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New insights into lake responses to rapid climate change: the Younger
Dryas in Lake Go�sciaz _z, central Poland
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BIRGIT PLESSEN, ARNE RAMISCH, MARKUS J. SCHWAB, MIROSŁAW BŁASZKIEWICZ, MICHAŁ SŁOWI �NSKI AND
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M€uller, D., Tjallingii, R., Pł�ociennik, M., Luoto, T. P., Kotrys, B., Plessen, B., Ramisch, A., Schwab, M. J.,
Błaszkiewicz,M., Słowi�nski,M.&Brauer, A.: New insights into lake responses to rapid climate change: theYounger
Dryas in Lake Go�sciaz _z, central Poland. Boreas. https://doi.org/10.1111/bor.12499. ISSN 0300-9483.

The sediment profile from Lake Go�sciaz _z in central Poland comprises a continuous, seasonally resolved and
exceptionally well-preserved archive of the Younger Dryas (YD) climate variation. This provides a unique
opportunity fordetailed investigationof lake systemresponsesduringperiodsof rapidclimatecooling (YDonset)and
warming (YD termination). The new varve record of Lake Go�sciaz _z presented here spans 1662 years from the late
Allerød (AL) to the earlyPreboreal (PB).Microscopicvarve countingprovides an independent chronologywith aYD
durationof1149+14/–22 years,whichconfirmsprevious resultsof 1140�40 years.We link stableoxygen isotopesand
chironomid-based air temperature reconstructions with the response of various geochemical and varve microfacies
proxiesespecially focusingontheonsetandterminationof theYD.Coolingat theYDonset lasted~180 years,which is
about a century longer than the terminal warming that was completed in ~70 years. During the AL/YD transition,
environmental proxy data lagged the onset of cooling by ~90 years and revealed an increase of lake productivity and
internal lake re-suspension as well as slightly higher detrital sediment input. In contrast, rapid warming and
environmental changes during the YD/PB transition occurred simultaneously. However, initial changes such as
decliningdiatomdepositionanddetrital inputoccurredalreadyafewcenturiesbeforetherapidwarmingat theYD/PB
transition. These environmental changes likely reflect a gradual increase in summer air temperatures already during
theYD.Our data indicate complex and differing environmental responses to themajor climate changes related to the
YD, which involve different proxy sensitivities and threshold processes.
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Lakes are considered as sentinels of climate change since
they respond immediately, but also incorporate effects of
climate changewithin the catchment (Adrian et al. 2009,
2016). However, lake responses to climate change are
complex, due to the involvement of tightly coupled
physical, chemical and biological processes that operate
on a wide range of time scales from days to millennia
(Ramisch et al. 2018). Numerous studies based on
modern observations address how different compart-
ments of lake systems respond to climate change (e.g.
Adrian et al. 2016). However, there are still synergistic
and complex lake responsemechanisms that arenot fully
understood (Havens & Jeppesen 2018). In particular,
ecosystem changes to abrupt climate change yet remain
elusive (Botta et al. 2019).

Since major hemispheric climatic shifts did not occur
during historical times, we need to apply a forensic
approach and investigate these climatic changes in lake
sediments in the geological past. An ideal time interval for

such investigations is theYoungerDryas (YD) coldperiod
at the end of the Last Glaciation, which marks the last
major climate fluctuation in the Northern Hemisphere
(e.g. Brauer et al. 2008; Denton et al. 2010; Clark et al.
2012; Rach et al. 2014). The YD is characterized by
pronounced seasonalitywith strongwinter cooling (Isarin
et al. 1998; Denton et al. 2005) and relatively mild but
short summers (Schenk et al. 2018). Changes in season-
ality are considered crucial for lake system response,
because spring and early summer is a critical timewindow
for the timing and rates of overturn and related biological
effects (Peeters et al. 2007; Adrian et al. 2016). Therefore,
varved lake sediment records with seasonal time resolu-
tion are most suitable recorders of seasonal effects.
However, there are only a few lake records reported that
are completely varved throughout the YD and document
the rapid climatic and environmental changes at the YD
transitions with seasonal resolution. In Europe, these
lakes include Lake Go�sciaz _z (Ralska-Jasiewiczowa et al.
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1987, 1998b;Goslar et al. 1989),MeerfelderMaar (Brauer
et al. 1999) and palaeolake Rehwiese (Neugebauer et al.
2012). Pioneer studies were carried out on the Lake
Go�sciaz _z varves starting in the late 1980s (Ralska-Jasiewic-
zowa et al. 1987; Goslar et al. 1989) that revealed
fundamental results on YD varve dating, radiocarbon
calibration and vegetation change (Goslar et al. 1989;
Ralska-Jasiewiczowa et al. 1998b). Based on varve
counting of Lake Go�sciaz _z sediments even changes in
atmospheric radiocarbon concentrations during the YD
were determined (Goslar et al. 1995, 1999). In addition,
regional vegetation changes related to the YD were
reconstructed in great detail (Goslar et al. 1992; Ralska-
Jasiewiczowa et al. 1992, 1998b, 2003). A truly seminal
study was the reconstruction of environmental changes at
1–4 year resolution during the transition to the Holocene
(Ralska-Jasiewiczowa et al. 2003) based on pollen and
geochemical data.Weadopt theprincipal approachof this
study, but include novel analytical methods including
continuous X-ray fluorescence (XRF) core scanning and
µ-XRF mapping, continuous microfacies analyses and
chironomid-based temperature reconstructions. We fur-
ther extend the time interval to the entire YD, including
the transition from the Allerød (AL) into the YD. This
study is part of a larger project re-visiting the entire
Holocene and Lateglacial sediment record from Lake
Go�sciaz _z (Bonk et al. 2021). The main goal of this study is
to compare the mechanisms and dynamics of lake system
responses to major cooling and warming events. We
distinguish between temperature and environmental
proxies to decipher in detail the successionof lake-internal
and catchment responses to large-scale temperature
changes.

Study area

Lake Go�sciaz _z (GOS) is located about 80 km WNWof
Warsaw in central Poland (latitude 52°35’N, longitude
19°21’E; Fig. 1). It is situated at 64.3 m a.s.l. and has a
surface area of 41.7 ha, amaximumwater depth of 22 m
andacatchmentareaof588 ha.GOSis the largest lakeof
theNaJazach four lake system,which is todayconnected
bytheRudastream,draining into theVistulaRiver (since
1970 to the Włocławek Reservoir). The lake is predom-
inantly groundwater fed with 80–90% of present day
inflow from groundwater (Gierszewski 1993; Gizi�nski
et al. 1998;Rozanski et al. 2010).GOS is a kettlehole lake
within a subglacial channel that formed during the Last
Glaciation. The last ice-sheet advance of the Scandina-
vian Ice Sheet (Late Weichselian ice sheet) in this area
occurred during the Pozna�n phase (20–19 cal. ka BP;
Marks et al. 2016), leading to the formation of subglacial
channels and burial of dead ice during the final stage of
ice-sheet advance and later recession (Błaszkiewicz et al.
2015). Melting of buried dead ice blocks resulted in
formation of kettlehole lakes like Lake Go�sciaz _z. Finely
laminated lacustrine sediments in this lake are preserved

since the late Allerød (Ralska-Jasiewiczowa et al. 1987,
1998b; Goslar et al. 1989).

The lake catchment consists primarily of glacifluvial
sediments and features also aeolian forms (e.g. dunes;
Rychel et al. 2018;Kruczkowska et al. 2020). Present day
vegetation predominantly is composed of pine forests
and subordinated also by aquatic, reed swamp, mire,
meadow, grassland, scrub, ruderal and segetal commu-
nities (Kezpczy�nski & Nory�skiewicz 1998). The monthly
mean surface air temperature ranges from �2.8 °C in
January to +18 °C in July (W�ojcik & Przybylak 1998;
Rozanski et al. 2010), while the annual mean surface air
temperature is 8.2 °C (Rozanski et al. 2010). The
monthly mean precipitation ranges from 25.6 mm
(February) to 82.5 mm (July) with an annual mean of
540 mm (W�ojcik & Przybylak 1998). Westerly winds
prevail in the areaof the lake (W�ojcik&Przybylak1998).

