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Highlights

e Multi-proxy temperature reconstructions can overcome the limitations of the proxies and provide clearer
climatic trends.

e Temperature reconstructions based on independent proxies used in our study follow a similar trajectory and
high correlations.

¢ The cooling related to the onset of the YD was more marked during winter than summer, corroborating a
higher seasonality.

¢ Inthe Bohemian Forest, the environmental response to the YD cooling was non-synchronous to other
Western European records.

Abstract

Multi-proxy temperature reconstructions can provide robust insights into past environmental conditions. By
combining different proxies we can disentangle the temperature signal from the indirect climate effects on the
environment. This study uses a multi-proxy approach to reconstruct temperature and palaeoenvironmental
conditions during the Late Glacial and Early Holocene (13.5-8 cal. ka BP) in the Bohemian Forest, Central Europe. We
assessed the similarity of the temperature signal based on chironomids, isoprenoid glycerol dialkyl glycerol
tetraether lipids (isoGDGTs), and pollen within a comparison with locally modeled temperature data generated by
the CHELSA Trace21k dataset. Pollen, macroscopic charcoal remains, and geochemistry were further used to
reconstruct past environmental conditions such as vegetation dynamics, fire activity, the input of lithogenic material
(Titanium), nutrient content (Total Nitrogen) and the sources of organic matter (C/N and §13Corg). All temperature
reconstructions based on independent proxies were positively correlated and followed the same long-term trend.
However, results also showed that chironomids-inferred July temperature had lower amplitude variations compared
to the other temperature curves. IsoGDGTs showed the most pronounced decrease in temperature values at the
onset of the Younger Dryas (YD), corroborating that this cooling event was more marked during winter than summer.
However, a decrease of less than 1 °C during summer and two short-term warm events at 12.6 and 12.2 cal ka BP
provoked a modest and asynchronous response of the vegetation to the onset of the YD. Nevertheless, isoGDGTs
appeared to react to changes in both temperature and organic carbon sources, particularly between 11.2 and 10.6
cal yr BP. These environmental changes, characterized by high values of the GDGT-0/crenarchaeol ratio, recorded an
increase in methanogenic activity in the lake sediments, which likely altered the recorded climatic signal. The
corresponding anoxic episodes in the lake sediments might be caused by an increasing input of organic carbon from
the catchment, related to the development of the vegetation and catchment soils at the beginning of the Holocene.
Finally, pollen-based temperature reconstruction showed a lag in the response to major climatic events, such as the
onset of YD and Holocene. Our study increases the understanding of the climate-vegetation-environmental feedback
during the Late Glacial and Early Holocene in the Bohemian Forest, Central Europe.

1. Introduction

The transition between the last glacial to the current interglacial period was marked by rapid and pronounced
climatic oscillations that resulted in different climatic effects across the North Atlantic Region (Rasmussen et al.,



2006; Feurdean et al., 2014; Heiri et al., 2014; Moreno et al., 2014; Wohlfarth et al., 2018; Engels et al., 2022). For
example, during the Late Glacial period (LG; 14.7 to 11.7 cal ka BP), the North Atlantic Region registered the most
abrupt climatic shifts in Europe, as temperatures were noticeably influenced by the melting of ice sheets and changes
in the North Atlantic thermohaline circulation (Clark et al., 2001; Renssen et al., 2015). The transition from the
Allergd warm interstadial (All; 13.9-12.85 cal ka BP; Birks and Birks, 2014) to the Younger Dryas cold stadial (YD;
12.85-11.7 cal ka BP; Alley, 2000; Rasmussen et al., 2014), resulted in a decrease in summer temperatures of 4 °Cin
areas such as the Baltic region and the British Isles (Heiri et al., 2014). Meanwhile, territories in eastern and
southeastern Europe, distant from the oceanic influence of the North Atlantic, experienced less pronounced
temperature variations (Ptdciennik et al., 2011; Téth et al., 2012). Subsequently, for the Early Holocene (EH) (11.7-8
cal ka BP), the climatic conditions ameliorated, and a gradual temperature-increasing trend was established,
interrupted by several short-term oscillations (Mayewski et al., 2004). However, how these large-scale abrupt climatic
changes were recorded locally in Central Europe remains uncertain, due to the lack of climate reconstructions in this
region.

The Bohemian Forest, located in a mid-latitude mountainous range in Central Europe between oceanic and
continental climates, was occupied by local glaciers during the last glacial period. However, unlike other mountainous
areas and northern latitudes, it did not experience glacier regrowth or expansion during the YD (Mentlik et al., 2013).
While several paleoenvironmental reconstructions exist from the area, based on chironomids (Tatosova et al., 2006),
cladocerans (Prazakova et al., 2006), pollen (Jankovska, 2006), plant macro remains (Vocadlova et al., 2015) and
charcoal (Carter et al., 2018a), none of them provide a quantitative temperature record. Given that mountain regions
are more sensitive to climate change (Birks and Ammann, 2000; Moser et al., 2019) and the Bohemian Forest is
strategically placed at the transition between the oceanic and continental climates, it can offer a unique perspective
on temperature changes during the LG and EH.

Lake sediments are excellent archives of past terrestrial and aquatic environments (Birks and Birks, 2006; Castafieda
and Schouten, 2011). Proxies in lacustrine archives can be used to reconstruct temperature, each with its strengths
and limitations. For example, subfossil chironomids (dipterans), whose larvae colonize different habitats including
lake sediments, are a widely used paleo-temperature proxy due to the species specific sensitivity to July air
temperature variations (Brooks, 2006; Eggermont and Heiri, 2012; Luoto and Ojala, 2017; Engels et al., 2020).
However, chironomid assemblages can be affected by factors other than temperature, such as nutrient availability,
lake depth or habitat disturbance (Heiri and Lotter, 2005; Brooks et al., 2007). Fossil pollen is mostly used for
reconstructing past vegetation dynamics, but changes in pollen assemblages over time can also be used to
reconstruct temperature patterns (Chevalier et al., 2020). Nevertheless, pollen-based temperature reconstructions
have the disadvantage of assuming a constant relationship between pollen abundance and temperature and can be
affected by species’ migration lags, succession, and land use (Ortu et al., 2006). In addition to chironomids and
pollen, membrane lipids produced by diverse species of Archaea, such as isoprenoid glycerol dialkyl glycerol
tetraethers (isoGDGTs), can also provide temperature reconstructions. Specifically, the composition and structure of
isoGDGTs within the Thaumarchaeota clade change in response to temperature (Schouten et al., 2013; Inglis and
Tierney, 2020). The relative abundance of isoGDGTs has been linked to the annual surface temperatures of seas
(Schouten et al., 2002; Kim et al., 2008) and lakes (Powers et al., 2010). However, the presence of other archaeal
groups, such as Euryarchaeota which produce similar compounds but in a different distribution, can cause
interference with the correlation between isoGDGTs and temperature. Unlike Thaumarchaeota, these groups
respond to temperature and other environmental conditions in a different way, and their presence in lake sediments
could affect the reconstructed climatic signal (Sinninghe Damsté et al., 2022). A multi-proxy temperature
reconstruction has the potential to overcome the limitations of the individual proxies and reveal the main trends in
temperature, especially during high-amplitude, abrupt climatic changes such as those pertaining to the last
deglaciation (Birks and Birks, 2006), or point towards discrepancies between the different records. However,
reconstructing past temperatures quantitatively is difficult due to the complex interactions within and between
terrestrial and aquatic ecosystems. For example, in the case of chironomids and isoGDGTs, changes in lake
productivity could impact the recorded temperature signal, as an increase in both productivity and temperature
could cause oxygen depletion and an increase in nutrient supply to the lake system (Blaga et al., 2009; Sinninghe
Damsté et al., 2012; Stivrins et al., 2021). Therefore, the environmental changes would impact the distribution of the
species (chironomids) or compounds (isoGDGTs) in the lake sediments, thereby influencing the reconstructed
temperature values, leading to a misinterpretation of the environmental changes as higher-amplitude climatic



fluctuations. Hence, reconstruction of local palaeoenvironmental conditions is a prerequisite for a reliable
temperature reconstruction. Additionally, a combined approach of comparing proxy-derived paleo-temperature
reconstructions with high-resolution downscaled global paleoclimate models would increase the robustness of the
reconstruction and help inform how local-scale temperature changes relate to larger-scale climatic patterns.

Although multi-proxy studies are common nowadays, only a few have compared temperature reconstructions based
on several different proxies from the same locality (Veski et al., 2015; Watson et al., 2018; Martin et al., 2020; Ramos-
Roman et al., 2022; Robles et al., 2023; d'Oliveira et al., 2023). This is likely because different proxies reflect the
temperature signal of different seasons (e.g. annual, summer or winter) or habitats, such as lake surface, soils or air,
complicating such comparisons. Thus, many studies that use multiple proxies tend to use proxies for the same season
and habitat, which may not capture climatic variations that occur outside of the recorded seasons. For example, in
the Southern Carpathians, Téth et al. (2012) detected no cooling related to the YD during summer inferred by
chironomids, while Buczké et al. (2012) found a longer ice cover period at the same lake based on diatoms.
Moreover, Veski et al. (2015) compared summer and winter temperatures during the LG and EH in the Baltic-Belarus
area and found that reconstructed temperature values decrease less in summer than in winter. It has been suggested
that the YD was a period of high seasonality, with an abrupt decrease in winter temperatures but relatively warm and
short summers (Birks and Birks, 2014; Téth et al., 2012; Heiri et al., 2014; Mdller et al., 2021). However, there are
currently no studies in Central Europe that compare proxies that reflect temperature changes in different seasons to
explore this possibility.

