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A B S T R A C T

Lakes and ponds play a critical role in the high-latitude carbon cycle. Rapid climate warming, cryosphere 
degradation and increasing rainfall are transforming catchments and land-water interactions, altering lake 
carbon cycling in unprecedented ways. Here, we present Holocene (past 10.5 ka) sediment records from a small 
northern Fennoscandian lake to elucidate linkages of past hydroclimate change and lake carbon cycling. Using 
elemental and stable isotope composition of organic matter (C%, N%, δ13C, δ15N), age control from 23 radio-
carbon dates, and a ground-penetrating radar survey of lake sediment layers, we reconstructed organic matter 
burial and sources, aided with a Bayesian end-member mixing model based on measurements from modern 
terrestrial and aquatic vegetation and particulate organic matter. The hydroclimate and lake hydrological regime 
changes were interpreted from lake-water ẟ18O (ẟ18Olw) reconstructed from subfossil chironomid (Chironomi-
dae; non-biting midges) head capsules and ẟ18O and ẟ2H monitoring of local meteoric, lake and groundwaters. 
The ẟ18Olw and carbon burial mirror the Holocene temperature pattern, increasing in the cooler early Holocene, 
at their maxima in the warm mid-Holocene, and decreasing during the late Holocene cooling. The lake was 
dominated by aquatic organic matter through the Holocene, with benthic sources more dominant in the early 
Holocene and planktic in the late Holocene. A slight increase in the terrestrial organic matter proportion 
occurred in the warm and dry mid-Holocene despite reduced hydrological connectivity, which is contrary to the 
hypothesis that wetter climate increases allochtonous C burial. The higher mid-Holocene ẟ18Olw values were 
superimposed by lower values at ca. 6.5 cal ka BP, interpreted as increased winter precipitation contributing to 
snowmelt and isotopically light groundwater impacting ẟ18Olw. This interval is coupled with highly siliceous 
sediment deposition indicating marked aquatic productivity, possibly linked with inputs of groundwater rich in 
silica and phosphorous. Our findings underscore the importance of hydrological connectivity on both burial and 
sourcing of C in high-latitude lakes, and suggest that in future wetter climate, high-latitude lakes may play more 
important role as processors than sinks of carbon.

1. Introduction

Lakes are a key component of the global carbon (C) cycle, acting as 
long-term sediment C sinks and short-term atmospheric C sources (Cole 
et al., 2007; Tranvik et al., 2009). Arctic-boreal regions have the highest 
lake density worldwide (Verpoorter et al., 2014), with a quarter of the 

global lake area found between latitudes 60◦N and 69◦N (Downing et al., 
2006). Recent rapid Arctic climate warming (England et al., 2021; 
Rantala et al., 2015), coupled with an intensified water cycle and 
increased precipitation (Rawlins et al., 2015; Bailey et al., 2021; 
McCrystall et al., 2021), is transforming catchment and lake character-
istics, with repercussions on lake ecosystem functioning (Wrona et al., 
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2016; Anderson et al., 2020; Marttila et al., 2021; Saros et al., 2023) and 
landscape C cycling (Hanson et al., 2015; Casas-Ruiz et al., 2023). 
Climate warming is shown to increase primary production and in-lake 
(autochthonous) C supply (Smol et al., 2005; Rantala et al., 2015), 
while increased hydrological connectivity is expected to increase the 
relative role of land-derived (allochthonous) C in inland waters, leading 
to lake browning and promoting heterotrophy (Karlsson et al., 2009; 
Kuhn and Butman, 2021). In some northern high-latitude regions, 
increased evaporation and permafrost collapse are diminishing, rather 
than increasing, hydrological connectivity (Woolway et al., 2020; Webb 
et al., 2022), which may reduce allochthonous C contributions to lakes 
(Johnston et al., 2020). The specific impacts of Arctic hydroclimate 
change on lake carbon sourcing and burial, however, remain poorly 
understood. Recent studies indicate that the type of catchment vegeta-
tion plays an important role in how lake ecosystem responds to 
browning; in high Arctic tundra lakes allochthonous material supply has 
been shown to promote in-lake primary production (Ayala-Borda et al., 
2021; Stevenson et al., 2021). Moreover, McGowan et al. (2018)
demonstrate how the expansion of shrubs in sparsely vegetated Arctic 
tundra catchments led to small increases in allochthonous C inputs that 
provide photoprotection and promote aquatic production, while sub-
stantial land-derived C supply from forested catchments had an 
opposing impact.

Many of the climate-driven landscape-scale processes, including 
vegetation and soil development, and catchment hydrological connec-
tions, unfold over long time scales and are difficult to trace solely by 
(field or satellite) monitoring of modern environments. Moreover, 
northern high-latitude lake C stores (sediment deposits) accumulated 
continuously over the Holocene (past 11.7 ka BP), following the retreat 
of continental ice sheets (Johansson, 1995; Stroeven et al., 2016). 
Therefore, they offer unique natural archives for studying the impact of 
past climate and land-cover changes on lake C sources and burial (e.g. 
Anderson et al., 2009; Balascio et al., 2020). In northern Europe, 
millennial-scale Holocene temperature trends are relatively well-known: 
an early Holocene warming, followed by the Holocene Thermal 
Maximum (HTM) between around 8-4 cal ka BP with temperatures up to 
2 ◦C warmer than at present, and late Holocene cooling after ca. 5-4 cal 
ka BP until the 20th century (Mayewski et al., 2004; Seppä et al., 2009; 
Renssen et al., 2012; Mauri et al., 2015; Sejrup et al., 2016). Tempera-
ture trends were driven by orbitally forced northern hemisphere inso-
lation changes and internal feedbacks from cryospheric, oceanic and 
atmospheric systems (Renssen et al., 2012; 2012). Holocene hydro-
climate changes (precipitation, moisture balance) and their impacts on 
hydrological connectivity are more difficult to reconstruct and thus less 
well known in this region, but reconstructions generally indicate wetter 
conditions in the early Holocene, a drier HTM and increased effective 
moisture in the late Holocene (Seppä and Hammarlund, 2000; Heikkilä 
et al., 2010; Balascio et al., 2020). Stable isotope values of oxygen (ẟ18O) 
and hydrogen (ẟ2H) are excellent indicators of changes in the water 
cycle (Gat, 1996; Bowen et al., 2019), and past lake water isotopic 
composition can be reconstructed from ẟ18O or ẟ2H in sediment com-
pounds formed in past lake water, including authigenic carbonate 
(Talbot, 1990; Hammarlund et al., 2003), leaf waxes (Sachse et al., 
2012) or chironomid head capsule chitin (Wooller et al., 2004; Ver-
bruggen et al., 2011; Lamb et al., 2024). Lake water isotope composi-
tion, in turn, is dependent on changes in seasonal precipitation over 
summer and winter months, evaporative enrichment, and lake hydrol-
ogy (Jonsson et al., 2010; St. Amour et al., 2010; Corcoran et al., 2021; 
Kjellman et al., 2022). Responses of lakes and catchments to hydro-
climate changes over the past millennia have the potential to decipher 
future shifts in lake C cycling under a warmer and wetter north Euro-
pean climate (Ruosteenoja et al., 2020; Trancoso et al., 2024).