Material and methods

Coring

Coring was conducted with an UWITEC Piston Corer
during two coring campaigns in 2015 (GOS15) and 2018
(GOS18) (Fig. 1). In 2015, three parallel sediment cores
(A, B and C) were obtained from the southern section of
the deepest part of the lake basin at 21.3–21.5 m water
depth. Since the sediments were disturbed by a ~2-m-
thick mass movement deposit in the lowermost part of
the cores (Fig. S1), five new parallel sediment cores (D,
E, G, H, I) were obtained in 2018 from the northwestern
part of the deep basin at 19.5–21.6 m water depth,
because this location is more distal with respect to the
mass-wasting event that caused the major mass move-
ment deposit. A composite profile with a total length of
1897 cm was established for the finely laminated lacus-
trine sediments using cores GOS15-A, -B, -C and
GOS18-H (Bonk et al. 2021). This study focuses on the
lowermost laminated sediments between 1717.8 and
1897 cm depth covering the beginning of limnic sedi-
mentation from the late Allerød (AL) to the early
Preboreal (PB) (see Table S1 and Fig. S1).

Microfacies analyses

Microfacies analyses were performed on 26 overlapping
large-scale thin sections prepared from 10-cm-long
freeze-dried and resin impregnated sediment slices
(Brauer & Casanova 2001). The analyses included varve
counting and measurements of varve and sublayer
thickness based on determination of varve composition,
structure and boundaries. We defined a varve quality
index (VQI) fromVQI 0 (novarve preservation) toVQI 3
(perfect varve preservation with sharp boundaries) that
was allocated to each varve. Microscope analysis was
conducted with an Axioplan 2 and Axiolab pol imaging
microscope with parallel and polarized light using
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magnifications between 50 and 4009. Thin section
photographs were taken with an Olympus BX53F
microscope, connected to an Olympus DP72 camera.

Chronology

A floating varve chronology was established by micro-
scopic layercountingon large-scale thin sections.Counting
uncertainties are calculated from comparing three inde-
pendent counts. The count C2 is considered as most
accurate, because layer thickness was precisely measured
(Martin-Puertas et al. 2014) and was thus used as a
reference. The counting difference from the other two
counts (C1, C3) was calculated for each thin section and
summed up. It was distinguished between negative
differences (fewer counted varves; under-counting) and
positive differences (more counted varves; over-counting).
Maximum over- and undercounts are given as counting
uncertainty. The varve chronology presented in this study
is an integrated part of a long Holocene floating chronol-
ogy including more than 10 000 varves that has been
anchored to the absolute time scale through radiocarbon
dating and age modelling with Bacon (Bonk et al. 2021).

XRF element scanning

Non-destructive XRF core scanning was performed on
smoothed surfaces of fresh sediment cores using an
ITRAX XRF Core Scanner (Croudace et al. 2006) at
GFZ Potsdam. Measurements were obtained every
200 lm using a Cr-X-ray source (30 kV, 30 mA) and
10-s measurement time. Element intensities are acquired
incountsper second(cps)anddisplayedas log-ratios that

resemble variations of geochemical composition (Tjal-
lingii et al. 2007; Weltje & Tjallingii 2008; Weltje et al.
2015).

For direct comparison of the sediment composition
with microfacies analyses, µ-XRF element mapping was
performed on two impregnated sediment blocks that
were also used for thin section preparation. The two
selected samples cover the onset and termination of the
YD. Element mapping was conductedwith a BrukerM4
Tornado µ-XRF scanner that is equipped with a Rh X-
ray source (50 kV, 600 µA) and poly-capillary X-ray
optics generating a spot size of approximately 20 µm.
Measurementswere obtained every 50 µmusing a 30-ms
measurement time. Normalized element intensities are
used to visualize relative element abundances as 2D
maps. Both XRFanalyses are of sub-annual resolution.

Chironomid analysis and air temperature reconstruction

Chironomidae subfossils were collected from a total of
233 samples from the composite profile. Samples that
contained fewer than 50 head capsules (hc) as required
for robust reconstruction (Quinlan & Smol 2001) were
merged and also labelled as ‘samples’. For this reason,
the sample resolution of our temperature reconstruction
ranges from 0.5 to 6 cm and the temporal resolution
between 3 and 68 varves per sample. For a total of 31
samples the required number of 50 hc was not obtained
even after sample merging (Table S2). Nevertheless,
these samples were still included in the reconstruction
because either the hc number was very close to 50 and/
or the results of temperature reconstruction were
consistent with the results based on adjacent samples
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Fig. 1. A.OverviewmapofPoland including locationofLakeGo�sciaz _z,Warsaw, theVistulaRiverand themaximumextentof theLateWeichselian
ice sheet according toRalska-Jasiewiczowa et al. (1998c). B.Aerial photograph of the study site, location of LakeGo�sciaz _z as part of theNa Jazach
four lake system and lake bathymetry. Coring sites in 2015 (GOS15) and 2018 (GOS18) are markedwith red stars.
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in which the number of hc reached at least 50. The
lowest hc number used for temperature reconstruction
is 30 and the highest is 170 with a mean of 61 hc per
sample. Two different training sets were used for mean
July air temperature (MJAT) reconstructions – the
Swiss-Norwegian-Polish Training Set (SNP TS)
(Kotrys et al. 2020) and the East European TS (EE
TS) (Luoto et al. 2019). The SNP TS includes 357 lakes,
134 taxa and covers the 3.5–20.1 °C temperature range.
The EE TS includes 212 lakes, 142 taxa and covers the
11.3–20.1 °C temperature range. Both TS use the
weighted averaging-partial least squares transfer func-
tion (WA-PLS). The SNP TS root mean squared error
of prediction (RMSEP) and R2

jack for the WA-PLS
component 3 are 1.39 °C and 0.91, respectively, and the
EE TS RMSEP and R2

jack for the WA-PLS component
2 equals 0.88 °C and 0.88, respectively (Luoto et al.
2019; Kotrys et al. 2020). The temperature reconstruc-
tions were carried out with C2 software (Juggins 2007).

Stable isotopes

Stable isotopes ofoxygen in carbonates (d18Ocarb) and of
carbon in bulkorganicmatter (d13Corg) were determined
on bulk sediment samples contiguously taken at 1-cm
resolution, except for the sections 1737.4–1757.4 and
1880.2–1891.7 cm depth, which were sampled at 0.5-cm
resolution.The temporal resolutionof the samplesvaries
between ~4–14 varves cm–1 in the intervals from 1717.4–
1737.4 and 1757.4–1872.3 cm, ~18–23 varves cm–1 from
1891.7 to 1897 cmand~8–24 varves cm–1 in the intervals
from 1737.4–1757.4 and 1880.2–1891.7 cm. All samples
were freeze-dried, manually ground and homogenized.
Measurement of d18Ocarb was performed by an auto-
mated carbonate device (KIEL IV) connected to a
MAT253 Isotope Ratio Mass Spectrometer (IRMS,
Thermo Fisher Scientific). d13Corg was determined after
in situ de-carbonization inAg-capsules first with 3% and
second with 20% HCl using an automatic elemental
analyser (NC2500 Carlo Erba) coupledwith a ConFlow
III interface on a DELTAplusXL IRMS. Both isotope
compositions are given relative to the Vienna PeeDee
Belemnite (VPDB) standard. d18Ocarb was calibrated
against NBS-19 and an internal reference sample (C1),
while d13Corg was calibrated against IAEA-CH7 and an
elemental isotope standard (Urea) and was proved with
an internal soil reference sample (Boden3) and Pepton
(PEP). Standard errors are 0.06& for d18Ocarb and 0.2&
for d13Corg.

