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A B S T R A C T

Long-term hydroclimate variability recorded in lake sediments from Estonia provide information about envi-
ronmental changes in northern Europe during the Holocene. Lake Pangodi is a semi-closed basin lake in southern
Estonia with a large surface area to volume ratio, making it sensitive to effective moisture balance (precipitation
minus evapotranspiration), which is recorded as changes in the lake level. Here we conducted a ground pene-
trating radar (GPR) survey, sedimentological analyses, radiometric dating and lake level modeling study to
identify periods of lake-level high- and low-stands. The radiocarbon-dated sedimentary stratigraphic features on
our radargram support the model results, suggesting that Lake Pangodi formed at ~12.8 ka. The water levels
were likely variable during the early Holocene, and the comparison of Lake Pangodi sediment facies and the lake
level model show relatively stable lake water depth between ~9.8 ka and ~2.4 ka, and an increase towards
modern. A notable reduction in lake levels occurred between ~8.2 and ~7.7 ka, likely due to a significantly
reduced precipitation-evaporation balance. Our middle Holocene reconstruction suggests water column depths
nearly 2.0 m lower than modern. This aligns with the results from studies conducted in the Baltic region, yet
contrasts those from Scandinavia, suggesting different hydroclimate driving mechanisms during the Holocene
variations in hydrogeological regimes. Our model detected the most abrupt rise of 1.7 m in water levels between
~1.5 and ~1.3 ka. This study highlights the need to develop proxies from single lake basins combining multiple
methods for a better spatiotemporal resolution of paleo-hydrological changes.

1. Introduction

1.1. Climate change in Northern Europe

The impacts of recent climate change in high latitude regions are
amplified compared to the lower latitudes (Shirley et al., 2022), leading
to accelerated sea ice loss and permafrost thaw, which contributes to the
increasing global temperatures. In response to the rapid modern
warming, the northern European region is projected to experience a
~15 % increase in rainfall by the end of this century (Räisänen, 2016).
However, such future climate projections often lack a longer-term
perspective of the past drivers and responses of environmental
changes, which could be studied using paleo-archives, such as lake

sediments. Paleoclimate records are used for uncovering long-term in-
formation about the timing and magnitude of past hydrological changes,
which will help predict climate variability under different boundary
conditions. Ultimately, these records provide context for the range of
potential hydroclimate variability that relates to modern versus natural
climate warming.

1.2. Holocene climate in Northern Europe

The Baltic region became ice free by ~13.3 ka as the Scandinavian
Ice Sheet retreated to the high latitudes of Europe (Raukas, 2009). The
Holocene, that spans the last ~11.7 ka (thousands of calendar years
before 1950 CE), is sub-divided here based on the classification of
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Walker et al. (2012) as the early Holocene (11.7 to 8.2 ka), middle
Holocene (8.2 to 4.2 ka) and late Holocene (4.2 ka to modern). The early
Holocene experienced a significant rise in temperatures in the Northern
Hemisphere, which resulted in increasing ice melt in Scandinavia, the
formation of kettle lakes in the northern Baltic region, and overall higher
lake levels associated with wetter conditions (Björck et al., 1996).
Following a brief ~200-year cold reversal period known as the Pre-
boreal Oscillation at ~11.3 ka (Björck et al., 1996), northern Europe
experienced a relatively warm phase during the Holocene thermal
maximum (HTM) between ~11 and ~5 ka. Although there was summer
insolation maxima in the Northern Hemisphere during that period,
warming was delayed in the middle and high latitudes for 1 to 2 ka due
to cooling from the remnant Laurentide Ice Sheet (Renssen et al., 2012).

Paleoclimate simulations and reconstructions agree that warm con-
ditions prevailed in northern Europe from 8 to 6 ka (Heikkilä and Seppä,
2010; Poska et al., 2014), yet quantitative reconstructions of hydro-
climate are still uncommon. Pollen-based reconstructions suggest the
middle Holocene in the northern European region was relatively warm
and dry as a result of decreased precipitation and/or increased evapo-
ration (Seppä et al., 2009). Paleo-proxies from the Baltic region and
neighboring areas show that some lake levels during the middle Holo-
cene were generally lower (Digerfeldt, 1988; Punning et al., 2003, 2005;
Sohar and Kalm, 2008; Terasmaa, 2011) yet others relatively higher
(Saarse and Harrison, 1992; Saarse et al., 1995 and references therein).
Thus, more records are needed to understand the relatively high degree
of hydroclimate variability over the relatively short spatial scales during
the middle Holocene because changes in water levels could also depend
on local factors, such as catchment geomorphology and proximity to
wetlands.

The late Holocene in northern Europe experienced a major change
towards colder, wetter and more variable climate conditions due to
declining summer insolation, changes in the atmospheric circulation
patterns and increased moisture availability (Morley et al., 2014).
Multiple studies have reported decreased lake levels and cold events
between ~3.4 to ~3.2 ka in various locations in Estonia, as well as
Sweden, and wetter conditions have been suggested between ~2.6 to
~1.9 ka, and after ~1.7 ka towards modern time (Saarse et al., 1995;
Saarse and Rajamae, 1997; Hammarlund et al., 2003; Seppä and Poska,
2004; Punning et al., 2005; Sohar and Kalm, 2008; Street-Perrott et al.,
2018).

1.3. Lake levels and moisture availability

Lake levels respond to shifts in the balance between local precipi-
tation and evapotranspiration (known as moisture balance), and are
often influenced by environmental parameters such as changes in the
type of vegetation in the catchment area. This information about
hydroclimate is often stored in lake sedimentary archives. This
perspective is especially useful when studying past hydroclimate in a
region where proxies from both semi-closed and open basin lakes are
available. Large shallow (semi-)closed-basin lakes that have a large
surface area to volume ratio are particularly sensitive to evaporation
(Mason et al., 1994; Klein et al., 2005), while open basin lakes record
precipitation with a minimal sensitivity to evaporation (Gat, 1996).
Comparing sediment archives from both types of lake basins in the same
region would therefore provide a more detailed view into the trends and
magnitude of evaporative conditions in the past and moisture source
variability.

1.4. Ground penetrating radar (GPR) and lake level reconstruction
methods

Ground penetrating radar (GPR) is an efficient means for inferring
lake level variations in the sedimentological record. This non-
destructive method for acquiring high-resolution radargrams can pro-
vide direct evidence of sedimentary stratigraphy (Spencer et al., 1984)

that can be used to identify shifting facies and ideal coring locations. For
example, the configuration and continuity of the reflectors on the
radargram show various lapout features, which can be radiocarbon
(14C)-dated and used as direct evidence of past shoreline or lake level
elevation changes (Miall, 2010). The sediments can then be analyzed for
organic matter, clay, silt and sand layers to determine their sedimen-
tation during the studied time intervals by aligning the sedimentary
stratigraphy with the reflector lines on the radargram (Digerfeldt, 1988;
Magny et al., 2003). The 14C-dates and sedimentary characteristics can
then be combined into a single derivative by applying a lake level
reconstruction model (Pribyl and Shuman, 2014).

1.5. Current study

Here we investigate the local hydroclimatic variability at Lake Pan-
godi in Estonia over the Holocene by reconstructing precipitation over
evaporation (P-E) ratio and changes in the lake level. We used radar
sounding and lake sediment analyses to identify local changes in past
lake levels. We then employed a previously developed lake level model
by Pribyl and Shuman (2014), and modified it to be used with both
organic matter flux and total concentration data. We then compare our
reconstruction to other paleo-records in the region. Our new record adds
to the spatiotemporal coverage of paleo-hydrological variability in the
Baltic region after deglaciation.

2. Study site

2.1. Location and lake morphology

Lake Pangodi (Fig. 1) is located in the northern part of Otepää Up-
land, south-eastern Estonia (58◦11′46″N, 26◦34′12″ E). The semi-closed-
basin lake sits on a topographic high at 106.3 m above sea level (EH2000
height system) with a surface area of about 935,000 m2 (including 2
islands of 4000 m2), and the lake has a water volume of approximately
3,697,000 m3, maximum water depth of 10.0 m, and a mean depth of
3.97 m (Vaasma and Vandel, 2024). The watershed area of the lake is
7.6 km2, and the estimated water residence time is ~1 year
(Keskkonnaagentuur, 2022). Lake Pangodi is fed by a few small springs
close to the shore. During higher water levels there is an outflow that
forms in the SE sub-basin of the lake, called Hurda Bay (Fig. 1). Lake
Pangodi formation took place after the retreat of the Scandinavian ice
sheet, at ~14 ka (Kalm et al., 2011). The lake basin is a hummocky
moraine complex of Quaternary deposits that is underlain with Devo-
nian sandstone and Silurian limestone (Nestor et al., 1997). Lake Pan-
godi shores are steep and sandy with a few wetlands near the SW and E
shores. Plants are found throughout the littoral zone except for a few
sandy beaches that are in frequent public use.