In this paper, we present Holocene sediment records of organic C 
burial and sources to Lake Kuutsjärvi, a small lake in northern Fenno-
scandia, together with a Holocene lake water ẟ18O (ẟ18Olw) recon-
struction. We aim to disentangle the linkages of hydroclimate changes, 

sediment C burial and the relative contributions from autochthonous 
and allochthonous C sources. We calculated C burial rates, supple-
mented with a ground penetrating radar (GPR) survey of the basin 
sediments. Elemental (C, N) and stable isotope (δ13C, δ15N) measure-
ments of modern catchment and lake vegetation and particulate organic 
matter (POM) were used as tracers to quantify and classify C sources, 
and to estimate source contributions through the Holocene using a 
Bayesian end-member mixing model. Parallel hydroclimate changes 
were inferred from a ẟ18Olw reconstruction based on fossil chironomid 
head capsules (ẟ18Och), supported by the characterization of modern 
lake isotope hydrology and Holocene chironomid species assemblages. 
Based on this data, we identify changes in the quantity and quality of 
sediment C inputs over the Holocene and discuss the influence of 
catchment and hydroclimate development on long-term C cycling and 
burial.

2. Materials and methods

2.1. Study site

Lake Kuutsjärvi (67◦44′49″N, 29◦36′36″E, 341 m a.s.l.) was formed 
shortly after the Fennoscandian Ice Sheet retreated west of the 
Värriötunturit low mountain chain (Johansson, 1995; Stroeven et al., 
2016; Bogren, 2019). It is located in a sheltered valley formed over 
several stages of sub- and proglacial erosion by glacier meltwaters, in-
side the Värriö Strict Nature Reserve in north-eastern Finland (Fig. 1). 
The lake is a small (ca. 0.7 ha surface area, ca. 8 m deep), mesotrophic 
(total phosphorous, 13–26 μg l− 1 and total nitrogen, 67–152 of μg l− 1) 
and clear (Secchi depth 8 m, i.e. to the bottom) headwater lake with a 
small (<1.5 km2), steep catchment and a reduced littoral zone (Milardi 
et al., 2019) (Fig. 1C and D). It is a dimictic (Kuittinen, 2021), hydro-
logically open system with groundwater input, and has a short water 
retention time (<2 months). The lake is typically ice-covered from late 
October to late May, and the spring overturn typically starts beneath the 
ice cover (Kuittinen, 2021). Värriö Strict Nature Reserve is located 
within the northern boreal vegetation zone, however, subarctic tundra is 
present in the catchment at altitudes above ~400 m a.s.l. (Fig. 1B and C) 
(Mäkisara et al., 2019). The vegetation in the Lake Kuutsjärvi catchment 
consists mainly of sparse Scots pine (Pinus sylvestris) and Norway spruce 
(Picea abies) forests.

2.2. Lake basin morphology

The basin morphology and sediment distribution were surveyed in 
winter 2023 with a MALÅ Ramac ProEx Ground Penetrating Radar 
(GPR), using a setup with unshielded antennas of 50 MHz and 100 MHz. 
The antennas were towed in a dense network over the frozen lake, 
resulting in 58 parallel profiles (Fig. S1). The acquired GPR profiles were 
processed with the software Relfexw (Sandmeier) following standard 
procedures including amplitude corrections, time to zero correction and 
topographic and velocity corrections (Neal, 2004). The velocity cor-
rections were calibrated using data of the lake water depth and sediment 
thickness from previously drilled sediment cores (Bogren, 2019). Based 
on the calibration, the velocities for the electromagnetic waves were 
0.034 m ns− 1 and 0.06 m ns− 1 for water and the basin lake sediments 
(gyttja), respectively. Additionally, a basic velocity of 0.1 m ns− 1 (Neal, 
2004) was used for the basin sediments (glaciofluvial materials and till). 
The topography was corrected with a 2-m resolution LiDAR digital 
elevation model (DEM) (National Land Survey of Finland, 2014). The 
profiles with a disrupted GPS signal from the GPR were relocated as 2D 
cross-sections and used as input in the 3D model (Fig. S2). The 3D model 
was constructed with Leapfrog Geo (Seequent) comprising of four units: 
water, lake sediment, basin sediment and bedrock.
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2.3. Modern reference material for isotope hydrology and carbon sources

The isotope hydrology of Lake Kuutsjärvi was monitored from 
November 2020 to February 2022. Lake surface-water samples were 
collected weekly during the ice-free season (from the first week of June 
2021 to the last week of October 2021) and monthly during the ice- 
covered season. Shortly after the ice breakup in June 2021, a vertical 
profile of lake water, at a sampling interval of 1 m, was collected with a 
Limnos water sampler to gain insight into the lake-water δ18O compo-
sition during the active season of the chironomid larvae (Danks and 
Oliver, 1972; Butler and Braegelman, 2018). The lake-water tempera-
ture profile was measured simultaneously. Local groundwater (pumped 
for household use at the research station) was sampled in summer (June 
2021) and winter (February 2022). Local precipitation was collected 
once a month using a precipitation sampler designed to avoid evapo-
ration (Gröning et al., 2012). All water sample vials were filled to the 
brim to avoid evaporation effects, kept in 30-ml HDPE bottles, and 
stored at 4 ◦C at the research station until further analyses. The samples 

were retrieved from the station and analyzed twice during the two-year 
monitoring period. The surface sediments (first cm) and the 
sediment-water interface were collected with an HTH gravity corer 
(Renberg and Hansson, 2008) in June 2021, from two deep sites and two 
shallow sites for analyzing head-capsule δ18O of the modern chironomid 
larvae populations.

Terrestrial and aquatic vegetation from the catchment and lake were 
collected in June 2020 and June 2021. The samples consist of common 
plant species in the lake catchment and shoreline, as well as abundant 
aquatic mosses and epipelic algae growing at the lake bottom. Particu-
late OM from the lake was sampled in June 2020 by filtering lake water 
pooled from four water column depths onto borosilicate (GF/F, pore size 
0.7 μm) filters. Up to 6 l of water was pumped per filter until the filter 
showed coloring. The vegetation samples were stored frozen prior to 
freeze-drying, grinding and analyses, while the filters were oven dried.

Fig. 1. Location map of the study site, with the location of the Värriö region denoted as a square (not to scale) in panels A and B. A. The main oceanic currents and 
atmospheric pressure centers influencing the climate, the variation in groundwater δ18O in Finland (adapted from Kortelainen et al., 2004), and the reference sites for 
δ18O in precipitation in northern Finland (L1 to L6 are Värriö, Oulanka, Sodankylä, Kevo, Rovaniemi and Oulu, respectively). B. Vegetation zones (data from Finnish 
Meteorological Institute, 2022) and the mean annual temperature (◦C) for the normal period 1991–2020 (data from Finnish Meteorological Institute, 2022). The 
black square denotes the broader area around Värriö region. C. Local topography and land cover, Kuutsjärvi (center of the map) and its catchment area and the 
location of the meteorological station (Salla FMI) (contains data from the National Land Survey of Finland Topographic Database). D. Digital Elevation Model (DEM) 
for the lake surroundings (National Land Survey of Finland, 2014), the sediment coring site, and the Värriö Subarctic Research Station (black square) by which the 
precipitation sampler was located.
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2.4. Sediment sampling, dating and chronology