Results

Lithology

A detailed lithological description of the entire new
composite profile is given by Bonk et al. (2021). This
study focuses on the interval between 1717.8 and

1897 cm (Fig. 2), which comprises lithozones 5a and
5b (1749–1897 cm) and the lower 31.2 cm of lithozone 4
(1717.8–1749 cm) (Fig. S1). Briefly summarized, a
sharp boundary marks the transition between the basal
glacial sands of lithozone 6 and the finely laminated
lacustrine sediments of lithozone 5. The transition
between lithozones 5b and 5a at ~1885 cm is marked
by a colour change of the couplets from light brown and
beige to brown and beige. A ~7-cm-thick grey-brown
graded layer occurs at 1879.6 cm, which is covered by a
discrete grey silt-clay layer of ~2 mm thickness. This
discrete layer is similar to the layer covering the thick
slump deposits observed in cores located closer to the
southern shore. Therefore, we interpret the graded layer
as distal deposit of a large mass-wasting event. The
transition from lithozone 5 to lithozone 4 at 1748.6 cm
depth is characterized by a sharp and distinct colour
change due to the sudden appearance of dark sublayers.
The upper boundaryof our study interval was defined at
a succession of two varves with thick calcite sublayers
that form a discrete marker horizon.

Chronology and Younger Dryas definition

The varve chronology of our study interval is the lowest
part of anewfloatingvarve chronology forLakeGo�sciaz _z
that reaches from the Lateglacial to the Late Holocene
and has been anchored to the absolute time scale by age
modelling and radiocarbon dating (Bonk et al. 2021).
The chronology of our study interval includes the lowest
1662+14/–22 varves of this overall chronology and
comprises the period from the onset of lacustrine
sedimentation at 12 834+134/–235 to 11 173+123/–
204 cal. aBP (Fig. 2A). The uncertainty for the absolute
ages is due to radiocarbonagemodellingof anon-varved
interval between ~1000 and 2600 cal. a BP (Bonk et al.
2021). In comparison, internal varve counting uncer-
tainty in the study interval is very low due to the mostly
excellent varve preservation (mean VQI of 2.6).

In the previous study of Lake Go�sciaz _z, the YD
boundaries have been defined in the centre of the major
shifts in d18O of bulk carbonate, nearly coinciding with
vegetation changes (Ralska-Jasiewiczowa et al. 1992).We
adopt this YD definition, since our record exactly
reproduces the published d18Ocarb YD signal (Kuc et al.
1998) allowing precise correlation of the YD boundaries
(Fig. 2B). According to this definition the YD is dated at
12 620+133/–231 to11 470+126/–206 cal. aBP inour age
model. The lateAllerød encompasses 215 varves (1886.4–
1897 cm), the YD 1149 varves (1748.5–1886.4 cm) and
the early Preboreal 298 varves (1717.8–1748.5 cm).

Microfacies analyses

The highest VQI is obtained for the PB (2.8) and mostly
during the early YD a few intervals with lower VQI are
found (Fig. 4).
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Varve types. – The studied sediment section consists
primarily of autochthonous material and two calcite
varve microfacies types are distinguished: calcite-or-
ganic varves (type I) and diatom-calcite varves (type II)
(Fig. 3). Calcite-organic varves appear slightly different
in the lower and upper parts of the study interval. Thus,
two subtypes (Ia and Ib) are differentiated.

Varve type I: calcite-organic varves. – The calcite-or-
ganic microfacies (subtype Ia) occurs between 1885.4–
1897 cm (12 597–12 834 cal. a BP; Fig. 3) in 239 varves
and comprises up to three sublayers. The sedimentation
cycle starts with a sublayer of white idiomorphic calcite
grains of 10–20 µm in size, which rarely includes a few
scattered quartz grains. The following sublayer consists
of fine-grained (2–5 µm) brown-yellowish and rounded
grains resembling Mn-Fe-carbonates and rarely
includes pyrite framboids. This sublayer only occurs in
58 varves primarily in the lower part of this interval. The
sedimentation cycle terminates with an amorphous
organic matter sublayer, which includes scattered
brown-yellowish carbonate grains that form the sub-
layer below.

The calcite-organic microfacies (subtype Ib) appears
in 295 varves from 1748.6 cm until the top of the study

interval (11 472–11 173 cal. a BP; Fig. 3). Similar to
subtype Ia, the ideal sedimentation cycle encompasses
three sublayers including (i) an idiomorphic calcite
sublayer at the base followed by (ii) an amorphous
organic matter sublayer, and (iii) a sublayer of brown-
yellowish rounded carbonate, which however, appears
only in 122 varves of this facies type. Themain difference
to subtype Ia is that (i) the idiomorphic calcite crystals in
the basal sublayer are generally finer grained (2–10 µm),
(ii) the amorphous organic matter sublayer frequently
includes also scattered calcite and vivianite grains, and
(iii) the brown-yellowish carbonate sublayer is generally
thinner and appears after the amorphous organicmatter
sublayer.

Varve type II: diatom-calcite varves. – The diatom-
calcite microfacies is developed in 1128 varves
between 1748.6–1885.4 cm (11 473–12 596 cal. a BP;
Fig. 3) and has a complex and variable structure with
up to six sublayers (SL1 to SL6) as described in
stratigraphical order from the base to the top in the
following:

1 Rounded brown-yellowish carbonate with grain sizes
<3 µm that resemble Mn-Fe-carbonates.
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2 Planktonic diatoms and a few chrysophyte cysts,
interspersed with littoral diatoms and rare pyrite
framboids.

3 Primarily diatoms with some patches of white-yel-
lowish idiomorphic calcite. The diatom assemblage
consists either of littoral diatoms, planktonic diatoms
or a mixture of both. Rare chrysophyte cysts and silt-
sized quartz grains occur.

4 Primarily patches of white-yellowish idiomorphic
calcite and sub-ordinated littoral diatoms and a few
scattered silt-sized quartz grains. In 62 varves a
discrete sublayer of detrital quartz of 0.09–0.64 mm
thickness (mean 0.3 mm) develops on top of SL4
(Fig. 4).

5 Predominantly planktonic diatoms and rarely littoral
diatoms. In some varves a few patches of amorphous
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organic matter and white-yellowish idiomorphic cal-
cite occur.

6 Amorphous organic matter with a few brown-yellow-
ish rounded Mn-Fe-carbonate grains included in
some varves.

The frequencyof discrete quartz-rich sublayers in SL4
varies within the record (Fig. 4). Between 1885.4–
1862.4 cm (12 595–12 400 cal. a BP) and 1834.8–
1777.5 cm (12 220–11 765 cal. a BP) they occur every
20 to 25 years, while between 1862.4 and 1834.8 cm
(12 400–12 220 cal. a BP) these sublayers appear more
frequently and occur about every 6 years.

Varve thickness. – In addition to total varve thickness,
we also measured individual sublayer thicknesses for
all varves (Figs 4, S2). Only calcite and amorphous
organic sublayers occur in all varve types, while diatom
sublayers are present only in varve type II. We further
calculated the coefficient of variation for the AL, YD
and PB as an indication of interannual variability
(Fig. 5).

Calcite-organic varves (subtype Ia) deposited during
the lateAllerødhave ameanvarve thickness of 0.49 mm,
which is the lowestof the study interval.A lowcoefficient
of variation (28.3%) indicates low interannual variability
of varve thickness (Fig. 5).

The mean varve thickness of 1.14 mm for diatom-
calcite varves formed during the YD is more than
doubled compared to the AL. The main reason for the
varve thickness increase is the presence of diatom
sublayers of up to 3 mm thickness (Fig. 4). A slight
increase in the re-suspended calcite sublayer further
contributes to increased thickness of YD varves. Amore
detailed view reveals that the period of thickest varves
(mean thickness of 1.32 mm) is confined to ~12 375 to
11 635 cal. a BP, mainly because of the frequent occur-
rence of thick diatom sublayers between ~12 380 and
11 935 cal. a BP. A pronounced decrease in diatom
sublayers occurs around 11 700 cal. a BP. In the early
phase of the YD, varve thickness shows an increasing
trendwithoccasionaloccurrenceof thicker varves (mean
thickness of 0.82 mm), whereas in the last phase of the
YD the mean varve thickness of 0.83 mm is similar, but
varves thicker than ~1.5 mm do not occur anymore. In
general, the interannual variability of varve thickness is
distinctly enlarged during the YD as shown by the
coefficient of variation of 49.4% (Fig. 5).