This study provides the first quantitative mean annual and mean July temperature reconstructions during the LG and
EH (13.5-8 cal. ka BP), as well as the first comparison of proxy-derived palaeo-temperature reconstructions with local
palaeoenvironmental change and modeled palaeotemperature from the Bohemian Forest. The abrupt climatic
oscillations that occurred during the LG and the onset of the Holocene warming provide an opportunity to evaluate
how the different proxies used in this study respond to abrupt temperature changes in this region. The main aims of
this study are to (1) reconstruct the LG and EH temperatures using three different proxies (chironomids, isoprenoid
GDGTs and pollen) and compare their responses with local temperatures inferred from a downscaled climate model;
and 2) reconstruct the environmental response of the lake ecosystem and assess its potential influences on the
reconstructed temperature signal.

2. Material and methods

2.1. Study area

The lake Cerné jezero (49°10'45.0 N 13°10'57.0 "E) is located in the Bohemian Forest, Czech Republic (Fig. 1A), at an
elevation of 1008 m.a.s.l. It has an area of 18.8 ha and a catchment area of 128 ha (Jansky et al., 2005). The lake is of
glacial origin, with the glaciers melting approximately 14 cal. ka BP (Mentlik et al., 2013). The lake has two basins, the
larger one with a maximum depth of 40.1 m close to a steep lake wall, and the smaller one with a depth of 17 m
(Jansky et al., 2005). The bedrock is formed by metamorphic mica schist with intercalations of quartzite (Kopacek et
al., 2001). Local soils are thin rocky cambisols and podzols poor in nutrients. Similar to other glacial lakes in the
Bohemian Forest, Cerné jezero was affected by modern acidic deposition. Its biological recovery (modern pH 5) is
delayed because of the lack of carbonates in the bedrock and soils, which affects its buffering system (Kopacek et al.,
2016; Ctvrtlikova et al., 2023). The lake is oligotrophic, dimictic with mixing periods in spring and autumn and no
anoxia at the bottom during the stratification periods (Kopadek et al., 2001). Nine inflows feed the lake, of which two
are permanent (Fig. 1B), and the lake has only one artificial surface outflow, which has been used for a small
hydroelectric power station since the 1920s. The modern lake level varies ~1 m per year due to evaporation, outflow
and the use of water for the hydroelectric power station. However, the water balance remains stable (Kopacek et al.,
2001).
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Fig. 1. Map of the study region. (A) Location of the study site (1 = Cerné jezero, Czech Republic) in relation to regional
sites used for comparisons from Central-Eastern Europe: 2 = Svarcenberk, Czech Republic (Kubovéik et al., 2021;
Pokorny, 2002); 3 = Hypkana, Slovakia (Hajkova et al., 2016); 4 = Lake Brazi, Romania (Buczké et al., 2012; Téth et al.,
2012); 5 = Zabieniec, Poland (Ptéciennik et al., 2011; Kotrys et al., 2020); 6 = Steiplinger See, Germany (Schwark et al.,
2002). (B) Topographic map of the lake catchment; the dots represent soil sampling points, color-coded to show how
the subsamples were merged (green, purple, and blue represent forest soil samples, while pink, orange and red are
lakeshore samples). The blue arrows represent the permanent inflows and outflow of the lake. (C) Bathymetric map
of Cerné jezero from Jansky et al. (2005); the red dot marks the coring location.

Catchment vegetation is mainly composed of Norway spruce (Picea abies), with a minor presence of European beech
(Fagus sylvatica), silver fir (Abies alba), rowan (Sorbus aucuparia), and sycamore (Acer pseudoplatanus). Understory
vegetation is dominated by grasses such as Calamagrostis (Cizkova et al., 2011). The climate of the area is temperate,
with wet and cold winters and wet and mild summers. The mean annual temperature for the catchment of Cerné
jezero is 4.1 °C, mean July temperature is 12.9 °C, and mean January temperature is -4.5 °C (Turek et al., 2014). The
average annual rainfall is 1432 mm year-1, and the ice cover generally persists from December to April (1960-1990)
(Turek et al., 2014; Kopacek et al., 2001).

2.2. Core sampling and chronology

A sediment core was taken in August 2015 in the shallower basin at 17.05 m water depth (Fig. 1C). One gravity core
and three drives of 1.5 m in length were recovered from a floating platform using a 1.5 x 0.075 m dimension Russian
corer. An absolute depth of ~4 m of lake sediment was recovered until reaching the bedrock at 21.02 m from the lake
water surface. The second and third recovered drives overlapped by 50 cm. In this study, we present the results from



the second drive, with depths expressed in centimeters below the lake water surface (cm b.l.w.s.) (1888-1998.5 cm
b.lL.w.s.).

Seventeen samples consisting of bulk sediment and selected macro remains from the first two drives (Table 1) were
dated by Accelerator Mass Spectrometry (AMS). Measurements were performed at the Poznan Radiocarbon
Laboratory, Poland, at the Center for Applied Isotope Studies (CAIS), University of Georgia, USA, and at the Isotoptech
Laboratory in Debrecen, Hungary. The upper-most part of the first drive was dated using a Pb-210 radionuclide dating
series based on eleven samples. The IntCal20 curve (Reimer et al., 2020) was used for calculating the calibrated years
from the 14C ages (Fig. 2), integrating the data with the Bayesian method “BACON” (Blaauw and Christen, 2011). The
Bayesian analysis partitioned the core into sixty 5 cm sections estimating the accumulation rate for each section by
the MCMC approach, constrained by prior information on accumulation rate (gamma distribution of 50 cm per year
and shape 2) and its variability as memory (a beta distribution with mean 0.4 and strength 24).

Laboratory ID Depth (cm b.l.w.s.) Dating method 14C Age Calibrated yr BP Material
UGAMS-35703 1731.25 AMS 910+ 25 730-905 needles
P0z-92325 1761.25 AMS 1915+ 30 1725-1957 bulk gyttja
UGAMS-35704 1800.25 AMS 3040+ 20 3143-3350 needles
DeA-26056 1831 AMS 4197 £ 35 4586-5052 bulk
P0z-92326 1851.25 AMS 5370+ 40 5933-6202 needles
DeA-34989 1871.5 AMS 5733+ 27 6466—6689 bulk
UGAMS-35705 1880.75 AMS 6000 + 25 6824-7218 bark
DeA-34991 1882 AMS 6511+ 34 6922-7392 bulk
DeA-26058 1896 AMS 7511 + 38 8187-8400 bulk
DeA-26060 1903.5 AMS 7931+42 8179-8416 bulk
P0z-92327 1910.25 AMS 8410 £ 50 9091-9483 bulk
UGAMS-38338 1918.5 AMS 8590 £+ 20 9718-9548 spruce needles
DeA-26062 1934.5 AMS 9312 +40 10286-10651 bulk
Poz-80180 1949.75 AMS 9810+ 10 11184-11290 bulk gyttja
UGAMS-35701 1963.75 AMS 10460 +30 11832-12286 pollen concentrate
UGAMS-30706 1976.25 AMS 10190+30 12313-12580 pollen concentrate
UGAMS-35702 1980.75 AMS 10610+30 12494-12703 pollen concentrate

Table 1. Radiocarbon dating results for the Cerné jezero first two drives that were used to construct the age-depth
model.
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Fig. 2. A) Age-depth model based on Bayesian integration of the data, following the modeling routine ‘BACON'. The
red box indicates the section of sediment used for this study. B) Mean accumulation rates for the sediment core
indicated by the red line. Grey lines represent the minimum and maximum accumulation rates. The red box indicates

the studied period.

2.3. Chironomid analysis

A total of 42 chironomid samples were analyzed with downcore resolutions ranging from 0.5 to 12 cm. The amount
of sediment processed per sample ranged from 0.8 to 2.2 g of dry weight, depending on the organic composition of
each sample. The sediment samples were deflocculated in a 10% KOH solution for 40 min, stirred at 120 rpm at 60 °C,
and then passed through an 86 um sieve (Brooks, 1997; Walker et al., 1991). Head capsules were picked under a
stereomicroscope at 45x magnification and mounted on slides in an Euparal mounting medium. When counting,
head capsules that have half of the mentum were considered as a single individual. Head capsules were identified to
species or genus level following Brooks et al. (2007) and Rieradevall and Brooks (2001) using a 400x magnification. Of
the total 42 samples, nine samples from the LG did not reach the required minimum of 50 head capsules needed to
reconstruct July air temperatures (Heiri and Lotter, 2001). Hence, they were merged with neighbouring samples,
leaving a total of 35 samples used to create the temperature reconstruction. Concentration estimates were
standardized to the number of head capsules per 1 g of dry sediment.