Two full-length Holocene sediment core sequences (KJ1 and KJ2; ca. 
1 m distance from each other) were collected with a heavy PP-piston 
corer (length 2 m, diameter 6 cm) (Putkinen and Saarelainen, 1998) 
from the deepest part of the lake (Fig. 1D) in April 2016 (Bogren, 2019; 
Salonen et al., 2024). The sequence KJ1 was 541 cm long and was 
analyzed using an ITRAX XRF core scanner with a Mo tube set at 30 kV 
and 50 mA, a dwell time of 35 s and a step size of 1.5 mm for core 
correlation. The cores were subsampled at 1-cm resolution and kept in 
cold storage (4 ◦C) until analysis. Subsamples at every depth were used 
for loss-on-ignition (LOI) at 550 ◦C (Heiri et al., 2001). Sediments on 
average at 5-cm intervals were sampled for elemental and stable isotope 
compositions of organic C and N, and at 4-cm intervals for chironomid 
species identification. Chironomid head capsules for chitin δ18O ana-
lyses were picked at 10-cm intervals; if head capsules from the sub-
sample did not yield a sufficient mass required for the δ18O analysis, 
subsamples from adjacent depths were included.

The age-depth model for Lake Kuutsjärvi is published by Salonen 
et al. (2024) (Fig. S3). The chronology is based on 23 radiocarbon dates 
of terrestrial macrofossils (Table S1), and a Bayesian age-depth algo-
rithm Bacon (Blanchet et al., 2022; Blanchet et al., 2022) modeled in R 
(R Core Team, 2022).

2.5. Elemental content and isotope composition of organic carbon and 
nitrogen

Modern plant, POM, and bulk sediment samples were measured for 
elemental content of organic C and N, and their stable isotope compo-
sition (ẟ13C, ẟ15N). Vegetation samples (consisting solely organic C) and 
sediment samples for ẟ15N analyses were freeze-dried, ground to pow-
der, and packed in tin capsules prior to measurements. Acid pre- 
treatment has reported to have an influence on ẟ15N values (Brodie 
et al., 2011b), and thus sediment ẟ15N was analyzed on non-acidified 
samples separately from sediment ẟ13C. Sediment samples for dual 
elemental C:N and ẟ13C analyses were rinsed with 10 % hydrochloric 
acid (HCl) to remove inorganic C (Brodie et al., 2011a). After ca. 24 h of 
constant shaking in HCl, the acids were decanted, and the samples were 
rinsed with deionized water until neutral. The samples were freeze-dried 
and packed in tin capsules for measurement. The samples were analyzed 
with a NC2500 elemental analyzer coupled to a Thermo Scientific Delta 
V Plus isotope ratio mass spectrometer at the Laboratory of Chronology, 
Finnish Museum of Natural History (LUOMUS). Triplicates were run for 
every 15 samples, and duplicates for every five samples. The isotope 
value reported for those results was the average of the repeats. The 
isotope data are expressed using standard delta notation, in per mil (‰) 
relative to international standards: Vienna Peedee Belemnite for C 
(VPDB), and atmospheric nitrogen (AIR) for nitrogen. The isotope values 
were calibrated with certified reference materials (USGS-40, USGS-41, 
IAEA-N1, IAEA-N2 for N, and USGS-40, USGS-41, IAEA-CH6 [ANU] 
and IAEA-CH7 for C). Repeated measurements of quality control mate-
rials (high organic sediment, corn leaf powder) showed a reproducibility 
of within ±0.2 ‰ for δ13C and within ±0.1 ‰ for δ15N. Uncertainties 
expressed as the average standard deviation of the repeated subsample 
analyses were ±0.09 ‰ and ±0.04 ‰ for δ13C and δ15N, respectively.

The POM samples were analyzed in quintuples and the plant samples 
in duplicates at the Stable Isotope Facility of the University of California, 
Davis, with a PDZ Europa ANCA-GSL elemental analyzer coupled to a 
PDZ Europa 20-20 isotope ratio mass spectrometer (EA-IRMS). The data 
were normalized to laboratory reference materials (alfalfa flour, 
amaranth flour, caffeine, chitin, glutamic acid, keratin, and nylon 
powder; calibrated against IAEA-600, USGS-40, USGS-41, USGS-42, 
USGS-43, USGS-61, USGS-64, and USGS-65) with the laboratory accu-
racy within ±0.02 ‰ for δ13C and ±0.03 ‰ for δ15N. Uncertainties 
calculated from sample repeats were ±0.14 ‰ and ±0.17 ‰ for δ13C 
and δ15N, respectively.

To compensate for the potential bias from the anthropogenic C 
emissions on the δ13C values of materials younger than ca. 100 years, the 
samples were corrected for the Suess effect (+2 ‰) (Dombrosky, 2020). 
The correction affected only the vegetation samples, as the sediment 
chronology starts at 146 cal a BP, before the industrial revolution.

2.6. CAR calculation

The C accumulation rate (CAR) was calculated as a product of the 
sedimentation rate (cm a− 1), the sediment organic C content (C %), and 
the dry bulk density (g cm− 3). The dry bulk density was calculated from 
the ratio of the wet sediment weight and the dry weight, and their 
product with the wet density. The wet density ρw (Eq. (1)) was estimated 
without volumetric measurements considering the density of solid par-
ticles (ρm) of 2.6 g cm− 3 in Finnish lake sediments (Pajunen, 2000). 
Organic content was derived from LOI, and water content from drying at 
105 ◦C. The CAR was calculated at intervals of 500 years. 

ρw =
100*ρm

100 + 1.6(W + LOI)(ρm − 1)
…Eq.1 

A constrained cluster analysis of the sediment accumulation rate, C:N 
ratio (wt %), δ13C and δ15N data was performed to define temporally 
divergent zones of OM sedimentation, using the rioja package (Juggins, 
2019) and euclidean distance method in R 4.1.3 (R Core team, 2022). 
The millennial-scale trends in the OM composition were examined with 
generalized additive models (GAM). The GAM models for C %, N %, C:N 
ratio, δ13C and δ15N were calculated using the package mgcv (Wood, 
2017) in R 4.1.3 (R Core Team, 2023), using the Restricted Maximum 
Likelihood (REML) method for smoothness fitting. The parameters for 
the number of basis functions (knots, k = 50) and smoothness (λ = 0.01) 
were determined visually by trial and error considering the number of 
data points and the fit of the model, avoiding overfitting while capturing 
the temporal shifts in the geochemical records.

