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ARTICLE INFO ABSTRACT

Editor: Jay Gan Future climate projections are expected to have a substantial impact on boreal lake circulation regimes. Un-
derstanding lake sensitivity to warmer climates is therefore critical for mitigating potential ecological and so-

Keywords: cietal impacts. The Holocene Thermal Maximum (HTM; ca 7-5 ka BP) provides a valuable analogue to

Lake sediments investigate lake responses to warmer climates devoid of major anthropogenic influences. Here, we analyse the

Varves

micro-X-ray core scanning profiles (u-XRF) of the annually laminated (varved) sediments from Lake Nautajarvi
(NAU-23) in southern Finland to elucidate changes in lake circulation and sedimentation patterns. Principal
component analysis (PCA) identifies two key components in the geochemical data associated with the nature of
the sediments, i.e. detrital vs organic sedimentation (PC1), and hypolimnetic oxidation (PC2). Our findings
reveal that during the HTM, the lake became more sensitive to changes in oxygenation and mixing intensity.
These changes were triggered by a warmer climate, which increased organic matter and redox sensitive metal
solute concentrations in the water column, strengthening lake stratification and weakening dimictic circulation
patterns. Superimposed on HTM weakened circulation are distinct phases of increased oxidation and iron-rich
varve formation that do not happen when the background conditions are cooler (i.e. the early and late
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Holocene). This is driven by temporary strengthening of the mixing regime in response to climatic variability and
storminess cycles across southern Scandinavia. These findings demonstrate that whilst warmer conditions
weaken boreal lake circulation regimes, they can also make them increasingly vulnerable to short term oscil-
lations in prevalent climatic conditions and weather patterns, which could have significant impacts on lake water
quality and aquatic ecosystems. These findings underscore the non-stationary nature of lake sensitivity to short-
term climatic variability and emphasize the potential for similar shifts to occur under future warming scenarios.

1. Introduction

Future climate projections are expected to have a substantial impact
on boreal lakes, with warmer temperatures and longer summer seasons
intensifying the thermo-stratification of the water column and altering
lake mixing regimes (Shatwell et al., 2019; Woolway and Merchant,
2019; Mesman et al., 2021; Woolway, 2023). This could affect the
oxygenation, trophic status and nutrient availability in the lake (Wetzel,
2001; Jansen et al., 2024), and, in turn, have significant impacts on
aquatic biodiversity and water quality (Sarkkola et al., 2013; Taipale
et al., 2016; Knoll et al., 2018; Krzeminski et al., 2019; Riise et al.,
2023).

Presently however, there is limited empirical evidence to confidently
predict how boreal lake circulation regimes will respond to warmer
climates, which hinders understanding of potential thresholds in lake
conditions and the mechanisms that could drive these changes. Ana-
lysing the past responses of lakes to warmer climatic conditions, allows
us to improve our understanding of natural processes and mitigation
strategies for lake ecosystems. The Holocene Thermal Maximum (HTM;
ca 7-5 ka BP) is the last pre-industrial period with warmer boreal
summers than present (Bova et al., 2021) and thus, provides a valuable
analogue to understand boreal lake responses to warmer climatic con-
ditions in the absence of major anthropogenic influences.

Pinpointing the timing, duration and forcing factors responsible for
changes in mixing regimes based on sediment records has proven to be a
difficult challenge in palaeorecords. This is primarily due to limitations
in sampling resolution, chronological precision, and proxy sensitivity to
lake circulation (Mishra, 2023). Annually laminated (varved) lake sed-
iments offer a valuable yet underutilised resource for these types of in-
vestigations for three reasons. First, varve preservation depends upon
seasonally specific sediment yields from the catchment and oxygen
concentrations in the water column (Zolitschka et al., 2015). Therefore,
variations in varve structure can be used to reconstruct changes in lake
circulation and hypolimnetic oxidation (e.g. Drager et al., 2017; Sal-
minen et al., 2019). Second, the geochemical composition of varved
sediments, particularly the profiles of redox sensitive elements (e.g. Fe,
Mn and S), can provide information on variations in hypolimnetic
oxygenation and circulation regimes over time (e.g. Galman et al., 2009;
Dréger et al., 2016; Zarczyniski et al., 2019). Third, precise varve chro-
nologies enable highly-resolved proxy-based reconstruction as well as
robust regional comparisons with other well-dated environmental and
climatic archives. This can facilitate investigations into whether varia-
tions in lake circulation and hypolimnetic oxygenation are responding to
local processes or may coincide with climatic variability.

Lake Nautajarvi in southern Finland provides an ideal site to inves-
tigate past changes in lake mixing regimes. The sedimentary record is
continuously varved for the past 9900 years, indicating persistent sea-
sonal hypoxia in the hypolimnion throughout the Holocene (Ojala and
Alenius, 2005). Furthermore, the occasional occurrence of Fe and Mn
precipitates identified within the sediment sequence suggests subtle
variability in lake sedimentation patterns (Ojala et al., 2013), poten-
tially linked to seasonal changes in hypolimnetic lake oxygen status and
mixing (e.g. Galman et al., 2009; Neugebauer et al., 2022; Zarczyﬁski
et al., 2022). Therefore, the Nautajarvi sediment sequence provides the
opportunity to investigate changes in lake oxygenation and circulation,
and possible forcing factors, at a seasonal to annual resolution. By using
the Nautajarvi varved sequence, this study aims to improve our

understanding of lake circulation and sedimentation patterns through
the warmer climatic regimes of the HTM. Specifically, it seeks to (i)
characterize variability of lake circulation using sediment varve pa-
rameters and p-XRF core scanning data; (ii) evaluate the potential causes
(catchment-to-lake processes) of changes in lake circulation dynamics
through the HTM; and (iii) provide insights for future warming scenarios
by considering how circulation dynamics recorded at Nautajarvi, may
inform predictions on boreal lake responses to future warming.

2. Site description

Nautajirvi (61°48'N 24°24E) is a small (0.17 km?) seasonally
stratified, 20 m deep, mesotrophic and slightly acidic (pH ~5.8-6) lake
(Korkonen et al., 2017) in southern Finland (Fig. 1). The lake lies at
103.7 m asl and sits in a chain of lakes within the larger-scale drainage
basin of Avantijarvi (Fig. 1A). The lake was formed after the Early
Holocene recession of the Fennoscandian Ice sheet and the subsequent
isolation from the Baltic Sea basin via glacioisostatic uplift, during the
Lake Ancylus phase at 9625 varve yr BP (equivalent to varve chronology
years before 1950 CE; Ojala et al., 2005).

