitted age-depth model (Fig. 2) spans the 540 cm thick gyttja deposit,
indicating a bottom age for continuous biogenic sedimentation at ~10.6
ka. A stable sedimentation rate and a relatively tight error band (mean
95% range = 308 years) is indicated from the bottom to approximately
3.8 ka, followed by a shift to a considerably slower sedimentation and
larger modelled age errors from 3.8 ka to core top (mean 95% range =
455 years).
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Fig. 2. Kuutsjarvi age-depth model, including the median age estimate (red
dashed line) and the 95% error margins (grey dashed lines). The calibrated age
distributions of the underlying radiocarbon dates (N = 23) are indicated in blue.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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3.2. Taxonomic richness detected

For sedaDNA, a total of 12,095,031 raw reads were obtained for 62
samples (including two extraction duplicates), of which we retained
5,821,240 reads after quality filtering. The sedaDNA dataset recorded
156 plant taxa of which 49% and 23% were identified to the species and
genus levels, respectively.

For pollen, 63 taxa were identified in 167 samples of which 33% and
and 41% were identified to the species and genus level, respectively.
Over a half of the species-level identifications for pollen (11 out of 21)
were achieved implicitly, i.e., as identifications of a genus with only one
species occurring in Fennoscandia. Six taxa are assumed to be of
extrazonal origin, consisting of small amounts of thermophile tree
pollen.

An increase in taxonomic richness is seen throughout the Holocene
for both pollen and sedaDNA, but this increase is much steeper in
sedaDNA than pollen, with sedaDNA richness expanding from fewer than
10 taxa per sample to >60, whereas pollen richness increases from 19 to
on average 24 taxa per sample (Fig. 3). The proportion of different
growth forms remains rather stable through the period in the pollen
data, which are dominated by trees and shrubs followed by vascular
cryptogams and graminoids. In the sedaDNA record, trees and shrubs are
co-dominant with forbs, with lower abundance of vascular cryptogams,
dwarf shrubs, aquatics and bryophytes (Fig. 4). There is also a clear shift
in growth form over time, with especially dwarf shrubs and aquatics
increasing from about 9.2 ka. We note that graminoids are poorly rep-
resented in the sedaDNA record before 9.2 ka, whereas their proportion
in pollen is quite stable throughout the period.

For plant macrofossils, the taxonomic diversity was overall lower,
however varying greatly through the sequence. The uppermost 80% of
the sequence yielded an overall low density of finds, and, particularly in
the gyttja below 450 cm sediment depth (age > ~9.1 ka), only few and
largely broken macrofossils were found. However, in the lowermost
minerogenic sediment underlying the gyttja, the macrofossil record is
considerably richer. In total, 34 taxa were detected in 56 macrofossil
samples of which 15 (44%) and 13 (38%) were identified to species and
genus level, respectively.

3.3. Vegetation changes

The CONISS analyses show that major changes in composition are
detected at about the same time in sedaDNA and pollen, at 9.3-9.2,
7.4-7.35 and 6.2-6.0 ka, whereas the most recent change is earlier in
sedaDNA (4.4 ka) than pollen (3.2 ka) (Figs. S1-S2). Here, we adopt a
zonation using the the three oldest splits indicated by both sedaDNA and

Global and Planetary Change 237 (2024) 104462

-
o

o
©

Proportion of PCR repeats }>»

Pollen proportion

10 8 6 4 2 0
ka

Aquatics

Bryophytes

Dwarf shrubs

Forbs

Graminoids

Trees & shrubs
Vascular cryptogams

Fig. 4. Proportion of sedaDNA PCR repeats and pollen for different plant
growth forms in the Kuutsjarvi sequence. Biostratigraphic zones identified
based on pollen and/or sedaDNA based CONISS zonations are indicated with
Roman numerals.

pollen (9.3, 7.3, and 6.2 ka), while for the last split we favour the earlier
timing indicated by sedaDNA (4.4 ka), due to the higher taxon diversity
of sedaDNA compared to pollen (Fig. 3). This results in five biostrati-
graphic zones (designated I to V).
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Fig. 3. Total and terrestrial richness of taxa detected in (A) sedaDNA and (B) pollen in the Kuutsjarvi sequence. Note the difference in y-axis scales.
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3.3.1. Zone I: 10.6-9.3 ka (samples: 6 sedaDNA, 23 pollen, 20
macrofossil)

All three proxies show that trees are already present in the earliest
samples (Fig. 5A). During the first millennium, the Kuutsjarvi pollen
sequence is dominated by Betula pubescens/pendula (Fig. 3). The sub-
arctic birch forest, presumably composed of mountain birch
(B. pubescens subsp. tortuosa), already established itself at the site in the
ice-marginal environment, with tree-type birch pollen reaching 70% and
seeds present in the basal minerogenic sediment. The macrofossil record
from the gyttja deposit is relatively scarce, and limited Betula sedaDNA
was extracted from the lower part of Zone I (Fig. 3). However, abundant
tree-type Betula seeds are encountered in Loitsana lake, located some 10
km west of Kuutsjarvi, throughout the early-Holocene birch forest stage
(Shala et al., 2014).

In contrast to the scarce macrofossil record from the Kuutsjarvi
gyttja, a rich macrofossil plant assemblage has been retrieved from the
basal glacio-fluvial sediment (Fig. 5 and Fig. S6). In addition to tree
birch, it records the presence of various shrubs (e.g. B. nana, Empetrum
nigrum, Vaccinium vitis-idaea, Calluna vulgaris), a rich herb flora
including the arctic-alpine species Dryas octopetala and Saxifraga cf.
cernua, bryophytes (e.g., Polytrichum jensenii, P. strictum) and ferns (fern
sporangia present).

Scattered occurrences of Pinus and Populus are found in both DNA
and pollen. A low percentage of Ericaceae pollen is found along with
scattered occurrences of Vaccinium uliginosum and V. vitis-idaea
sedaDNA. A rich cryptogram record and only scattered aquatics are
found in both DNA and pollen (Fig. 4). Similarly, based on DNA, Urtica
dioica was among the first arrivals.

Within the Betula stage, two pollen turnover spikes consisting of
strong tree pollen minima are recorded at 10.4 and 10.1 ka (Fig. 5A).
These tree-cover decrease events are composed of 65% and 50% re-
ductions, respectively, in tree-type Betula pollen, with corresponding
pollen maxima in dwarf birch (B. nana) (Fig. 5A) and willow (Salix)
(Fig. 5B) shrubs and total herbs (Fig. 5A), and also align with maxima of
the coprophilous fungal spore sum (including the Cercophora, Podospora,
and Sporormiella types; van Geel, 2001) and charcoal (Fig. 5B). Similar
changes are not observed in the sedaDNA record, where the closest
sampling dates are 10.1 and 10.3 ka.