2.2. Local climate

Estonia is located in a transitional zone between continental and
maritime climate where changing westerlies have a profound effect on
the environmental conditions. The local climate is mainly affected by
the cyclonic activity originating from the northern Atlantic (Jaagus and
Kull, 2011). One of the main controls on Estonian climate is the Gulf
Stream, bringing milder weather to the Baltic region year-round, keep-
ing winters warmer and summers cooler (Rossby, 1999; Jaagus, 2006).
The North Atlantic Oscillation has a strong impact on European climate
with the positive phase (higher than normal pressure difference between
the Azores High and Icelandic Low) resulting in stronger westerly winds
and relatively warmer and wetter conditions in the northern European
region; the negative phase would indicate the opposite as the more
meridional jet streams bring colder and drier conditions from the high
northern latitudes of the Atlantic ocean (Lamb and Peppler, 1987).
Other internal modes of variability affecting the region are the Arctic
Oscillation, a dominant mode of atmospheric circulation that extends
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over the extratropical Northern Hemisphere (Jaagus, 2003), and Scan-
dinavia pattern, which is characterized by a large-scale seesaw-like
pattern of atmospheric pressure differences between Scandinavia and
Russia (Wibig, 1999). The Scandinavia pattern can significantly influ-
ence fluctuations in winter temperature and precipitation patterns
across Northern Europe. During its positive phase, the Scandinavia
pattern tends to bring colder air from the Arctic to Western Europe,
resulting in colder winters and increased winter precipitation, while its
negative phase is associated with warmer temperatures and reduced
precipitation over the same region (Wibig, 1999).

According to the nearest meteorological station to Lake Pangodi
(Tartu-Tõravere), the long-term (1991 to 2020) mean warm (May to
October) and cold (November to April) season temperatures range be-
tween 13 ◦C and − 0.7 ◦C, respectively (EEA, 2024). Local precipitation
amounts for the warm and cold periods total 262 mm and 411 mm,
respectively. Total yearly precipitation in Estonia varies at ~660 mm
per year, which is similar to the precipitation amounts at Pangodi.
Precipitation exceeds the annual evaporation by ~25 % (http://www.
ilmateenistus.ee/kliima/). The instrumental climate data from Estonia
show warming and increased precipitation trends since 1951 as the
westerlies have been intensifying during the cold seasons (October to
April), and decreasing in May (Jaagus et al., 2017). Since 1951, a
decrease in northerly circulation has been observed during March and
October, and these climate trends have led to warmer winters which
occur in hand with increased precipitation (Jaagus et al., 2017). On
longer (centennial to millennial) time-scales, northern European climate
has likely been affected by changes in the solar insolation, the Atlantic
Meridional Overturning Current (AMOC) heat transport (Marshall et al.,
2001; Paul and Schulz, 2002), internal modes of variability, and the
consequent prevailing winds and precipitation patterns (Jaagus, 2003).

3. Methods

3.1. Ground penetrating radar

Geophysical profiling at Lake Pangodi was carried out from a boat
using a high-resolution CrossOver CO730 GPR manufactured by
ImpulseRadar, with antennae operating at dual-band 70/300 MHz fre-
quencies. Data from the antennae were monitored and recorded using
the ImpulseRadar ViewPoint application on a Samsung Galaxy Tab
Active 2 that was wirelessly connected to the GPR. The GPR traces
(radargrams) were continuously recorded every 2 s, along with a paired
location marker from an onboard GPS unit (accuracy mostly between
0.2 and 0.5 m). Recorded penetration depth for the 70 MHz frequency
was 12 m. The radargram recorded at 300 MHz was deemed not helpful
and was therefore excluded from this study. The GPR signal naturally
attenuated with increasing water and sediment depth but variations in
dielectric properties between subsurface facies enabled their dis-
tinguishment. A total of 27 profiles were recorded and visually enhanced
in R using a package RGPR (Huber and Hans, 2018). Direct measure-
ments of sediment surface depths (described below) were used to cali-
brate the radar velocity which resulted in an average sub-surface
velocity of 0.035 m ns−1, falling within the range of previously reported
results in lake sediment and peat studies (Parry et al., 2014; Corradini
et al., 2020).

3.2. Radargram analysis

The GPR subsurface imaging helped identify suitable coring loca-
tions with sediment deposits that record lake level variations through
time. The Hilbert transform function was applied to all profiles to

Fig. 1. Map of northern Europe (a) with Estonia marked as a square (b). Red small square on panel b marks the location of Lake Pangodi (c), and other records or
center locations for highlands/uplands discussed in the text are highlighted as green filled circles. Panel c shows the GPR transect #20 as a purple line. Bottom right
panel (d) is a blowout of panel c with ground elevation information (meters above sea level), and the same GPR transect, which is overlain by black filled hexagons
that denote coring locations. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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identify possible sandy versus silty layers in the sediments as it enhances
the visual contrast between different layers. The profiles were then
visually analyzed for sections with multiple lapouts and unconformities
in a near shore environment. For example, sequences below a discon-
tinuity such as toplaps were characterized as a termination against an
overlaying strata, and interpreted as areas of possible erosion or lack of
deposition; truncation indicating post-depositional erosion or strata
deposition with subsequent tilting and erosion was identifiedwhere GPR
reflectors terminated along an unconformity surface (Mitchum, 1977).
Above discontinuity sequence boundaries, onlaps were identified as
reflection patterns showing shallow dipping strata against more steeply
dipping older layers, while downlaps indicate initially inclined strata
terminating downdip. Offlaps were characterized as reflection patterns
of strata which prograde to deeper depths and terminate in the deep
basin (Mitchum, 1977; Christie-Blick, 1991). Radargram from transect
#20 (Fig. 1) was perpendicular to the shoreline and had multiple areas
with various visible lapouts. This transect showed the most pronounced
evidence of lake level changes, and was therefore selected for further
investigation by sediment core collection.

3.3. Sediment core collection

Lake Pangodi sediment cores were collected from a boat along a GPR
transect #20 to analyze the shore deposits visible on the radargram.
Each coring location was selected at an interval of ~15 to ~20 m apart.
Secchi and sediment surface depth were recorded at each coring loca-
tion. Surface sediments were not collected. A total of 4 lake sediment
cores labeled 21, 22, 23 and 24 were collected 32, 22, 22 and 47 cm
below the surface of the sediment-water interface, which was 350, 337,
302 and 262 cm below the lake water surface for each of the cores,
respectively. The composite depths of cores 21, 22, 23 and 24 were 419,
387, 238 and 172 cm, respectively. Coring at each location was under-
taken with a 1-m-long modified square-rod piston corer until the basal
sand and clasts prevented retrieving additional core sections. Sediment
was cored within a ~50 cm radius to retrieve sections with a 20 cm
overlap.

3.4. Laboratory analyses

The collected sediment cores were split vertically in the lab, and the
color defined based on Munsell soil color charts (Kipfer, 2021). The
cores were then photographed on a smartcube® Camera Image Scanner
SmartCIS equipped with a 50 mm lens to obtain high-resolution (300
dpi) color image scans (RGB), which were then visually enhanced in
Adobe Illustrator CC. Each core was visually inspected for grain size and
color at 0.5 cm intervals.