Chironomid-inferred mean July air temperature was reconstructed using the Swiss-Norwegian modern calibration
dataset (Heiri et al., 2011), applying a Weighted Average-Partial Least Square regression model (WA-PLS) (ter Braak
and Juggins, 1993). The root-mean-square error of prediction (RMSEP) of the applied temperature inference model is
1.38 °C and an R2 of 0.91 when the performance was tested within the Swiss-Norwegian calibration dataset using
bootstrapping. The optimal splitting by information content method was used for differentiating the distinct
stratigraphic zones regarding the chironomid species assemblage using the program Psimpoll (Bennett, 1993), and
the number of significant zones was assessed by the broken stick model (Bennett, 1996) performed using R software
(RStudio version 4.2.2; R Development Core, 2021). All the presented proxies follow the zonation marked by the
chironomid data. The chironomid diagram was produced using ‘Tilia’ v.3.0.1 (Grimm, 1991).

2.4. Pollen

For pollen analysis, 69 subsamples of 0.5 cm3 were extracted every 2 cm and were processed using the standard
method developed by Faegri and Iversen (1989), which involved the removal of the mineral fraction by HF and HCI
followed by acetolysis. A known amount of Lycopodium spores was added to the samples prior to the sample
preparation to calculate pollen concentration (Stockmarr, 1971). Residues were then mounted in glycerol and the



pollen grains and spores were identified and counted under a stereomicroscope at 400x magnification using Beug
(2004), Punt et al. (1976) and the pollen reference collection at Charles University in Prague. Pollen concentrations
were converted to accumulation rates (influx) using the sample ages from the Bayesian age-depth model. The influx
pollen diagram was constructed in ‘Tilia’ v.3.0.1 (Grimm, 1991).

The pollen-based mean annual temperature reconstruction was done using modern pollen and climatic data
procured from the Eurasian Modern Pollen Database 2 (EMPD2) (Davis et al., 2020). Only a subset of sites (north of
39°N latitude and between longitudes of 0° and 90°E) covering a substantial climatic gradient for our site while
respecting biogeographical limits was used for model calculations (Fig. S1). First, we applied three different pollen-
based methods —~-WA-PLS, MAT, and Random Forest (RF)-, of which RF was selected for further evaluation (see
Supplementary Text for details). The model regression was carried out in R package “randomForest” (Liaw and
Wiener, 2002) with n = 500 trees and the number of taxa divided by 3 at each split. The root mean square error of
prediction based on the out-of-bag testing dataset is reported as sample-specific temperature prediction errors.

2.5. Charcoal

Macroscopic charcoal was used as a proxy for past changes in local fire history (Whitlock and Larsen, 2001). Macro-
charcoal was sampled continuously at 1 cm resolution along the core. Subsamples of 1.5 cm3 were pretreated
overnight with a solution of potassium hydroxide (KOH, 5%) to deflocculate clay particles, and a solution of sodium
hypochlorite (NaOCI, 2%) to bleach non-charred organic matter. Samples were wet-sieved through a 125 um mesh
and all charred particles larger than 125 um were counted under a stereomicroscope. Macroscopic charcoal counts
were transformed to concentrations (# cm3) and then to accumulation rates based on the sediment deposition time
extracted from the age-depth model.

2.6. GDGTs

To measure the GDGT content, 36 samples of ~4 g wet lake sediment (with a resolution of 1-8 cm) were analyzed.
Additionally, in 2020 six surface soil samples were collected from the catchment soils at a depth of 0—5 cm in the soil
layer. Each sample represented a pooled composite of 3—6 subsamples taken in transects from the forested part to
the lakeshore (Fig. 1B). All samples (modern and fossil GDGTs) were analyzed following the same methodology.
Samples were freeze-dried, homogenized in an agate mortar, and extracted using a solution of dichloromethane and
methanol (DCM: MeOH; 9:1; v:v) in a Biichi Speed Extractor for pressure-assisted solvent extraction. Total lipid
extracts (TLE) were dissolved in DCM and desulphurized overnight on a magnetic stirrer, using copper turnings
previously activated in a 10% HCl solution. TLE were further filtered through a combusted Na2S04 plugged glass
pipette. Columns with activated Al203 as a stationary phase were prepared to separate TLE into apolar, ketones and
polar fractions. The column was washed with hexane: DCM (9:1; v:v) solution to separate the apolar fraction
containing n-alkanes, then with DCM to remove ketones, and finally with DCM: MeOH (1:1; v:v) to obtain the polar
fraction which contains the GDGTs (Butiseaca et al., 2022). The polar fraction was further concentrated to 2 mg/ml,
then dissolved in 1 ml of hexane: isopropanol (99:1; v:v) mixture and filtered using a 0.45 um PTFE filter. GDGT lipids
were determined using a Shimadzu, Ultra-Fast Liquid Chromatography (UFLC) performance high-performance liquid
chromatography coupled with an ABSciex 3200 QTrap chemical ionization mass spectrometer (HPLC/APCleMS). The
separation was achieved on an Alltech Prevail© Cyano 3 mm, 150-2.1 mm analytical column fitted with a 2.1 x5 mm
pre-column of the same material and maintained at 30 °C (after Hopmans et al., 2016). GDGTs were eluted
isocratically using hexane, followed by hexane: isopropanol (9:1). Both isoprenoidal and branched GDGTs were
analyzed via single acquisition for each sample. Detection was achieved through single ion monitoring (scanned
masses: 1302, 1300, 1298, 1296, 1292, 1050, 1048, 1046, 1036, 1034, 1032, 1022, 1020 and 1018). Peak integration
was done manually using the Analyst software v. 1.5.1 and referenced to an inhouse standard while peaks were
integrated manually for each sample two times. All these analyses were performed at the Biomarkers Laboratory of
the Senckenberg BiK—F in Frankfurt am Main, Germany.

The TEX86 index for the mean annual lake surface temperature (ALST) reconstruction was calculated following
Schouten et al. (2002). To reconstruct the temperature, we used a calibration set that exclusively relied on isoGDGTs
found in worldwide lacustrine sediments (Powers et al., 2010). Among the different calibration functions presented in
the paper - annual, summer, and winter - we chose the one for mean annual temperature because it had an R2 =
0.88 and an RMSEP of 3.6 °C.

(1)TEX86 = (GDGT-2 + GDGT-3 + cren’) / (GDGT-1 + GDGT-2 + GDGT-3 + cren’)



(2)ALST =-14.0 + 55.2 * TEX86

The GDGT-0/cren ratio and the percent contribution of GDGT-2 to the sum of GDGT-1, -2, -3 and cren' (%GDGT-2)
were also calculated to assess the contribution to the GDGT lipid pool of methanogenic archaea (which synthesize
GDGT-0 and GDGT-1 to -3) and Thaumarchaeota archaea (which synthesised GDGT-1 to -3, crenarchaeol and the
crenarchaeol isomer) in the recorded climatic signal (Sinninghe Damsté et al., 2012).

(3)%GDGT-2 = (GDGT-2 / (GDGT-1 + GDGT-2 + GDGT-3 + cren’)) * 100

We calculated the branched to isoprenoidal tetraether (BIT) index (Hopmans et al., 2004), the MBT' and CBT indices
to determine the relationships of brGDGTs with temperature and pH (Weijers et al., 2007; Peterse et al., 2012), and
the brGDGTs llla/lla ratio to address the source of brGDGTs into the lake sediments (Xiao et al., 2016; Martin et al.,
2019).

(4)BIT =(la+Ila+1l1a) / (la+ lla + llla + cren)
(5)MBT'=(la+1b+1Ic)/(la+Ib+Ic+la+Ilb+]llic+lla)

(6)CBT =-log (Ib + lIb) / (la + lla)

2.7. Geochemistry and isotopic analysis (C and N)

The cores were cleaned and photographed at 15 um resolution using the Line-scan camera fitted to the University of
Liverpool Geotek Multi-sensor Core Logger (MSCL), then covered with 5 um polypropylene film. Element
geochemistry was measured by X-ray fluorescence (XRF) at 5 mm intervals on a wet sediment basis using the
Olympus Delta energy dispersive uXRF mounted on the Liverpool Geotek MSCL (Boyle et al., 2015; Schillereff et al.,
2015). The Olympus XRF undergoes daily laboratory consistency checks and regular measurement of certified
reference materials (see Boyle et al., 2015). Titanium counts (Ti) were used as an indicator for the input of lithogenic
material resulting from the physical erosion of the catchment bedrock (HoSek et al., 2017). The ratio between silica
(Si) and titanium (Ti) was used as a qualitative proxy for biogenic silica (e.g. diatoms) (Brown, 2015).

613Corg isotopic composition, total carbon and total nitrogen content were measured on 54 samples. We used the
C/N ratio and §13Corg to trace the origin of sedimentary organic matter (allochthonous vs. autochthonous) (Meyers,
1994; Meyers and Lallier-Verges, 1999; Teranes and Bernasconi, 2005). The samples were dried at 50 °C for 24 h,
homogenized using an agate mortar, weighted, and wrapped into tin capsules. The measurements were conducted in
the Stable and Radiogenic Isotope Research Centre of Charles University in Prague. The samples were combusted
using a Thermo Flash 2000 elemental analyzer connected to a Thermo Delta V Advantage isotope ratio mass
spectrometer (MS) in a Continuous Flow IV system. Released gasses were separated in a gas column (GC)
chromatography and transferred to an MS to analyze the stable isotopic composition. Isotope ratios are reported as
delta (8) values and expressed relative to VPDB for 613Corg, delta values were normalized to a calibration curve
based on international standards. As the bedrock contained no carbonates, it was assumed that the amount of
organic carbon (TOC) was equal to the total carbon (TC). The data were plotted using the C2 program (Juggins, 2003).