Over 9.4-9.3 ka birch pollen is sharply replaced by pine pollen
(Pinus) as the dominant tree. At the same time, Pinus stomata become
nearly continuously recorded, macrofossils (e.g. needles) are found, and
Pinus becomes consistently detected in sedaDNA, indicating the estab-
lishment of pine forest.

3.3.2. Zone II: 9.2-7.4 ka (samples: 16 sedaDNA, 47 pollen, 10
macrofossil)

Zone II shows sporadic occurrences of larch (Larix) pollen grains
(Fig. 6A-E), with the earliest find recorded at 9.6 ka. Meanwhile, a
transient early-Holocene occurrence of Picea is indicated by pollen as
well as sedaDNA (Fig. 5A), and with a Picea stoma indicating the
deposition of a needle in the sediment and thus local presence. The
stoma find (Fig. 6F), dating to 8.9-8.7 ka, is robustly identifiable as Picea
(and not Pinus) based on the stoma width to stem width ratio of >7 and
thin medial lamellae borders (Sweeney, 2004).

A sudden tree pollen minimum, driven by a strong Juniperus pollen
peak and also associated with a peak in J. communis sedaDNA, occurs at
8.4-8.0 ka, which aligns well with the 8.2k cooling event (Alley and
Agtistsdéttir, 2005; Alley et al., 1997). The abrupt decline of Juniperus
and rise of the tree curve at the end of the event at 8.0 ka marks the
fastest pollen turnover of the Holocene at Kuutsjérvi. The sedaDNA peak
of Juniperus at 8.1 ka was replicated using two DNA extractions,
resulting in 5/8 and 6/8 PCR repeats detecting Juniperus, but was un-
detected in adjacent samples at 8.4 and 7.9 ka.

The number of taxa detected in sedaDNA almost doubles in Zone II
(Fig. 3), with numerous graminoids, forbs, aquatics, and cryptograms
arriving (Figs. 4 and 5B). Many detected taxa benefit from nutrient/

Global and Planetary Change 237 (2024) 104462

nitrogen-rich conditions, such as Urtica dioica and Chamaenerion angus-
tifolium, the latter effectively acting as a pioneering taxon occupying
new terrain.

3.3.3. Zone III: 7.3-6.1 ka (samples: 12 sedaDNA, 32 pollen, 9
macrofossil)

Following the 8.2 ka event, total tree pollen starts a gradual rise
lasting until ca. 7.3 ka, reaching Holocene maximum levels of 90-95%
which last until 4 ka. Thermophile tree pollen (Ulmus, Corylus, Quercus,
Fraxinus, Tilia, and Carpinus, in decreasing order by total pollen count),
judged to be entirely long-distance transported, reaches its maximum at
~0.7% through Zones III and IV (Fig. 5A). Both sedaDNA and pollen
show a decrease in Salix for this period (Fig. 5B), whereas the tree taxa
remain at similar levels as in the previous period. Vaccinium myrtillus
appears and contributes to the overall increase in dwarf-shrub abun-
dance in sedaDNA (Fig. 4) while only a minor increase is seen in Eri-
caceae pollen. We note a sharp disappearance of Sparganium in pollen
while it still persists in sedaDNA.

3.3.4. Zone IV: 6.0-4.4 ka (samples: 12 sedaDNA, 35 pollen, 6
macrofossil)

There is a rise in pollen turnover at 6 ka, associated with a sharp
increase in Alnus pollen from 6.0 ka, when it also appears in all PCR
repeats in almost every sample, suggesting that it is common in the
catchment from this time. This major vegetation transition is immedi-
ately followed by the last find of Larix pollen at 5.9 ka. Diplazium sibir-
icum disappears from the sedaDNA record, whereas several new forbs
appear (Fig. 4) including Actaea spicata (Fig. 5B) and multiple species of
Ranunculus (Fig. S4).

3.3.5. Zone V: 4.3—present (samples: 15 sedaDNA, 30 pollen, 11
macrofossil)

In pollen, the total tree and Alnus curves fall, whereas Picea rises
(Fig. 5A). There is an increase in Juniperus communis sedaDNA and
Juniperus pollen, as well as an overall increase in shrub and herb pollen.
The sedaDNA data show an increase in shrub taxa including Empetrum
nigrum, Arctostaphylos uva-ursi, and Pyrola, as well as the Linnaea borealis
sub-shrub. Many new taxa of bryophytes appear (Fig. 4) while large
ferns either decrease (Mattheucia) or disappear (Athyrium distentifolium)
(Fig. 5B). Forbs occur at high abundance in sedaDNA whereas ferns
reach their lowest abundance (Fig. 4). Overall, this suggests a shift from
tall-forb forest to dwarf-shrub forest. From 3 ka onward, Myriophyllum
appears in both pollen and sedaDNA whereas Hippuris becomes rare in
sedaDNA (Fig. 5B), suggesting some changes in aquatic conditions.

3.4. Climate reconstructions

The pollen-based Tjy reconstruction from Kuutsjarvi is shown in
Fig. 7B. The last interglacial (LIG) reconstruction from the Sokli site
(discussed in detail in Salonen et al. (2018)), located ca. 15 km to the
northwest and using the same reconstruction method, is shown for
comparison in Fig. 7A.

The early part of the Holocene reconstruction (10.6-9.3 ka) is
characterised by a large spread of the calibration model ensemble,
ranging from ca. 2 °C below present day values to 0-1 °C above present.
These fossil samples also show the largest compositional distances (grey
silhouette curves in Fig. 7) between the fossil samples and the modern
calibration samples, indicating that poor modern analogues are found
for the fossil samples of Zone I, which is rich in tree-type Betula (Fig. 5A).
Starting from 9.3 ka, and the onset of the Pinus-dominated zone, the
reconstruction ensemble converges to indicate Tjy of ca. 0-1 °C above
present. This warm period is interrupted by a strong cooling event
spanning seven pollen samples over 8.4-8.0 ka, with the ensemble
median showing a gradual Tjy fall of ca. 2 °C culminating at 8.1 ka and
followed by a more rapid recovery over ca. 100 years. The 8.4-8.0 ka
event is followed by a steady rise of temperature, culminating in a



J.S. Salonen et al. Global and Planetary Change 237 (2024) 104462

7
on,,
/7/17
%
€

)