2.7. δ2H and δ18O of modern water samples

Stable isotope compositions (δ2H and δ18O) of precipitation, lake 
water, and groundwater samples were analyzed in duplicates with a 
Picarro Isotopic H2O L115-I analyzer at the Helsinki Geoscience Labo-
ratories, Department of Geosciences and Geography, University of Hel-
sinki. The measurements were normalized with laboratory standards W- 
5 (δ2H = − 72.9 ‰, δ18O = − 9 ‰), W-7 (δ2H = − 158.9 ‰, δ18O = − 21.2 
‰), and W-118 (quality standard, δ2H = − 73.2 ‰, δ18O = − 9.1 ‰), 
calibrated against Vienna Standard Mean Ocean Water (VSMOW) and 
Standard Light Antarctic Precipitation (SLAP) with a laboratory accu-
racy of ±0.4 ‰ and ±0.07 ‰ for ẟ2H and ẟ18O, respectively. Uncer-
tainty based only on sample replicates was ±0.4 ‰ and ±0.03 ‰ for ẟ2H 
and ẟ18O, respectively. The results are reported relative to VSMOW. The 
ẟ2H and ẟ18O of precipitation were used to calculate a local meteoric 
water line (LMWL) for the Värriö region. The variation in ẟ2H and ẟ18O 
in precipitation and lake water was assessed against the changes in air 
temperature, snow depth, and precipitation amount recorded at the 
meteorological station at Salla Värriötunturi (Fig. 1C) during the 
monitoring period, and against the 1991–2020 climate normals (Finnish 
Meteorological Institute, 2022). Thermal seasons were defined accord-
ing to the Finnish Meteorological Institute (2022): spring was a season 
when mean daily temperature rose continuously above 0 ◦C, summer 
when mean daily temperature rose continuously above 10 ◦C, autumn 
when mean daily temperature lowered continuously below 10 ◦C, and 
winter when mean daily temperature was lowered continuously below 
0 ◦C, respectively. The mean daily temperature to determine the change 
of season was calculated as a moving average for a 15-day period with 
the R package zoo (Zeileis et al., 2014) in R 4.1.3 (R Core Team, 2023).
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2.8. End-member mixing model

The relative inputs of different sediment C sources through time were 
estimated with a Bayesian end-member mixing model (Parnell et al., 
2010) using package simmr (Govan and Parnell, 2023) in R 4.1.3 (R Core 
Team, 2023). The package uses tracer data from a pool (mixture) and 
solves mixing equations to determine possible contributions from 
sources (end members). In this case, the tracers were C:N, δ13C, or δ15N, 
the mixtures were sediments, and the sources were derived from modern 
reference samples (terrestrial vegetation, aquatic POM, aquatic mosses, 
and benthic algae). The tracers and end members for the final model 
were selected based on the distribution of the sources and the mixtures 
in tracer biplots, allowing enough separation of end-member groups 
while enclosing the mixture group. In addition, previously reported 
source ranges were considered (Lamb et al., 2006; Riis et al., 2016; 
Thompson et al., 2018; Osburn et al., 2019). To discern millennial-scale 
trends in C source contributions, the model was run at intervals of 
approximately 1000 years considering the temporal zonation from the 
cluster analysis of sediment OM data. The model output for each mixture 
group was checked for diagnostics (convergence into a solution), and 
statistics (mean and standard deviation, prior vs. posterior data). The 
average posterior predicted value was considered as the relative pro-
portional contribution of each end-member category to the mixture 
group.

2.9. Chironomid species assemblages and head capsule δ18O

For chironomid species identification, sediment samples were 
treated following established protocols (Brooks et al., 2007), with 
sediment samples dissolved in a 10 % potassium hydroxide (KOH) so-
lution and heated on a hot plate for 10–20 min, before filtering through a 
100-μm sieve. The sieved sediments were placed in a Bogorov counting 
plate under a stereomicroscope for isolating and cleaning the head 
capsules with precision tweezers. Finally, the head capsules were 
mounted on microscope slides with Euparal. The chironomid species 
and morphotype identification and ecological grouping (e.g. profundal 
and littoral), followed Schulze (1994), Brooks et al. (2007), Vallenduuk 
and Moller Pillot (2007), Moller Pillot (2009, 2014) and Andersen et al. 
(2013).

The chironomid head capsules chosen for oxygen isotope analysis 
(δ18Och) were handpicked from fresh sediments, rinsed only with 
deionized water following established protocols (Wooller et al., 2004; 
Verbruggen et al., 2011; Arppe et al., 2017). The cleaned head capsules 
(233 ± 99 head capsules per sample) were weighed (80 ± 20 μg per 
sample) into silver capsules and freeze-dried prior to analyses with a 
TC/EA coupled to a Thermo Finnigan Delta V Advantage IRMS, via a 
ConFlo III interface, at the Stable Isotope Biogeochemistry Laboratory 
(SIBL), Durham University. The measurements were calibrated with 
IAEA international standards (600–602, CO-9, SO-5, SO-6), with an in-
ternal laboratory precision of ±0.2 ‰. The data is reported relative to 
VSMOW.

The biological fractionation factor, i.e., the conversion from 

Fig. 2. Alternative calibrations considered for the reconstruction of δ18Olw from δ18Och. The original Verbruggen et al. (2011) calibration is labeled V2011 
(pale green line). V2011 > 48◦N = V2011 calibration with only the northern lakes (assumed in the range of Värriö area climates during the Holocene), V2011 > 48◦N 
summer = V2011 calibration with only the northern lakes sampled in summer, extended 1 = calibration data from the other northern lakes (present work, Arppe 
et al., 2017; Lasher et al., 2017) but excluding the two outliers (Lakes Stardam and Secret), extended 2 = calibration data from other northern lakes, including Lakes 
Stardam and Secret.
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measured ẟ18Och to past lake water oxygen isotope composition 
(ẟ18Olw), was calculated using the linear relationship between ẟ18O 
values in lake water and surface-sediment chironomid head capsules. 
The conversion was based on the original European dataset by Ver-
bruggen et al. (2011), with additional data available for northern 
high-latitude lakes: Lake Kuutsjärvi, Lake Svartvatnet in Svalbard 
(Arppe et al., 2017), and Lakes Stardam, Secret, T1 and T2 in northwest 
Greenland (Lasher et al., 2017) (Table S2). We explored several alter-
natives for the calibration (Fig. 2, Table S3). The dataset of Verbruggen 
et al. (2011) contains lakes located in southern European climatic set-
tings not representative of the range of Värriö climates over the Holo-
cene. Thus, we explored calibration alternatives excluding the lakes 
located south of 48◦N. Moreover, we tested a calibration alternative 
with only the lakes sampled in summer to account for possible seasonal 
bias. The different alternatives of the Verbruggen et al. (2011) dataset 
did not introduce marked differences to the ẟ18Olw – ẟ18Och calibration 
(pale green lines in Fig. 2). However, the Lasher et al. (2017) Lakes 
Stardam and Secret at 75 ◦N in Greenland stand out as outliers in the 
calibration data and including them in the regression (option “extended 
2”) leads to markedly higher reconstructed ẟ18Olw in the lower 
(“colder”) end of the calibration range and lower values in the higher 
(“warmer”) end, respectively (dark green lines in Fig. 2). In the absence 
of more calibration data from the coldest end of the spectrum, we 
decided to exclude Lakes Stardam and Secret from the calibration. Based 
on these explorative analyses, the final selected ẟ18Olw–ẟ18Och calibra-
tion included the full Verbruggen et al. (2011) set and the other northern 
high-latitude lakes excluding Lakes Stardam and Secret (calibration 
“V2011 extended 1”, Fig. 2): 

δ18Och =0.72δ18Olw + 20.9 (2) 

R2 = 0.90 All the equations for the regression lines (Fig. 2) are pre-
sented in the Appendix (Table S3). The reconstructed values were 
modeled with GAMs to evaluate trends in Holocene ẟ18Olw using 
methodology similar to that for the OM data. The model parameters 
were 18 knots and 0.1 smoothness and were determined per trial and 
error as for the OM GAMs.