2.8. Local modeled temperature

To compare with the proxy data, we used a modeled long-term time series for the mean annual temperature
(CHELSA-MAT) and the mean temperature of the warmest quarter (CHELSA-ST), extracted from the CHELSA TraCE21k
database. All data were cropped to a 1 km grid around Cerné jezero, which had an average altitude of 1016 m a.s.|.
The CHELSA climatic model incorporates the reconstructed paleo orography and provides temperature estimates
since the Last Glacial Maximum at 100-year intervals (Karger et al., 2023). The spatial resolution of the model is 1
km2, which assures a better representation of the local climatic signal. As CHELSA is an algorithm based on a General
Circulation Model, it may exhibit differences in modeled vs. real temperature values (Maraun, 2016). We quantified
this error by subtracting modern observed temperature (1960—1990) from the simulated temperature values for the
selected grid (Karger et al., 2023), which resulted in a discrepancy of 3.1 °C.

2.9. Statistical analysis

To compare the reconstructed and modeled temperature series, we detrended and calculated Pearson correlation
coefficients. We also performed an unconstrained analysis of the detrended and normalized temperature series using
a Principal Component Analysis (PCA). All the statistical analyses were done using R (RStudio version 4.2.2; R Core



Team, 2022) and the “vegan” package (Oksanen et al., 2022), after interpolating the data to the sampling resolution
of the proxy with the lowest time resolution (isoGDGTSs).

3. Results

3.1. Chronology and sedimentation rates

The age-depth model shows that the sedimentary sequence was deposited between 13.5 cal ka BP and the present
(Fig. 2A). The time interval covered in this study (13.5—8 cal. Ka BP), showed no signs of a hiatus. The oldest dated
sample corresponds to the depth of 1980 cm b.l.w.s. (12.5-12.7 cal ka BP; Table 1), so uncertainties could be higher
in our age estimates before this period. The accumulation rate during the studied period varies between 22 and 79
yr/cm (average 51 + 14; Fig. 2B), showing the lowest values (<30 cm/yr) between 1975 and 1965 cm b.l.w.s. (12.4—
12.2 cal ka BP) and the highest (>70 cm/yr) between 1901 and 1905 cm b.l.w.s. (8.9-8.6 cal ka BP).

3.2. Chironomid record

Based on the broken stick method (Bennett, 1996), zonation of the chironomid taxa (Fig. 3) resulted in three
significant zones. However, the analysis also showed a non-significant partition of the second zone into two,
considered in this study as two subzones.
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Fig. 3. Stratigraphic diagram showing the most important chironomid taxa. The x-axis shows percentage data of the
total head capsules, except the sum expressed as the total amount of head capsules counted in each layer.

Zone 1 (Z1; 13.5 to 13.35 cal ka BP) was characterized by the presence of oligotrophic and ultraoligotrophic, cold
stenotherm taxa such as Pseudodiamesa sp., Paracladius sp., and Paracladopelma sp., which were found only in this
zone. Other cold-demanding taxa, such as Micropsectra radialis-type and Heterotrissocladius grimshawi-type, were
also present (19% and 18% respectively). Taxa with a wider temperature range of tolerance, such as Procladius and
Zavrelimyia, were found in lower numbers (2%). This zone was characterized by a low abundance of head capsules.

In Zone 2a (Z2a; 13.35 to 12.5 cal ka BP), M. radialis-type and H. grimshawi-type dominated the community (21% and
33% respectively). M. radialis-type decreased while H.grimshawi-type increased, indicating temperature
amelioration. Even if H.grimshawi-type is still a cold-adapted taxon, its temperature optimum is wider than
M.radialis-type (Heiri and Lotter, 2010). Taxa with a broader thermal tolerance, such as Paratanytarsus austriacus-
type, Tanytarsus lugens-type, and Psectrocladius sordidellus-type are also found. Additionally, we identified
chironomids often associated with macrophytes (i.e., Psectrocladius sordidellus-type, Parakiefferiella, or
Microtendipes pedellus-type), and an increase in predators, such as Procladius.

In Zone 2b (Z2b; 12.5 to 11.5 cal ka BP), the cold and oligotrophic taxa, M.radialis-type (34%) and H.grimshawi-type
(28%) remained dominant. Temperate and littoral taxa such as M.pedellus-type decreased, while Corynoneura
arctica-type and Tanytarsus-type Poland appeared for the first time.

In Zone 3 (Z3 11.5 to 8 cal. ka BP), although the cold-demanding taxa, M.radialis-type and H.grimshawi-type, still
dominated, the community diversified with the first arrival of warm-indicating taxa such as Ablabesmyia,



Dicrotendipes nervosus-type, Phaenopsectra flavipes-type, Cladotanytarsus mancus-type, and Glypotendipes palles-
type. The temperate M.pedellus-type and P.sordidellus-type reappeared. The highest density of head capsules in the
whole record was found at the beginning of this zone.

3.3. Pollen record

Zone Z1 (13.5-13.35 cal ka BP) had the lowest pollen accumulation rate (PAR) of the entire record (Fig. 4), mainly
comprised of herbaceous plants such as Helianthemum nummularium-type, Dryas octopetala, and Thalictrum,
typical of open habitats and cold conditions. Wet-indicative taxa like Urtica and Cyperaceae were also found in Z1, as
were shrubs such as Juniperus, Salix and Betula nana. In addition, pollen from forest-forming taxa, such as Quercus,
Alnus, and Picea abies was also present with the lowest values of the record.
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Fig. 4. Stratigraphic diagram of selected pollen taxa, expressed by pollen influx. The accumulation rates of macro
charcoal remains are also plotted (# cm-2 yr-1). All taxa on the x-axis are scaled down by a factor of 100 for visual
reasons, except for Trees and Shrubs, Corylus avellana and PAR groups (scaled down by 500) and Helianthemum

nummularium-type, Dryas octopetala, Thalictrum and Filipendula (scaled down by 10).

During Zone Z2a (13.35-12.5 cal ka BP), PAR increased slightly while non-arboreal pollen (NAP) reached peak values.
Taxa such as Artemisia, Cyperaceae, Helianthemum nummularium-type, and Thalictrum dominated at the beginning
of this zone, accounting for 70% of the total PAR. However, these taxa were outcompeted by shrubs (i.e., Salix,
Juniperus, and Betula nana) and trees, such as Betula and Pinus sylvestris-type, composing a mixture of shrub tundra
and steppe patches with some dispersed trees which remained stable during the second half of Z2a. Ferns
(Polypodiophyta) and algae (Botryococcus braunii) both increased at the end of this zone.

Zone Z2b (12.5-11.5 cal ka BP) is characterized by cold-tolerant taxa, with the highest PAR of Dryas octopetala
occurring in this zone (Fig. 4). Other herbaceous taxa, such as Poaceae, Artemisia, Cyperaceae, and Thalictrum, also
increased along with cold-tolerant shrubs like Salix and Juniperus. Trees such as Betula and Pinus sylvestris-type were
still present but at similar or slightly decreasing values compared to Z2a.

Zone 3 (11.5-8 cal. ka BP) is defined by the highest PAR of the entire record (Fig. 4). Herbaceous light-demanding
taxa, like Helianthemum nummularium-type, disappeared. Betula and Pinus sylvestris-type increased to their highest
PAR values at 11 cal. ka BP. Pollen of mesophilic species increased, such as Corylus avellana, Picea abies, and Quercus,
indicating the beginning of a mixed deciduous forest, with a peak in PAR at 9.4 cal ka BP. Ferns increased at the
beginning of this zone, and algae taxa (Botryococcus braunii) increased at 10.5 cal ka BP, showing increasing
biological activity first in terrestrial and later in the aquatic ecosystems.

3.4. Charcoal

Macro charcoal remains were scarce in Z1, Z2a and Z2b, indicating a low fire activity during the LG in our study area
(Fig. 4), probably because of the lack of biomass as a combustible. However, macro charcoal influx slightly increased
in Z2a compared to Z1 and Z2b. Fire activity increased at the onset of the Holocene (Z3), following a similar pattern
as the total increase in PAR and trees and shrubs. The highest peak in macro charcoal occurred at 9.4 cal ka BP,
followed by a sudden decrease.



3.5. GDGTs

We show the relative abundances of both isoprenoid and branched GDGTs from the lake sediments of the studied
period and the modern soils (Fig. 5, Fig. S4). Among the isoGDGTs from the lake sediments, GDGT-0 is the most
abundant in all the samples, followed by crenarchaeol (except in the last two samples at 7.8 and 8.1 cal ka BP where
crenarchaeol is the most abundant compound). There are no GDGTs data for Z1.