The lake is fed by the adjacent Ristijarvi located to the north, and two
streams draining the surrounding catchment, which consists of coarse-
grained granites, till and post-glacial silts (Ojala and Alenius, 2005).
The only outflow drains into Lake Pitkavesi to the south. Vegetation in
the catchment area is dominated by pine and spruce trees characteristic
of the Southern boreal vegetation zone. The contemporary local climate,
recorded at the Halli weather station 8 km NE of the lake, is continental,
with mean annual precipitation ranging between 500 and 700 mm be-
tween 1990 and 2011, of which approximately 30 % falls as snow
(Jokinen et al., 2021). Mean annual temperatures are +4 °C, with the
warmest temperatures occurring in July (+15-22 °C) and the coldest
temperatures occurring between January to February (—12 to —4 °C).
Typically, the lake is ice covered for 4-5 months a year, from mid-
December until mid-May (Figs. 1 C-E).

2.1. Present lake mixing and sedimentation regimes

Limnological measurements by the Finnish Environment Institute
(OIVA database, https://www.syke.fi/en-US/Open_information) and
sediment trap surveys by Ojala et al. (2013) and Korkonen et al. (2017)
show that the contemporary circulation regime at Nautajarvi is dimictic
(i.e. two overturn periods annually). The first overturn occurs in spring,
as winter ice cover melts, the lake surface is subaerially exposed, and the
water column becomes isothermal. During summer, warmer tempera-
tures induce thermal stratification, which is maintained until autumn,
when cooling lake surface temperatures and increased precipitation,
winds and storms promote a second overturn. In winter, the lake is ice
covered and inversely stratified, and the hypolimnion is anoxic. The
preservation of varves indicates the absence of in situ sediment mixing
by bioturbation, likely caused by the dimictic nature of the lake, where
anoxia prevails at the sediment-water interface during periods of winter
ice-cover and summer stratification.

The sedimentary sequence in the centre of Nautajarvi is composed of
clastic-biogenic varves, which are typical of Holocene boreal lakes
across Fennoscandia (e.g. Renberg, 1981; Ojala and Alenius, 2005;
Zolitschka et al., 2015). The varves consist of two primary laminae,
which represent the lake circulation and seasonal sedimentation
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dynamics described above (Ojala et al., 2013). A detrital-rich lamina is
composed of normally graded felspars, quartz-rich minerals and
biogenic silica from the catchment, which is primarily controlled by
winter snow storage and discharge intensity following spring snowmelt
(Ojala and Alenius, 2005; Ojala et al., 2013; Korkonen et al., 2017). An
organic-rich layer composed of amorphous organic material is
controlled by in-lake productivity and allochthonous transport from
inflowing streams in summer (Ojala et al., 2013; Saarni et al., 2016).

3. Methodology

To investigate the changes in lake sedimentation and circulation
regime, we use new cores collected from the deepest section of Nau-
tajarvi in March 2023 (NAU-23), using a gravity piston corer from the
frozen lake surface. A 7.26 m composite NAU-23 stratigraphy was
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constructed using 10 drives from 4 cores spaced <10 m apart (A to D,
Fig. 1). The Nautajarvi sediment chronology is based on semi-automated
varve counting and measurements of seasonal laminae variations (Ojala
and Tiljander, 2003). The accuracy of the varve chronology was esti-
mated as =1 % based on replicated varve analyses of multiple sediment
cores (Ojala and Alenius, 2005). The varve chronology was cross-
checked by comparing palaeomagnetic measurements with other inde-
pendently varve-dated palaeomagnetic records from Finland (Ojala and
Tiljander, 2003) and Sweden (Snowball et al., 2007).

Here, the varve chronology was transferred to the NAU-23 stratig-
raphy using linear interpolation between 210 marker layers between
—46 and 9829 varve yr BP (Ojala and Alenius, 2005; Supplementary
Fig. 1).
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Flg 1. A. Map showing the location of Lake Nautajarv1 within the Lake Avéntijarvi drainage system in southern Finland (red square on inset map shows location of
Avintajarvi catchment). The extent of the Avantijarvi catchment is in red and the Nautajarvi catchment is in dark yellow. The Digital Elevation Model is a 2m
resolution product obtained from the National Land Survey of Finland Topographic Database 06/2014. B. Shows the lake bathymetry and coring locations for the
NAU-23 sequence (in red). Yellow dots show cores previously extracted from the lake. Lake inflows and outflows are marked by blue arrows. C-E. Mean monthly
temperature (C.), precipitation (D.), and wind speed (E. plotted as monthly anomalies from the annual mean) between 1990 and 2011, derived from the Halli weather
station ~8 km NE of the lake (position shown in 1A; Jokinen et al., 2021). Red and blue ribbons show the monthly temperature, and precipitation ranges, whilst
horizontal dotted lines show annual mean values. In E., red and blue bars represent positive and negative anomalies from the annual mean. Grey rectangles show the
average duration of lake ice cover between December and May (Korkonen et al., 2017)
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3.1. u-XRF core scanning

Geochemical element profiles of the NAU-23 cores have been ac-
quired directly at the split-core surface every 0.2 mm using an ITRAX
p-XRF core scanner at GFZ-Potsdam. All cores were measured continu-
ously and additionally, 2 to 3 selected intervals of about 2 cm long were
selected to obtain replicate measurements. p-XRF core scanning mea-
surements were conducted using a dwell time of 6 s, with an Rh-X-ray
source operated at 30 kV and 60 mA. This covers the elements
Aluminium (Al) through to Zircon (Zr) as well as the coherent (Rh coh)
and incoherent (Rh inc) radiation. The elements Si, S, K, Ca, Ti, Mn and
Fe were selected for further investigations based on the relative standard
deviations (<25 %) calculated from 3-fold replicate measurements.

Element records acquired by p-XRF core scanning are typically
expressed as intensities (cps) that are non-linearly related with element
concentrations due to sediment matrix effects, but also influenced by
physical sediment properties (Tjallingii et al., 2007; Weltje and Tjal-
lingii, 2008). However, log-ratios of element intensities are linear
functions of element concentrations (Weltje et al., 2015), and also pro-
vide a solution for statistical analyses of compositional data (Aitchison,
1986).

Element intensities were first resampled to 0.4 mm resolution and
then transformed using a centered-log ratio (clr) in the ‘composition” R
package (van den Boogaart and Tolosana-Delgado, 2008), to account for
constant-sum constraints (Aitchison, 1986), and non-linear behaviour to
variations in the geochemical composition of the sediments (Tjallingii
et al., 2007).