3. Results and discussion

3.1. Lake basin morphology and sedimentation rate

The GPR data shows that Kuutsjärvi lake sediments accumulated in a 
steep-walled bedrock basin, which is the deepest in its western end 
(Figs. S1 and S2). The bedrock basin is overlain by (south)eastward 
thickening Quaternary glaciofluvial and till deposits (Fig. S2). The lake 
sediment (gyttja) accumulation is focused on the (north)western part of 
the lake by the sediment coring location, where the thickest gyttja layers 
are found (Fig. 3). The lake basin morphology was likely shaped by the 
eroding impact of meltwaters from the northwestwards receding Fen-
noscandian Ice Sheet (Johansson, 1995). The meltwaters from the west 
pushed the loose Quaternary deposits eastwards. There is stratigraphic 
evidence (Bogren et al. 2019; Salonen et al., 2024) of two high-energy, 
early-Holocene meltwater overflow events in the minerogenic sequence 
deposited prior to the lake sediment gyttja section studied here (see 
Bogren, 2019; Salonen et al., 2024).

The age-depth model of Lake Kuutsjärvi is well-constrained and 
follows a quasi-linear trend throughout the early and mid-Holocene 
(Fig. S3; Salonen et al., 2024), with an average sediment accumulation 
rate of 0.083 cm a− 1. There is an inflection point in the age-depth curve 
at ca. 3.8 cal ka BP, with subsequent decline in the sedimentation rate to 
0.015 cm a− 1. The change in the sedimentation rate could be largely 
explained by the basin morphology. The initially small and steep basin 
was first infilled with sediment, after which the area of accumulation 
became much larger (Fig. 3; Figs. S1 and S2), decreasing sediment 
accumulation rate at the coring location. Bennett and Buck (2016)
proposed such conceptual model for sedimentation curves, demon-
strating that when a funnel-shaped lake has filled to a point where the 
basin is flatter, the sedimentation rate slows down. Increasing 
throughflow could have flushed OM out of the lake basin and slowed 
down the sedimentation. Thus, the slower sedimentation rate from ca. 
3.8 cal ka BP onwards could be due to combined effects from basin 
morphology (a change in sediment distribution) and changes to catch-
ment C flow (balance between OM inputs and outputs to the basin).

3.2. δ18Och – δ18Olw calibration and reconstruction

The past δ18Olw values in this study were reconstructed from δ18O in 

Fig. 3. Modeled thickness of the lake sediment (gyttja) layer based on the Kuutsjärvi GPR data.
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chitinous head capsules of the fourth instar of chironomid larvae, which 
most circumpolar species reach in summer (Oliver, 1968; Danks, 1971; 
Walker, 1987; Butler and Braegelman, 2018; Lackmann and Butler, 
2018). The oxygen isotope composition of head capsules of chironomid 
larvae (δ18Och) is an established proxy for δ18Olw (Wooller et al., 2004; 
Verbruggen et al., 2011; Lamb et al., 2024). The reconstructed δ18Olw, in 
turn, reflects regional hydroclimate and lake hydrology. Generally, 
δ18Olw tracks that of rainfall, while air temperature is often the pre-
dominant driver of precipitation ẟ18O in high-latitude environments 
(Dansgaard, 1964; Rozanski et al., 1993). In addition, δ18Olw may be 
altered by evaporation at the lake surface during the open-water season, 
groundwater influence, or seasonal events such as spring snowmelt. To 
assess these impacts, we measured precipitation, lake water and 
groundwater isotope composition at the study site (see Appendix A for 
complete results and discussion). At present, Lake Kuutsjärvi is an open 
groundwater-influenced system, and the seasonal variation in δ18Olw 
during the monitoring period was conspicuously small (within 0.3 ‰ for 
δ18O; Tables S5 and S6). Supplementary Fig. S4E shows Kuutsjärvi lake 
water δ18O and δ2H plotting parallel to and above the local mean water 
lines (LMWLs) for northern Finland, suggesting that lake water is not 
affected by evaporation and is biased towards 18O depleted winter 
precipitation and snowmelt. Värriö groundwater displays typical sea-
sonal attenuation of precipitation composition: depletion from previous 
winter’s snowmelt in early summer (δ18O = − 15.1 ‰), and plotting 
closer to the precipitation of the previous open-water season in February 
(δ18O = − 14.2 ‰) (Fig. S4E). In early summer during the chironomid 
larval activity, groundwater impact is also reflected in the lake water, 
and the isotopic composition of the water column is vertically stable 
(Table S7). Thus, the δ18Och based Holocene δ18Olw reconstruction can 
be interpreted as cold-season biased mean annual precipitation δ18O as 
long as the lake hydrological setting remained similar.

The reconstructed modern δ18Olw value of − 13.5 ‰ (using Eq. (2)) 
from surface sediment δ18Och collected in 2021 is 1 ‰ higher than the 
measured Kuutsjärvi δ18Olw during the ice-free period (June–October 
2021, -14.5 ± 0.1 ‰) (Fig. 4, top panel). Applying any other calibration 
set (Fig. 2) would lead to an even larger difference. The inaccuracy in the 
calibration models could be due to the different temporal coverages of 
the lake water and chironomid samples, the latter encompassing only 
one season, and the former representing surface sediment deposited over 
several years. Another reason could be a habitat bias in the European 
calibration set, comprising surface waters sampled mostly in summer 
(Verbruggen et al., 2011; Arppe et al., 2017; Lasher et al., 2017), 
potentially affected by surface evaporation during thermal stratification, 
that was not influencing the chironomid larvae that were sampled from 
lake bottoms. Lake Kuutsjärvi, in turn, appears isotopically well-mixed 
in June, with similar δ18Olw values in the surface and bottom waters 
(Table S7). Altogether, the differences in the seasonal sampling times 
and the limited calibration data from the Arctic adds to the inaccuracy of 
the calibration models. Addressing these gaps in understanding would 
greatly advance high-latitude δ18Olw reconstructions (see also recom-
mendations by Lamb et al., 2024). Here, given the differences between 
measured and reconstructed modern δ18Olw, the Holocene δ18Olw 
trends, rather than absolute values, are used for past hydroclimate 
interpretation.

The reconstructed Holocene ẟ18Olw mirrors the overall air temper-
ature development in the region (Shala et al., 2017; Lenz et al., 2021; 
Krikunova et al., 2022; Otiniano et al., 2024; Salonen et al., 2024), 
gradually increasing in the early Holocene, reaching maximum values in 
the mid-Holocene, and dropping subsequently in the late Holocene 
(Fig. 4). Recent research suggests a small (ca. − 0.1 ‰ per ◦C) 
temperature-dependent fractionation effect between oxygen isotopes in 
chitin and lake water (Lombino et al., 2021), implying that lake water 
warming increasingly favors the incorporation of 16O in chironomid 
chitin, leading to lower δ18Och. The fractionation can thus cause atten-
uation of the climatic signal incorporated in δ18Och because temperature 
shifts have an opposing impact on precipitation δ18O (climate warming 

leads to precipitation more enriched in 18O), and thus the amplitude of 
changes in the Kuutsjärvi Holocene δ18Olw maybe underestimated.