801

| | | | B za |
B
B
60-
éﬂlﬂ- i

201 -- *-l-

04 S —t_
cren  creniso GDGT-0 GDGT-1 GDGT-2 GDGT-3
Compound

Fig. 5. Relative abundance (RA, %) of isoGDGTs in the lake sediment samples.
Z2a shows the lowest values for GDGT-0/cren ratio (average 2.8 + 1.7, n = 9).

In Z2b, the relative abundance of GDGT-0 is higher than in the rest of the periods (average 68% + 5, n = 13), while for
the rest of the isoGDGTs compounds Z2b shows the lowest values (Fig. 5), the lowest content of %GDGT-2 (average
18% + 3.9) and the lowest values in TEX86 (average 0.22 + 0.04).

In Z3, there is the maximum value of GDGT-0/cren, but also the minimum (30 and 0.7 respectively) throughout the
studied record, and there is the lowest relative abundance of GDGT-0 (average 50% * 13; n = 14). TEX86 values are
the highest in Z3 (average 0.31  0.05) and also %GDGT-2 values (average 25.7% * 4.5) (Table S2).

Periods with high levels of GDGT-0/cren (>7; Fig. 6), were eliminated from the final ALST reconstruction (Fig. 7; see
Supplementary Text for details). Those periods ranged between 12.6-12.5; 12.2-12.1; 11.2-10.6; and 9.2 cal ka BP.
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Fig. 6. Multi-proxy diagram for Cerné jezero sediment record for the period 13.5-8 cal. ka BP, representing the
percentage of arboreal pollen, Ti content, total organic carbon (TOC), total nitrogen content (TN), the carbon-
nitrogen ratio (C/N), the silica-titanium ratio (Si:Ti), carbon isotopic composition of bulk sediment (613Corg), the
GDGT-0 and crenarchaeol ratio (GDGT-0/Chren) where the samples crossing the vertical line correspond to a higher



methanogenic activity, the %GDGT-2 values and ALST based on isoGDGTs which includes the peaks corresponding to
the higher methanogenic activity.
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Fig. 7. Modeled and reconstructed temperature series for Cerné jezero sediment record from 13.5 to 8 cal. ka BP. A)
Mean temperature of the warmest quarter modeled by CHELSA_TraCE21k (Karger et al., 2023) (CHELSA-ST);
chironomid-based July mean air temperature (July air (chiro)). B) Mean annual lake surface temperature
reconstructed based on the isoprenoid GDGTs proxy eliminating the values during the high peaks in GDGT-
0/crenarchaeol (ALST (isoGDGTs)); mean annual temperature modeled by the CHELSA TraCE21k (CHELSA-MAT);
mean annual air temperature modeled by pollen data (Pollen-MAT). The black dotted vertical lines show the zonation
of the record based on chironomid data. The red vertical shaded bars represent two identified warmer events during
the Younger Dryas. The colored area around each line represents the standard error of the reconstructed values. YD
refers to Younger Dryas, and All to Allergd.

In all the samples, the proportion of brGDGTs is higher than isoGDGTs. This is reflected in the high levels of BIT (>0.9;
Table S2). In soils, 95% of the GDGTs are branched, while in the lake sediments, there are 82% in Z2a, 85% in Z2b and



89% in Z3. The most abundant brGDGT compound in the lake sediments is GDGT-Illa, while in the soils is GDGT-la
(Fig. S4). The brGDGTs llla/lla ratio for the lake sediments samples is between 0.8 and 1.2 and < 0.4 for the soil
samples (Fig. S5). The CBT index in soils ranges from 1.2 to 1.7, while in the sediments range from 0.6 to 1.1. The MBT
values range from 0.4 to 0.6 in soils and 0.2 to 0.3 in lake sediments. A significant negative correlation between MBT
and CBT (R = -0.66; p-value = 0.00001) is found in the lake sediment samples. We also evaluate changes in the CBT
index values (Fig. S6), which showed large variations from 12.5 to 10.6 cal ka BP, during the Z2b and the beginning of
Z3. Therefore, MBT-CBT inferred mean annual air temperatures are not used due to a possible interference of pH
changes with the temperature signal (Tyler et al., 2010; De Jonge et al., 2021; Halffman et al., 2022).

3.6. Geochemistry and isotopes

Titanium content (Ti; 654619 pg g-1) and biogenic silica (denoted by the Si/Ti ratio; 16 to 197) ranged wider than
total organic carbon (TOC; 0.6—-15.8%), total nitrogen (TN; 0.08—1.2%), C/N ratio (6—13) and 613Corg (-29.6 to -24
%o). Ti shows its highest values in Z1 (13.5-13.35 cal ka BP), contrasting with the low values of TOC, TN, Si/Ti, and C/N
(Fig. 6). In Z2a (13.35-12.5 cal ka BP), Ti concentrations rapidly decrease, while TOC, TN, and C/N gradually increase.
613C values are —27%o while C/N is ~8 in this zone. Around 12.85 cal ka BP, there is a brief increase in Ti
accompanied by a slight decrease in TOC. Towards 12.5 cal ka BP, TOC, TN, C/N, and Si/Ti suddenly increase while Ti
decreased.

Zone 2b (12.5-11.5 cal ka BP) is characterized by a rise and elevated content of Ti. Similar to the other zones, the
trends in biological proxies contrast with those in Ti-inferred lithogenic material input, as TOC levels decrease up to
2%, TN decrease up to 0.5%, C/N levels decrease under 10, and Si/Ti levels remain low throughout the zone.
However, this trend is interrupted between 1968 and 1963 cm b.l.w.s (ca. 12.15 cal ka BP) with a short-lived decrease
in lithogenic input, slightly higher TOC and TN values and an abrupt rise in the C/N ratio, all indicating an input of
allochthonous organic material inside the lake.

Zone 3 (11.5-8 cal. ka BP) begins with the highest amplitude changes in the entire geochemical record. There is a
sharp decrease in the Ti concentrations, indicating less input of lithogenic material in the lake sediments. The TOC,
TN, C/N and Si/Ti ratios gradually increase and remain stable throughout the rest of the zone. The §13Corg become
continually more negative (down to —29%.), indicating a higher rate of biological activity and use of organic carbon in
the lake.

3.7. Comparison of proxy-based temperature reconstructions with local modeled temperature

The chironomid-based reconstruction for mean July air temperature ranged from 8.3 to 11.4 °C (Fig. 7). This
reconstruction shows the lowest magnitude of change and the narrowest error margin. In comparison with the
modeled summer temperatures by CHELSA (CHELSA-ST), which ranged from 14.7 to 18.4 °C, the chironomids present
lower absolute values with an average difference of ~ 7 °C. Moreover, the errors of the reconstructed and modeled
summer temperatures do not overlap at any point of the studied period (Fig. 7). CHELSA-ST values for the EH and LG
are 6 °C higher than present day summer temperatures, while the values inferred by chironomids for the EH are
about 1.5 °C lower than modern ones (12.9 °C).

At 13.5 cal ka BP, July air temperatures inferred by chironomids showed low values (8.9 °C) and increased to 10.5 °C
by 13.35 cal ka BP. However, the CHELSA-ST started with temperatures of 16.5 °C and remained stable until a drop by
1.8 °C from 12.9 until 12.1 cal ka BP. For chironomid-based temperatures, there is also a drop by 1.5 °C from 13.3 to
12.95 cal ka BP, while from 12.95 cal ka BP temperatures fluctuated between 9 and 9.8 °C, with a minimum (8.3 °C)
around 12.4 cal ka BP. At 12.2 cal ka BP, chironomid inferred temperatures showed another short-term warming by
1.5 °C. It is not until 12.1 cal ka BP, that a continuous and gradual increase in temperatures is obvious in both
reconstructed and modeled summer temperature. From 11.5 cal ka BP, reconstructed July temperatures ranged
between 9.2 and 11.4 °C, and CHELSA-ST between 16 and 18.4 °C.

The reconstructed and modeled mean annual temperatures presented a higher amplitude of change. ALST
(isoGDGTs) reconstruction fluctuated from -0.5 to 9.5 °C. CHELSA-MAT had the lowest amplitude of change from all
the annual temperature series, ranging from -2.2 to 4.7 °C. CHELSA-MAT modeled values are lower than ALST
throughout the record, especially during the Allergd and EH periods. The pollen-based mean annual temperature
reconstruction (pollen-MAT) shows the highest amplitude of change, ranging from -3 to 7.7 °C.



Between 13.5 and 13.3 cal ka BP, pollen-MAT increased from -3 °C to 0.5 °C. At 13.3 cal ka BP, ALST (isoGDGTs)
indicates 8 °C. Afterwards, ALST (isoGDGT) shows a decreasing tendency until 13 cal. ka BP when a series of short-
term temperature oscillations appeared. Pollen-MAT increased continuously but with high fluctuations until 12.5 cal
ka BP, then decreased. For CHELSA-MAT, temperatures oscillated between -0.2 and 0.9 °C until 12.9 cal ka BP, when
they decreased gradually. During the YD, the reconstructed and simulated annual temperature series decreased.
ALST (isoGDGTs) and CHELSA-MAT reached their minimum values (-0.5 and -2.15 °C respectively) and pollen based
MAT reached -1.4 °C around 12.1 cal ka BP. From 12.1 cal ka BP, all annual temperature series rose until the onset of
the Holocene, where they stabilized and reached their maximum. However, ALST (isoGDGTs) showed a more rapid
increase compared to pollen-MAT and CHELSA-MAT.