Sedimentological analysis was performed on all core sections, and all
analyses were carried out at the same sample intervals. Dry bulk density
(g cm−3) was measured from 1 cm3 sediment samples (n = 528) at 3 cm
intervals in two of the deeper cores (21 and 22) and at 2 cm intervals in
the shallower cores (23 and 24). XRF analysis was carried out on the
same 1 cm3 dry sediment samples using a handheld XRF Olympus Innov-
X instrument. Magnetic Susceptibility (MS) measurements were con-
ducted on dried sediment samples from all core sections using an ASC
core analysis system running on MAGTRAK software. LOI analysis was
done on the previously dried sediments using a muffle furnace (Dean Jr,
1974). The samples were heated to 550 ◦C for four hours and weighed to
determine the amount of organic matter (OM). Net sedimentation rates
were calculated by dividing the difference between two consecutive
depth values with the corresponding calibrated ages. The OM flux (g y−1

cm−2) was calculated by multiplying the weight percent LOI (550 ◦C)
value by bulk density (g cm−3) and sedimentation rate (cm y−1). The
heating process was repeated at 1000 ◦C for two hours to determine the
amount of liberated CO2. From this, calcium carbonate content could be
calculated by multiplying the weight loss by 2.274, i.e., the molecular
weight ratio between CaCO3 and CO2 (Loeppert and Suarez, 1996). The

remaining sediment fraction (after 1000 ◦C) is referred to as residuals.
We used field notes, sediment images, loss-on-ignition (LOI) and x-

ray fluorescence (XRF) data to identify stratigraphic overlap for each
section among the four cores. The split sediment cores were lined up in
the laboratory based on field notes, and each overlap was checked
visually. The LOI and XRF data from each core section were inspected for
any discrepancies prior any data analyses as a secondary verification
measure for determining the overlapping stratigraphy.

3.5. Lake Pangodi chronology

A total of 14 radiocarbon (14C) samples of plant macrofossil remains
from the four cores were analyzed to establish a chronology of lake level
changes. The 14C samples underwent a standard acid-base-acid treat-
ment (Abbott and Stafford, 1996) prior to combustion at Northern Illi-
nois University. The samples were then converted to graphite and
measured at the W.M. Keck Carbon Cycle AMS Laboratory at the Uni-
versity of California, Irvine. An age-depth model was developed for each
of the four lake sediment cores using BACON software (Blaauw and
Christen, 2018) and IntCAL20 dataset (Reimer et al., 2020) in R Studio.
We report the minimum and maximum ages on the age-depth scale with
95 % confidence intervals, and we refer to the mean BACON-modeled
ages throughout the text. The calibrated modeled ages presented as
thousands of years before present (ka) are relative to 1950 CE.

3.6. Data analyses

We performed principal component analysis (PCA) on the sedimen-
tological and bulk geochemical data (14 variables with >88 data points
in each core) using R package FactoMineR (Lê et al., 2008). Data stan-
dardization was done automatically by the R package prior to running
the covariance PCA on the LOI, MS and XRF (Si, K, Ca, Ti, Mn, Fe, Rb, Sr,
Zr and light elements – LE) data. We also used sequential regime shift
detection software (v. 6.2) with a 95 % confidence level and Huber’s
tuning constant of 1 to detect statistically significant shifts in all time-
series (Rodionov, 2004). We report weighted mean values of the
regime shift analysis with data cutoff lengths of 20 for XRF and OM flux,
30 for OM, and 40 for lake level reconstruction and P-E balance. Inso-
lation was modeled using Acycle package in Matlab (Li et al., 2019).

3.7. Lake level model

Past lake level heights at Lake Pangodi were reconstructed using the
GPR profiles and sediment composition. We constrain the lake level
heights (elevation relative to modern) by identifying littoral, transi-
tional and deep water sediments within the four cores from transect
#20, following the model outlined by Marsicek et al. (2013). Our
reconstruction is based on the rationale that coarser grains (sand)
accumulate near the shores, and finer (silt and clay) in the deep-water
environment. The waves carry enough energy to accumulate sandy
material in the shores due to the upward-moving water while carrying
smaller particles such as silt and OM to the deeper parts of the basin by
downward-moving water (King and Williams, 1949).

Previous studies (Marsicek et al., 2013; Pribyl and Shuman, 2014;
Parish et al., 2022) have used OM content to model the lake level where
littoral, transitional and deep-water facies were defined as up to 35 %,
35 to 75 % and over 75 % OM, respectively. Based on LOI analyses, the
OM content in our data set range between 0.2 and 87 %. However, we
use OM flux (ranging between 0 and 0.35 g y−1 cm−2) as the input
variable to model Lake Pangodi water level throughout the Holocene
(see Section 4.3. for details). Here we assign OM flux values ranging
from 0 to 0.12 g y−1 cm−2 (low) for littoral sediment, 0.12 to 0.23 g y−1

cm−2 (medium) for transitional sediments, and 0.23 to 0.35 g y−1 cm−2

(high) for deep-water sediments.
Previous studies have used a 5 % step (iteration n ≤ 6) for providing

uncertainty estimates to the past lake level change using OM content
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(Newby et al., 2011; Marsicek et al., 2013; Pribyl and Shuman, 2014;
Parish et al., 2022). We adjusted the upper limits of OM flux for Lake
Pangodi littoral to transitional facies shifts ±20 % between each itera-
tion (10 % step, n = 5) and by ±10 % between each iteration for the
transitional to deep-water facies shifts (5 % step, n = 5). We increased
the littoral to transitional facies uncertainty estimate from 5 % to 10 %
because the OMflux has not been used as an input variable in a lake level
model before (Fig. 2). Increasing the transitional to deep-water facies
boundary limit did not notably change the model output, therefore it
was kept at 5 %.

Lake Pangodi water level change was constrained by averaging the
50-year OM flux values from all cores meeting the model criteria. As the
model results demonstrated the highest and stable water levels (eleva-
tion) between ~1.3 and ~0.7 ka (169 ± 6 cm below modern lake sur-
face, hereafter bmls), we make the assumption that it is representative of
the modern lake level, and therefore shifted the model output by 169 cm
to higher values, so that the modern lake level value equals 0 ± 6 cm
instead of 169 ± 6 cm. We apply this approach because there were no
sediments retrieved from the topmost sediments in our cores. Water
column depth (CD) at our sampling locations was calculated by sub-
tracting the sediment elevation from the modeled lake level at 50-year
time steps.

For comparison, we also modeled the lake level using OM only (after
Pribyl and Shuman, 2014), not flux. The littoral, transitional and deep-
water facies were defined as up to 35 %, 35 to 75 % and over 75 % OM,
respectively. In this case, the upper limit OM values for Lake Pangodi
littoral to transitional facies shifts were changed by 5 % between each
iteration (n = 5) and by 5 % between each iteration for the transitional
to deep-water facies shifts (n= 5), and the lake water residence time was
set to 0.5 to 1.5 years.

3.8. Moisture balance reconstruction

The past lake levels were assumed to be equal to water column depth
changes (difference between the lake surface elevation and the
sediment-water interface; ΔDepth) which was used as an input variable to
model lake water mass balance throughout the Holocene. The recon-
structed sediment-surface interface was calculated based on core 21
data, for which the modern sediment-surface interface lies at 350 cm
bmls.

Since the separate effects of precipitation (P) and evapotranspiration
(E) in the Lake Pangodi basin could not be constrained, we calculate the
balance between the two as one variable, P-E balance. The sand and silt
boundaries were defined first as indicators of low and high lake water
column depths (ΔDepth) in each core, respectively, with the assumption
that the coarse grain sand boundary reflects shallow waters (< 1 m)
throughout the existence of the lake. The lake volume change (ΔV) is a
function of the ΔDepth multiplied by the lake surface area (S). The ΔV is
defined as follows:

ΔV = ΔDepth × S = ΔP− E×AB × ΔT (1)

where the P-E balance (ΔP-E) is a combined variable that represents the
net effect of both precipitation and evapotranspiration (mm y−1), AB is
the area of lake basin in m2 and ΔT is the lake water residence time in
months. Although Lake Pangodi basin has an irregular shoreline, the
lake shores are steep, and therefore we chose to use the equation above,
which treats the basin morphometry as a cylinder-shaped object.