<)
0‘9’79'00//
Dy Se

§
~ ool
N L
b
’ + ‘ \
» )
o ! 3 ||
o ¥ e
© 3 b
- E4 ' |} ’
© = _—
-
o %_ t L FE ot If
" 3 : b .
— N =
2 A - == 4
% g £ { - 4 Il [8.2k
L + b . 4
P L —
* P
3o ; ) : g
J - r K
<10al h ¥ £ *
25 5010 '8 40 80 40 808 5 208 5 18 208 13 4083 20
Gyt - .
yellowish brown == finely laminated ’ Pollen } DNA + Macrofossils == Stoma
o brown [ coarsely laminated
minerogenic greyish brown [~ yellow (algae)
sediment near continuously
B Salix Ericaceae P,ff;,eg

o
4
PR 3 b l
~ L
— 6 4
©
O 1 1
71 +
8- | 5 b L 7 8.2k
] ) ) ) o ’
of b b ’ 4 - SN s I b
Jr ¥
104 b . * - {101k
1 P = i
<10a} b | |+ ; +*] [# + |t C B
20 T2 T878"8"s 878 s 87878888 88 8 8 8 8787178787818 "60 45000

Fig. 5. Summary of the Kuutsjarvi multiproxy dataset. (A) Lithology and key terrestrial vegetation components summarised from pollen, sedaDNA, macrofossil and
stomatal data. (B) Data for selected plant indicator species, charcoal, and selected non-pollen palynomorphs (NPPs). For the full data, see Figs. S3-S6 and Sup-
plementary Data. Biostratigraphic zones identified based on pollen and/or sedaDNA based CONISS zonations are indicated with Roman numerals. The yellow band
marks the span of the proxy anomalies associated with the 8.2k climate event and cyan bands tree-cover decrease events occurring at 10.4 and 10.1 ka. Terrestrial
pollen, NPP’s, and charcoal are expressed as percentages vs. the terrestrial pollen sum, while for aquatic pollen the sum of terrestrial and aquatic pollen is used.
Stomata are shown as absolute counts while for plant macrofossils the plus signs indicate an unquantified presence of finds. The sedaDNA data are expressed as
number of occurrences in the eight PCR replicates. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 6. Micrographs of (A-E) Larix pollen grains dating to 7.3-8.7 ka and (F) a Picea stoma dating to 8.7-8.9 ka from the Kuutsjarvi sequence. Diagnostic mea-
surements for the Picea stoma are shown according to Sweeney (2004). Scale bars = 20 pm.
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Holocene Thermal Maximum (HTM) at ca. 6-4 ka. During the HTM,
reconstructed temperature remains around 2-2.5 °C above present,
reaching the same level as reconstructed during the warm stages of the
LIG (Fig. 7A). In the uppermost samples, the reconstruction converges
well with the observed modern temperature, suggesting absence of
persistent bias in the reconstruction.

For comparison with the pollen-based Tjy, Fig. 8A plots the

proportion of sedaDNA reads for plants in the temperature optima
classes of Tyler et al. (2021). Here, the main shift occurs over ca. 8-7 ka
with both temperate taxa and arctic-alpine taxa being common in the
early Holocene, while the past 7 ka are characterised by a more abun-
dant occurrence of taxa from the middle of the temperature optimum
scale.

Moisture requirement from sedaDNA (Fig. 8B) and pollen (Fig. 8C)
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Fig. 8. Pollen and sedaDNA-based plant reconstructions for ecological indicator
values, including the distribution of taxon-specific temperature optimum values
(A) and moisture requirement values (B) for the sedaDNA PCR repeats, and (C)
community-weighted moisture requirement of the vegetation around Kuutsjarvi
calculated from the pollen data. The timing of the 8.2k climate event is high-
lighted with a yellow band and other periods with vegetation or climatic dy-
namics discussed in the text with cyan bands. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

share the main feature of indicating moisture-demanding vegetation
during the temperature maximum (Fig. 7B), with higher weighted
average moisture requirement calculated from pollen and with taxa with
high moisture requirement (> 7) reaching peak values of 40% in the
proportion of sedaDNA repeats over 6-4 ka, followed by a trend towards
smaller moisture requirement during the past 4 ka. In addition, pollen
shows a sharp dry spike at 5.6 ka, likely driven by an anomalous peak
where Pinus pollen reaches a value of 87% (Fig. 5A), leading to a
community-level moisture requirement minimum due to the low mois-
ture requirement (4) of the sole Fennoscandian pine species Pinus syl-
vestris. Especially before 9 ka there is disagreement between the
moisture requirements suggested by pollen and sedaDNA, indicating
relatively wet vs. dry conditions, respectively. However, during the 8.2
ka cooling event, both pollen and sedaDNA show a sharp deviation to-
wards low moisture requirements.

3.5. Climate simulations

In the CESM1 simulations (Fig. 9) the very early Holocene at 11 ka is
still dominated by the presence of the retreating Fennoscandian Ice
Sheet, and approximates the situation at the time of the deglaciation of
Kuutsjarvi shortly afterwards. At around 11 ka, simulated July tem-
peratures in northeastern and southern Finland were still 3 to 5 °C colder
depending on the distance to the ice edge, with dominating westerly to
northerly winds from the ice sheet and the cold Nordic Seas (Fig. 9A).
These conditions rapidly improved with the ice retreat and continued
high orbital summer insolation. By 9 ka, simulated July temperatures in
south and central Finland started to exceed slightly pre-industrial (PI)
levels by <1 °C around 9 ka, with values close to PI levels around
Kuutsjarvi. In northern Finland, winds were now coming from the north
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counteracting the warming that was progressing in inland areas
(Fig. 9C). Winter temperatures at 11 ka were very severe with mean
January temperatures up to 40 °C colder than PI close to the ice sheet
with westerly winds coming off the ice sheet (Fig. 9B). At 9 ka, winters
were still ~30 °C colder in northern Finland with winds now coming
from the south (Fig. 9D).

4. Discussion

The Kuutsjarvi sequence provides an interesting high-resolution
proxy record of the early and mid Holocene, including the first Holo-
cene record of larch presence in northern Finland, as well as a distinctive
series of abrupt vegetation shifts with possible linkages to hemispheric
climate events. We discuss these findings in the following sections, with
main focus on early and mid Holocene compared to the late Holocene,
where the Kuutsjarvi proxy resolution is limited due to the conspicuous
shift to lower sedimentation rate at ~3.8 ka.