It is assumed that ca. 70 % of the oxygen in chitin derives from the 
water the chironomid larvae live in, and the remaining 30 % from their 
diet (Wang et al., 2009; Soto et al., 2013) and that there are no major 
differences in oxygen isotope fractionation between species 
(Verbruggen et al., 2011). However, recent research demonstrates po-
tential taxon-specific fractionation effects on oxygen isotopes incorpo-
rated in chitin (Chang et al., 2018), and single-taxon isotope analysis can 
help eliminate this bias (van Hardenbroek et al., 2018; Lamb et al., 
2024). To reach the required sample yield for the δ18Och analysis of Lake 
Kuutsjärvi, it was necessary to use mixed species assemblages. However, 
while the chironomid species assemblages show some changes in the 
proportional contributions of species over the Holocene, the main 
chironomid taxa remain the same (Fig. S5). We thus assume that 
species-specific fractionation did not inflict a notable bias on Lake 
Kuutsjärvi δ18Olw record. The dominant chironomid taxa are cold 
stenotherm species and profundal dwellers (e.g. Heterotrissocladius spp., 
Sergentia coracina -type, Tanytarsus lugens -type, Micropsectra-type Het-
erotrissocladius grimshawi; Brooks et al., 2007; Moller Pillot, 2009) 
(Fig. S5). Also, a small but consistent proportion of the taxa are related 
to seepages and springs suggesting groundwater influence on Lake 
Kuutsjärvi throughout the Holocene. Therefore, the chironomid assem-
blages support the notion that chitin-based Lake Kuutsjärvi ẟ18Olw re-
cords cold-season biased mean annual precipitation.

Fig. 4. Alternative Lake Kuutsjärvi δ18Olw reconstructions using the 
δ18Olw–δ18Och calibrations presented in Fig. 2. The reconstructed Holocene 
values with the chosen calibration (V2011 extended 1) are marked with dark 
purple crosses, and are smoothed with generalized additive model (GAM, dark 
blue line). The top of the panel shows the modern measured (average June-
–October) and reconstructed (based on δ18Och from surface sediments collected 
in June 2021) δ18Olw values, and at the bottom are the reconstructed Holocene 
average δ18Olw values.
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3.3. Modern organic matter sources

The three primary sources of OM to Lake Kuutsjärvi sediments 
(terrestrial, lake bottom and POM) were separated by their C:N and δ13C 
values (Fig. 5; Fig. S6, Table S10). Nitrogen isotope composition, how-
ever, did not separate the OM sources (Fig. S6) and was not used in the 
end-member mixing model. Allochthonous terrestrial material had a C:N 
range from 12.3 to 59.8 (average 25.3 ± 11), and δ13C range from − 31.3 
to − 23.5 ‰ (average, − 26.8 ‰ ± 1.3), equivalent to reported values 
from boreal and subarctic ecosystems (Fig. 5; Finlay and Kendall, 2007; 
Butterbach-Bahl et al., 2011; Burpee and Saros, 2020). Autochthonous 
sources were divided into two categories, lake bottom and POM, which 
were separated by their C:N ratios (Fig. 5). The lake bottom class com-
prises aquatic mosses and benthic algae with C:N ranging from 11 to 
19.2 (average 15.1 ± 4), and δ13C ranging from − 33 to − 37 ‰ (average 
− 35.8 ± 1.8 ‰) (Fig. 6), where the C:N of aquatic mosses approaches 
that of terrestrial vegetation (Table S6). The POM filtered from the water 
column had a C:N range from 4.4 to 7.4 (average 6 ± 1.2), and a δ13C 
range from − 37.2 to − 33.1 ‰ (average − 35.5 ‰ ± 1.7) characteristic of 
freshwater algal production (Fig. 6; Lamb et al., 2006; Finlay and Ken-
dall, 2007).

The lake bottom OM sources in Lake Kuutsjärvi have low δ13C values 
relative to the literature range for submerged aquatic plants and benthic 
algae, which are typically separated from pelagic algal source by their 
higher δ13C values (France, 1995). This is probably because most of the 
lake bottom samples are aquatic moss species (Fontinalis spp. and 
Warnstorfia trichophylla), which in the few reports from Arctic-boreal 
locations have relatively low δ13C values (− 34 to − 24 ‰) (Riis et al., 
2016; Thompson et al., 2018; McFarlin et al., 2023). The functional 
group is often decisive for the δ13C values of aquatic vegetation, since it 
influences dissolved inorganic C type in the typical habitat and the 
physiological differences in the fractionation mechanisms(Chang et al., 
2018; Thompson et al., 2018). Many aquatic mosses fix only dissolved 
aquatic CO2 (Bain and Proctor, 1980; Riis and Sand-Jensen, 1997), 
explaining their generally low δ13C values for a benthic habitat. In the 
end-member mixing model, autochthonous pelagic production (POM) 
and allochthonous sources are well-separated, while the lake bottom 
end member overlaps with POM with respect to δ13C, and with terres-
trial material with respect to C:N. Thus, when accounting for both 
tracers, lake bottom source has its own fingerprint in the δ13C – C:N 

space (Fig. 5). Our findings highlight that understanding the geochem-
ical composition of the local aquatic vegetation is essential for accurate 
interpretation of OM sourcing. In typical high-latitude clear-water lakes, 
aquatic mosses and benthic algal mats form an essential but less well 
constrained C source, which may introduce a considerable bias in the 
interpretation of C sourcing due to the overlap with the literature values 
of pelagic production and even allochtonous OM.

3.4. Holocene changes in sediment C burial

The cluster analysis applied to the OM data identified five zones 
(Fig. 6). Zones E (from 10.5 to 9.6 cal ka BP) and D (from 9.6 to 8 cal ka 
BP) will be here onwards referred to as the early Holocene, Zones C 
(from 8 to 5.8 cal ka BP) and B (from 5.8 to 3.1 cal ka BP) as the mid- 
Holocene, and Zone A (since 3.1 cal ka BP) the late Holocene). The 
range of Holocene CAR in Lake Kuutsjärvi (0.5–13.1 g C m− 2 a− 1, 
average: 8.5 ± 4.3 g C m− 2 a− 1) falls within what is reported for other 
lakes in Finland (1–23.7 g C m− 2 a− 1; Pajunen, 2000) and in the 
circum-Arctic region (1.2–7.9 g C m− 2 a− 1 in northern Quebec; Ferland 
et al., 2012; 3.5–11.5 g C m− 2 a− 1 in southwestern Greenland, Anderson 
et al., 2009; and 3.5 g C m− 2 a− 1 in northern Siberia, Vyse et al., 2021). 
While the sediment accumulation rate, and thus the CAR, at the core 
location were heavily influenced by lake basin morphometry (Fig. 3, 
Figs. S1 and S2), Holocene changes in the amount of autochthonous and 
allochthonous contributions to Lake Kuutsjärvi appear to have an 
impact on the CAR as well.