Statistical analyses were undertaken using R version 4.3.3. Element
values were scaled using the replicate variance measurements, to
downweight elements with low analytical precision (Weltje et al., 2015).
Ward’s hierarchical clustering, used to statistically group and interpret
trends in the multivariate dataset, was performed on the clr-transformed
and scaled p-XRF data using the ‘stats’ and ‘dendextend’ packages
(Galili, 2015).

The relevant number of clusters (k = 4) was selected using the ma-
jority rule from 26 indices run using ‘NBClust’, manually constrained to
between 4 and 10 possible clusters (Charrad et al., 2014; Supplementary
Data), and visualised using the ‘ComplexHeatmap’ package (Gu and
Hiibschmann, 2022).

Principal component analysis (PCA), used to identify key trends in
the multivariate data, were performed using the ‘FactoMineR’ package
(Le et al., 2008) and visualised using ‘factoextra’ (Kassambara and
Mundt, 2017) and ‘ggplot2’ (Wickham, 2016). Other statistical analyses
were undertaken using ‘corrplot’ (Wei et al., 2017) and ‘zoo’ (Zeileis
et al., 2023). The code used to undertake these analyses are included in
the Supplementary Data.

3.2. Microanalysis with SEM

A Jeol JSM-5900 low vacuum scanning electron microscope (SEM)
connected to an Oxford Instruments X-Max 80mm? energy-dispersive
spectrometer (EDS) was used to investigate sections of anomalously
high values of iron (Fe) and manganese (Mn) in the sequence. The an-
alyses were done on carbon coated epoxy embedded samples (Tiljander
et al., 2002). Here, the backscattered electron image (BSEI) mode was
used for detailed studies of micro sedimentology, composition and
structure of varves, as well as spatial distribution and composition of Fe
and Mn precipitates seen in the sediment sequence (e.g. Ojala and
Francus, 2002).

4. Results

4.1. Sediment description and correlation to the Nautajarvi varve
chronology

The NAU-23 sedimentary sequence consists of two units as described
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by Ojala and Alenius (2005). Unit 1 is at the base of the sequence be-
tween 726 and 674 cm (Lake Ancylus phase; Fig. 2) and is made of
massive to faintly laminated minerogenic clayey-silts, with irregularly
spaced fine-medium sand beds. Unit 2 covers the rest of the record and is
comprised of clastic and biogenic laminae forming the varve couplets
(674-0 cm).

Whilst the varve model does not change over time, the varves at the
base of unit 2 (674-630.5 cm; 9829-9625 varve yr BP) are thicker (2.39
+ 1.240 mm) because of a higher amount of clastic input into the lake,
before grading into thinner (0.62 + 0.24c mm) clastic-biogenic varve
couplets after isolation from Lake Ancylus at 9625 + 96 varve yr BP
(Ojala et al., 2005). From 432 to 310 cm of sediment depth (7000-5000
varve yr BP), the varves are frequently iron stained and contain beds of
concentrated Fe-rich precipitates and colloids (Fig. 3A). Fe precipitates
are spherical in shape and typically <5 pm in diameter (ranging between
1 and 15 pm; colloids hereafter). They seem to concentrate more in the
organic lamina of the varve, although when appearing in abundance,
they are spread throughout the two varve laminae. SEM EDS analysis
shows that the colloids consist of 85-93 % Fe, 7-9 % Mn and residual Ca
(2-2.5 %) and P (3-4 %) (Fig. 3B; Table 1).

Whilst these types of precipitate have previously been recorded in
Fennoscandian varves (e.g. Anthony, 1977; Renberg, 1981; Ballo et al.,
2023), the occurrence of clastic laminae within the varve couplets
(Fig. 3B; Fig. S2) demonstrates that the clastic-biogenic mode of varve
formation was persistent at Nautajarvi, despite enhanced iron and
manganese precipitation (section 2.1). Prominent iron staining and
colloid preservation is only prevalent between 432 and 310 cm and not
elsewhere in the stratigraphy, and macroscopic changes in the rest of the
varves reflects the relative contribution of the clastic and biogenic
laminae to the total varve thickness.

4.2. Elemental composition of the sediments

The high-resolution p-XRF data enables further investigations into
the geochemical composition of the NAU-23 varved sediments (Fig. 2).
Trends in the multivariate geochemical data are typically interpreted
using hierarchical clustering (Fig. 4A) and PCAs (Fig. 4B-C). For the
p-XRF core-scanning data of the entire varved NAU-23 sequence (n =
18,125), principal components 1 and 2 (PC1-2) explain 78.8 % and 11.7
% of the data variance respectively (Fig. 4B). Additional statistical data
and PCA results from individual clusters are included in the supple-
mentary information (Fig. S5).

The major positive contributors to variability in PC1 are the litho-
genic elements Tic, Koy, Cacr and Sigyy, (loadings >0.35; Fig. 4B-C)
whilst redox-sensitive elements Fe.;, Mng, and S¢; are weak negative
contributors (—0.01 to —0.25). The strongest positive loadings on PC
axis 2 are the redox sensitive elements Fe., and Mng, (0.59 and 0.70
respectively), whilst S|, is the most strongly negatively loaded element
(—0.25). The lithogenic elements are weakly positively loaded on PC2
(<0.25). Comparisons of PC1 axis values to the varve structure in the
uppermost section of the NAU-23 sequence (6-0 cm) shows that the
highest values are most closely associated to the clastic laminae, whilst
the lowest values align with the biogenic laminae (Fig. 4D). The sub
annual pattern is less clear for PC2 due to lower inter-sample variance
through this section of the sequence. Positive loading of Fe, and Mng,
on PC2 and negative loading on PC1 however, supports that PC2 peaks
are more closely associated with the biogenic, rather than the clastic
laminae. This is consistent with the previous lake monitoring survey,
where Fe and Mn precipitates were observed in the water column pri-
marily during the autumn and winter months (Ojala et al., 2013).