4.1. Holocene history of Larix and Picea

A noteworthy feature in the Kuutsjarvi fossil sequence are the Larix
pollen grains (Fig. 6A-E) occurring in several samples dating to 9.6-5.9
ka (Fig. 5A), suggesting that Siberian larch (Larix sibirica) has grown in
the area during the early Holocene. This is the first record demonstrating
the early-Holocene presence of this tree species in northern Finland.
Previously, it has been demonstrated that Siberian larch has occurred at
its current western range margin in NW Russia from the early Holocene,
with speculated presence also in southern Finland and Sweden (Kuos-
manen et al., 2014; Kuosmanen et al., 2016). The larch pollen grain is
heavy and known to have a limited dispersal distance (Burczyk et al.,
2019) and therefore even rare occurrences can be considered as an
indication of local presence (Jankovska et al., 2006). Even in situations
where larch is the dominant tree species present, Larix pollen values can
be as low as 0.5% (Kultti et al., 2003). Larix stomata are often found
together with Larix pollen and considered as firm evidence of the pres-
ence of the species (Ammann et al., 2014). However, as with plant
macrofossils in general, the occurrence of stomata is dependent on the
taphonomic (accumulation and preservation) and the depositional
environment (Leitner and Gajewski, 2004). Here, the lack of Larix
macrofossils and stomata is concordant with the general lack of any
macrofossils in the Kuutsjarvi record over the timeframe of the Larix
pollen finds (Fig. S5), and may not be a reliable indication of a low
population density of larch. More noteworthy is the lack of Larix
sedaDNA, given the demonstrated ability of sedaDNA to pick up Larix
even when the pollen grains are absent (Sjogren et al., 2017). Further-
more, conditions for DNA preservation cannot explain the lack of Larix
sedaDNA. Although DNA fragmentation can result in molecules
becoming too short for PCR metabarcoding, and therefore appearing to
not be preserved, the targeted Larix barcode of 46 base pairs (bp) is
either shorter than, or comparable to, barcodes for many of the other
tree taxa that are well-detected in the Kuutsjarvi record (e.g. Alnus, 61
bp; Betula, 61 bp; Salix, 56 bp; Pinus, 45 bp). This precludes DNA pres-
ervation being the cause of Larix absence in our sedaDNA dataset. Hence,
while even abundant presence of larch could not be ruled out based on
the pollen levels observed at Kuutsjarvi, the lack of sedaDNA suggests
larch was either relatively rare in the catchment or growing at some
distance from the lake.

The lack of previous evidence for larch in Holocene records from
Finland may be due to the notorious scarcity of Larix in pollen records.
Moreover, the identification of its relatively nondescript (apart from
large size) pollen grains (Fig. 6A-E) may have been omitted in earlier
studies by analysts unfamiliar with the type. The occurrence of larch in
the early Holocene in the Swedish Scandes was suggested by Kullman
(1998) and Oberg and Kullman (2011) and there are records of Siberian
larch growing in northern Finland during the Marine Isotope Stage 5e,
5c and 5a warm intervals (130-70 ka; e.g., Aalto et al., 1992; Forsstrom,
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of this article.)

1990; Helmens et al., 2012; Helmens et al., 2021; Salonen et al., 2018).
Furthermore, the fact that Siberian larch has been present at its western
margin in NW Russia from the early Holocene (e.g., Clarke et al., 2020;
Demidov and Lavrova, 2001; Filimonova, 2006; Kuosmanen et al., 2014;
Kuosmanen et al., 2016) makes it plausible the species would have
migrated further west in the suitable early-Holocene climate and open
habitats.

The early Holocene at Kuutsjarvi also shows the presence of Norway
spruce (Picea abies), indicated by pollen and stomata records and traces
of spruce sedaDNA (Fig. 5A). It could be argued that the Picea pollen has
been transported by wind, but the presence of a Picea stoma dated to
8.9-8.6 ka (Fig. 6F) provides clear evidence of the local presence of
spruce trees (Clayden et al., 1996). Also, the spruce sedaDNA is found in
three of five samples from 9.2 to 8.9 ka (Fig. 5A), which is higher than
what has been recorded as background contamination for this species,
based both on a previous study (1.99%, SD = 2.52, range 0-6.25 of 1360
the negative control PCR repeats of 170 negative control samples; Alsos
et al., 2020) and the negative controls used here (1/104 PCR repeats
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from 13 negative controls). The presence of spruce is concordant with
several studies suggesting that spruce was present in northern Finland
during the late-glacial to early Holocene (e.g., Aario, 1943; Kanerva,
1956; Vasari, 1962). Spruce has most probably been growing in small
populations as part of a mixed pine-birch forest. The disappearance of
spruce pollen coincides with the 8.2 ka cold event and the evidence of
increasing abundance of Siberian larch. It is plausible that drier and
cooler conditions indicated by the paleoclimate reconstruction may
have favoured Siberian larch as it endures more harsh winter conditions
as their dense and falling needles may protect them from winter desic-
cation and wind abrasion (Gower and Richards, 1990). The Kuutsjarvi
pollen record suggests that the larch population was most abundant at
8.7-7.3 ka, coinciding with a broad minimum in total tree pollen during
and around the 8.2 ka event. As larch trees benefit from open and light-
abundant growing conditions, this suggests an improved habitat for
larch as a mixed species in the light pine-birch dominated forest around
the lake. As the Holocene got warmer (Fig. 7B) and the forest cover
denser, the growing conditions for larch deteriorated and the larch may
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have been outcompeted by other species (Kharuk et al., 2007; Shuman
et al., 2011). The clear increase in Alnus (alder) pollen at 6 ka suggests
the development of a denser shrub layer, possibly increasing shading
and hence creating unfavourable conditions for the regeneration of larch
(Kharuk et al., 2007) which then disappears from the pollen record at
5.9 ka (Fig. 5A).

The expansion of the spruce population occurs in the late Holocene,
whereas larch remains absent. In the early Holocene, both spruce and
larch populations were most probably scattered and small satellite
populations rather than the population front which likely remained
further east or south-east at that time. It is likely that Siberian larch went
regionally extinct in our study area due to less suitable growing condi-
tions in the middle Holocene and remained near its current westernmost
natural limit in NW Russia as shown by Kuosmanen et al. (2016).
However, spruce may have remained as a scarce, mixed component of
the northern boreal forests. In general, the expansion of spruce west-
ward from NW Russia started in the middle Holocene and spruce took
over the possible habitats (e.g., Kuosmanen et al., 2016; Seppa et al.,
2009a). In NE Lapland, the spruce population expanded at around 2 ka,
indicating a change to a more closed mixed coniferous forest. As spruce
is a highly competitive species, it is plausible that having started its
westward migration as the climate cooled, spruce outcompeted and
prevented the westward migration of Siberian larch.