The highest CAR values and slightly higher C:N values in the mid- 
Holocene coincide with the regional (Seppä et al., 2009; Sejrup et al., 
2016) and the northeast Fennoscandian (Seppä et al., 2008; Shala et al., 
2017; Lenz et al., 2021; Krikunova et al., 2022; Otiniano et al., 2024; 
Salonen et al., 2024) HTM at ca. 8–4 cal ka BP. A recent study of C burial 
over the past 21 cal ka BP in 28 lakes across the Arctic reports an overall 
increase in C accumulation during warmer periods, but the burial pat-
terns in many of the lakes in the study are not explained by temperature 
(Pfalz et al., 2023). Carbon burial in Lake Kuutsjärvi was likely indi-
rectly impacted by warming through changes to hydrological connec-
tivity. The higher sediment TOC% during the HTM (Fig. 6) coincides 
with lake level lowering in northern Finland (Hyvärinen and Alhonen, 
1994; Eronen et al., 1999; Korhola et al., 2005; Väliranta et al., 2015; 
Siitonen et al., 2011). Lake Kuutsjärvi has a shallow outlet, and it is 
likely that lake level lowering during the HTM closed the system, trap-
ping the OM arriving to the lake and produced in the lake within the 
basin. In general, smaller and shallower lakes tend to have higher OM 
preservation potential and CAR values due to limited remineralization 
with less water column depth (Kortelainen et al., 2004; Ferland et al., 
2012).

During the HTM, there are two CAR minima at ca. 8 and 6 cal ka BP, 
where sedimentation rate remains unchanged and sediment TOC% and 
C:N ratio decrease (Fig. 6). The periods coincide with continuous yellow 
laminations in the lithostratigraphy (Fig. 6), interpreted as periods of 
intense algal blooms consisting primarily of siliceous diatoms. The high 
sediment silica content could explain the lower proportion of C in 
sediment, and hence lower CARs at these times compared to the rest of 
the HTM. This interpretation is corroborated by the high dissolved Si 
concentrations in modern Lake Kuutsjärvi and the high contributions of 
amorphous silica from the catchment to recent lake sediments (Tallberg 
et al., 2015).

The markedly lower CARs in the late Holocene can be largely 
explained by sediment infilling at the coring location (see section 3.1) 
together with higher effective humidity contributing to hydrological 
opening and material escape from the lake. These changes were coupled 
by a general decrease in terrestrial productivity during the late Holocene 
cooling, seen as lowering TOC% and C:N values.

Fig. 5. End-member mixing model input data for sediment OM sources 
(modern samples, blue and green), shown as average values with standard 
deviations, and Holocene C:N and δ13C values (yellow, orange and red symbols) 
as temporal zones A to E from the cluster analysis (see Fig. 6). The ranges in 
dashed boxes are values for OM sources from literature (Lamb et al., 2006; 
Finlay and Kendall, 2007; Riis et al., 2016; Thompson et al., 2018).
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3.5. Holocene hydroclimate and sediment C sources

The Holocene CAR, the changes in TOC% and the OM source con-
tributions follow the ẟ18Olw trends in Lake Kuutsjärvi (Fig. 7). The low 
ẟ18Olw values in the earliest and late Holocene are coupled with lower 
than average CAR (on average 3.2 g C m− 2 a− 1 in Zone A and E in 
comparison to the Holocene average of 9.2 g C m− 2 a− 1) and C:N (8.8 
and 10.7 for Zone A and E, respectively, in comparison to the Holocene 
average of 10.7; Fig. 6), suggesting lower C burial from mainly aquatic 
sources (Lamb et al., 2006; Meyers, 2003) during periods of higher 
effective moisture. This pattern is corroborated by the mixing model 
solution (Fig. 7C). Conversely, during the warmer and drier HTM with 
elevated ẟ18Olw, the CAR and the C:N ratio are higher (CAR up to 13.1 g 
C m− 2 a− 1 and maximum C:N value 14 at ca. 6.9 cal ka BP; Fig. 6), 
indicating Holocene maximum C burial and above-average contribution 
from allochthonous sources, supported by the mixing model solution 
(Fig. 7C). These results are contrary to the expected increase in 
land-derived OM with hydrological connectivity (Blanchet et al., 2022).

It is likely that during the HTM, the higher ẟ18Olw resulted from both 
higher temperatures and surface evaporation. The shallow outlet of Lake 
Kuutsjärvi was likely at least periodically closed due to lake level 
lowering, which enhanced burial of incoming terrestrial material. Lake- 
level lowering during the HTM is observed in several northern Fenno-
scandian lakes (Eronen et al., 1999; Hyvärinen and Alhonen, 1994; 
Korhola et al., 2005; Siitonen et al., 2011). Furthermore, pine (Pinus 
sylvestris) tree line expanded northwards in Fennoscandia during the 
mid-Holocene (Seppä and Birks, 2001; Balascio et al., 2020). Around 
Kuutsjärvi, pollen and sedaDNA records indicate dense catchment forest 
and nutrient-demanding field layer vegetation during the HTM; the 

maximum tree pollen proportion was reached around 7 cal ka BP 
(Salonen et al., 2024), coinciding with the sediment C:N maximum. 
Thus, landscape greening and C-rich forest soils over the HTM could 
have led to increased allochthonous C load contributing to higher 
sediment CAR in the (periodically) closed lake basin. Another explana-
tion could be that the lake level lowering increased the area for shoreline 
vegetation which also have higher C:N values (Thompson et al., 2018), 
however, the littoral area of Lake Kuutsjärvi was likely marginal due to 
the steep morphology of the basin.

While the terrestrial OM contribution to Lake Kuutsjärvi increased 
during the HTM, also aquatic productivity was high and the burial of 
both autochthonous and allochthonous OM increased. The lower ẟ15N 
values (Fig. 6), in turn, could be due to higher soil N content and 
contribution of terrestrial N to the lake, supporting aquatic productivity. 
Our results suggest that increased allochtonous inputs, or lake brown-
ing, did not hinder aquatic productivity in this forested lake setting. 
These findings demonstrate that hydroclimate influence on sediment C 
burial and sources in Lake Kuutsjärvi was mediated by the development 
of catchment vegetation and soils, nutrient inputs to the lake, and lake 
level lowering, which are more complex than expected from a simple 
change in hydrological connectivity.

An interesting feature of the Kuutsjärvi HTM is the dip in ẟ18Olw at 
around 6.5 cal ka BP, within the period of generally high ẟ18Olw, which 
is coupled with fluctuations in the CAR, TOC% and OM sourcing. There 
is little indication of a mid-Holocene cold event in the regional summer 
temperature records (Lenz et al., 2021; Krikunova et al., 2022; Otiniano 
et al., 2024; Salonen et al., 2024). The HTM has generally been 
considered a stable warm period (Seppä and Birks, 2001; Sejrup et al., 
2016; Otiniano et al., 2024), and the recent pollen-based July 