4. Results

4.1. Radar-derived stratigraphy and lapout features

The radargrams of Lake Pangodi sediments aided in selecting sedi-
ment coring locations and identifying sedimentary features. The
collected scan reveals stratified sediments across the entire transect #20

profile in the main lake basin (Fig. 3). The radar penetrated stratified
lake sediments, but there was a lack of a return signal for the deeper
strata (> 7 m). The lowest reflectors in the lower part of the cores
correspond to sand layers identified in the core samples. A well-defined
continuous reflector line appears to connect the topmost sediment layers
in cores 21, 22 and 23. Although highest in elevation, the core 24 sed-
iments were acquired from just below these continuous features (Fig. 3).
In core 24, there are onlaps between~340 cm and~380 cm bmls. Below
these, several truncation-like features can be seen, and some of the
younger layers in core 24 have possibly been eroded. The same onlap
surface can be observed cores 23 and 22 (Fig. 3). Near core 23, there is a
toplap at ~340 cm and offlaps between ~460 and ~490 cm bmls. In
core 22, there are three offlaps identified between ~510 cm and ~540
cm bmls. On top of the middle offlap, one onlap was identified at ~450
cm bmls in the same core. There are toplap features in core 22 above
~420 cm bmls, which can also be seen in core 21 (Fig. 3). The reflector
geometries in core 21 suggest off- and downlap features in the bottom of
the core below at ~730 cm bmls, and toplap/truncation above these
until ~640 cm bmls. On top of that, several offlaps and toplaps were
identified until ~580 cm bmls, and an onlap at ~540 cm bmls, the last of
which can be seen across all cores (Fig. 3).

4.2. Radiocarbon results and core lithology

Fourteen radiocarbon dates were acquired from plant macrofossils
from the four cores (Table 1, Fig. 4), resulting in mean modeled ages
spanning the last ~12.8 ka. There were no macrofossils suitable for
radiocarbon dating found in the lower sections of cores 22 and 24. Ac-
cording to the GPR reflector lines discussed above, the radiocarbon age
of 7.8 ka in core 24 may be reworked from older sediments as the
radargram suggests that this sample is from a core section with notable
truncation features. The rest of the modeled radiocarbon dates are in a
general agreement with the radargram. In addition to the possible
disposition of the radiocarbon samples through reworking, the minor
inconsistencies on the radargram (Fig. 3) may arise from a slight
disposition of the coring location in respect to where the transect was
recorded, or the vertical imprecision of the profile as the GPR signal
velocity varies in different substances. For example, the average velocity
interval for gyttja (0.045 ± 0.005 m ns−1) is different from that of clays
(0.037 ± 0.003 m ns−1), as reported by Corradini et al. (2020). There-
fore, slight differences between the core images and the radargram are
expected.

Lake Pangodi sediments mainly consist of gyttja, sand, silt and clay
(Fig. 5). The bottom of every core had sandy profiles for which the
modeled ages were older than ~12.5 ka. In core 21, sands dominate in
the bottom of the core at ~800 cm bmls (~13.0 ka), silt and clay layers
mixed with sandy units appear above 750 cm bmls (after ~11.6 ka), and
sediments above 690 cm bmls (~9.7 ka) are mostly gyttja. We also note
two distinct charcoal layers at 796 and 781 cm bmls (~12.8 and ~12.4
ka). From~9.7 ka (690 cm bmls) towards modern, the core 21 sediment
record mostly consists of gyttja. Core 22 shows sand and silt below 640
cm bmls (~7.0 ka), and gyttja-rich layers above with some sandy gyttja
appearing between 510 cm (~4.3 ka) and 460 cm bmls (~3.3 ka). Core
23 displays sand and clay units until 500 cm bmls (~7.8 ka), gyttja
layers with varying sand content until 400 cm bmls depth (~7.8 to ~2.4
ka), and gyttja above. Core 24 features mostly clays and sands until 380
cm bmls (~7.3 ka), and organic rich gyttja layers above it (until ~1.0
ka).

The sediment facies were identified as shown in Table 2. For
example, sections with gyttja did not have any visible lamination, were
high in organic matter (OM) and had high OM flux values with low to
medium magnetic susceptibility (MS) values (Figs. 5 and 6). Sandy
gyttja was most abundant in core 23, and had medium to high OM
content, yet low MS values. Silt and clay layers were observed in the
bottom sections of each core, were low in OM, had generally increased
MS values and showed faint and sporadic lamination. Sand particles
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Fig. 2. Flow chart describing the utilization of Lake Pangodi organic matter (OM) flux (and OM data) from four sediment cores to create quantitative lake level and moisture budget reconstruction. Method and figure
modified from Pribyl and Shuman (2014).
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Fig. 3. Lake Pangodi radargram #20 section with sediment core locations 21, 22, 23 and 24 indicated by the sediment image overlays, the locations of which are also
shown on Fig. 1. The x-axis shows distance along the transect starting from the north, y-axis on the right is the sediment depth below modern lake surface. The coring
locations are in an area of multiple lapout features, defined after Boggs Jr. (2015), shown on the lapout features legend. Core GPS locations are written vertically at
the bottom of the core images. Radiocarbon ages marked by yellow stars show modeled mean ages (ka BP). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Table 1
Lake Pangodi radiocarbon ages from cores 21, 22, 23 and 24. Sample depth (cm) in the core is relative to the sediment-water interface and the depth belowmodern lake
surface is abbreviated as bmls. Radiocarbon ages were calibrated using IntCal20 (Reimer et al., 2020), using the R package BACON (Blaauw and Christen, 2018).
Minimum and maximum calibrated and modeled ages (years before 1950 CE) represent the 95 % range.

Core
#

UCI
Lab #

Material Core depth
(cm)

Depthmbls
(cm)

Measured 14C
age

Measured
error (±)

Min, median and max
calibrated age

BACON modeled ages

median min mean max

21 273,626 Seed/berry 128 478 2805 15 2773–2894-3015 2911 2806 2919 3116
21 273,627 Wood 174 524 4225 25 4557–4722-4887 4738 4528 4738 4912
21 269,626 Woody Debris 279 629 6480 20 7259–7376-7493 7370 7260 7376 7531
21 269,627 Woody Debris 346 696 8760 70 9484–9865-10,245 9771 9520 9792 10,159
21 269,628 Wood 445 795 10,920 25 11,602–12,657-13,711 12,815 12,745 12,829 13,041

22 273,628
Terrestrial plant
fragment 149 486 3635 15 3821–3963-4104 3946 3832 3950 4079

22 273,629 Wood 170 507 3860 15 4132–4282-4432 4286 4159 4293 4408
22 269,629 Woody Debris 243 580 6140 20 6871–7027-7183 7025 6865 7036 7162
23 269,631 Seed shell 98 400 2450 20 2328–2537-2745 2563 2366 2550 2704
23 273,630 Seed/berry 128 430 3885 15 4124–4291-4441 4321 4158 4314 4409
23 269,632 Woody Debris 180 482 5725 45 6278–6522-6766 6524 6316 6531 6793
23 269,633 Grass fibers 243 545 10,650 25 12,480–12,633-12,785 12,675 12,203 12,631 12,732

24 273,631
Terrestrial plant
fibers 60 322 1260 140 616–1164-1711 1252 912 1299 2029

24 269,634 Seed 124 386 7020 20 7682–7832-7981 7846 7694 7840 7929
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ranged from small to coarse grained, and the MS values in these core
sections were medium to high.

4.3. Organic matter, flux and magnetic susceptibility

The organic matter and OM flux data from Lake Pangodi cores is
provided in Fig. 6, which also shows the MS profiles along with the
composite core image scans. LOI measurements exhibit an increasing
trend in OM values towards the modern, and high values of>50% in the
late Holocene. All four cores have low OM content (< 25 % LOI @
550 ◦C) from the beginning of the record until ~6.6 ka. We report three
regime shifts in core 21 OM content mean values increasing stepwise
from 2 % before ~9.6 ka to 59 % after ~2.9 ka. Similar increases to
higher average values were also detected in rest of the cores.

Based on the regime shift detection (not shown on figures), the
average OM flux rates in core 21 increased from low to medium values at
~9.7 ka, and to high values at ~7.2 ka. The average values then
decreased to medium at ~4.8 ka, and returned to high values after ~2.9
ka. In core 22, low average values were recorded until ~4.5 ka, and
medium values thereafter towards modern time. In core 23 OM flux
data, a shift from low to medium values was detected at ~2.4 ka, and a
shift to high values at ~1.5 ka. The average OM flux values in core 24
were low across the entire record. When comparing the regime shift
analyses applied to the OM and OM flux data across the entire core
(original data on Fig. 6), these shifts do not align.

Magnetic susceptibility (MS) and sediment color description were
used to describe Lake Pangodi sediments. The MS data measured on all
four cores is shown on Fig. 6. TheMS values were generally higher in the

lower core sections that were older than~9.5 ka, decreasing towards the
surface. The color of Lake Pangodi sediments varied between 2.5Y 2.5/1
(black) and 10YR 5/2 (grayish brown). Lighter colors occurred in con-
cert with higher MS values, except for core 23 where the average MS
values in the dark-colored sediments increased at ~1.9 ka (Fig. 6).