Mean varve thickness of calcite-organic varves (sub-
type Ib) formed during the PB is 1.03 mm, which is only
slightly lower than theYDmean and even higher than in
the late YD (~11 635–11 470 cal. a BP). The reason for
the increase of PB varve thickness at the YD/PB
transition is the deposition of thick amorphous organic
sublayers (Fig. 4). The interannual variability of varve
thickness (coefficient of variation 29.9%) is similar to the
AL and distinctly different from the YD (Fig. 5).

XRF element scanning

Wefirst presentµ-XRFmapping results because theyare
directly linked to our varve microfacies allowing us to
precisely characterize the geochemical composition even
for individual sublayers.

µ-XRF mapping. – The two epoxy-impregnated sedi-
ment blocks selected for µ-XRF element mapping allow
direct comparison of the sediment composition with
microfacies analyses. The calcite-organic and diatom-
calcite varves of the Lateglacial and Early Holocene
sediments fromLakeGo�sciaz _z arebest represented by the
elements Ca (calcite), Si (diatoms and detrital matter)
and Ti (detrital matter). However, XRF scanning does
not provide elements associated with organic matter.

The mapping results are not quantified, but clearly
reveal the main changes in relative amounts of the
elements Ca, Si and Ti (Fig. 6). The stepwise transition
from calcite-organic (subtype Ia) to diatom-calcite (type
II) varves (in phases 1.1 to 1.4) at the onset of the YD is
well reflectedby themapping results (Fig. 6B). Phase 1.1
(~12 705–12 630 cal. a BP) is dominated by Ca layers,
while Ti and Si are only scarce, which agrees with a
diatom-freevarvemicrofacies.A slight increase in the log
(Si/Ca) record at ~12 630 cal. a BP indicates a relative
decrease of calcite at the boundaryof phases 1.1 and 1.2.
Phase 1.2 (~12 630–12 595 cal. a BP) shows slightly
increasing amounts of Si and Ti. The beginning of phase
1.3 at ~12 595 cal. a BP reveals increasing amounts of Si
andTi,while the relativeamountofCaremainsconstant.
Simultaneously, as shownbyourmicrofacies, deposition
of diatom sublayers commences and keeps rising, while
the increase of quartz grains is only minor in phase 1.3.
Hence, the increase of Si and of the log(Si/Ca) record in
phase 1.3 mainly reflects a rise in diatoms, while the
unvaried log(Si/Ti) ratio represents the concurrent rise in
detrital matter. Conditions stabilize again at the bound-
ary between phases 1.3 and 1.4 (at ~12 560 cal. a BP) as
indicatedbythemoreor lessconstantvaluesof the log(Si/
Ca) record in phase 1.4 (~12 560–12 530 cal. aBP). This
phase is characterized by relatively high amounts of Si
and Ti reflecting diatom sublayers and some finely
dispersed detrital matter (Fig. 6B).

The YD/PB transition reflects a stepwise shift from
diatom-calcite (varve type II) to calcite-organic (subtype
Ib) varves (in phases 2.1 to 2.3) that is predominantly
indicated by a decrease of diatoms (Fig. 6A). In addi-
tion, theTi record reveals that detritalmatter is generally
lowduring this interval from~11 555 to11 435 cal. aBP.
The diatom-dominated phase 2.1 (~11 555–11 525 cal.
a BP) is characterized by well-pronounced diatom
sublayers with occasional calcite sublayers resulting in
highly variable log(Si/Ca) and log(Si/Ti) records. The
boundary between phase 2.1 and 2.2 is marked by a
relative increase inCa,which is indicated byadecrease in
the log(Si/Ca) record (Fig. 6A). The deposition of
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diatom sublayers clearly declines at ~11 490 cal. a BP,
which is reflected by a slight decrease in the log(Si/Ca)
ratios. However, the boundary of phases 2.2 and 2.3
occursonlyat~11 470 cal. aBPand ismarkedbya sharp
shift from relatively thin to thick amorphous organic
matter sublayers. Diatoms and detrital matter (quartz)
are absent in phase 2.3 and the origin of Si in this phase is
not clear. However, the occurrence of Si in amorphous
organic matter sublayers might suggest diatom dissolu-
tion in this phase.

XRF core scanning. – The two dominant varve types are
diatom-calcite and calcite-organic varves that are best
represented by log(Si/Ti), log(Si/Ca) and log(Ca/Ti)
records (Figs 7, S3). Although detrital matter only
occurs in very low amounts, the element Ti seems to
play an important role in compositional variations.

In the log(Si/Ti) record (Fig. 7) distinct variations are
absent and values remain relatively stable from the base
of the studied interval, but increase slightly and fluctuate
muchmore strongly between~12 540 and ~11 625 cal. a
BP. The interval of slightly higher fluctuation coincides
with the frequent occurrence of thick diatom sublayers
(Fig. 4). Also, the decline of the log(Si/Ti) record
between ~11 700 and 11 470 cal. a BP corresponds to
the decline of diatom sublayers (Figs 4, 7). The early PB
is marked in the log(Si/Ti) record by an increase,
although discrete diatom sublayers are not observed.

Similar to the log(Si/Ti) ratio, the log(Si/Ca) ratio is
steady at the base of the studied interval, until it rises
gradually from ~12 690 to 12 540 cal. a BP, covering the
abrupt transition from calcite-organic (subtype Ia)
varves to diatom-calcite (type II) varves (Fig. 7). After
12 540 cal. aBP the log(Si/Ca) ratio is generally elevated
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(coincidingwith the frequent occurrence of thick diatom
sublayers), but decreases slightly until the YD/PB
boundary, which is marked by one negative oscillation
coinciding with the abrupt transition from diatom-
calcite to calcite-organic (subtype Ib) varves. The early
PB shows a continued steady decrease.

The log(Ca/Ti) record shows lowvariability at thebase
of the studied interval, but decreases gradually between
~12 690 and 12 540 cal. a BP (Fig. 7). This decrease
coincides with the transition from calcite-organic (sub-
type Ia) varves to diatom-calcite varves, but is not as
abrupt as observed in the microfacies (Fig. 7). After
12 540 cal. a BP, the log(Ca/Ti) record reveals a steady
increase until theYD/PBboundary, which is interrupted
by distinct fluctuations around the abrupt transition
from diatom-calcite to calcite-organic (subtype Ib)
varves. The early PB is marked by large-scale fluctua-
tions.

Chironomid analyses

The detrended correspondence analysis (DCA) con-
ducted for chironomid assemblages from the Go�sciaz _z
sediments reveals a similar trend to MJAT estimations
from the EE TS and SNP TS reconstructions (Fig. S4),
indicating that summer temperaturewas themain driver
of the midge communities during the study interval.
Temporal resolution of the reconstructions depended on
the availability of head capsules (hc) and ranges between
3 and 68 varves per sample (mean of 17 varves per
sample) with lower resolution for samples that had to be
merged due to too low hc numbers.

The reconstructions based on two different training
sets generally show the same trends and changes
(Figs 8, S4). However, the amplitudes of changes based
on the SNP TS are significantly larger than those based
on the EE TS, probably due to the larger temperature
range covered by the SNP TS calibration data. The
SNP TS includes temperatures down to 3.5 °C, while
the EE TS does not include temperatures below
11.3 °C. Reconstructions with the SNP TS generally
reveal lower MJAT, which is even more pronounced for
the colder YD than for the warmer AL and PB (Fig. 8).
This is most obvious for the minimum temperatures
during the early YD (~12 620–11 950 cal. a BP), which
reveal 2.8 °C colder reconstructions using the SNP TS
(12.0 °C) compared to the EE TS (14.8 °C). In
contrast, reconstructions of the warmest temperatures
during the early PB (11 470–11 170 cal. a BP) differ
only by 0.7 °C (SNP TS: 17.7 °C; EE TS: 18.4 °C).
After relatively warm mean Allerød MJAT of 16.1 °C
(SNP TS) and 16.9 °C (EE TS), both reconstructions
exhibit a distinct gradual temperature decline of ~5 °C
in SNP TS and ~2.5 °C in EE TS commencing at
~12 725 cal. a BP and lasting for ~140–180 years.
Mean MJAT for the YD are ~14 °C (SNP TS) and
~16.5 °C (EE TS), but temperatures before
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~11 950 cal. a BP appear to be slightly colder (SNP TS
mean: 13.6 °C; EE TS mean: 16.1 °C) than in the later
part until ~11 470 cal. a BP (SNP TS mean: 14.7 °C;
EE TS mean: 17.0 °C). The main temperature rise at
the Holocene onset of 2.1 °C (EE TS) or 4.1 °C (SNP
TS) occurred very rapidly in 40 and 60 years, respec-
tively. Interestingly, directly before the onset of this
increase a brief ~35 (SNP TS) to 50 (EE TS) year-long
cold oscillation appears in both reconstructions. In the
first century of the Holocene, MJAT reach highest
values of the entire study interval before temperatures

slightly decline again (SNP TS mean: 16.6 °C; EE TS
mean: 17.8 °C).