3.8. Statistical comparison between reconstructed and modeled temperature series

All the correlations between reconstructed and modeled temperatures presented values >0.5 (Table S1), indicating
that the similarity between datasets is higher than expected for random data. CHELSA-MAT and CHELSA-ST presented
the highest correlation (R = 0.89). CHELSA-MAT and pollen-MAT also presented a high correlation coefficient (R =
0.68). Chironomids-based July air temperature reconstruction showed the strongest correlation coefficient with
CHELSA-ST (R = 0.66). ALST (isoGDGTs) presented the lowest correlation coefficient with chironomid-based
temperatures (R = 0.53) and the highest with CHELSA-ST (R = 0.78).

The first two axes of a PCA based on the different temperature series explained 85.2% of the total variability (Fig. 8).
The first axis, which explained 74.1% of the total variability, is negatively related to all the modeled and reconstructed
temperature series. The second axis, which represented 10.1% of the variation, is negatively correlated with the
chironomids July temperature reconstruction and the pollen-based MAT, while the others correlate positively.
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Fig. 8. PCA of the temperature series data. The arrows represent the detrended temperature series, the points
represent the samples, and their colour distribution is grouped by zones.

4. Discussion

4.1. Variations in reconstructed and modeled temperature series

We presented three independent temperature proxies and compared them with locally modeled temperature data
generated by the CHELSA_Trace21k dataset. Despite the broad range of temperature values shown by the different
reconstructions and models (Fig. 7), they all follow a similar trajectory (Fig. 8) and present high correlations between
them (Table S1). This suggests they all reflect temperature changes and follow the abrupt climatic changes that
occurred during the transition from the LG to the Holocene period. However, each proxy has its limitations which can
influence the accuracy of the reconstructed temperature values, and some reconstructions represent different
seasons than others (e.g. summer temperature vs. annual temperature reconstructions). For example, differences
between chironomids and isoGDGTs temperature reconstructions could be lead by stronger seasonality in the



studied period. It has been proposed that during the LG, the contrast between seasonal temperatures was greater
than at present, mainly because of changes in the perihelion and the higher tilt of Earth's axis (Delcourt and Delcourt,
1994). In addition, the YD has been considered a period with strongly continental climate conditions (i.e. a stronger
difference between summer and winter temperatures than before or after this period; e.g. Renssen and Isarin, 2001),
which could explain some of the disparities between reconstructed July and ALST, and explain to some extent the low
amount of inferred change during the YD period by the chironomid based temperatures. Nevertheless, differences in
the range of reconstructed temperatures also occurred in proxies which reconstruct the same seasons, as isoGDGTs
and pollen-based mean annual temperature reconstructions, which show similar trajectories and high correlations
throughout the record (Fig. 8; Table S1), but also discrepancies in the range of reconstructed values (Fig. 7). Below we
discuss potential biases within each temperature series to develop a paleoenvironmental reconstruction for the
Bohemian Forest during a period of high-amplitude abrupt climatic changes.

4.1.1. Warm bias and methanogenic activity impact the isoGDGT mean annual temperature reconstruction
It has been suggested that isoGDGTs temperature signal often reflects winter temperatures in lakes with high
seasonality (Wuchter et al., 2005; Powers et al., 2010) or spring and/or fall temperatures, as this is the time for the
overturning in dimictic lakes (Sinninghe Damsté et al., 2022). However, the values of isoGDGT-ALST are higher than
the pollen-MAT, especially during the LG. This is noteworthy, as isoGDGTs often show lower values than expected for
the mean annual temperatures (Bechtel et al., 2010; Powers et al., 2010; Sinninghe Damsté et al., 2022). This is
related to the activity of Thaumarchaeota, whose distribution is more abundant below the thermocline than on the
lake surface (Herber et al., 2020; Schouten et al., 2013). Even if the TEX86 index is correlated with lake surface
temperatures, in some cases, the distribution of Thaumarchaeota in the deeper parts of the water column can cause
a bias in the reconstructed values as the temperature from the bottom is disconnected from the lake surface, leading
to lower temperatures (Huguet et al., 2007; Sinninghe-Damsté et al., 2022). However, in Cerné jezero isoGDGTs
appear biased towards warmer temperatures. It has been observed that low nutrient/productivity sites may lead to
warmer reconstructed temperatures based on TEX86, while high nutrient/productivity rates may result in colder
biases (Cao et al., 2020). In our record, the levels of nitrogen are low throughout the entire period (TN<2%, Fig. 6)
confirming a low-nutrient aquatic environment that likely influenced the activity of Thaumarchaeota, leading to the
warmer registered values. Despite the overall high reconstructed temperatures for the LG, isoGDGTs show the most
abrupt cooling related to the onset of the YD of all the reconstructed temperature series (Fig. 7), indicating their
ability to record such changes. During the YD, the relative abundance of GDGT-0 is the highest (Fig. 5), indicating
methanogenic activity at the lake sediments. This may be related to a more persistent ice cover, which would prolong
the water stratification period, allowing the methanogenic activity to increase in the sediments (Bertilsson et al.,
2013). However, low levels of organic carbon (Fig. 6), entering the lake during this period suggest that microbial
activity was not high enough to produce anoxia in the water column (Bertilsson et al., 2013). The low levels of the
other isoGDGT compounds could be a consequence of the cold temperatures registered during this period. Thus,
even if methanogenic archaea were active in the lake sediments during the YD, its influence on the TEX86 index
ability to record the relative changes in temperatures was not strong enough because of the low carbon content. This
is appreciable because, even if the relative abundance of GDGT-0 is the highest during the YD, the relative
abundances of the rest of the isoGDGT compounds are the lowest (Fig. 5), suggesting that the GDGT-0/cren high
levels during the YD were not affecting the TEX86 index. However, in periods when high GDGT-0/cren happened
synchronously with an increase in organic carbon, the archaeal activity could interfere with the TEX86 index (See
Supplementary Text; Fig. S7). Our findings indicate that it is important to comprehend the distribution of archaea that
produce isoGDGTs within the lake system, particularly in oligotrophic cold lakes where the low organic content may
restrict anoxic activity, enabling the TEX86 index to reflect the relative temperature variations.

4.1.2. The effect of water depth on chironomid-based July air temperature reconstruction

The July air temperature reconstruction based on subfossil chironomids indicates less pronounced changes than the
mean annual temperature reconstructions. This is expected as the signals of chironomids, isoGDGTs and pollen
reflect different seasons. Even though chironomids seem to capture the variability in July air temperatures (Fig. 7),
temperature values are relatively low and there likely exists a possible cold bias from this reconstruction. For
example, at 9.6 cal ka BP, chironomid-based July air temperatures reached their maximum of 11.4 °C (Fig. 7), which is
still lower than the modern values (12.9 °C; Turek et al., 2014). However, the vegetation at that time was composed
of more thermophilous taxa than nowadays, such as Corylus avellana and Quercus (Fig. 4). The predominance of



cold-preference chironomid species in the EH can possibly also be attributed to the lake's depth, as many of these
taxa can inhabit cold and deep water layers in deep lakes, even under relatively warm summer climates, while the
warmer-indicating taxa colonized the littoral zone in the same habitats (Brooks et al., 2007). With a water depth of
40.1m, Cerné jezero is a significantly deeper lake than some of the lakes that form the calibration dataset used for
the chironomid-based temperature inference model, even though it is still in the range of depths inside the Swiss
calibration dataset (2.1-85 m; Heiri et al., 2011). This may have led to reconstructed temperatures that are cooler
than the actual temperatures that existed at the lake in the past. Lakes characterized by cooler summer water
temperatures than expected based on the ambient summer air temperatures may be colonized by cold adapted
chironomid species and characterized by too low reconstructed temperature values (e.g. Brooks and Birks, 2001).
Therefore, even if the climatic trend presented by the chironomids-based temperature reconstruction is accurate, the
values of the reconstruction show colder temperatures than what is expected in this kind of lake.

4.1.3. Regional and growing season signals as potential impacts on pollen mean annual temperature
reconstruction

Our pollen temperature reconstruction seems to register a lagged effect on increasing temperatures at the onset of
the Holocene. In contrast, chironomid and isoGDGTs temperature reconstructions react quickly to the increase of the
temperatures (Fig. 7). This slower response could be caused by the longer period for vegetation to respond to climate
change (e.g. trees grow, biomes change, trees to become large pollen producers), meanwhile for chironomid head
capsules or lipid biomarkers it takes shorter time (Wischnewski et al., 2011). In addition, pollen-based quantitative
temperature reconstructions in mountainous regions may be affected by phenomena such as the uphill transport of
tree pollen by wind (Ortu et al., 2006) compared to low and middle elevations. Pollen temperature reconstructions
are based on regional scales (Wischnewski et al., 2011; Ding et al., 2019); meanwhile, chironomids and isoGDGTs
originate inside the lake, reflecting a more local signal. Finally, in the northern hemisphere, where we gathered all of
our modern pollen data (Fig. S1), the temperature during the summer season is the limiting factor for growth and
therefore drives vegetation changes (Rehfeld et al., 2016). Thus, pollen-based temperature reconstruction, even if
calibrated versus annual temperatures, may be biased to some extent towards the growing season. This is reflected
in our data by the fact that the pollen-based temperature reconstruction did not capture the abrupt decrease of
temperatures associated with the onset of the YD, as isoGDGTs, but as a small decrease, as chironomids captured it.