4.4. Composite proxy record principal component analysis

The PCA performed on the individual cores illustrates that the dif-
ference in Lake Pangodi sediment geochemical properties increases with
an increasing core sediment-water interface depth (Fig. 7 and Supple-
mental Figs. 2–4). When comparing Fig. 7 and Supplemental Figs. 2–4,
the dual PCA axis 1 vs 2 plot demonstrated the most overlap between the
early and late Holocene sections marked by pale blue and yellow ovals in
core 21, and the least in core 24. The standardized Lake Pangodi PCA
axis 1 scores are best correlated with Rb, Sr, Zr and K while PCA axis 2
scores correlate most with Fe in cores 21 and 22, and with Ca in cores 23
and 24 (Supplementary Table 1). The PCA axis 1 of deeper cores 21 and
22 are negatively well correlated with elements that have a low atomic
number on the periodic table (LE), which is associated with OM content
(Fig. 6). High correlation of K and Ca in cores 23 and 24 suggests that
input of allogenic material from the landscape (erosion) has a greater
impact on these archives. This is expected as cores 23 and 24 are shal-
lower and located more towards the lake shore, therefore the allogenic
material reaching the lake would be preferentially deposited there
(Kylander et al., 2011). Additional correlation analysis results can be
found in the supplementary materials.
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4.5. Modeled lake level and water column depth

The OM flux model results indicate varying lake levels throughout
the Holocene (Fig. 8 panel b). We highlight a period at ~8.2 ka when the
lake Pangodi water level had reached the early Holocene maximum
elevation of 415 ± 60 cm bmls (water column depth, or CD 230 cm),
whereafter a decrease to 505 ± 70 cm bmls (CD 135 cm) occurred until
~7.7 ka. According to the reconstruction, the average lake level eleva-
tion was 375 ± 40 cm bmls during the middle Holocene, and 205 ± 70
cm bmls during the late Holocene. The average water CDs during the
early (9.8 ka to 8.2 ka), middle (8.2 ka to 4.2 ka) and late (4.2 ka to
modern) Holocene were 188, 206 and 247 cm, respectively. There is an

~70 cm decrease in the modeled lake level values from~2.6 to ~2.5 ka,
followed by a notable 140 cm (130 cm CD) increase from ~2.4 until
~2.2 ka. The model also suggested a sharp increase in water levels after
~1.4 ka as the OM flux displayed only sub-littoral and deep-water
conditions thereafter. The regime shift detected five changes in the
modeled lake level at ~7.4 ka, ~6.0 ka, ~4.5 ka, ~2.4 ka and ~1.5 ka
with the mean lake level increasing from 475 to 390 to 335 to 300 to 185
to 20 cm bmls, respectively. The regime shift applied on the water CD
values resulted in four shifts at ~7.4 ka, ~5.1 ka, 2.4 ka and ~1.5 ka,
with the mean values increasing from 286 to 218, then decreasing to
191, and then increasing to 248, and to 375 cm, respectively. The most
pronounced rise of 165 cm in the mean lake level (130 cm CD) occurred
at ~1.4 ka. When we applied the regime shift with a minimal cutoff
length (5), the model highlighted short periods of lower lake levels in
comparison to the preceding periods between ~8.0 and ~7.6 ka, ~3.5
and ~3.1 ka, and ~2.6 and ~2.4 ka.

4.6. Lake Pangodi moisture balance (P-E) reconstruction

The water column depth results were used as an input variable to
model the P-E balance of the Lake Pangodi watershed. Similar to the lake
level model, the P-E reconstruction also displayed an increasing P-E
trend throughout the Holocene. In comparison to the ~0.7 ka values, the
average early (~9.8 to ~8.2 ka), middle and late Holocene P-E values
were ~ −232, ~ − 207 and ~ −157 mm y−1, respectively (Fig. 8 panel
a). There were four regime shifts detected in the P-E balance data set at
~7.4 ka, ~5.1 ka, ~2.4 ka and ~1.5 ka, from ~ − 232 to ~ − 192 to ~
− 226 to ~ − 155 to ~ − 7 mm y−1 at ~5.9 ka, and to ~ − 13 mm y−1,
respectively. The reconstruction suggests that the P-E increased by
~320 mm over the entire Holocene.

5. Discussion

5.1. Water level changes inferred from sediment

The sedimentary characteristics of the four cores taken from Lake
Pangodi provide detailed evidence of Holocene-spanning water level
dynamics. The modeled basal ages of the deepest sediments in Lake
Pangodi cores 21 to 24 indicate that the lake was established by ~12.8
ka. Sand in the bottom of these cores was most likely washed in from a
nearby kame before lake stabilization, which probably took place at
~9.8 ka. We suggest this because the topmost sandy layer in core 21
featured a 14C age of 9.9 ka, and sediment with increased OM content
right above that layer indicates a stabilized vegetation presence in the
lake basin. The sedimentary characteristics in cores 21 and 22 indicate
that higher lake levels in these locations may have persisted between
~12.5 ka until ~9.6 ka, and lower water CD anywhere between from
~4.0 and ~3.3 ka. Sediments in cores 23 and 24 suggest a similar
pattern with lower CD in these locations between 7.5 and ~4.3 ka,
indicating no major increases in the water level during that time period.
As the OM content increases towards the top of each core, these sections
most probably reflect increased lake levels during the late Holocene.
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Fig. 5. Lake Pangodi sediment lithology in cores 21, 22, 23 and 24. Depth (m)
from the sediment-water interface is shown on the left of each core.

Table 2
Sediment facies and a column with lake level interpretation.

Lithology Organic matter
content

Organic matter flux
values

Magnetic Suscepti-
bility

Depositional process Interpretation

Gyttja (mud) with no visible
lamination

High High Low to medium Suspension High lake level

Sandy gyttja (mud) with faint partial
lamination

Medium to high Medium to high Low Suspension and low wave
deposition

Medium to high lake level

Sand, fine to coarse grained, no
lamination

Low Low to medium Medium to high Wave deposition Low lake level
(or sand redeposition from a
nearby kame)

Silt, partial lamination Low Low High Suspension High lake level
Clay Low Low Medium to high Slow suspension Very high lake level
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When comparing core 23 to the rest of the cores, the lack of a distinct
clay layer likely suggests that the presence of springs may have
disturbed the sedimentation process. Furthermore, the PCA cluster
overlap of the deeper cores 21 and 22 in comparison to cores 23 and 24

suggests that the sediments from the shore were likely transported to
deeper areas, leading to mixing with the sediments in the deeper basin.

We speculate that in comparison today, the water level may have
been higher during a short period over the last 1.5 ka as the LiDAR DEM

Fig. 6. Organic matter and magnetic susceptibility (MS) data along with core image scans and age data from Lake Pangodi cores 21, 22, 23 and 24. Organic matter
(OM) flux is shown as gray shading. Open circles show the modeled radiocarbon ages before present (ka). See Supplemental Fig. 1 for organic matter, OM Flux and
MS data plotted against age scales.

Fig. 7. Principal component analysis (PCA) of Lake Pangodi sediment core 21. Three sample clusters are defined on the biplot (principal component axes 1 vs 2) as
the early, middle and late Holocene with the selected variables indicated by arrows, shown in three groups. PCA analyses of cores 22, 23 and 24 can be found in the
supplemental material (Supplemental Figs. 2–4). In addition to elemental composition (Fe, Ti, Mn, K, Zr, Rb, Sr, Si and Ca), the PCA included Loss-on-Ignition (LOI)
data at 550 ◦C and 1000 ◦C, the LOI residuals, light elements (LE) and magnetic susceptibility (abbreviated here as MagS).
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map (geoportal.maaamet.ee/eng/) of the lake shows a distinct terrasse
feature on the shores. The terrasse could not be very old as the slope
features are relatively sharp, and the reconstructed quartz input (Sup-
plemental Fig. 1) in cores 22 and 23 does show increased values at ~1.4
ka, and between ~0.9 and ~0.7 ka, respectively. Assuming that the lake
level reached the maximum level by ~1.3 ka and remained stable to-
wards modern time, the increasing sedimentation would have decreased
the water CD until modern (Fig. 8).