According to the EE TS reconstruction, 20 out of 95
samples remain below the 5% percentile threshold
(minDC < 8.5053) and represent samples with good
modern analogues. 42 samples have values over the 10%
percentile threshold (minDC > 9.7531) and represent
samples with poor modern analogues. According to the
SNP TS reconstruction, 53 out of 95 samples remain
below the 5% percentile threshold (minDC < 8.5775)
andrepresent sampleswithgoodmodernanalogues.Five
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samples have values over the 10% percentile threshold
(minDC > 10.0563) and represent samples with poor
modern analogues.

Stable isotopes

The temporal resolution of the d18Ocarb and d
13Corg bulk

sediment record is derived from contiguous 0.5–1 cm
samples and varies between c. 4–14 varves cm–1 in the
intervals from 11 350–11 170 and 12 520–11 580 cal. a
BP, ~18–23 varves cm–1 in the interval 12 835–
12 725 cal. a BP and ~8–24 varves cm-1 in the intervals
from 11 580–11 350 and 12 725–12 525 cal. a BP.

d18Ocarb . – d18Ocarb values are isotopically heavier dur-
ing the lateAllerødandEarlyHolocenewith amaximum
of �7.62& in the Early Holocene and lighter between
�8.31 and �10.42& during the YD (Figs 7, 8). The
d18Ocarb decline of ~2.7& at the transition to the YD
occurred in two steps between ~12 720 to 12 535 cal. a
BP (185 years). Values increased again after an earlyYD

minimum. Within most of the YD, d18Ocarb values
fluctuate around 1&, but do not showdistinct trends. At
the transition to theHolocene values rapidly increase by
~1.8& within ~75 years (11 505–11 430 cal. a BP).
Directly before this transition, a 50-year oscillation with
0.9& more negative values occurred. During the first
~80 years of the Holocene values reached a maximum,
which was followed by a brief (~50 years) negative
oscillation at about 11 400 cal. aBP.From the declining/
rising values at theYD transitions, we calculate ~5–7 °C
colder annual air temperatures for the YD in agreement
with published data (Goslar et al. 1998b). We point out
the striking agreement with the d18Ocarb record in
previous studies (Kuc et al. 1998; Fig. 2B). This very
good replicability, the shape of the curves and the
measured absolute values confirm that the d18Ocarb

record is representative for Lake Go�sciaz _z and not
influenced by local effects.

d13Corg. – d13Corg values are isotopically lighter during
the late Allerød and Early Holocene with a minimum of
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�34.7& in the late Allerød and heavier during the YD
with amaximumof�30.9& (Figs 7, 8).A rapid increase
of ~3& at the AL/YD transition occurred within
~80 years from ~12 610–12 530 cal. a BP. Values fluc-
tuate around 1& during the early YD (~12 620–
12 000 cal. a BP), before they slightly decrease during
the lateYDuntil~11 470 cal. aBP.During the transition
to the Holocene, the values rapidly drop by ~2& within
~40 years (11 505–11 465 cal. a BP) and after light
values during the first ~150 years of the PB start to rise
again. Directly before the major drop at the Holocene
onset d13Corg values show a short (~30-year-long)
oscillation to heavier values.

Discussion

The last deglaciation in the Northern Hemisphere is
characterized by several short cold setbacks ofwhich the
YD was the last and most pronounced one. Cooling
during the YDmainly affected the winter season and for
central Poland January temperatures of about �20 °C
are assumed (Isarin et al. 1998), resulting in a more
pronounced seasonality of the climate (Denton et al.
2005). This was recently supported by a model study

suggesting mild but short YD summers (Schenk et al.
2018).

Younger Dryas definition and chronology

We define the YD in our new record in the same way as
previous studies as the midpoint of the major shifts in
d18O of bulk carbonate (Ralska-Jasiewiczowa et al.
1992; Kuc et al. 1998), which occurred nearly contem-
poraneously with vegetation changes (Goslar et al.
1993, 1998a; Kuc et al. 1998; Ralska-Jasiewiczowa et al.
1998a, 2003). Since our d18Ocarb record resembles the
previous record to a high degree (Fig. 2B), we are
confident in adopting this YD boundary definition for
further discussion. According to our independently
established chronology, the AL/YD boundary is dated
at 12 620+133/–231 cal. a BP and the YD/PB boundary
at 11 470+126/–206 cal. a BP. The relatively large age
uncertainties are mainly caused by anchoring the
floating varve chronology through radiocarbon dating
and age modelling (Bonk et al. 2021) and are consid-
ered as conservative estimates. Due to the excellent
varve preservation with a mean VQI of 2.6, the
counting uncertainty for the YD is low and we report
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a YD duration of 1149+14/–22 varve years, which is in
good agreement with previous varve counts of 1140�40
(Goslar et al. 1993, 1998a). The absolute ages for
the YD boundaries in our chronology also agree
within uncertainties with published dates for the
Go�sciaz _z record (AL/YD boundary: 12 650�60 cal.
a BP; 12 580�140 cal. a BP; YD/PB boundary:
11 510�40 cal. a BP; 11 440�120 cal. a BP; Goslar
et al. 1998a, 1999). Furthermore, these ages are in
agreement with the Meerfelder Maar (MFM) chronol-
ogy (AL/YD boundary: 12 680�40 cal. a BP; YD/PB
boundary: 11 590�40 cal. a BP; Brauer et al. 1999) and
support that the YD in central Europe began later than
Greenland Stadial 1 (GS-1) in NGRIP (12 846�138 to
11 653�99 cal. a BP; Rasmussen et al. 2006) due to
time-transgressive cooling between Greenland and
Europe (Rach et al. 2014).

Proxy interpretation

For the discussion of lake response to climate change we
distinguish temperature and environmental proxies. The
d18Ocarb signal is interpreted as an annual temperature
proxy controlled by the isotopic composition of precip-
itation and local air temperature (Leng 2006). Chirono-
mid-inferred reconstructions represent MJAT.

d13Corg is interpreted as a proxy primarily for lake
productivity (e.g. L€ucke et al. 2003). Microscopic anal-
yses reveal that calcite occurs either as endogenic calcite
precipitated in the water column or in patches of re-
suspended littoral calcite. This differentiation allows us
to distinguish between sedimentation processes and,
consequently, environmental conditions. Endogenic cal-
cite precipitation in spring and summer is primarily
controlledby temperatureand lakeproductivity (Kelts&
Hs€u 1978), whereas deposition of re-suspended calcite,
togetherwith littoraldiatoms, indicateshigher lakewater
circulation and wave activity. Presence and thickness of
amorphous organic sublayers are interpreted as a proxy
for organic matter preservation in relation to seasonal
anoxic conditions. Presence and thickness of diatom
sublayers are applied as a proxy for lake productivity.

From (µ-)XRF scanning and mapping we selected
Ca, Si and Ti as environmental proxies. Ca reflects
calcite without distinction between endogenic and re-
suspended calcite. Si is a proxy for both diatom
frustules and detrital input (quartz, clay minerals),
while Ti is not produced in the water column and
thus unambiguously reflects detrital matter input.
Since Ca and Si reflect different materials we apply
various element ratios for a better distinction of
sediment components. Log(Ca/Ti) ratios reflect rela-
tive variations of calcite and detrital matter, while log
(Si/Ca) ratios show variations of diatoms/detrital
matter and calcite. Log(Si/Ti) ratios reflect relative
variations of diatoms and detrital matter and can be
used as an indicator of diatom productivity.