Ward’s hierarchical clustering was used to statistically group core
sections with similar geochemical compositions (Fig. 4A). The four hi-
erarchical clusters are clearly distributed along PC1 (Fig. 4B). The most
negative PC1 values, reflecting sedimentation most weakly dominated
by the lithogenic elements, are associated with cluster 1 (red). Slightly
negative to slightly positive PC1 values are associated with cluster 2
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Fig. 2. Composite plot of the NAU-23 stratigraphy, showing selected log ratio -transformed elemental compositions and the first two principal components from the
PCA analysis (PC1 in orange, PC2 in purple). The two units in the varve stratigraphy (unit 1 and unit 2) are also highlighted. Lighter lines are the 0.4 mm resolution
p-XRF data and the darker lines are a 25-point moving average (equivalent to 10 mm). The distribution of the Ward’s hierarchical clusters (section 4.2) are plotted
next to the sediment stratigraphy, and the first two principal components from the PCA analysis. Log transformed annual (black), summer (red) and winter (blue)
varve thicknesses) from Ojala and Alenius (2005) are also plotted to illustrate comparable trends to the geochemical data. Thick black, red and blue curves in these

plots are 50 yr moving averages.

(vellow) and cluster 4 (green), respectively. The most positive PC1
values, reflecting sedimentation most strongly dominated by the litho-
genic elements are associated with cluster 3 (blue). The most positive
PC2 values (>1) are contained entirely within cluster 1 at the most
negative end of the PC1 scale (Fig. 4B).

According to the stratigraphical position of the clusters and the PC
axis values, the varved sequence (unit 2) can be divided into three
phases (Fig. 2).

4.2.1. Phase 1 (674-432 cm; 9829-7000 varve yr BP)

PC1 values are initially high (>1 prior to ~9000 varve yr BP), before
steadily declining (to <0) between 9000 and 7000 varve yr BP (mean =
0.54 + 0.530). This coincides with the replacement of cluster 3 into
cluster 4 (50.32 % and 33.69 % of the total Phase 1 clusters respec-
tively). PC2 values show limited variability, oscillating between —0.1
and 0.5 (mean = 0.15 + 0.200). Sedimentologically, this phase records
the transition from thick varves (2.26 + 1.246 mm > 9600 varve yr BP),
dominated by the clastic laminae, to progressively thinner clastic-
biogenic varves (0.73 + 0.266 mm between 9600 and 7000 varve yr
BP), with progressively increasing organic laminae thicknesses.

4.2.2. Phase 2 (432-310 cm; 7000-5000 varve yr BP)

PC1 values are the lowest in the entire sequence (mean = —0.71 +
0.530), coinciding with thinner varves couplets (average varve thickness
of 0.60 + 0.20c mm). PC2 values however, show a higher variance than
Phase 1, oscillating between —0.3 and 2.1 (mean = 0.50 + 0.310).
Cluster 1 and cluster 2 are the most dominant clusters in Phase 2 (37.68
% and 51.04 % of the total Phase 2 clusters respectively), reflecting
reduced lithogenic element concentrations and higher biogenic varve

thicknesses. Samples assigned to cluster 1 are closely aligned with the
highest PC2 peaks (>1) and coincide with the occurrence of Fe-
precipitates in the varves at ~6910-6790, 6660-6560, 6405-6290,
6250-6080,5980-5950, 5850-5810, 5430-5380, 5350-5280 and
5230-5100 varve yr BP (Fig. 3).

4.2.3. Phase 3 (310-0 cm; 5000 varve yr BP to present)

PC1 values are higher than Phase 2 (mean = —0.14 + 0.500),
increasing from —1 to >1 between 5000 and 2000 varve yr BP, and then
oscillating between —1.6 and 1.5 through the rest of the sequence (2000-
-72 varve yr BP). Increases in PC1 reflects sedimentological changes
observed in the varves, where an increase in the thickness of the clastic
laminae is also observed (average varve thickness of 0.57 + 0.23c mm).
PC2 values return to more stable variability (mean = —0.18 + 0.160).
The modal clusters of Phase 3 are cluster 2 and cluster 4 (35.26 % and
55.90 % respectively), coinciding with the higher PC1 values and
increased clastic laminae thicknesses during the mid-late Holocene
(5000- -72 varve yr BP).

5. Interpretation of the NAU-23 principal components
5.1. PC1- a proxy for detrital-biogenic sedimentation

The strong loading of lithogenic elements on PC1 and comparable
trends to the clastic laminae thicknesses, indicates a close association
with detrital sedimentation into the lake. Ti and K in particular, are
reliable proxies for allogenic sedimentation from the catchment as they
are insensitive to biogenic processes operating within the lake water
(Bertrand et al., 2023). Cag and Sicr however can be derived from
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Fig. 3. A. Geochemical signals from the iron stained and colloidal-rich units observed between 313 and 333 cm. These units are only observed in Phase 2 of the NAU-
23 sequence between ca 7000 and 5000 varve yr BP. Grey bands show the locations of iron-rich laminae. Cluster colours shown alongside the core image follow
Fig. 2. B. SEM EDS images (left-hand side) of the brown iron stained and colloid-rich units between 314 and 315 cm (ca 5200 varve yr BP) (location marked by a red
star in A). Greyscale images on the right-hand side shows that the dense (white) spherical colloids/precipitates are present throughout the varve year, although

angular clastic particles within clastic-rich laminations characteristic of the spring minerogenic layer are still preserved. Geochemical analysis undertaken on the
clastic layer is included in Fig. S2.
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Table 1
Geochemical analysis of the colloidal material, confirming that they are prin-
cipally composed of Fe and Mn. The position of these samples is shown in
Fig. 3B.

Sample P (%) Ca (%) Mn (%) Fe (%) Total (%)
1 3.31 2.29 8.60 85.90 100

2 4.33 2.27 7.97 85.42 100

3 7.80 92.20 100

4 3.98 7.94 88.08 100

Max 4.33 2.27 8.60 92.20

Min 3.31 2.20 7.80 85.42

authigenic as well as allogenic sources, most notably via Si-rich diatom
blooms (Ojala et al., 2013), which would be expected to contribute to
the Si content of the sediment. The strong positive correlations between
Si¢lr and Cagy to Tiglr (r >0.85, p <0.05; Fig. S3), and positive loadings on
the PC1 axis, however, show that these elements are derived principally
from allogenic rather than authigenic sources. PC1 is therefore inter-
preted to reflect relative shifts in detrital and organic sedimentation in
the lake, with higher values indicating more allogenic sedimentation of
clastic material transported from the lake catchment, principally during
the spring melt season, and lower values reflecting more authigenic
sedimentation of organic material through the growing season and
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winter months.

5.2. PC2- a proxy for hypolimnetic oxidation

The three most strongly loaded elements associated with PC2 (Fe iy,
Mn 1, Scir) are all redox-sensitive, and can also accumulate in lakes via
several different processes. These include detrital and organic influx,
and syn- and post-sedimentary diagenetic processes driven by changes in
redox conditions within the water column and sediments (e.g. Davison
et al., 1982; Galman et al., 2009; Zarczyﬁski et al., 2019; Makri et al.,
2021).