5.2. Regression dynamics explained by reflectors on the radargram

Sediment accumulation in Lake Pangodi basin seems to support the
change seen in reconstructed lake levels (Figs. 8 and 9) as the total
sediment accumulation during the middle Holocene, from ~8.2 to ~6.2
ka, was slightly lower in comparison to the second half of the middle
Holocene (~6.2 to ~4.2 ka). This could reflect higher evaporation rates
and/or warmer water temperatures and lower oxygen solubility at times
of greater accumulation of organic matter. Sediment accumulation
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Pangodi water level from organic matter (OM) flux as dark blue line. Range of uncertainty from 25 facies threshold simulations is shown as light orange. Sediment-
water interface is shown as a green line. The horizontal gray-blue bar below panel c is an interpretation of the OM flux-derived lake level model where low and
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during the late Holocene (~4.2 to ~0.7 ka) was lower in comparison to
the preceding middle Holocene. The 14C-dated lake sediments plotted on
our radargram (Fig. 3), the sediment composition (Figs. 5 and 6, and
Table 2) and the flux model (Fig. 8) help demonstrate that, in contrast to
water level elevation, the water CD at the end of the middle Holocene
(~4.2 ka; 200 cm) was ~34 cm lower in comparison to the end of the
early Holocene (~8.2 ka; 230 cm), ~175 cm lower than at ~0.7 ka, and
similar to the 6.0 ka value (200 cm; Figs. 8 and 9).

There were climate-driven lake level variations overprinted on the
sediment accumulation. The radargram (Fig. 3) shows multiple lapout
features in the middle Holocene section, which can most likely be
attributed to normal regression that would result in offlaps character-
izing decreased lake levels (Posamentier et al., 1992). Under normal
regression with constant or increasing water levels, the sediment accu-
mulation takes place in the water environment, and the flux variation is
captured in the sedimentary record. Conversely, forced regression is
independent of sediment flux variations and describes decreased lake
levels where the sediments would get deposited to the lake from the

shore (Miall, 2010). There is truncation above 440 cm bmls (~2.5 ka) in
core 22 (Fig. 3) that illustrates forced regression, adding additional
confidence to our flux model that demonstrates a brief period of
decreased lake levels around the same time.

5.3. Advantages of the flux-based model

With the Lake Pangodi water level reconstruction, we focused on the
hydrological conditions in the early to middle Holocene (~8.2 ka), the
middle Holocene (~6.0 ka), and the middle to late Holocene transition
(~4.2 ka) with regard to modern conditions (Figs. 8 and 9). In general,
the OM flux-derived lake level (elevation) model shows greater detail in
comparison to using OM data only, and will therefore be used for
interpretation. We find that the reconstruction shows ~310 cm and
~345 cm higher lake levels at ~8.2 ka and ~4.2 ka when comparing our
OM flux-based model to the OM-based (Fig. 8), respectively. Neither one
of the models suggest past lake levels reaching higher elevations than
today until ~0.7 ka.
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5.4. Sedimentary features on the radargram vs flux model results

The flux model is in a good agreement with the sedimentary features
observed on the radargram. The lake levels discussed in this section are
relative water levels below the modern lake surface. In core 24, there is
an onlap before ~7.8 ka, and our model does how higher lake levels at
~8.2 ka. In core 23, offlaps above 580 cm bmls (~6.5 ka) occur at a time
when our lake level model shows decreasing values (Fig. 8). Offlaps
between cores 23 and 24 at 430 cm and 460 cm bmls (both likely at
~8.6 ka) support the decreased flux model values between ~8.6 and
~8.4 ka. Several reflector lines (not defined on Fig. 3) at the bottom of
core 24 most likely indicate the maximum level of transgression (Miall,
2010). We also observe higher variability of lake levels in the flux model
until ~7.8 ka. The offlap at 510 cm bmls (~4.3 ka) in core 22may reflect
the slightly decreased water levels that we can observe in the flux model
at ~4.2 ka. Erosional truncations as evidence of decreasing lake levels
can be observed at around 480 cm bmls (~2.9 ka) in core 21, above 480
cm bmls (~4.0 ka) in core 22, and between 430 cm bmls (~4.3 ka) and
400 cm bmls (~2.6 ka and above) in core 23 (Fig. 3). These lapout
features support the modeled lower lake levels at ~3.3 ka (Fig. 8).
Toplaps at 360 cm (~1.5 ka) in core 23 and at 410 cm bmls (~2.0 ka)
basin-ward from core 22 also suggest erosional or low deposition envi-
ronments afterwards. This evidence is not reflected in our flux-based
lake level model (Fig. 8, see also Supplemental Fig. 1), which shows
higher lake levels after 1.4 ka. Topmost sediments on the radargram
show multiple continuous reflector lines that suggest consistent depo-
sition (Fig. 3) above 320 cm bmls (~1.2 ka in core 24), which would
agree with the flux model, suggesting significantly increased water
levels after ~1.4 ka (Fig. 8).

5.5. Moisture balance reconstruction

The result of ~320 mm total increase in the P-E (Fig. 8 panel b) is an
approximation as the lake watershed area of 7.6 km2 is relatively large
and may decrease the model output values. Likewise, more water will be
pulled from the catchment into the atmosphere by transpiration as soils
and larger plants establish over time, reducing inflow to the lake. There
is also a large error associated with the P-E model as the average 1
standard deviation (SD) for the entire data set is ~65 mm y−1. In
addition, the large lake surface area to volume ratio may result in an
underestimate of the P-E as the evaporation rate increases with larger
surface area. The model does not account for periods of lake water
overflow, introducing further error to the results. The uncertainty in the
lake water residence time also affects the P-E model output. For
example, increasing the water residence time from a 0.5 to 1.5-year
window to a 0.5 to 5-year window would decrease the total P-E from
~320 mm to ~115 mm. Furthermore, the model assumes a constant
groundwater flow to lake, introducing more uncertainty to the P-E
values. Although informative, we conclude that the P-E model is merely
an estimate that could be refined in the future using additional methods
and proxies.

5.6. Comparison to other regional records

Based on core stratigraphy and the OM flux model results, Lake
Pangodi showed an overall increasing water level elevation throughout
the entire Holocene, which is partially be explained by sediment accu-
mulation displacing water. The water level reached maximum levels at
~1.5 ka, which is supported by the topmost continuous reflector lines
above 1.2 ka on our radargram (Fig. 3). Our results are similar to the
reconstruction from the largest Estonian open basin lake (Lake Peipus;
Fig. 1) that also suggested continuously rising water levels since ~10 ka
(Hang et al., 2008). However, there was a period of decreased values in
Lake Pangodi water CD between ~5.1 and ~2.4 ka (Fig. 8), and this
drier period falls within the arid conditions recognized in a nearby Lake
Nuudsaku between ~5.8 and ~0.7 ka (Eensalu et al., 2024). The overall

trend towards higher lake levels in Estonia during the late Holocene
(Fig. 8) could also be linked to the decreasing summer insolation
(Harrison et al., 1993). This seasonal change in the distribution of solar
insolation may have therefore resulted in increased P-E and/or in
changing oceanic moisture transport. Furthermore, the differences in
lake levels could have been a result of variations in the local isostatic
uplift, caused by deglaciation. Comparison of different lake basins also
encompasses varying lithologies of the bedrock, meaning that there are
variations in hydrogeological regimes.

5.6.1. Late Pleistocene and the early Holocene
There is a possibility that Lake Pangodi water levels as well as the

relative water depth during the late Pleistocene and the first half of the
early Holocene (~12 ka to ~9.8 ka) could have been relatively high as
suggested by the bottom-most continuous reflector lines and abundant
sand in the lower part of all of the sediment cores. Lake Pangodi water
CD remained >155 cm from~9.8 ka to ~9.6 ka. Sohar and Kalm (2008)
demonstrated lower lake levels in Estonia and its close vicinity
(including northwest Russia, Sweden, Belarus and Karelia) persisting
from the end of late Pleistocene and early Holocene until ~9.5 to ~9 ka.
Our reconstruction agrees with that interpretation as the water CD at
Pangodi was relatively lower (~115 cm) at around ~9.7 ka, and then
rose to 190 cmby ~9.4 ka. Our result is in agreement with previously
published lake level reconstructions from Poland (Pleskot et al., 2018)
and southern Sweden (Digerfeldt et al., 2013). However, Punning et al.
(2003) noted a lowering of lake levels in Pandivere Upland (~120 km
north from Pangodi; Fig. 1) after ~9.3 ka. From ~9.6 to ~8.2 ka, Lake
Pangodi reconstruction suggests rising water CD to 230 cm. Saarse et al.
(1995) report the same trend of water level rise in small Estonian lakes
during that time period. Terasmaa et al. (2013) demonstrate low water
depths during the beginning of the Holocene in central Latvian lake Ķūži
(~150 km south-west from Pangodi), after ~10.5 ka a constant rise
reaching maximum values between ~9.0 and ~8.0 ka, and remaining
stable thereafter until ~3.0 ka.