4.2. Early-Holocene climate shifts

4.2.1. Climate following deglaciation (10.7-9 ka)

In the Kuutsjarvi climate reconstruction (Fig. 7B) the largest spread
between the individual calibration methods is seen for the tree Betula-
dominated Zone I (10.7-9.3 ka). The classical methods (WA, WA-PLS,
MLRC, MAT) show colder than present Tjy through Zone I, followed
by a warming of ca. 2-3 °C at the transition to the Pinus-dominated Zone
IT at 9.2 ka. In comparison, the new machine-learning algorithms (BRT,
RF) show Zone I temperatures at or slightly above present and no sig-
nificant change moving to Zone II, after which the entire ensemble
shows better convergence through the middle and late Holocene. Our
climate model runs would support the significant warming at Kuutsjarvi
over the early Holocene, with Tj, at 11 ka being up to 5-6 °C below the
pre-industrial, in a region stretching several hundred kilometres from
the eastern margin of the Fennoscandian ice sheet (Fig. 9A), but rising to
<1 °C below pre-industrial conditions by 9 ka (Fig. 9C). Around 11 ka,
Kuutsjarvi is close to the ice sheet edge, and in the model receives
westerly winds (perhaps dry and katabatic) descending from the ice
sheet (Fig. 9A). At 9 ka, the ice sheet is gone and weak northerly winds
come from the north in summer and stronger winds from the south in
winter (Fig. 9C). The cold coasts vs. warm interior continental pattern at
9 ka implies a dominance of autochthonous warming by high orbital
insolation while winds from the sea would lead to cooling. These results
are paralleled in the CHELSA-Trace21lk transient modelling (Karger
et al., 2023), showing Tjy in northeast Fennoscandia several degrees
below present at the ice sheet margin at interglacial onset, but reaching
approximately modern values by 10 ka as the ice sheet receded (Alsos
et al., 2022).

However, the cooler than present temperatures at the onset of the
Holocene are hard to reconcile with the multiproxy data from Lake
Loitsana, located in the Sokli basin ca. 15 km NW of Kuutsjarvi. At
Loitsana, plant macrofossil evidence for local occurrence of summer-
temperature sensitive aquatic plants suggests temperatures at 10.5 ka
already exceeded the present day by up to 2 °C. This is supported by
chironomid-based Tjy reconstructions, which also indicate above-
present values through the early Holocene (Shala et al., 2017),
lending support to the warmest members of our reconstruction ensemble
at 10.6-9.3 ka. Also at Kuutsjarvi, the early-Holocene sedaDNA record
detects diverse plant assemblages, such as Cicuta virosa, Sparganium,
Potamogeton, Urtica dioica and ferns, such as Matteuccia struthiopteris and
Thelypteris palustris (Fig. 5B), suggesting warm Tj, of at least ~13 °C,
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inferred from their current distributions (Lampinen and Lahti, 2023;
Valiranta et al., 2015; Venalainen et al., 2005), and with the temperate
taxa present from the base of the sedaDNA sequence at 10.5 ka
(Fig. 10C). Similarly, both terrestrial and aquatic warm indicator taxa
were found in sedaDNA studies north and west of Kuutsjarvi (Alsos et al.,
2022; Revéret et al., 2023). Due to the presence of warmth indicators at
a number of sites, we favour the interpretation that the conditions were
regionally warm soon after deglaciation, at least during summers though
not necessarily in winters, as discussed in the next subsection.

4.2.2. 10.3k event

The 10.4 and 10.1 ka tree pollen minima (Fig. 10G) are roughly
contemporaneous with the 10.3k climate event widely described in
Northern Hemisphere proxy data (e.g., Bjorck et al., 2001; Li et al.,
2022). The 10.3k event coincides with one of the major glacial melt-
water rerouting events which occurred in North America during the last
deglaciation (R2; blue arrow in Fig. 10), starting a routing through the
St. Lawrence River, lasting until the 8.2k event and its associated
rerouting through the Hudson Bay (R1; Fig. 10) (Clark et al., 2001). The
R2 rerouting at 10.3 ka aligns with the strongest Holocene excursion in
North Atlantic benthic foraminifera §!°C data, indicating a disturbance
in Atlantic thermohaline circulation (Bond et al., 1997). More proximal
to Kuutsjarvi, the event has been recorded as a fall in a pollen-based Tjy
reconstruction in northern Norway (Seppa et al., 2002), a reduction in
vegetation cover in northwest Russia (Karelian isthmus; Subetto et al.,
2002), and a gap in the eastern Fennoscandian archaeological radio-
carbon record, which may represent a severe decline in the local
Mesolithic human population (Tallavaara et al., 2014). In these studies,
the anomalies detected at 10.3 ka are described as a single event, while
the Kuutsjarvi tree curve shows two distinct events separated by a full
intervening recovery (Fig. 10G). However, Greenland ice-core 5180 re-
cords also show a clear two-pronged structure to the negative anomalies
(Fig. 10A; Rasmussen et al., 2007), as does a north China speleothem
record indicating twin minima of East Asia summer monsoon over
10.51-10.25 ka (Li et al., 2022). The two Greenland 5'%0 minima align
with Kuutsjarvi 10.4 and 10.1 ka events when accounting for the 95%
error margins of the Kuutsjarvi age-depth model (ca. 370 years at
10.4-10.1 ka; error bar in Fig. 10) and the counting error of the GICCO5
ice-core chronology (89 years at 10.3 ka; Rasmussen et al., 2007),
allowing a hemispheric climatic linkage for the Kuutsjarvi events.

In the pollen-based Tjy reconstruction, the 10.4 and 10.1 ka tree
minima are not robustly reconstructed as coolings (Fig. 10B), with the
MLRC calibration model indicating a Tjy fall of ca. 3 °C at both 10.4 and
10.1 ka events and WA-PLS a 1-2 °C fall at 10.1 ka only, while the Tjy
shifts are not beyond the range of centennial background variation in the
remaining calibration models (Fig. 7B). However, the ability of the
calibration models to reconstruct temperature fluctuations during this
interval may be inhibited by the poor quality of modern pollen ana-
logues during Zone I (10.6-9.3 ka) (Fig. 7B). In particular, the Betula
percentages of ca. 80% and reaching up to 90% are beyond the variation
seen in the calibration data, where only 2% of samples record Betula at
over 60% and the maximum reached is 74%. It is doubtful that the
pollen—climate calibration models could reliably infer climate shifts for
the 10.4 and 10.1 ka events when the main pollen signal is a drastic
Betula fall (Fig. 5A) from a high baseline level not covered by the cali-
bration data.