Weak loading on PC1 (Fig. 4B-C) shows that direct allogenic sources
are not the major contributors to Fe and Mn accumulation, and conse-
quently, variability in PC2 values. This is supported by two lines of
evidence. First, comparable trends observed between PC2 and Fe and
Mn normalised with respect to Ti (In(Fe/Ti) and In(Mn/Ti); Fig. 3A),
suggest that variability in PC2 is consistent with shifts in authigenic Fe
and Mn concentrations. Second, S, which is sensitive to changes in
redox conditions but in the opposite direction to Fe and Mn, is negatively
loaded on PC2. Under anoxic conditions Fe and Mn exist as soluble
reduced ions (Fe> and Mn2"), but in the presence of oxygen, they
oxidize and precipitate as insoluble hydroxides or oxides (Davison,
1993). In contrast, S exists as stable, soluble sulphate ions (S0.%7) in
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Fig. 4. Results of the hierarchical clustering and PCA of the NAU-23 p-XRF dataset. A. Dendrogram showing the results of the Ward’s hierarchical clustering of the
NAU-23 sequence. Heatmaps show the ranges of PC1 and PC2 values associated with each cluster. B. Principal component analysis (PCA) biplot of the p-XRF
geochemical data through the varved section of the NAU-23 sequence. Values are coloured with respect to the hierarchical clustering shown in 4A. The ellipses
represent the 99 % ranges of Phases 1-3 discussed in the manuscript. C. Loadings of the elements to PC1 and PC2. D. Depth profiles from the surface core of the NAU-
23 covering the last 31 years. The grey-scaled core photo in combination with down-core variations of the clusters (left), PC1 and PC2 reveal variations in response to
the clastic (light) and biogenic (dark) varve structure. Cluster values (modally clusters 2 and 3) following the colour scheme of 3A are plotted alongside the sur-

face cores.
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oxic conditions, while sulphate-reducing bacteria convert sulphates to
form insoluble sulphides under enhanced anoxia (SZ_; Luo, 2018).
Therefore, we conclude that the formation, transportation and deposi-
tion of Fe, Mn and S precipitates, and consequently variability in PC2, is
primarily controlled by redox processes.

Fe and Mn solubility is sensitive to redox at different rates and redox
potentials (Makri et al., 2021), whereby Mn ions are more sensitive to
shifts from anoxic to oxic conditions than Fe. This rationale is regularly
used to justify the In(Fe/Mn) ratio as a proxy for hypolimnetic redox
variations (e.g. Naeher et al., 2013). We refrain from this interpretation
for two reasons. First, persistent hypolimnetic hypoxia at Nautajarvi
promotes the diagenetic formation of Fe and Mn, which would impact
the In(Fe/Mn) ratio sensitivity to redox conditions (Makri et al., 2021).
Second, the Fe-rich catchment bedrock means that although the PCA
analyses suggest a negligible contribution of detrital sources, the allo-
genic influx of redox sensitive elements, particularly via soil and
wetland contributions, cannot be discounted entirely. Whilst this does
not invalidate that the concentration of these elements are indicative of
benthic hypoxia, it does suggest that it is not the only factor affecting Mn
and Fe concentrations and consequently the In(Fe/Mn) ratio.

The redox sensitivity of the dominant elements contributing towards
PC2, supports that this axis represents changes in the oxidation state of
the water column, which in turn reflects the mixing intensity and
hypolimnetic oxygenation status during the spring and/or autumn
months (e.g. Zarczynski et al., 2022; Ballo et al., 2023). Higher PC2
values indicate increased Fe and Mn precipitation during overturn in-
tervals. During these periods, the redox boundary in the water column
lowers into the hypolimnion, allowing Fe and Mn-rich waters to upwell.
This catalyses the oxidation and precipitation of the metal solutes into
soluble forms, which are then incorporated into the sediment via rain-
out. In turn, lower values reflect reduced Fe and Mn accumulation,
either during phases of less vigorous overturning and disturbance of the
hypolimnetic waters, or reduced Fe and Mn concentrations in the
hypolimnion.

The negative correlations between Fe.;, and Mn; to S also pro-
vides an indication of the strength of anoxia maintained in the hypo-
limnion. Sulphate reduction, which requires lower redox potentials than
the oxidation of Fe and Mn (Algeo and Li, 2020), leads to the formation
of iron sulphides (e.g., FeS) under anoxic conditions. The negative cor-
relation of Fe.; and S, throughout the NAU-23 sequence (Fig. S5),
suggests that the strongly reducing conditions required to form FeS
precipitates were not maintained throughout the annual cycle. There-
fore, we conclude that whilst the lake mixing cycles were either not deep
enough or too short to substantially impact the sediment-water inter-
face, they were able to recycle dissolved oxygen into the hypolimnion
and prevent persistent anoxia.

The use of PC2 values as a stable proxy of hypolimnetic mixing re-
gimes is dependent on consistent abundances of reduced Fe and Mn ions
in the hypolimnion. This is unlikely, as dissolved Fe and Mn concen-
trations are presumed to have varied substantially through the Holocene
in response to factors including catchment vegetation, lake trophic
status and residence time. Consequently therefore, PC2 is interpreted as
a relative/ non-stationary proxy for hypolimnetic hypoxia, subject to
dissolved Fe, Mn and S concentrations in the lake water. This is sup-
ported by the hierarchical clustering results where the most positive PC2
values (>1), coinciding with iron-rich varves, are contained entirely
within cluster 1, at the most negative end of PC1 (Fig. 4B). This dem-
onstrates that there is a close positive association between organic-rich
varve deposition, enhanced Fe and Mn accumulation and colloidal
precipitation.

6. Nautajarvi in the context of regional climatic and
environmental change

The sedimentology and geochemical analyses of the NAU-23
sequence provides a detailed framework for understanding the
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sedimentation dynamics and lake mixing regimes. The lake record is
divided into three distinct phases (defined in section 4.2), each corre-
sponding to significant shifts in either landscape conditions or regional
climate.