Overall climate and environmental conditions

First, we discuss the general climatic states and environ-
mental conditions during the study interval comprising
the late Allerød (AL), the Younger Dryas (YD) and the
early Preboreal (PB). In the second part of the discussion
we will focus especially on the dynamic changes during
the transitions into and out of the YD.

Late Allerød. – Chironomid and d18Ocarb data show
generally warm conditions during the late Allerød.
Chironomid-based reconstructions from both training
data sets (SNPTSandEETS;Fig. 8)donot significantly
differ and reveal July temperatures around 16–17 °C,
which agrees well with previous July temperature recon-
structions of 13–16 °C from pollen and plant macrofos-
sils (Goslar et al. 1998b; Ralska-Jasiewiczowa et al.
1998a) and is only slightly lower than the recent July
temperature of 18 °C (W�ojcik & Przybylak 1998;
Rozanski et al. 2010). The sedimentation during this
period is characterized by a simple varve structure
comprising an endogenic calcite sublayer with relatively
large (~10–20 µm) idiomorphic calcite crystals and an
amorphous organic matter sublayer (Fig. 3). The
observed varve structure indicates a calm and stable lake
environment with predominantly anoxic lake conditions
(Brauer 2004). Weak lake water mixing is further
suggested by the absence of discrete re-suspension
sublayers. Catchment erosion was extremely lowor even
absent as indicated by the almost complete lack of
detrital input from the catchment. Despite the warm
summer temperatures aquatic bioproductivity was low
as inferred from the absence of discrete diatom sublayers
(Fig. 4), low log(Si/Ti) and log(Si/Ca) ratios, as well as
low d13Corg values (Fig. 7), probably due to limited
nutrient availability. Low productivity and catchment
runoff are reflected in a mean varve thickness of only
0.49 mm, which is the lowest of the entire study interval.
The low interannual variability of varve thickness
(Fig. 5) and varve facies suggests that calm and stable
lake conditionswith a lackof extremes lasted for at least
twocenturies starting fromtheonsetofvarved lakegyttja
formation. Similarly stable lake environment conditions
during the late Allerød have been also reported from
other lake records in Poland (Słowi�nski et al. 2017) and
from Lake Meerfelder Maar (MFM) in Germany
(Brauer et al. 1999; L€ucke & Brauer 2004). The striking
similarityof depositional processes in these lakes despite
different basin morphology and catchment geology
suggests a common, probably climatic, trigger.

Younger Dryas. – Cold conditions during the YD have
been reported frommany lake and speleothem records in
Europe (von Grafenstein et al. 1999; Schwander et al.
2000; Frisia et al. 2005; Lauterbach et al. 2011; van
Raden et al. 2013; Bartolom�e et al. 2015), includingLake
Go�sciaz _z (Kuc et al. 1998). From the Go�sciaz _z d18Ocarb
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record a temperature decline of about 5 °C for the YD
has been calculated (Goslar et al. 1998b). Our d18Ocarb

data closely resemble these published data (Fig. 2B),
corroborating them as representative for the Lake
Go�sciaz _z sediments. Recent studies report a strong
seasonality of the YD climate with extremely low
temperatures mainly in winter (Isarin et al. 1998), but
relatively warm and short summers (Bj€orck et al. 2002;
L€ucke & Brauer 2004; Birks & Birks 2014; Pawłowski
et al. 2015; Schenk et al. 2018). YD summer temperature
reconstructions of 14–16 °C for southern Scandinavia
(Schenk et al. 2020) agree with our MJAT reconstruc-
tions ranging between 14 °C (SNP TS) and 16.5 °C (EE
TS), depending on the calibration data applied (Fig. 8).
These values are slightly higher than mean July temper-
atures of 10–13 °C derived from pollen and plant
macrofossil reconstructions for Lake Go�sciaz _z (Goslar
et al. 1998b). This differencemight be explained byabias
due to the decreased length of the growing season.

The YD sediments generally are characterized by a
complex varve structurewith up to six sublayers (Fig. 3)
including (i) discrete diatom sublayers, (ii) re-suspension
sublayers composed of re-suspended calcite and littoral
diatoms, and (iii) occasional up to ~0.6-mm-thick
sublayers enriched in minerogenic detrital matter
(mainly quartz) (Figs 4, 7). The regular occurrence of
up to ~3-mm-thick planktonic diatom sublayers (Fig. 4)
is also reflected in increased log(Si/Ca) and log(Si/Ti)
ratios, indicating an enhanced lake productivity as
supportedby isotopically heavier d13Corg values (Fig. 7).
The increased productivity can be explained by nutrient
mobilization from the sediments due to intensive water
circulation and nutrient input from the catchment.
Strong water circulation and wave activity is supported
by pronounced lake-internal sediment re-suspension.
The intensified water circulation also led to better
oxygenated conditions in the hypolimnion, which in
turn caused organic matter degradation indicated by the
distinct decline of organic matter sublayers. Slightly
enhanced catchment erosion is inferred from the lower
log(Ca/Ti) ratio and the occurrence of in total 62
sublayers enriched in silt-sized quartz. In addition to
the generally dynamic internal lake processes and catch-
ment erosion, theYDsedimentation is characterizedbya
pronounced interannual variability as inferred from the
high variance of varve thickness (Fig. 5) and sublayer
succession (Fig. 4).

Similarly unstable and dynamic sedimentation during
the YD has been also reported from other lake records,
for example MFM (Brauer et al. 1999, 2008; L€ucke &
Brauer 2004). However, we do not observe a distinct
increase in detrital sediment input as inMFM,Kr�akenes
and Soppensee (Lotter 1991; Brauer et al. 1999; Bakke
et al. 2009) that was also reported from Lake Go�sciaz _z
(Goslar 1998). From the obvious but slight increase in
detrital matter in our record we infer only moderate
catchment erosion during the YD that resembles condi-

tions reported from the Rehwiese palaeolake (Neuge-
bauer et al. 2012).

Environmental conditions were not uniform and
gradual proxy changes during the YD suggest a general
trend towards warmer and more stable conditions.
Chironomid-based MJAT reconstructions reveal
approximately 1 °Cwarmer summer temperatures after
~12 000 cal. aBP(Figs 7,8),which isalsoreflected in the
gradually increasing log(Ca/Ti) and decreasing log(Si/
Ca) ratios, indicating an intensification in calcite precip-
itation.A gradual environmental response towarming is
expressedbydecreasingd13Corg valuesanddiminution in
diatom sublayer occurrence and thickness (Figs 4, 7),
indicating decreasing productivity, probably caused by
lower nutrient availability due to less intense lake water
circulation. The increasing log(Ca/Ti) curve and the
decline of detrital sublayers suggests an attenuation in
catchment erosion likely due to soil stabilization in the
catchment due to reforestation (Ralska-Jasiewiczowa
etal. 1998a).Despite theobvious changesduring theYD,
we hesitate to state a YD bi-partition in Poland as has
been earlier proposed (Goslar et al. 1998b; Pawłowski
et al. 2015), because these changes are far more gradual
than in western European sites located closer to the
North Atlantic, which exhibit a distinct bi-partition of
theYD(Braueretal. 1999;Magnyetal. 2001;Bakkeetal.
2009).