5.6.2. The 8.2 ka event and the middle Holocene
A ~300-year period preceding the middle Holocene (8.4 to 8.1 ka) is

known as the 8.2 ka cold event that occurred due to the weakening of
Northern Atlantic thermohaline circulation (Renssen et al., 2009). This
was probably caused by a melt water pulse from Lake Agassiz to the
North Atlantic leading to weakened zonal flow from the Atlantic and
therefore increased dry conditions over northern Europe (Barber et al.,
1999). Lake Pangodi middle Holocene record starts with a ~100 cm
water CD decline from 230 to 130 cm between ~8.2 to ~7.7 ka (Fig. 8a
and Fig. 9). Saarse et al. (1995), Sohar and Kalm (2008), Saarse and
Harrison (1992) and Zernitskaya (1997) have reported similar decreases
in lake levels after ~8 ka. These results may suggest that insolation-
driven cold conditions were accompanied by anticyclonic conditions,
and therefore decreased rainfall after ~8 ka may have caused the overall
trend in decreasing lake levels. The 8.2 ka cold event has been well
documented in a Lake Tõugjärv (~50 km S from Lake Pangodi; Fig. 1)
record, (Veski et al., 2004) which demonstrated that the annual tem-
peratures in Estonia decreased by ~3 ◦C at 8.2 ka in comparison to their
researched period after the cooling (8.1 to 7.5 ka). The same study
proposed greater cold and snowy winter conditions during the 8.2 ka
event. An isotope-based reconstruction from Lake Äntu Sinijärv dis-
played significantly decreased lake water oxygen isotope (δ18O) values
between ~8.39 and ~8.26 ka, also suggesting locally increased cold
conditions (Street-Perrott et al., 2018).

The warm season insolation in Estonia during the middle Holocene
was decreasing, yet remained higher than during the late Holocene. The
high insolation may have caused lower P-E, and the remaining anticy-
clonic blocking in the northern Baltic Sea region may have reduced the
amount of rainfall reaching Lake Pangodi during the middle Holocene.
Our lake water CD suggests a ~110 cm increase from~7.7 ka until ~6.6
ka. Similarly, a hydrological reconstruction from south-east Lithuania
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suggests a period of drier conditions at ~7.3 ka (Stančikaitė et al.,
2019). We detected a brief ~30 cm decrease in Lake Pangodi water
levels from ~6.5 to ~6 ka, also recognized as a warm and dry period in
southern Sweden and Denmark at ~6.5 ka (Seppä et al., 2005; Brown
et al., 2012). The water CD increase after ~7.7 ka could be connected to
an intensified AMOC (Zhang et al., 2016), which would have led to
increased moisture transport (similar to the positive phase of modern-
day NAO), and therefore enough precipitation to elevate Lake Pangodi
water CD by over a meter by ~6.8 ka at Pangodi.

During the second half of the middle Holocene (6.2 to 4.2 ka) Lake
Pangodi water CD remained above 175 cm. After ~6.2 ka, the lake water
CD increased from 200 cm to 250 cm bmls by 5.7 ka, similar to the water
level rise seen in the Lithuanian bog record (Stančikaitė et al., 2019).
Lake Pangodi water remained at a relatively higher level until ~5 ka, yet
the water column depth was slightly decreasing due to accumulating
sediments. Our data are supported by Punning et al. (2005) who report
increased water level in Lake Juusa (~20 km south from Pangodi; Fig. 1)
at that time, which they interpreted as water level high-stand as a result
of increased precipitation and decreased summer insolation (Fig. 8).
Lake Pangodi water CD then decreased from 200 cm at ~5.0 ka to 175
cm at ~4.9 ka, indicating drier conditions. The Lithuanian bog record
also reports driest conditions between 5.1 and 4.9 ka (Stančikaitė et al.,
2019). However, Terasmaa et al. (2013) suggest the lake levels in Lake
Ķūži (Latvia) during that time were rather high and relatively stable.
Seppä and Poska (2004) suggest there was a cooling trend in Estonia
starting ~5.3 ka, also associated with decreasing lake levels (Sohar and
Kalm, 2008), and possibly decreased westerly air flow. Lake Pangodi
water CD then slightly rose to ~200 cm by ~4.2 ka. The onset of wet
conditions in Estonia therefore likely preceded the 4.2 ka event by
several hundred years. This rise in water levels contrasts southern
Swedish hydroclimate reconstruction which suggested predominantly
dry conditions between 4.8 ka and 4.4 ka (De Jong et al., 2009).

In general, the increasing water level trend at Lake Pangodi is in an
agreement with a nearby open-basin Lake Nuudsaku isotope record
which suggests the middle Holocene may have experienced a trend of
increasing warm season precipitation (Stansell et al., 2017) and higher
relative humidity (Eensalu et al., 2024). The summer precipitation could
have therefore likely been higher as our record generally shows
increasing water levels throughout the middle Holocene, although as
discussed above, Lake Pangodi is relatively sensitive to evaporation.
Further, a climate modeling study (Mauri et al., 2014) argued that the
middle Holocene moisture availability in Europe was mostly influenced
by increased cold season precipitation, which would be well charac-
terized by a positive phase of the NAO. Our results could support that
finding because despite the water level increasing relative to the modern
lake surface, Lake Pangodi water CD during the ~8.0 to ~5.8 ka period
was greater than during the latter half of the middle Holocene (Fig. 9).
However, it has been suggested that not all precipitation droughts are
apparent in lake water changes (Brunner and Chartier-Rescan, 2024).
Nonetheless, the contrasting results during the middle Holocene in this
region demonstrate that hydroclimate variability likely experienced
high spatial variability.

5.6.3. The late Holocene
The late Holocene in the northern Hemisphere became colder due to

decreased warm season insolation (Routson et al., 2019). Previous
research has also suggested that the increased cyclonic activity and
westerly winds may have altered the hydrological conditions in Europe
(Seppä and Birks, 2001). The lowest late Holocene water CD values of
170 cm at Lake Pangodi were detected at ~3.3 ka (Fig. 8 panel b). Pun-
ning et al. (2005) report decreased Lake Juusa water levels at ~3.2 ka,
Saarse et al. (1995) in twelve small Estonian lakes from ~4.5 to ~3.8 ka
(Sohar and Kalm, 2008), and Saarse and Rajamae (1997) 2.5 to 3m lower
lake levels in Haanja highlands (~70 km SSE from Pangodi; Fig. 1) at
~3.7 ka. Seppä and Poska (2004) derive from Lake Raigastvere (50 km
north fromPangodi; Fig. 1) pollen analyses that therewas a potential cold

event at ~3.2 ka, and Street-Perrott et al. (2018) discuss a similar un-
named cold event peaking at~3.3 ka, inferred from stable oxygen isotope
proxy from lake Äntu Sinijärv. The δ18O proxy of Lake Igelsjön in Sweden
at ~3.4 ka also shows decreased values of>3‰ in comparison to 4.0 ka,
whichmay be connected to the same cold conditions (Hammarlund et al.,
2003). Based on our model, we suggest that this multi-centennial cold
period at Lake Pangodi was relatively drier. This event also coincides
with a 1 ◦C temperature decrease noted in the pollen records from the
Baltic Sea basin between 4.3 and 3.3 ka (Borzenkova et al., 2015).