Fig. 6. Stratigraphic diagram with sediment organic geochemical data from Lake Kuutsjärvi. The zonation is based on cluster analyses. The geochemical sequences 
are smoothed with generalized additive models (GAMs; red line), and the Holocene average values are presented with a dashed line.
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temperature record from Lake Kuutsjärvi supports this notion, although 
with a more conspicuous rise to the peak thermal maximum at ca. 6–4 
cal ka BP compared to previous records (Fig. 7A; Salonen et al., 2024). 
On the other hand, ẟ18Olw records deviating from the Holocene tem-
perature trend have been reported in a few studies from Fennoscandia 
(St. Amour et al., 2010; Muschitiello et al., 2013). St. Amour et al. 
(2010) proposed that wintertime circulation changes and weakened 
zonal circulation (NAO- dominance) gave rise to low ẟ18Olw values 
around 6.5 cal ka BP in Lakes Svartkälstjärn and Spåime in central 
Sweden. Muschitiello et al. (2013) explained short-term negative ex-
cursions during late Holocene in ẟ18Olw of Lake Bjärsträsk on Gotland 
Island, Sweden, as outbreaks of wintertime cold Siberian and the Polar 
air masses, which led to snow-rich winters replenishing the local aquifer 
feeding the lake with water depleted in 18O and 2H. The short-term 
mid-Holocene negative excursion in ẟ18Olw in Lake Kuutsjärvi could 
be explained by a similar mechanism, where prevailing negative 
winter-time NAO and Siberian High promoted longer winters and 
snowpack accumulation leading to spring melt and groundwater inputs 
depleted in 18O. The yellow diatom-rich laminations and more aquatic 
OM source at ca. 6 cal ka BP appear simultaneous with the low ẟ18Olw 
values at 6.5 cal ka BP. The differences in the temporal resolution, the 
GAMs and the averaging methods used with each dataset hamper pin-
pointing a clear temporal correspondence. Nevertheless, a strong 
wintertime Siberian High with snow-rich winters and higher ground-
water levels compared to the HTM average could have led to isotopically 
light, nutrient-rich groundwater seepage to Lake Kuutsjärvi at around 
6.5 cal ka BP, supporting aquatic (diatom) production seen in the lith-
ostratigraphy. Lake nutrient balance, in particular phosphorus and silica 
inputs in northern oligotrophic closed basins, has been shown to be 
notably supported by groundwater inflow (e.g. Ala-aho et al., 2013).

The mixing model (Fig. 7C) suggests a predominance of aquatic 

sources to sediments throughout the Holocene, with a larger contribu-
tion of lake bottom vegetation (~25 % of the total OM) to the early 
Holocene sediments compared to the rest of the sequence, while planktic 
POM proliferates in the late Holocene (≥50 % of the total sediment OM). 
The newly formed early Holocene Kuutsjärvi, with a poorly developed 
catchment, was probably fast colonized by aquatic mosses, often rapidly 
spreading to newly established postglacial habitats (Väliranta et al., 
2015). Allochthonous OM inputs from the soils covered by sparse 
mountain-birch forest (Shala et al., 2014; Helmens et al., 2018; Salonen 
et al., 2024) were likely not significant. In contrast, the late Holocene 
land cover in the region was characterized by northern boreal pine 
(Pinus sylvestris) and spruce (Picea abies) forest (Shala et al., 2014; Sal-
onen et al., 2024) and well-developed soils. At this time, Lake Kuutsjärvi 
probably became a close approximation of the modern lake with 
increased hydrological connectivity, higher water levels and rapid 
turnover, flushing OM out of the lake. The late Holocene is also char-
acterized by the lowest δ18Olw values in the record, which is in line with 
the cooling temperatures and higher effective humidity. Higher lake 
water levels and hydrological connectivity are supported by the recov-
ery of profundal chironomid taxa, Sergentia coracina-type, and a domi-
nance of Micropsectra contracta -type and Tanytarsus lugens -type also 
typical for streams, in the latest stage of the Holocene (Fig. S5). The 
sediment TOC% indicates overall lower production in the late Holocene, 
while most of the C appears to be sourced from pelagic sources. A similar 
shift to planktic algal communities supported by more turbulent lake 
water column of the wetter and colder late Holocene have been reported 
based on diatom and pigment analyses from northern Fennoscandia 
(Reuss et al., 2010; Rantala et al., 2015; Belle et al., 2019). Furthermore, 
higher lake level enlarged the area for planktic production, and hydro-
logical opening may have eased the drainage of terrestrial material. In 
addition, the relative rise in ẟ15N (Fig. 6) indicates higher nitrogen 

Fig. 7. (A) Pollen-based Holocene July temperature reconstruction (Salonen et al., 2024).(B) Holocene hydroclimate shifts as reconstructed by ẟ18Olw [VSMOW ‰]. 
The black circles correspond to the values calculated with Eq. (2), the data points are smoothed with generalized additive models (GAMs, blue line), Holocene 
average is marked with a dashed line. (C) Holocene sediment C quantity as the carbon accumulation rate (CAR) [g C m− 2 y− 1] and the total organic C proportion 
(TOC %), smoothed with generalized additive models (GAMs). (D) The proportional contributions of organic matter sources (POM, lake bottom material (aquatic 
mosses and algae), and terrestrial vegetation to Lake Kuutsjärvi over the Holocene from the end-member mixing modeling. The pale orange background denotes the 
regional HTM (from 8 to 4 ka cal BP) and the dashed lines the zonation from the cluster analysis on the OM data.
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utilization and aquatic productivity with respect to available N (Wu 
et al., 2006).

Overall, our results highlight the key role of hydrological connec-
tivity on the sediment C sink: dry periods promoted the C sink and burial 
of allochtonous C, while wet periods supported C throughflow. Thus, 
while C burial in northern lakes has shown to have increased (Heathcote 
et al., 2015), lakes in the future wetter high-latitude Europe may have an 
increasing role as processors of allochtonous C transported across the 
land-aquatic gradients.

4. Conclusions

We reconstructed Holocene changes in Lake Kuutsjärvi C burial and 
OM sourcing together with hydroclimate change in northern Fenno-
scandia, using elemental (C, N) and stable isotope (δ13C, δ15N, δ18O) 
records from sediment organic matter and chironomid head capsule 
chitin. The modern water isotope monitoring indicated that ground-
water and snowmelt have a marked impact on the oxygen isotope 
composition (δ18Olw) of Kuutsjärvi water in early summer during the 
chironomid larval activity. The reconstructed lake water oxygen isotope 
composition (ẟ18Olw) follows the Holocene summer temperature evo-
lution with lower average values in the early Holocene, generally higher 
values during the HTM, and lower values following the cooling tem-
peratures of the late Holocene. However, a marked negative excursion in 
ẟ18Olw around 6.5 cal ka BP within the warm mid-Holocene suggests 
wintertime atmospheric circulation changes that led to longer winters 
and snowpack accumulation, increasing the impact of isotopically 
depleted spring melt and groundwater on ẟ18Olw. The Holocene C 
accumulation rates followed the changes in hydroclimate, vegetation 
development and sediment accumulation, with an early Holocene in-
crease, the highest CAR at the HTM when the lake level was likely lower, 
and a clear slowdown at ca. 4 cal ka BP related to basin infilling. Within 
the HTM, there are two CAR minimums at ca. 8 and 6 cal ka BP linked to 
yellow, diatom-rich sediment layers with lower TOC% content, indi-
cating high aquatic productivity and nutrient inputs possibly related to 
the change in wintertime climate and groundwater influence. According 
to our data and the results from end-member mixing modeling, Lake 
Kuutsjärvi was dominated by aquatic OM sources throughout the Ho-
locene, with aquatic mosses and benthic algae having more impact in 
the early Holocene and planktic algae in the late Holocene. In the mid- 
Holocene, the warm temperatures and longer water residence time, 
coupled with well-developed soils and Holocene maximum forest den-
sity, increased sedimentation of both aquatic and land-derived material. 
In contrast, land-derived OM contributes less to the burial in the late 
Holocene despite a likely increase lake level and hydrological connec-
tivity. Our results demonstrate the key role of hydrological connectivity 
in controlling both burial and sourcing of C, and highlight the need to 
better identify the different source contributions to high-latitude lake C 
burial.
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