4.1.4. Comparing local proxy-based records with CHELSA model

Despite the strong correlation and similar long-term trend between the CHELSA-modeled and proxy-based
temperature series some differences are apparent (Fig. 7). For example, the CHELSA-MAT, pollen-MAT, and ALST
isoGDGTs-based temperature reconstruction show pronounced cooling during the YD and abrupt warming at the
Holocene onset (Fig. 7). Conversely, CHELSA-ST and chironomid-inferred July temperature show the largest difference
in absolute values, with the CHELSA-ST exceeding the present-day temperatures by ~ 6 °C. Thus, it is most likely that
modeled local summer temperatures for the LG and EH are overestimated, as such high temperatures also do not
agree with the boreal vegetation recorded at the site during the LG (Fig. 4). This difference can be attributed to
stronger summer insolation during the LG than today (Berger and Loutre, 1997), which cause an exaggeration of the
summer modeled temperatures with higher-than-present summer values (12.9 °C, Turek et al., 2014). Despite its 1
km-grid resolution, the CHELSA-ST modeled temperatures do not appear to capture local climate deviations
reconstructed by local proxy-based models. Additionally, the difference between CHELSA-ST and proxy-based
temperatures may also be associated with the complex topography within the Bohemian Forest which may be over-
simplified in the CHELSA-based model. Elevation of Cerné jezero and the irregular morphometry of its basin and
catchment favour thermal inversions (Svobodova et al., 2001) that would not be captured by the CHELSA model.

4.2. Late Glacial to Early Holocene climatic variation and related environmental changes

We have cross-checked our results with sequences from other Central European records and the Greenland ice-core
record (NGRIP) to validate our age-depth model (Fig. 9). The synchronicity of some temperature oscillations between
our record and others supports the precision of our age-depth model. However, it's worth noting that some of the
dated samples in the oldest section of our sedimentary record may have been impacted by periods of constant 14C
age, or "radiocarbon plateaus" (Lowe et al., 2008).
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based on chironomids and reconstruct July air temperatures in the referenced areas.



4.2.1. Allergd (13.9-12.85 cal ka BP)

Between 13.5 and 13.35 cal ka BP, the chironomid record from Cerné jezero indicates cold and ultra oligotrophic
conditions typical of subarctic areas (Brooks et al., 2007) with summer temperatures around 9 °C (Fig. 7). Low levels
of TOC and TN (<1% and <0.5%), suggest non-developed catchment soils and low productivity or biological activity in
the lake (Fig. 6). High levels of Ti imply high rates of physical erosion which are associated with bare soils (HoSek et
al., 2017), suggesting an open, treeless environment. Pollen-based vegetation was characteristic of cold steppes and
tundra comprising mainly herbaceous plants and some shrubs such as Juniperus and Betula nana (Kunes et al., 2008).
Nevertheless, the occurrence of Picea abies pollen throughout the record (Fig. 4), although in low numbers, indicates
that the species could have been present in the immediate area instead of their pollen being transported over long
distances (Jankovska, 2006; Tollefsrud et al., 2008; Vocadlova et al., 2015).

Around 13.35 cal ka BP, a significant climate amelioration is visible in the reconstructed palaeotemperature records,
with ALST indicating a mean annual temperature of ~8 °C, while chironomid inferred-July temperature increases by
1.5 °C (Fig. 7). This amelioration of the climatic conditions is seen in the expansion of the vegetation cover, primarily
driven by the rapid response of the herbaceous plants to the improved conditions (Fig. 4). The slightly elevated
macro-charcoal influx further supports occasional burning of local vegetation (Fig. 4). This resulted in a gradual
decrease in lithogenic input to the lake as the soils became more stabilized by the expanding vegetation cover (Fig.
6).

4.2.2. Younger Dryas (12.85—11.7 cal ka BP)

The Younger Dryas has been identified as a biostratigraphic unit, characterized by a decrease in arboreal PAR due to
abrupt decreases in temperatures (Engels et al., 2022). In Western Europe it had a distinct and noticeable onset, as
the decrease in temperatures and in arboreal PAR was synchronous (Heiri et al., 2014; Engels et al., 2022). However,
it was not as marked in Eastern European regions with a continental climate (Ptéciennik et al., 2011; Toth et al.,
2012). In the Bohemian Forest, this decrease in temperatures is difficult to assess due to uncertainties in the age-
depth model. However, an abrupt decrease in mean annual temperatures occurred around 13 cal. ka BP, when
isoGDGTs inferred-ALST decreased by almost 5 °C, while July air temperatures inferred from chironomids decreased
only by 0.7 °C (Fig. 7). Thus, mild temperatures during the growing season at this time likely contributed to the
increase in arboreal pollen from 30% to 85% (Fig. 6). Vegetation of open habitats, such as Helianthemum and
Brassicaceae, disappeared, while Pinus increased (Fig. 4), suggesting a mixture of shrub and steppe patches with
scattered pine trees (Kunes et al., 2008; Pokorny, 2002). This indicates that proxies which record the summer
temperatures (chironomids) or growing season (pollen) do not respond as strongly to the climatic changes during the
YD as proxies recording annual temperatures. As the decrease in temperatures was apparently less pronounced
during the summer season (Fig. 7), vegetation did not show a synchronous response to the main cooling trend (Fig.
4). This discrete response to the YD cooling is also found in other Eastern European records (Zabieniec in Poland and
Lake Brazi in Romania; Fig. 1A; Fig. 9). At Lake Brazi, chironomid-inferred July temperatures decreased by < 1 °C (Téth
et al., 2012) but the ice-cover season was longer (Buczko et al., 2012), indicating that the temperature decrease
during the YD could have been stronger during the winter season and less noticeable during the summer.
Furthermore, Heiri et al. (2014) showed that chironomid inferred summer cooling during the YD was very small in
Eastern Europe compared with more westerly parts of the continent. Our results agree with these earlier results,
with mean annual temperatures showing a larger decrease than July temperatures alone, suggesting a considerably
more pronounced cooling during the winter and possibly also spring and autumn months than during summer.
Around 12.85 cal ka BP, there is a slight decrease in isoGDGTs-based ALST of 1 °C and in chironomid-inferred July
temperature of 0.5 °C. At this time the biota and environments responded to the cooling modestly, with a small
increase in herbaceous plants, mainly Poaceae and Artemisia (Fig. 4), and a slight decrease in TOC and lithogenic
input (Fig. 6). However, at 12.4 cal ka BP, chironomid-inferred July air temperatures decreased by ca. 2 °C to their
minimum, while pollen assemblages strongly responded to the YD cooling by a major decrease in arboreal pollen and
the reappearance of cold adapted species such as Dryas octopetala.

Possibly minor warm oscillations may have interrupted the overall cooling during the YD in Central-Eastern Europe.
This may have promoted short-term expansions of arboreal species at Cerné jezero and the non-synchronous
response of the pollen assemblages to the cooling temperatures which characterize the onset of the YD. Previous
studies have suggested some rapid warming episodes during the YD in Central Europe. Schwark et al. (2002; Fig. 1A)
proposed a ‘Middle Younger Dryas Warming’ around 12.3-12.2 cal ka BP, when they detected an increase in



terrestrial higher plants n-alkanes (>n-C25), such as n-C27 alkane indicative of major presence of Betula. Chironomid-
based temperature reconstructions from Eastern Slovakia (Hajkova et al., 2016, Figs. 1A and 9) suggested two
warmer episodes between 12.85 and 12.6 cal ka BP and 12.4-12.2 cal ka BP. Furthermore, in South Bohemia
(Kubovcik et al., 2021) (Fig. 1A; Fig. 9), chironomid-reconstructed July temperatures showed relatively minor
temperature increases at 12.5 cal ka BP and 12.2 cal ka BP. In both cases, these warmer episodes coincided with
lower water levels, which prompts further investigation of these two warm episodes. At Cerné jezero, both
chironomid and isoGDGT-based temperature reconstructions record a first warming event around 12.6 cal ka BP, with
a relatively minor July air temperature increase by 0.6 °C and a more pronounced mean annual temperature increase
of 2.3 °C (Fig. 7). During this event, there is a significant increase in phytoplanktonic activity within the lake system
suggested by the increase in the Si/Ti ratio (Fig. 6). In the absence of biological activity, the Si/Ti ratio is constant and
derives from the erosion of bedrock. However, diatoms use and incorporate silica as an essential component of their
frustules, thereby increasing the ratio values (Peinerud, 2000). An increase in phytoplankton is also supported by the
presence of other algae colonies, mainly Botryococcus (Fig. 4). At ca. 12.6 cal ka BP increases in the C/N ratio indicate
an increase in the amount of organic material coming from the catchment (Fig. 6). GDGT-0/cren also increased at ca.
12.6 cal ka BP (Fig. 6), likely in response to increasing organic material input and subsequently higher activity of the
archaeal community. As the lake has an extensive area and low trophic level, an increase in the anaerobic
environment does not necessarily imply eutrophication, but instead an expansion of the anoxic sediments. There was
no significant difference in the chironomid assemblages, which could support anoxic conditions in the entire lake (Fig.
3), suggesting that oxygen depletion and methanogenic activity would have been restricted to sediments of the
deepest parts of the lake.