We regard it likely that the 10.4 ka and 10.1 ka events at Kuutsjarvi
are climatically driven, because given that the proxies for deep ocean
ventilation indicate a disturbance in AMOC during the 10.3k event
(Bond et al., 1997), a climatic impact extending to northern Fenno-
scandia would be expected. While the cooling would explain the loss in
tree cover (Fig. 10G), the drought also predicted by proxy evidence and
climate model simulations for AMOC-driven abrupt events (Alley and
Agflstsdéttir, 2005; Drobyshev et al., 2016; Renssen et al., 2018) would
explain the charcoal peaks (Fig. 10F) through increased wildfires. The
opening of the vegetation would, in turn, result in an increased presence
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Fig. 10. Comparison of early-Holocene data from Greenland (A) and Kuutsjarvi
(B-G): (A) oxygen isotope data from three Greenland ice cores expressed as z-
scores calculated from 10-year averages (Rasmussen et al., 2007); (B) pollen-
derived July mean temperature (Tjy) reconstruction with the ensemble me-
dian (solid line) and its 95% error margins (shading); (C) distribution of taxon-
specific temperature optimum values (Tyler et al., 2021) for the sedaDNA
PCR repeats; (D) community-weighted moisture requirement of the vegetation
around Kuutsjarvi calculated from the pollen data; (E) distribution of taxon-
specific moisture requirement values (Tyler et al., 2021) for the sedaDNA
PCR repeats; (F) selected non-pollen palynomorphs (NPP’s) and charcoal; (G)
pollen data divided in herb, shrub, and tree components, with biostratigraphic
zones marked with Roman numerals. The yellow bands show the spans of
Greenland ice-core proxy anomalies for the 8.2k (8.4-8.0 ka; Alley et al., 1997)
and 9.3k (approximately 9.3-9.2 ka; Rasmussen et al., 2007) climate events.
The cyan bands show the 10.4 and 10.1 ka tree-cover decrease events in the
Kuutsjarvi data, and the possibly correlated cold intervals associated with the
10.3 ka cold event in the Greenland data. The error bars in panel B show the
95% age range of the Kuutsjéarvi age-depth model at the 10.4 ka event and the
onset of the 8.2k event. The blue arrows in panel A show the timing of the North
American freshwater rerouting events R2 (10.3 ka) and R1 (8.4 ka) (Clark et al.,
2001). (For interpretation of the references to colour in this figure legend, the
1;eader is referred to the web version of this article.)

<

of reindeer (Rangifer tarandus), reflected in the peaks of coprophile
fungal spores (Fig. 10F). However, as the age-depth model of Kuutsjarvi
and its uncertainties allow, but cannot prove, the contemporaneity of
the 10.4 ka and 10.1 ka tree-pollen minima with the circum-North
Atlantic 10.3k event, an alternative explanation is that a local distur-
bance by herbivory was the proximal cause for the tree-cover decrease.
Here, herbivory by reindeer is the more feasible explanation, as her-
bivory by insect larvae commonly affecting modern-day Finnish Lapland
mountain birch (Betula pubescens subsp. tortuosa) — the presumed sole
tree species around Kuutsjarvi during the 10.4 and 10.1 ka tree-cover
decrease events — should have been constrained by cold early-
Holocene winters.

The climate simulations for 11 ka (Fig. 9B) and 9 ka (Fig. 9D) suggest
mean January temperatures being >30 °C below pre-industrial levels (~
—13 °C) at Kuutsjarvi. These severe modelled winter temperatures
cannot conclusively be validated against data, due to the lack of robust
winter paleotemperature proxies in the European Arctic. However, the
temperature optimum distribution in the sedaDNA data at 10.3 ka
(Fig. 10C), with co-occurring temperate and arctic-alpine species, hints
to a high-continentality regime and thus cold winters. Winters to any
degree colder than present would make herbivory by insects unlikely, as
the maximal cold tolerances for Epirrita autumnata (Virtanen et al.,
1998) and Operophtera brumata (Ammunét et al., 2012) moth eggs are
estimated at —35.5 °C and — 35 °C, respectively, and these limits have
been exceeded at the Varriotunturi meteorological station adjacent to
Kuutsjarvi already in the 1991-2020 observational period (—38.3 °C in
1999; Jokinen et al., 2021). By contrast, the climate modelling suggests
that winter temperatures may have been close to the survival threshold
of mountain birch, with a cold tolerance estimated at —36 °C. Hence,
any further cooling spikes beyond the cold early-Holocene baseline
could explain the tree-cover decrease events consisting of sharp minima
in tree-type Betula pollen. An additional possibility is that herbivory by
increased reindeer populations functioned as a positive feedback to a
climatically initiated tree-cover loss.

4.2.3. 8.2k event

In contrast to the 10.4 and 10.1 ka pollen anomalies, the tree pollen
minimum at 8.38-8.02 ka (Fig. 10G) is reconstructed as a sharp Tjy fall
by all members of the calibration model ensemble (Fig. 10B). This Tju
anomaly falls neatly within the 8.4-8.0 ka time window associated with
the 8.2k climate event in Greenland ice cores (Fig. 10A) (Alley et al.,
1997). Based on the timing and shared temporal structure, including a
gradual decline but a sharper recovery seen in both Greenland ice cores
(Fig. 10A) and at Kuutsjarvi (Fig. 10G), we suggest the Kuutsjarvi forest
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decline event represents a northern Fennoscandian signal of this global
event driven by a disruption of the Atlantic Meridional Overturning
Circulation (AMOC) (Alley and Agflstsdéttir, 2005). While the proxy
anomalies of the 8.2k event are generally strongest downwind of the
North Atlantic (Alley and Agﬁstsdc’)ttir, 2005), earlier work in Fenno-
scandia has failed to identify a signal of the event in the northern sub-
arctic region (Seppa et al., 2007). By contrast, a clear signal is seen in
pollen data and pollen-based temperature reconstructions from southern
Finland (Heikkila and Seppa, 2003; Sarmaja-Korjonen and Seppa, 2007)
and Estonia (Veski et al., 2004), ca. 600-1000 km south of Kuutsjarvi.