Early Preboreal. – Our study interval includes the first
~300 years of the Preboreal. Chironomid-based MJAT
reconstructions between 16.6 °C (SNP TS) and 17.8 °C
(EE TS) are slightly higher than in the Allerød (Fig. 8),
in agreement with July temperature reconstructions of
about ~16 °C from pollen and plant macrofossils
(Goslar et al. 1998b; Ralska-Jasiewiczowa et al. 1998a)
and close to recent July temperatures (W�ojcik &
Przybylak 1998; Rozanski et al. 2010). The d18Ocarb

data show, after a short maximum, a ~50-year decline of
~1& around 11 400 cal. a BP,whichmight reflect abrief
cold oscillation reported from the Greenland ice-cores
(Rasmussen et al. 2007, 2014) and/or the Preboreal
Oscillation (Bj€orck et al. 1996). Sedimentation during
the early PB is characterized by the recurrence of a
simple varve structure, primarily consisting of an
endogenic calcite and pronounced amorphous organic
matter sublayer (Fig. 4), similar to those formed in the
late Allerød. The main difference compared to the late
Allerød varves are thicker amorphous organic matter
sublayers, which often also include scattered calcite and
vivianite. This suggests better organic matter preserva-
tion due to anoxic conditions, likely favoured by
increased inflow of mineral-rich groundwater after
permafrost thawing during the Early Holocene (Starkel
et al. 1998; Błaszkiewicz 2011) and more efficient lake
sheltering due to catchment reforestation (Ralska-
Jasiewiczowa et al. 1998d;Dr€ager et al. 2017; _Zarczy�nski
et al. 2019). The absence of diatom sublayers and lighter
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d13Corg values (Figs 4, 7) suggest low lacustrine produc-
tivity.However, we cannot exclude growth ofother algae
species like, for example, green algae that do not leave
visible remains in the sediments (Marciniak & Sze-
roczy�nska 1998; Ralska-Jasiewiczowa et al. 1998a) and
might explain an increase in productivity suggested by
the rise in d13Corg values. The lack of discrete diatom
sublayers might be also explained by dissolution of
diatom frustules as suggested by amorphous organic
matter sublayers enriched in silicon (Figs 6, 9). The
further decline of already weak catchment erosion,
indicated by high log(Ca/Ti) ratios, reflects the full
Holocene forest recovery (Ralska-Jasiewiczowa et al.
1998d). In contrast to the YD, the interannual variabil-
ity in varve thickness (Fig. 5) and composition was low,
indicating stable environmental conditions.

Lake responses into and out of the Younger Dryas

Due to their seasonal time resolution, varved sediments
are ideal to investigate processes and times of lake
responses to rapid climate shifts in the past. Previous
studies focusing on vegetation changes at the YD/PB
transition have established the Lake Go�sciaz _z sediments
as particularly suitable for such high-resolution studies
(Ralska-Jasiewiczowa et al. 2003). Here, we extend these
investigations with a focus on novel sedimentological
and geochemical proxies and compare periods of rapid
warming (YD/PB transition) with periods of rapid
cooling (AL/YD transition). For this purpose and in
addition to classical XRF element scanning and micro-
facies analyses,weapplyhigh-resolutionµ-XRFelement
mapping for a ~120-year (YD/PB) and a ~175-year (AL/
YD) timewindowcoveringthe transitions intoandoutof
the YD (Fig. 9).

AL/YD transition. – Both chironomid- and d18Ocarb-
based reconstructions show gradually declining air
temperatures for about 140 (SNP TS) to 180 years (EE
TS and d18Ocarb) starting at ~12 720 cal. a BP (Fig. 8).
The duration of the main decline period is about the
same as reported from biomarker isotope reconstruc-
tions from MFM (Rach et al. 2014). The resolution of
chironomid-based reconstructions for this transition is
rather low due to the scarcity of head capsules. In
the higher resolved d18Ocarb data a clear two-step
decline in air temperature appears, which was moderate
before ~12 630 cal. a BP and stronger afterwards
(Figs 7, 8, 9).

Lake responses to the temperature lowering occurred
as a succession in four phases (1.1–1.4 in Fig. 9). During
the slow temperature decline in the initial phase 1.1
(~12 720–12 630 cal. a BP), seasonal sublayer composi-
tion and element data do not show distinct changes.
Phase 1.2 from ~12 630–12 595 cal. a BP reflects a
period of accelerated temperature decline and includes
the onset of the YD at the midpoint of the d18Ocarb

decrease.During thisphase,SiandTicounts showaweak
increase, while the log(Si/Ca) ratio is slightly higher,
indicating a relative decrease in calcite due to slightly
higher diatom productivity and catchment erosion.
Higher lake productivity is supported by an increase of
d13Corg values caused by enrichment of 13C in the lake
water due to higher photosynthesis (Leng 2006). The
onset of phase 1.3 at ~12 595 cal. a BP marks a
prominent and abrupt shift in the sedimentation regime
due to a sudden increase in diatom productivity. This is
expressed by the first occurrence of discrete diatom
sublayers leading to an increase in varve thickness, an
abrupt rise in the log(Si/Ca) record and in the substan-
tially higher amounts of Si (Fig. 9). The abruptness of
this shift suggests that a threshold in nutrient availability
has been crossed, probably triggered by nutrient remo-
bilization from the sediments due to intensified lake
water circulation and by nutrient input from the catch-
ment. Stronger water circulation also explains the
concomitant occurrence of re-suspended calcite and
littoraldiatomsand likely led toan intensifiedventilation
of the lake bottom as reflected in the decrease of
amorphous organic matter sublayers due to organic
matter decomposition. Higher Ti amounts further indi-
cate an increase in catchment erosion. During the final
phase 1.4 (~12 560–12 530 cal. a BP) conditions stabi-
lize as indicated by regular deposition of diatom sublay-
ers, primarily constant log(Si/Ca) ratios and high
amounts of Si (Fig. 9).High amounts of Ti and sporadic
occurrence of thin discrete detrital sublayers since
~12 553 cal. aBP (Fig. 9) reflect finelydisperseddetrital
matter and small-scale erosion events.

The timing of lake sedimentation response to
climate cooling differs between proxies. Main
changes in proxies for calcite precipitation, lake
productivity and catchment erosion occurred within
~100 years from ~12 630–12 530 cal. a BP during
phases 1.2 to 1.4 (Fig. 9), broadly coinciding with
the second, steeper decline in d18Ocarb. In contrast to
the geochemical changes, the seasonal sedimentation
pattern changed faster within ~35 years between
~12 595–12 560 cal. a BP, indicating that threshold
processes are involved. This applies especially for the
occurrence of discrete diatom sublayers, which sud-
denly appeared ~25 years after the midpoint of
d18Ocarb and ~125 years after d18Ocarb started to
decline. Similar environmental delays have been
reported from MFM (Rach et al. 2014), suggesting
a common driver rather than local effects. In both
lakes, the sudden appearance of discrete diatom and
re-suspension sublayers and the parallel decline in
amorphous organic matter sublayers point to a
pronounced sensitivity to intensified water circulation
changes driven by winds (Brauer et al. 2008) and/or
seasonality rather than to declining temperatures.
Differences between the lakes appear in the intensity
of catchment erosion at the YD onset. After the
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almost complete lack of detrital matter in the late
Allerød in both lake records, the increase in detrital
material was far more moderate in Lake Go�sciaz _z
(Brauer et al. 1999; Litt et al. 2001).

YD/PB transition. – From the 1.8& increase in d18Ocarb

within ~70 years at the YD/PB transition an annual air
temperature rise of ~5 °C is inferred that agrees with
previous results from Lake Go�sciaz _z (Fig. 2B; Goslar
et al. 1998b). The abrupt warming within ~70 years is in
agreement with reports from MFM (Rach et al. 2014).
The temperature rise is clearly traced also in both
chironomid-based reconstructions (Fig. 8). The larger

amplitude of the warming in the SNP TS (4.1 °C)
compared to the EETS (2.1 °C) reconstruction is due to
the lower YD temperatures derived from the SNP TS
data. In this respect, theEETS reconstruction is in better
agreement with model results suggesting warm YD
summers (Schenk et al. 2018). Themajor air temperature
rise at theHoloceneonsetwasdirectlyprecededbya~50-
year-long drop in d18Ocarb of ~0.9&, which has been
earlier reported from Lake Go�sciaz _z and related to
changes in seasonal precipitation (Ralska-Jasiewiczowa
et al. 2003). Since this fluctuation also appears in our
chironomid-based reconstructions we consider an air
temperaturedropasamore likelyexplanation.This short
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cold episode might be related to a brief drop in North
Atlantic sea surface temperatures (Bakke et al. 2009).