6.1. Phase 1- catchment configuration during the early to mid-Holocene
transition (9829-7000 varve yr BP)

Varve formation was initiated in Nautajarvi at 9829 + 98 varve yr
BP, before the lake became isolated from Lake Ancylus (Ojala et al.,
2005), and the internal morphometry and sheltered surrounding
topography of the basin induced hypolimnetic hypoxia (Ojala et al.,
2000). Between 9500 and 7000 varve yr BP, decreasing PC1 values align
with trends in clastic varve thickness, suggesting reduced snowmelt-
derived clastic influx and increased biogenic productivity during the
growing season (Fig. 5). Detrital material was primarily sourced from
the fluvial inflows, which were fed by large volumes of available water
locked up as snow. Low vegetation cover, particularly soon after lake
isolation, also facilitated erosion of the unconsolidated glacigenic and
marine sediments outcropping on the catchment slopes. This contrib-
uted to the thicker clastic laminae and a predominance of cluster 3 at the
base of the NAU-23 sequence. These trends all follow the lagged
millennial scale climatic amelioration signals, and a lengthening of the
growing season recorded in palynological records across southern
Scandinavia in the Early Holocene (Seppa et al., 2009; Sejrup et al.,
2016). Together, this invokes a steady shift in dominant seasonality,
with a decreasing (increasing) winter (growing season) contribution to
the annual sedimentation (Fig. 5). We attribute the limited variability in
PC2 through Phase 1 to the lower growing season contribution to annual
sedimentation, alongside lower vegetation densities and juvenile soil
and peatlands, which limited allogenic organic and ferric influx (Ojala
and Alenius, 2005).

6.2. Phase 2- the Holocene thermal maximum (HTM; 7000-5000 varve
yr BP)

The PC1 and PC2 trends in Phase 2 align with increases in Fe, Mn,
dissolved organic matter (DOM), and lake trophic status through the
HTM. These trends are also reflected in the seasonal varve laminae,
where thinner detrital laminae and thicker organic laminae indicate
sedimentation driven primarily by authigenic productivity during the
growing season, with minimal allogenic clastic input (Fig. 5). This
suggests reduced catchment erosion, likely tied to decreases in winter
snow accumulation and/or shorter periods of winter lake ice cover
(Ojala and Alenius, 2005). Together, these observations point to
seasonally warm and dry conditions in southern Finland, with warm,
extended summers and mild winters (Tiljander et al., 2003; Haltia-Hovi
et al., 2007).

This is consistent with high mean annual and summer temperatures
and increased growing degree days >5 °C (GDD), recorded across boreal
European latitudes during the HTM (e.g., Heikkila and Seppa, 2003;
Ojala et al., 2008; Borzenkova et al., 2015; Engels, 2021; Wastegérd,
2022; Salonen et al., 2024). Although warm climates persisted
throughout the year, they were particularly focused into the summer
months, when temperatures in southern Scandinavia were 2.5-3.5 °C
warmer than present (Borzenkova et al., 2015).

Whilst warmer and drier conditions would cause a net increase in
evaporation at the lake surface, the extensive and interconnected nature
of the lake chains within the Avintijarvi drainage basin suggests that
lake-levels at Nautajarvi were unlikely to have been significantly lower
during the HTM. This is supported by contemporary lake-level obser-
vations in the vicinity of Nautajarvi, which decrease by only 10-30 cm
during to historic drought periods (Veijalainen et al., 2019).
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Fig. 5. Comparison of Scandinavian climate records to NAU-23. A. Cumulative area plot from NAU-23 (this study) showing the percentage of cluster occurrences in a
50 yr running window. Cluster colours follow those in Fig. 2. B. Log-scaled Annual (black), Summer (red) and Winter (blue) varve thickness from Nautajarvi (Ojala
and Alenius, 2005). Thick lines are 50 year moving averages. C. u-XRF derived PC1 (yellow) and PC2 (purple) from NAU-23 (this study). D. Pollen-derived growing
degree days (GDD >5 °C) from Nautajarvi (Ojala et al., 2008). E. Pollen-based reconstruction of July temperatures using a six-method ensemble from Lake Kuutsjarvi,
northern Finland (Salonen et al., 2024). F. Probabilistic principal component 1 (green) and principal component 2 (blue) with 16 uncertainties of 74 North Atlantic-
Fennoscandian sites sensitive to sea surface and continental summer temperature (Sejrup et al., 2016). Phases 1-3 of the NAU-23 sequence are highlighted.

6.3. Phase 3- late Holocene (5000 varve yr BP to present) between Phase 2 and 3 at ~5000 varve yr BP broadly coincides with
regional reductions in boreal summer temperatures (Ojala et al., 2008;

Phase 3 is characterised by relatively higher detrital influx and a Seppa et al., 2009; Sejrup et al., 2016), and a widespread shift to cooler
reduction in redox-sensitive element accumulation. The transition and wetter conditions in the northerly high European latitudes during



P. Lincoln et al.

the mid-late Holocene. It has recently been suggested that this transition
occurred in close association with a more prominent role of the North
Atlantic Oscillation (NAO) in regulating hydroclimatic conditions in
southern Scandinavia through to Siberia (Columbu et al., 2023; Czymzik
et al., 2023). Lower amplitude variability in PC2, and a reduction in
cluster 1 persistence through Phase 3, suggests Fe, Mn and DOM con-
centrations and hypolimnetic oxidation was consistently lower during
the latter stages of the Holocene than during the HTM.

7. Discussion

The HTM stands out in the NAU-23 sequence due to enhanced
organic-rich sedimentation, episodic Fe-rich precipitates, and increased
variability in PC2. This implies significant changes in lake deposition
and mixing regimes occurring in Nautajarvi through the mid-Holocene.
The following sections explore how these changes reflect altered lake
circulation (section 7.1), a heightened sensitivity of the lake to climatic
variability (section 7.2), and the implications for understanding boreal
lake responses to future warming (section 7.3).
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7.1. Lake circulation patterns during the HTM (7000-5000 varve yr BP)

Whilst it is not possible to ascertain the intensity, depth or duration
of the seasonal lake circulation cycles, continuous varve preservation
means that the hypolimnion remained perennially hypoxic in Nau-
tajarvi, although not permanently anoxic (section 5.2). Clastic-biogenic
varves formed continuously during Phases 1 and 3 and are similar to
those preserved in the present lake. This suggests that lake circulation
was dimictic during both the early and latter stages of the Holocene,
with overturn cycles occurring in the spring and autumn months (sec-
tion 2.1).

Through the HTM (Phase 2) however, the varve sedimentology and
p-XRF principal components provide convincing evidence for rapid
shifts in varve composition. This can be explained by variations in the
lake circulation/ stratification regime and hypolimnetic oxidation status
which, by implication, could be directly or indirectly climatically
controlled.