In the Kuutsjarvi pollen data, the 8.2k event largely consists of a
strong Juniperus maximum, resulting in corresponding minima in the
total tree curve and its most abundant constituents Alnus, Betula, and
Pinus (Fig. 5A). This strong signal of Juniperus is echoed and replicated in
the sedaDNA data at 8.1 ka, whereas Juniperus is undetected at 8.4 and
7.9 ka. In the modern pollen data used for the pollen-Tj, calibration
models, Juniperus shows a strong maximum in mountainous parts of
western Scandinavia where it reaches values of 15-25% while largely
remaining below 4% in the rest of the calibration data (Fig. S7). As a
result, Juniperus is a strong indicator of cool summers in the calibration
models, with a unimodal Tjy optimum of 12.6 °C in the WA model, well
below the optima of the dominant trees in the Kuutsjarvi data, Alnus
(15.7 °C), Betula (13.9 °C), and Pinus (14.6 °C). In the machine-learning
based BRT and RF models, Juniperus is also heavily employed, being the
third and fourth most important Tj, predictor in these models respec-
tively, while the partial-dependency plots of the BRT model (Salonen
et al., 2018) show that Juniperus is specifically a cold indicator, with
values above 10% associated with Tj, below 14 °C. A reconstruction of
the 8.2k event with Juniperus excluded from the pollen data (Fig. 7C)
shows that, without Juniperus, the reconstructed Tj, variations during
the 8.2k event no longer stand out from the baseline sample-to-sample
noise.

Hence, while the Kuutsjarvi pollen record suggests that the 8.2k
event had a major impact on the vegetation in northeast Finland, the
interpretation that this represents, in particular, a fall in summer tem-
perature hinges on Juniperus pollen, and thus the ecology of the un-
derlying species, Juniperus communis, merits further discussion. Notably,
a similar strong response of Juniperus is repeated during the abrupt
Tunturi event recorded in the LIG sequence of nearby Sokli (Fig. 7A),
also linked to an AMOC disruption (Salonen et al., 2018), although the
Tunturi event also shows a major shift in the Betula/Pinus ratio and an
increase in herbs (Salonen et al., 2018) not seen during the 8.2k event at
Kuutsjarvi.

In the ecological literature, J. communis is described as frost-tolerant,
highly tolerant of poor soils, light demanding and intolerant of heavy
shade, and tolerant of all but the severest drought (Thomas et al., 2007).
Considering the ecology of J. communis, compared to the other species
showing major responses at Kuutsjarvi during the 8.2k event, we suggest
that the pattern of vegetation impact through northern Europe is best
explained as a response to the drought combined with winter-dominant
cooling. These, based on proxy data synthesis and climate simulations,
have been suggested as relevant climatic signals in Europe in response to
abrupt events driven by AMOC disruptions, including both the 8.2k
(Alley and Agﬁstsdéttir, 2005) and Younger Dryas events (Denton et al.,
2005; Schenk et al., 2018), in addition to other climate anomalies
characterised by increased fire activity in northern Scandinavia during
North Atlantic cooling events of the Holocene (Drobyshev et al., 2016).
First, a strong summer temperature cooling appears unfeasible as a
signal of the 8.2k event due to the lack of record of the event in pollen-
based Tjy reconstructions from northern Fennoscandia (Seppa et al.,
2007), despite summer temperature being the dominant ecological
control on vegetation in this region (Blok et al., 2011; Elmendorf et al.,
2012). Second, a winter-dominant cooling, as suggested by Seppa et al.
(2007), could explain the pattern where the event is robustly recon-
structed from pollen further south, in southern Fennoscandia and the
Baltic states. Here the temperate broadleaf vegetation would be sensitive
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to cold in early spring and the onset of the growing season, while in
northern Fennoscandia the subarctic vegetation would still be dormant
and thus unaffected. However, despite the lack of signal in earlier
pollen-based Tjy reconstructions, a similar rise in Juniperus pollen, as
seen at Kuutsjarvi, has been broadly recorded in other pollen sequences
from northern Fennoscandia at ca. 8.5-7.0 ka (Makela et al., 1994;
Seppa et al., 2002), with linkages proposed both to the 8.2k event (Seppa
et al., 2002) and to the general vegetation succession and its impact on
light availability for juniper (Makela et al., 1994).

Finally, in addition to cooling, the strong vegetation disruption seen
around Kuutsjarvi could also, in some part, be linked to the drought
predicted by model simulations for an AMOC-driven climate event. At
Kuutsjarvi, a possible indication of drought during the 8.2k event is seen
in the sharp maximum of Type-225 NPP (Fig. 10F), a suspected algal
spore (Van Geel et al., 1989) associated with dynamic water conditions,
e.g. shallow or fluctuating water levels, as well as eutrophic to meso-
trophic open water (Kuhry, 1997). During the Tunturi cooling event
recorded at Sokli during the LIG (Fig. 7A), also suggested to be AMOC-
driven, a mass occurrence of Type-225 co-occurs with a peak of Spiro-
gyra green algae (Salonen et al., 2018) common in shallow, stagnant
water (Van Der Wiel, 1982; Van Geel et al., 1983), supporting the as-
sociation of Type-225 with low water levels. A moisture deficit could
also explain the preferential survival of the drought-resistant juniper at
the expense of other trees. Looking at moisture requirements of
J. communis compared to major trees likely occurring around Kuutsjarvi
at 8.5-8.0 ka, expressed as Ellenberg indicator values (Tyler et al., 2021)
on a scale from 1 (very dry) to 8 (wet), J. communis has a moisture
requirement of 4, which is lower or equal compared to Alnus glutinosa
(8), A. incana (7), Betula pendula (4), B. pubescens (7), Larix sibirica (5),
Picea abies (6), and Pinus sylvestris (4). Accordingly, the moisture
requirement of the vegetation around Kuutsjarvi reaches an early-
Holocene minimum at the peak of the 8.2k event (Fig. 10D,E).
Regardless of the initial triggering climatic factor (cooling and/or
drought), the opening of the canopy would further favour the light-
demanding J. communis, and contribute to the strong Juniperus pollen
and sedaDNA peaks (Fig. 5A), and tree pollen minimum (Fig. 10G),
which developed at Kuutsjarvi synchronously with the Greenland iso-
topic event (Fig. 10A).

Overall, the difficulty of pinpointing the climate factor responsible
for the 8.2k event vegetation response highlights the challenges poten-
tially faced in climate reconstructions, especially when significant cor-
relations between ecologically important variables exist in the region
used in the modern-world proxy calibration (Chevalier et al., 2020;
Juggins, 2013). While the Juniperus pollen maximum of the 8.2k event
seen at Kuutsjarvi results in a reconstructed summer cooling, this is
likely a spurious feature driven by the low summer temperatures in the
modern-day Scandinavian mountains where the common occurrence of
juniper (Fig. S7) may be proximally controlled by other factors. For
example, competition from taller boreal plants with dense foliage can
result in shading and reduce the amount of sunlight reaching juniper
individuals, potentially affecting their seedling development and
growth. Consequently, both the semi-open forest limit ecotone and open
tundra, typically found in the mid-elevations of the Scandinavian
mountains, are particularly favourable habitats for the species. In
paleoenvironmental research, multiproxy studies as well as a thorough
understanding of the underlying ecology can be important in detecting
such proxy-specific biases.