The main and rapid lake responses at the YD/PB
transition in Lake Go�sciaz _z as shown in Fig. 9 were
preceded by gradual environmental changes. About
465 years earlier at ~11 935 cal. a BP diatom sublayer
frequency and thickness gradually declined (Fig. 4) and
between ~11 700–11 630 cal. a BP further decreases in
varve thickness, diatom sublayer thickness and occur-
rence (Fig. 4), as well as in log(Si/Ti) ratios and d13Corg

values occurred (Fig. 7). All point to more frequent
occurrence of years with weaker water circulation and
limited nutrient remobilization from the bottom sedi-
ments. The absence of years with pronounced diatom
blooms might be also related to blooms of green algae,
like for example Tetraedron (Ralska-Jasiewiczowa et al.
2003). The attenuation of catchment erosion is reflected
in the increase of the log(Ca/Ti) ratio since about
12 000 cal. a BP (Fig. 7) and the cessation of discrete
detrital layer deposition at ~11 765 cal. a BP (Fig. 7),
both reflecting a gradual recovery of forest vegetation
and stabilization of slope processes (Ralska-Jasiewic-
zowa et al. 1998a).

The final transition from the YD into the Holocene
occurred in three phases (2.1–2.3 in Fig. 9) of which the
first phase 2.1 reflects the late YD environment with
reduced varve thickness, diatom productivity and nearly
absent detrital input. Phase 2.2 commenced abruptly at
~11 525 cal. aBPandappears particularlydistinct in the
element maps (Figs 6, 9). High relative amounts of Ca,
the decreasing log(Si/Ca) ratio and thin section obser-
vations suggest intensified endogenic calcite precipita-
tion. An intensified calcite formation during times of
declining temperatures, as expressed in the anti-correla-
tion of the log(Si/Ca) and d18Ocarb curves, is unexpected
since log(Si/Ca) generally parallels the temperature
curves in all other parts of the study interval. This
suggests other controls than temperature on calcite
precipitation during this short period. A possible expla-
nation might be higher concentrations of calcium and
carbonate ions in the lake water either due to abrief lake
level decline (Ralska-Jasiewiczowa et al. 2003) and/or
higher groundwater inflow. At ~11 490 cal. a BP, log(Si/
Ca) ratios decrease, reflecting the cessation of diatom
deposition. The onset of phase 2.3 at~11 470 cal. aBP is
markedbyanabruptshift fromoneyear to thenext,when
thick amorphous organic matter sublayers begin to
regularly form in every year (Fig. 9). The abruptness of
this shift suggests that a threshold for predominantly
anoxic conditions at the lake bottom was crossed. This
shift is very distinct in the element maps (Fig. 9) and the
macroscopically visible colour change of the sediments
from light to dark. Interestingly, this main shift in the
depositional environment of the lake coincides with the
midpoint of the temperature rise, which marks the
defined onset of the Holocene (Fig. 7). Varve thickness
does not change at that point, because calcite sublayer

thickness does not change and cessation of diatom
sublayers is compensated by amorphous organic matter
sublayers.

Comparisonof theYDtransitions. – Thegradual cooling
at the onset of the YD lasted for about one and a half
centuries and thus 2–3 times longer than the warming at
theHolocene onset, which in additionwas preceded by a
brief cold oscillation of about the same duration as the
final temperature rise itself. The lake responses are
complex and in general, geochemical proxies seem to
respond more gradually, whereas seasonal sedimenta-
tion can change within a few years, suggesting that
threshold effects are involved. Endogenic calcite forma-
tion as reflected in log(Ca/Ti) and log(Si/Ca) is the only
parameter that mirrors temperature changes directly.
Proxies reflecting lake productivity and organic matter
preservation respond to lake-internal processes largely
driven by water circulation, which is considered a major
factor for lacustrine sedimentation. Detrital input as a
proxy for erosion processes in the catchment is predom-
inantly controlled by vegetation cover and thus only
indirectly by climate change. The detrital portion in our
study interval is generally low and shows only a slight
increase/decrease at the onset/end of the YD, indicating
thatdespite anobvious reduction in forest cover (Ralska-
Jasiewiczowa et al. 1998a) the catchment remained
largely vegetated even during the YD.

Themain lake response to the cooling at the beginning
of the YD was an increase in diatom productivity and
lake-internal re-suspension processes accompanied by a
decline in organic matter preservation. The shift in
seasonal deposition commenced ~125 years after air
temperature started to decline and occurred mainly
during the second half of the period of cooling (Fig. 9).
Interestingly, distinct environmental changes com-
menced ~90 years after onset of cooling at about the
midpoint of the air temperature decline that is defined as
the onset of the YD. A critical threshold was crossed
about 35 years later at ~12 595 cal. a BP when the first
discrete diatom blooms occurred. The delayed lake
response to the cooling might be rather explained with
a particular sensitivity to lake circulation than to
temperature. One might speculate that major changes
in atmospheric circulation, which ultimately triggered
the changes in sedimentation, occurred with a delay of
some decades after temperatures started to decline.

Lake responses to the rapid andmajor warming at the
end of the YD occurred instantaneously. However,
productivity and erosion proxies showed first signs of
changes within the lake and catchment already a few
centuries before the main warming (Figs 4, 7), probably
reflecting an initial increase in MJAT, water circulation
and catchment vegetation (Ralska-Jasiewiczowa et al.
1998a) in the late YD. During the brief cold oscillation
before the final warming, mechanisms of lake responses
changed and likely were controlled by local hydrology

BOREAS Lake responses to rapid climate change: YD in Lake Go�sciaz _z, Poland 17



rather than temperature. At the same time when
temperature rise commenced at ~11 505 cal. a BP, the
frequency of diatom blooms rapidly decreased further
and ceased before the midpoint of the temperature rise.
About 20 years later, regular deposition of thicker
amorphous organic sublayers began (Fig. 9). This
reflects the onset of the typical anoxic sedimentation
pattern of the PB, even a few decades before the
temperature rise came to an end. This immediate lake
response suggests a pronounced sensitivity to climate
warming compared to a larger resilience with respect to
climate cooling.

Conclusions

Our results provide new insights into rapid climate
changeand lakesystemresponsesat theonsetanddemise
of the YD. The chironomid-based MJAT reconstruc-
tions support the hypothesis fromseveral studies that the
summer temperaturedeclinewas lesspronouncedduring
the YD. Sedimentation during the YD still is predom-
inantly controlled by lake-internal processes and the
increase of catchment material is only weak tomoderate
in Lake Go�sciaz _z, which is uncommon but not unique.
The seasonal sedimentation pattern of Lake Go�sciaz _z
during the YD indicates a dynamic lake system, primar-
ily controlled by intensified water circulation and wave
activity. Furthermore, the YD in Lake Go�sciaz _z is
characterized by a pronounced interannual variability
suggesting unstable weather conditions.

In Lake Go�sciaz _z, the rapid transitions into and out
of the YD exhibit distinct differences in both the
temperature changes themselves and lake system
responses provoked by these changes. The major
warming at the end of the YD occurred in 40–
70 years and thus faster than the cooling at the onset
of the YD (140–180 years). The lake system was more
resilient to the cooling at the YD onset and first
changes in environmental proxies lagged the cooling
by ~90 years. In contrast, lake responses to the
terminal PB warming occurred instantaneously.

In general, different environmental proxies derived
from microfacies, XRF element scanning and stable
isotope analyses do not respond synchronously, butwith
small leads and lags. Element and stable isotope geo-
chemistry commonly changes slightly more gradually,
while seasonal sublayer formation tends to change
abruptly within a few years suggesting that threshold
processes are involved. Such potential differences in
proxy responses to climate change should be considered
for proxy-based synchronization of sediment records
from different lakes.
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(Kotrys et al. 2020) and the East European Training
Set (EE TS) (Luoto et al. 2019) and detrended
correspondence analysis (DCA) against composite
depth.

Table S1. Marker layers (ML) of the here observed
interval from the composite profile GOS18.

Table S2.Chironomid samples included in themean July
air temperature reconstruction with head capsule (hc)
counts below 50.
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