A steady increase in the Lake Pangodi record from ~3.3 to ~2.5 ka
suggests water CD increasing to ~250 cm. Likewise, Luik and Tõnisson
(2023) find that the period between ~3.3 to ~3.0 ka in Estonia expe-
rienced increased storminess. This may be related to increasing cold
season insolation in the northern Hemisphere resulting in higher winter
P-E. It has also been noted that the AMOC strength was briefly reduced
at ~3 ka (Telesiński et al., 2015), which may have led to decreased air
mass transport to northern Europe. Similar trends of rising lake levels
after ~2.5 ka has also been observed in various small Estonian lakes
during the same time period (Saarse et al., 1995; Sohar and Kalm, 2008).
Contrastingly, Terasmaa et al. (2013) demonstrate a 3 m decline in lakes
water depth in central Latvian lake starting from ~3.0 ka BP. The brief
period in the Lake Pangodi reconstruction between ~2.5 and ~2.4 ka
suggests decreased water CD, and decreased P-E (Fig. 8).

The ~130 cm water CD increase at Lake Pangodi from ~2.4 ka (160
cm) to ~2.2 ka (290 cm) suggests increased P-E and a possible shift
towards wetter conditions. This trend was particularly pronounced in
Viitna lakes (~150 km north from Pangodi; Fig. 1) at ~2.6 to ~1.9 ka
which has been attributed to increased cool and wet conditions (Punning
et al., 1987). Saarse et al. (1998) also report that lakes in Haanja high-
lands experienced increased precipitation after ~2.2 ka and reduced
evapotranspiration rates, based on pollen analyses. Interestingly, Luik
and Tõnisson (2023) report stable and dry conditions in Estonia between
~2.4 and ~2.2 ka.

The decreasing water column depth between ~2.2 and ~1.5 ka
(from 290 to 230 cm) could imply a several centennial decrease in
cyclonic/wet conditions, resulting in slightly increased evaporation in
the basin, or a decrease in precipitation. Higher Lake Pangodi water CD
after ~1.4 ka indicate increased P-E. Saarse and Rajamae (1997) sug-
gested higher lake levels starting already at ~1.7 ka, however, the
modeled Lake Pangodi water level displays large error ranges after ~1.4
ka (Figs. 4, 8). Our OM flux data suggested that sub-littoral to deep-
water conditions persisted throughout the record until the modern
time with some sub-littoral sediments identified in core 22 at ~1 ka. In
addition to the sedimentary evidence discussed above suggesting lower
lake levels at around ~0.9 ka, this indicates slightly drier conditions
prevailing at Lake Pangodi during the Medieval Climate Anomaly (MCA;
~1 to ~0.7 ka).

6. Conclusions

Comparison of the Lake Pangodi sediment facies and the lake level
model reveal variable lake levels since ~9.8 ka. Lake Pangodi water
column depth during the early and middle Holocene were more than 2.0
m below modern values. We identify several centennial-scale fluctua-
tions, similar to what have been identified from sedimentary archives in
northern Europe during Holocene. Sandy layers in the Lake Pangodi
record document the most notable reduction in lake levels between~8.2
and ~7.7 ka when the lake level decreased by ~1.0 m, likely due to
reduced precipitation caused by westerly air flow and cold conditions.
Our middle Holocene reconstruction of Lake Pangodi water level ex-
hibits similar hydrological changes to several archives in close proximity
to the study area in the Baltic region, suggesting that the regional
hydroclimate was affected by the same drivers. Conversely, some of the
contrasting results from Scandinavia indicate that these areas were
affected by different hydroclimate driving mechanisms. In comparison
to the rest of the record, our lake level model suggests the most abrupt
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rise in water levels at ~1.4 ka. Our findings underscore the complex
interplay of regional hydroclimate drivers, shedding light on the
nuanced spatiotemporal variability in the high-latitude region and
emphasizing the importance of unravelling the mechanisms underlying
these geographic differences.
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Brown, K.J., Seppä, H., Schoups, G., Fausto, R.S., Rasmussen, P., Birks, H.J.B., 2012.
A spatio-temporal reconstruction of holocene temperature change in southern
Scandinavia. Holocene 22, 165–177.

Brunner, M.I., Chartier-Rescan, C., 2024. Drought spatial extent and dependence increase
during drought propagation from the atmosphere to the hydrosphere. Geophys. Res.
Lett. 51.

Christie-Blick, N., 1991. Onlap, offlap, and the origin of unconformity-bounded
depositional sequences. Mar. Geol. 97, 35–56.

Corradini, E., Wilken, D., Zanon, M., Groß, D., Lübke, H., Panning, D., Dörfler, W.,
Rusch, K., Mecking, R., Erkul, E., Pickartz, N., Feeser, I., Rabbel, W., 2020.
Reconstructing the palaeoenvironment at the early Mesolithic site of Lake Duvensee:
ground-penetrating radar and geoarchaeology for 3D facies mapping. Holocene 30,
820–833.

De Jong, R., Hammarlund, D., Nesje, A., 2009. Late Holocene effective precipitation
variations in the maritime regions of south-West Scandinavia. Quat. Sci. Rev. 28.

Dean Jr., W., 1974. Determination of carbonate and organic matter in calcareous
sediments and sedimentary rocks by loss on ignition: comparison with other
methods. SEPM J. Sediment. Res. 44.

Digerfeldt, G., 1988. Reconstruction and regional correlation of Holocene lake-level
fluctuations in Lake Bysjön, South Sweden. Boreas 17, 165–182.

Digerfeldt, G., Björck, S., Hammarlund, D., Persson, T., 2013. Reconstruction of
Holocene Lake-Level Changes in Lake Igelsjön, Southern Sweden, (GFF 135).

EEA, 2024. Climate Normals. Est Environ Agency Clim Norm.
Eensalu, M., Nelson, D.B., Buczynska, A., Rach, O., Luoto, T.P., Poska, A., Klein, E.S.,

Stansell, N.D., 2024. Holocene hydroclimate variability of the Baltic region inferred
from stable isotopes, d-excess and multi-proxy data at lake Nuudsaku, Estonia (NE
Europe). Quat. Sci. Rev. 334.

Gat, J.R., 1996. Oxygen and hydrogen isotopes in the hydrologic cycle. Annu. Rev. Earth
Planet. Sci. 24, 225–262.

Hammarlund, D., Björck, S., Buchardt, B., Israelson, C., Thomsen, C.T., 2003. Rapid
hydrological changes during the Holocene revealed by stable isotope records of
lacustrine carbonates from Lake Igelsjön, southern Sweden. Quat. Sci. Rev. 22,
353–370.

Hang, T., Kalm, V., Kihno, K., Milkevičius, M., 2008. Pollen, diatom and plant
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Magny, M., Bégeot, C., Guiot, J., Peyron, O., 2003. Contrasting patterns of hydrological
changes in europe in response to holocene climate cooling phases. Quat. Sci. Rev. 22,
1589–1596.

Marshall, J., Kushnir, Y., Battisti, D., Chang, P., Czaja, A., Dickson, R., Hurrell, J.,
McCartney, M., Saravanan, R., Visbeck, M., 2001. North Atlantic climate variability:
phenomena, impacts and mechanisms. Int. J. Climatol. 21, 1863–1898.

Marsicek, J.P., Shuman, B., Brewer, S., Foster, D.R., Oswald, W.W., 2013. Moisture and
temperature changes associated with the mid-Holocene Tsuga decline in the
northeastern United States. Quat. Sci. Rev. 80, 129–142.

Mason, I.M., Guzkowska, M.A.J., Rapley, C.G., Street-Perrott, F.A., 1994. The response of
lake levels and areas to climatic change. Clim. Chang. 27, 161–197.

Mauri, A., Davis, B.A.S., Collins, P.M., Kaplan, J.O., 2014. The influence of atmospheric
circulation on the mid-Holocene climate of Europe: a data-model comparison. Clim.
Past 10, 1925–1938.

Miall, A.D., 2010. The Geology of Stratigraphic Sequences: Second Edition.
Mitchum, R.M., 1977. Seismic stratigraphy and global changes of sea level, part 11

glossary of terms used in seismic stratigraphy. In: Seismic Stratigraphy —
Applications to Hydrocarbon Exploration.

Morley, A., Rosenthal, Y., DeMenocal, P., 2014. Ocean-atmosphere climate shift during
the mid-to-late Holocene transition. Earth Planet. Sci. Lett. 388, 18–26.

Nestor, H., Einasto, R., Raukas, A., Teedumäe, A., 1997. Geology and Mineral Resources
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Seppä, H., Hammarlund, D., Antonsson, K., 2005. Low-frequency and high-frequency
changes in temperature and effective humidity during the Holocene in south-Central
Sweden: Implications for atmospheric and oceanic forcings of climate. Clim. Dyn. 25,
285–297.
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