4.3. Mid and late Holocene

In the Kuutsjarvi pollen-based climate reconstruction, the peak Tjy
anomaly of 2-2.5 °C at 6-4 ka (Fig. 7B) is consistent with HTM anom-
alies seen for other northern high-latitude locations, generally falling
between 1 and 3 °C (e.g., Kaufman et al., 2020b; Renssen et al., 2012;
Sundqvist et al., 2010). It is also comparable with the Tj, reconstructed
at Sokli for the warmest stages of the LIG (Fig. 7A). However, this
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comparison only considers the summer season. For the Sokli LIG
sequence, pollen-based January temperature reconstructions as well as
supporting evidence from diatoms suggest mild winters coinciding with
warmer than present summers, particularly in the late LIG (Plikk et al.,
2016; Salonen et al., 2018; Salonen et al., 2021). Similar multiproxy
constraints on the winter half-year conditions are not available for
Kuutsjarvi, precluding the comparison of mean annual temperature
anomalies for the HTM and the LIG.

The dominant feature of the Kuutsjarvi pollen sequence during the
HTM is the strong maximum of alder (Alnus), rising to ~20% between
6.0 and 4.8 ka, at the same period when Alnus was also detected in all
sedaDNA repeats, suggesting that it was growing close to the lake (Alsos
et al., 2018). While both methods only identified Alnus at genus level,
and the records could represent the currently common A. incana, we
consider it possible that A. glutinosa was also growing around Kuutsjarvi
during the HTM. In modern Fennoscandia, A. glutinosa has its present
northern distribution limit in central Finland, several hundred km south
of Kuutsjarvi, while A. incana is common throughout Fennoscandia,
growing also in the open vegetation types of the northernmost regions.
The vegetation assemblages after the rise of the Alnus curve at 9.2 ka
clearly show that moist habitats were abundantly available around
Kuutsjarvi for the more moisture-demanding (Tyler et al., 2021)
A. glutinosa. The assemblage identified with sedaDNA (Fig. 5B) includes
aquatic taxa (Callitriche and Potamogeton) and taxa that thrive on creek
banks, wet depressions and limnotelmatic conditions (Cicuta virosa,
Caltha palustris, Hippuris, Filipendula ulmaria, and ferns). Of ferns, Phe-
gopteris connectilis and Matteuccia struthiopteris need shade and currently
typically occur in lush (spruce) forest environments. The moist envi-
ronmental conditions can at least partially be ascribed to the setting of
Kuutsjarvi in a canyon-like depression with bedrock at or close to the
surface. We note that in the nearby Loitsana lake (~10 km west of
Kuutsjarvi), similar Alnus values of 20% are recorded, however consid-
erably earlier (ca. 8-7 ka) compared to Kuutsjarvi (Salonen et al., 2013).
The disparate timing of the strong Alnus pollen peaks at these nearby
sites suggests that the mid-Holocene Alnus maxima are significantly
modulated by local wetland habitat availability, in addition to the un-
derlying climatic warming allowing the alder expansion. By extension, it
is possible that the short reconstructed HTM at Kuutsjarvi at 6-4.8 ka
(Fig. 7B) is a byproduct of these non-climatic controls on Alnus occur-
rence, and only captured a part of a longer HTM (ca. 8-4 ka) recon-
structed in earlier northern-European multisite syntheses (Davis et al.,
2003; Salonen et al., 2014; Seppa et al., 2009b).

The shift to a lower sedimentation rate at ~3.8 ka (Fig. 2) consid-
erably hampers the late-Holocene proxy resolution at Kuutsjarvi. Mul-
tiple possible contributors to this shift can be identified. First, the
Kuutsjarvi bathymetry (Fig. 1C) reveals several bowl-shaped hollows,
including our coring site. Initially sedimentation was focused in these
hollows, followed by the spread of sedimentation over a larger part of
the lake basin, leading to reduced sedimentation rates. A further possible
cause is a change in basin hydrology, suggested by the occurrence of the
yellow algal bands in the stratigraphy (Fig. 5A). Relatively low lake
levels in the early- and middle-Holocene possibly resulted in a closed
basin where Kuutsjarvi had no or a limited outlet. Stratified conditions
in the deep and sheltered lake (and further promoted by warm summers;
Fig. 7B), with recycling of nutrients from bottom sediment, resulted in
high nutrient levels and the temporal algal blooms indicated by the
yellow bands. At the transition to the late Holocene, the algal bands
disappear from the lithology, contributing to the reduction in sedi-
mentation rate, possibly due to increased water flow through to the lake
breaking up the stratification. The temporal spread in macrofossil dates
at 69-73 cm depth (Fig. 2), contributing to the larger modelled age er-
rors from ~3.8 ka onward, could also be explained by slumping of
sediment along the sides of the basin due to the increased water flow. In
addition, the reduced deposition of organic matter suggested by the
decrease in loss-on-ignition (Fig. 5A), due to either organic matter
washing out of the lake or reduced productivity in the cooler climate,
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further slowed down the sedimentation rate.
5. Conclusions

e We present a robustly dated core sequence from Lake Kuutsjarvi, NE
Finland, providing high-resolution records of pollen, sedaDNA, plant
macrofossils, conifer stomata and non-pollen palynomorphs for the
past 10.6 ka.

The Kuutsjarvi data indicate an early arrival of spruce by 9.2 ka
(pollen, sedaDNA, and stoma finds), as well as the first evidence for
the Holocene presence of larch in Finland, with pollen finds dating to
9.6-5.9 ka.

Two strong tree pollen minima were detected at 10.4 and 10.1 ka,
coinciding with spikes in charcoal and coprophile fungal spores. We
interpret these tree-cover decrease events to represent a two-pronged
signal of the 10.3k climate event, with cooling and drought resulting
in forest loss, wildfires and increased reindeer populations.

The Kuutsjarvi sequence shows a clear signal of the 8.2k event,
previously poorly documented in northern Fennoscandia, with a
collapse of the pine-birch forest and replacement by juniper devel-
oping in tight synchrony with Greenland isotopic proxies over
8.4-8.0 ka. We interpret this vegetation impact to result from some
combination of drought and likely winter-dominant cooling, with the
following opening of the forest vegetation contributing to the strong
maximum of the cold- and drought-hardy but light-demanding
juniper.
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