We argue that the shift to more organic and Fe—Mn rich varves was
brought about by a weakened lake circulation regime, with strengthened
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Fig. 6. Regional summary of climatic records from Scandinavia and the North Atlantic between 7500 and 4500 yr BP. A. PC2 values with a 50-yr moving average
from Nautajarvi (this study). Cluster results at the top of the figure follow the colours in Fig. 2. B. Palynologically derived GDD >5 °C reconstruction from Nautajarvi
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and lengthened periods of stratification, and reduced overturning in-
tensity. We conclude that this was driven by three primary mechanisms
linked to climatic variability in the HTM, which are summarised in
Fig. 6.

First, the thickest biogenic laminae and lowest PC1 values (cluster 1)
during the HTM invokes high biological productivity and DOM in the
water column, which was promoted by warmer growing seasons (Ojala
et al., 2008) and more frequent anticyclonic heatwaves (Antonsson
et al., 2008; Mauri et al., 2014; Salminen et al., 2023). The HTM also
coincided with regional expansions in deciduous tree cover (Ojala and
Alenius, 2005) and peatlands across southern Finland (Korhola, 1995)
and western Russia (Novenko et al., 2021), which would further
contribute DOM to the lake water via decomposition, soil accumulation
and subsequent leaching into the lake’s inflowing streams (e.g. Shah
et al., 2022). The biogeochemical cycles of Fe, Mn and organic carbon
are closely related in lakes, meaning that high DOM concentrations
promote the formation of soluble metal complexes including Fe in the
water column (Xiao and Riise, 2021). Due to the density of Fe and Mn
solutes, these compounds are geochemically focused and become most
concentrated in the hypolimnetic waters (e.g. Scholtysik et al., 2020),
thereby producing a chemically induced density gradient, which further
strengthens lake stratification (Fig. 6).

Second, drier and/or warmer HTM winters would shorten ice cover
duration over the lake surface and thereby diminish the strength and
length of winter stratification (e.g. Couture et al., 2015). This would
shift circulation from a dimictic towards a more monomictic regime (i.e.
one overturn cycle per year; Mesman et al., 2021; Woolway and Mer-
chant, 2019). Whilst mild winters would reduce stratification, low
catchment snow cover also diminished the strength of the spring over-
turn, thereby generally reducing the strength of water column circula-
tion and lake through flow. Ultimately, these conditions would lead to a
longer residence time of the Fe and Mn enriched hypolimnetic waters.

Third, high concentrations of DOM (as illustrated by low PC1 values
and high biogenic laminae thicknesses), and Fe and Mn (as illustrated by
high PC2 values and Fe-rich varves) through the HTM would have had
significant impacts on lake water transparency. It is well established that
high organic and ferric content leads to more opaque surface waters (e.g.
Couture et al., 2015; Blanchet et al., 2022), limiting radiative flux to
deeper waters, increasing the vertical thermal gradient and reducing the
lake mixing depth (e.g. Ticha et al., 2023). Together, these changes are
all consistent with weaker, more meromictic circulation (i.e. reduced/
more incomplete dimictic overturn intensity through the water column),
driven by increased chemical stratification, higher trophic status, and a
vertical expansion of the hypoxic hypolimnion through the HTM.

7.2. Enhanced lake sensitivity to climatic variability during the HTM

Fe-rich varve preservation in the HTM at 6910-6790, 6660-6560,
6405-6290,  6250-6080,5980-5950, 5850-5810,  5430-5380,
5350-5280 and 5230-5100 varve yr BP, reflects phases of increased Fe
precipitate and colloid formation in the water column, under high tro-
phic status and low clastic influx (section 5.2). The accumulation of Fe
and Mn precipitates within the varves are interpreted to form in a similar
manner to other boreal lakes (e.g. Anthony, 1977; Ballo et al., 2023),
with peak accumulation coinciding with the spring and/or autumn
overturns via hypolimnetic upwelling and oxidation (Davison, 1993).

We argue that these shifts were driven by intervals of climatic
instability (Helama et al., 2021; Sicre et al., 2021; van Dijk et al., 2024;
Salonen et al., 2024) and storminess across the European mid-high lat-
itudes (e.g. Yu, 2003; Goslin et al., 2018; Pouzet et al., 2018; Uscinowicz
et al.,, 2022), which impacted circulation and overturn regimes at
Nautajarvi, catalysing Fe—Mn and colloidal precipitation in the water
column. The most prevalent of these climate anomalies are a series of
cooling signals between ca 5400 and 5000 yr BP, associated with a
cluster of Grand Solar Minima (Steinhilber et al., 2009), reductions in
North Atlantic Sea Surface Temperatures (Sicre et al., 2021) and peaks
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in ice rafted debris flux (Bond Event 4; Bond et al., 2001). This interval,
colloquially termed as the 5.2 ka event (Roland et al., 2015), coincides
with the three most distinct increases in PC2 values, iron staining and
colloidal precipitation at Nautajarvi, indicating concurrent shifts in
varve formation during phases of climatic instability in the HTM (Fig. 6).

We interpret these increases in hypolimnetic oxidation to be a
function of intensified lake mixing/ holomixis (Zarczynski et al., 2022;
Ballo et al., 2023), during the open water months, in response to
regional climatic variability via the following mechanisms.

Cooling and storminess cycles suggest temporarily weaker atmo-
spheric blocking intensities during the spring-autumn months, lowering
temperatures, and increasing precipitation and extreme wind speeds
across southern Scandinavia (Kautz et al., 2022). These conditions
directly enhance lake mixing by: a) weakening thermal stratification (e.
g. Jennings et al., 2012; Andersen et al., 2020), b) altering drainage
volumes and residence times (e.g. de Eyto et al., 2016); ¢) increasing
lake surface wind shear (e.g. Drager et al., 2017; Andersen et al., 2020).
Cooling and storminess would also impact the lake catchment by: a)
increasing winter snow coverage, and the intensity of spring flooding
(Ojala and Alenius, 2005); b) enhancing catchment erosion and allo-
genic organic flux (e.g. Jeppesen et al., 2021). Together, these condi-
tions provide the necessary parameters to enhance DOM, Fe, and Mn
concentrations in the lake water (e.g., Klante et al., 2021; Salminen
et al., 2023), decrease water stability and lower the redox boundary
(Andersen et al., 2020). Under these circumstances, Fe, Mn and colloidal
concentrations during the intensified mixing phases would markedly
increase, as redox-sensitive ions in the saturated hypolimnetic waters
upwell, oxidize and precipitate across the redox boundary (e.g. Wool-
way et al., 2018; Ballo et al., 2023). We therefore argue that the circu-
lation regime at Nautajarvi repeatedly switched between weaker
meromictic and stronger dimictic phases due to climatic instability
during the HTM (Fig. 6H-I).

What is notable however, is that the climatic perturbations through
the HTM were likely of a lower, and certainly not of a higher magnitude
than during earlier and later phases of the Holocene (e.g. the 9.3 ka, 8.2
ka, 4.2 ka, 2.8 ka events and the Little Ice Age), where no comparable
variability in lake mixing regime and varve sedimentation is observed. It
is clear that iron-rich, colloidal varves only form when lake sedimen-
tation is most strongly dominated by organic material (cluster 1), and
lake residence time is sufficiently high to saturate hypolimnetic waters
with redox sensitive metal ions. Therefore, the sensitivity of lake mixing
to climatic variability is non-stationary, with ferric and manganese
precipitate formation occurring only during warmer climatic regimes,
when DOM and dissolved Fe and Mn concentrations are high enough to
alter the lake’s trophic status and stratification regime.

Using the Nautajarvi GDD reconstruction (Ojala et al., 2008), we
estimate a threshold at which this increased lake sensitivity is likely to
occur. The HTM has a mean GDD of 1340 + 60 (c) °C, peaking at
1475 °C, which is higher than either Phase 1 (1229 + 119 °C), or Phase 3
(1230 + 81 °C) (Fig. 5D). Consequently, we suggest that when GDD
persistently exceeds ca 1310 °C in southern Scandinavia, the resulting
increases in organic and ferric loads in the water column has the po-
tential to alter lake sensitivity to cooling and storminess cycles.

7.3. Applicability to future circulation dynamics in boreal lakes

Our investigations demonstrate that climatic variability and associ-
ated feedback mechanisms under warmer climatic regimes can have a
significant impact on circulation regimes of boreal lakes, even in the
absence of anthropogenic interference. The changes observed in the
palaeo record can potentially act as an analogue for lake circulation/
sedimentation regimes under future warming scenarios in the following
ways.

First, future summer seasons are expected to lengthen by between
0.8 and 12.1 days per decade (Woolway, 2023), and summer heatwaves
are projected to become longer and more frequent in southern
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Scandinavia (Rutgersson et al., 2022). This is a similar pattern to that
observed through the HTM, where warmer/ longer summer months
(GDD) coincide with higher organic content and a weakened lake cir-
culation regime at Nautajarvi (Ojala et al., 2005). It is likely that sum-
mer warming projections will impact small boreal lakes in similar ways,
driving alterations in the seasonal timing and duration of lake ice cover,
thermal stratification, and weakening circulation (e.g. Couture et al.,
2015; Woolway and Merchant, 2019; Jansen et al., 2024).

Second, an increase in DOM, Fe and Mn accumulation in lakes under
weakened circulation regimes, is consistent with trends observed in
current boreal lake systems undergoing ‘brownification’ (e.g. Wey-
henmeyer et al., 2014; Xiao and Riise, 2021). Lake brownification re-
duces water opacity and increases temperature-driven density
differences in the water column, negatively impacting water quality.
Whilst this has been associated with anthropogenic impacts on lakes, the
analyses from Nautajarvi show that brownification also occurs naturally
in warmer climates, entirely in the absence of major anthropogenic
interference. Longer growing seasons and lateral expansions in peatland
margins (e.g. Juselius-Rajamaki et al., 2023), are already occurring in
southern Fennoscandia, which will only enhance organic loading and
future lake brownification without mitigation.

Third, we have identified a non-stationary signal of enhanced lake
sensitivity to storminess and cooling intervals under warmer climates
with longer/ warmer summers (section 7.2). This is important, as
alongside brownification, shifts to colloidal and iron rich sedimentation
during these HTM cooling intervals could have a substantial impact on
not only the surface drinking water quality (e.g. de Wit et al., 2016;
Anderson et al., 2021, 2023), but also on lake ecosystems and food
supplies (e.g. Williamson et al., 2015; Woolway, 2023). Climatic per-
turbations similar in magnitude to the events observed through the
HTM, particularly those leading to temporary cooling, will undoubtedly
impact future climates in southern Scandinavia. Furthermore, it is likely
that the frequency and intensity of Northern European storms will also
increase in the future (e.g. Barcikowska et al., 2018; Rutgersson et al.,
2022), which, on the basis of this reconstruction, could lead to abrupt
and impactful changes in lake mixing regimes and water quality.

Whilst GDD in southern Finland is currently <1200 °C (e.g. Ojala
et al., 2008), it is projected to rise and surpass the HTM threshold in the
coming decades (Ruosteenoja et al., 2016; Venalainen et al., 2020).
Further work is therefore required on more lakes and quantified palae-
otemperature reconstructions, to assess whether the signals observed
through the HTM at Nautajarvi represent a more widely applicable
threshold of lake sensitivity to seasonally warmer climatic regimes.

8. Conclusions

The geochemical composition of the clastic-biogenic varved sedi-
ment record from Lake Nautajarvi provides a valuable record of changes
in lake circulation regimes through the Holocene. PCA analyses and
hierarchical clustering of the p-XRF geochemical data can be used to
assess changes in lake sedimentation. PC1 represents shifts in detrital
versus organic sedimentation, whilst PC2 reflects non-stationary
changes in mixing induced hypolimnetic oxidation.

Three distinct phases of lake sedimentation and circulation are
identified through the Holocene. Phase 1 (Early Holocene) was char-
acterised by high detrital input and dimictic circulation, driven by high
summer insolation, but cool winter temperatures, extensive ice cover
and high spring melt; Phase 2 (HTM) is characterised by increased
organic matter and reduced detrital influx, indicating weakened more
meromictic circulation, prolonged stratification, and higher biogenic
productivity due to warmer and potentially longer summers; Phase 3
(Mid-Late Holocene) shows a return to more clastic-biogenic varve
formation, consistent with cooler, wetter conditions and a more stable
hypoxic hypolimnion.

During the HTM, the lake experienced heightened sensitivity to
temporary cooling intervals and phases of enhanced storminess. These
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disturbances deepened the lake’s mixing regime, increased catchment
erosion and organic matter transport, and promoted iron-rich and
colloidal varve sedimentation. Heightened sensitivity through the HTM
is interpreted to be driven by increased organic and redox element
loading, making the hypolimnion less stable to phases of enhanced
mixing, promoting lake brownification. These findings suggest that
future warming scenarios may lead to similar shifts in the sensitivity of
boreal lake mixing regimes to phases of climatic instability.
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