The second warm event was recorded around 12.2 cal ka BP with a July temperature increase of 1.5 °C, and ALST
(isoGDGT) increase of 4 °C (Fig. 7). During both warming events, the isoGDGTs temperature reconstruction was
affected by high levels of GDGT-0/cren, making it difficult to explore quantitatively the increase of temperatures (Fig.
6). It has been suggested that the YD stadial in Central Europe may have consisted of two phases: an older one
marked by colder and drier conditions and a subsequent phase with warmer, wetter climate (Kubovcik et al., 2021;
Pokorny, 2002). This is supported by our palaesotemperature record, showing temperature fluctuations and minimum
values during the older phase, followed by a gradual temperature rise across all reconstructions. These short-lived
warm events during the first part of the YD, along with drier conditions and overall very little decrease in the summer
temperatures, could explain why there was no regrowth of the continental ice-glacier in the Bohemian Forest during
the YD period (Mentlik et al., 2013). During the transition between these two YD phases, when the environment
changed from drier to wetter (Pokorny, 2002), a second peak in methanogenic archaeal activity occurred. During the
YD, the biological activity in the catchment and within the lake was low, as is shown by low levels of TOC and TN,
except for a peak in TOC, TN and C/N around 12.1 cal ka BP (Fig. 6). Thus, some organic material entered the lake but
there was no response from primary producers (neither Si/Ti nor algae in the pollen record), as only the
methanogenic archaea reacted along with a depletion of §13Corg. During this period, there was also a decrease in
lithogenic input to the lake, which excludes a possible landslide as the cause of this increment in organic material.
This decrease in lithogenic input ~12.1 cal ka BP has been also recorded in southern parts of the Czech Republic
(Hosek et al., 2017; Kubov¢ik et al., 2021) and has been attributed to an increase in precipitation. In the case of Cerné
jezero, there is a simultaneous increase in fern spores and very low charcoal influx (Fig. 4) at that time, which could
be related to increasing moisture creating suitable habitats for ferns and less fire-prone conditions. During the YD,
the lake had low levels of organic carbon. Therefore, even small changes in the catchment area, like an increase in
ferns leading to higher influx of organic carbon to the lake, could have had a significant effect on the lacustrine
communities. This might have increased methanogenic activity as the archaea may have made rapid use of the
organic carbon, depleting the sediments oxygen level (Harvey et al., 1986).

4.2.3. Early Holocene (11.7-8.0 cal ka BP)

The onset of the Holocene in Cerné jezero occurred around 11.5 cal ka BP and it was characterized by a remarkable
change in the ecosystem, similar to other locations in which biological activity was also limited by low temperatures
(Clark et al., 2012; Feurdean et al., 2014). July temperature as inferred by chironomids rose by 1 °C in 400 years, and
the ALST isoGDGTs-based temperature increased by 2 °C in the same period (Fig. 7). The improved climatic conditions
and the possible extension of the growing season resulted in a blooming of biological activity in the terrestrial and
aquatic environment at the beginning of the EH. The area became more forested as light-demanding herbs
disappeared, such as Helianthemum nummularium-type. Tree taxa, dominated by Betula and Pinus sylvestris-type,



expanded at the expense of shrub communities (Fig. 4). Tree/shrub growth inside the lake catchment is supported by
a notable increase in macroscopic charcoal influx from 11.2 cal ka BP, suggesting an abundant fuel load and increased
fire activity (Fig. 4). By 11.0-10.5 cal ka BP, a mixed-deciduous forest developed, with mesophilic species such as
Corylus avellana, Picea abies, and Quercus (Fig. 4). With soil and vegetation cover development, the input of
lithogenic material stabilized to a minimum (Fig. 6). The lake biota reacted fast to temperature changes due to the
previous scarcity of organic resources. Cerné jezero was a relatively large and ultraoligotrophic water body, so the
increase in organic resources, even if small, was rapidly assimilated by the living biota.

Warmer temperatures at 11.5 cal ka BP resulted in a rapid increase in chironomid diversity (Fig. 3). The
phytoplanktonic activity increased, as indicated by the Si/Ti ratio, and methanogenic activity reached its highest peak
between 11.3 and 10.6 cal ka BP, as shown by the GDGT-0/cren ratio (Fig. 6). The bottom water and sediments could
have been affected by oxygen depletion between 11.3 and 10.4 cal ka BP, as evidenced by a decrease of the
chironomids' head capsules and by a shift to more depleted §13Corg during the peak of GDGT-0/cren (Teranes and
Bernasconi, 2005) (Fig. 6). Strongly depleted bulk sediment values of 613Corg can indicate an increase in
phytoplanktonic respiration rate and also a significant contribution of methanotrophic bacteria biomass, as the
methanotrophs fractionate between —16%. and —30%. during biosynthesis when utilizing methane which is already
strongly depleted in 613Corg (Summons et al., 1994; Whiticar, 1999). Thus, the decrease in 613Corg from —26%o. to
-29%o at the onset of the Holocene may be related to the increase in microbial activity, influenced by an increase in
both phytoplanktonic and methanogenic activity. Warmer temperatures along with enhanced delivery of organic
matter from the lake catchment area may have jointly contributed to the installation of anoxic conditions.
Nevertheless, around 10.6 cal ka BP, there was an enrichment of §13Corg, indicating improving oxygen availability
and less anaerobic activity.

The temperature reconstructions inferred by biological proxies reached their maxima during EH, with ALST inferred
by isoGDGTs at 9.9 cal ka BP and chironomid-based July temperatures at 9.6 cal ka BP. Maximum temperatures
inferred by pollen appeared later, around 8.5 cal ka BP. The amelioration of the climatic conditions allowed
mesophilic tree species, such as Corylus or Quercus, to expand and dominate the landscape. Canopy density
increased, as shown by a gradual decline of upland herbs and an increase in mixed deciduous forest taxa (Fig. 4).
Warmer fire-prone conditions, together with the increasing biomass, and especially the establishment of Picea abies
(Bobek et al., 2018; Carter et al., 2018b) in the lake catchment may have led to increasing biomass burning that
peaked at 9.3 cal ka BP. At the same time, the increase in GDGT-0/cren and lower Si/Ti ratios (Fig. 6) which might
indicate a decrease in photosynthetic activity. A high macro-charcoal influx, associated with a correspondingly high
decrease in tree (particularly spruce) pollen abundance (Fig. 4) are indicative of high-severity fires which could
generate sufficient ash to reduce water transparency and therefore affect the photosynthetic activity in the
epilimnion. This would have affected not only the primary producers' activity but also the community composition in
the deeper layers of the lake (Scordo et al., 2021), decreasing the Thaumarchaeota activity. After this period of
increased fire activity, tree species gradually recovered, with the dominance of Picea abies and Alnus. The increase in
pollen influx of the mesophilic species and organic carbon indicates a post-fire recovery and the prevalence of the
mixed deciduous forest for the rest of the Early Holocene.

5. Conclusions

Our study used three independent proxy records to reconstruct the Late Glacial and Early Holocene temperatures for
a mountain lake system in Central Europe. Chironomid, isoGDGT and pollen-inferred temperatures exhibit similar
patterns and confirm the reliability of the reconstructions, particularly the pattern of change, despite reflecting
different seasonal signals and, therefore, different amplitudes of temperature variation. Chironomids, isoGDGTs and
pollen-based reconstructions converge in identifying several climatic tendencies, showing a decrease in temperatures
from 13.3 to 13 cal. ka BP, and an increase in temperatures at the onset of the Holocene around 11.5 cal ka BP. The
cooling trend related to the onset of the Younger Dryas was more pronounced in mean annual reconstructed
temperatures than during July, confirming high seasonality during this period with cold and long winters and
relatively warm and short summers. This cooling was followed by a series of climatic oscillations and short-term
warm events, along with a low decrease in temperatures during the growing season caused a non-synchronous
environmental response to the YD compared to many other described European records. Even though chironomids,
isoGDGTs and pollen had similar trends, some discrepancies were also inherent in the reconstructions, proving that



paleoclimatic studies can be enriched from a multi-proxy approach. We found that ALST inferred by isoGDGTs was
likely affected by methanogenic activity during different periods, even though the TEX86 signal was only affected
when the methanogenic activity was accompanied by an increase in organic content entering the lake system. The
chironomid-based temperature reconstruction also showed some constraints, likely associated with a cold bias as a
consequence of the depth of the lake. Finally, the pollen temperature reconstruction using the RF technique showed
a lagin response to the temperature trends in comparison to chironomids and isoGDGTs, indicating a more regional
signal. As opposed to the proxy-based temperature series, the CHELSA-ST reconstructed temperatures for the LG
were higher than present-day values while CHELSA-MAT variability generally matched the annual values
reconstructed from isoGDGTs. The temperature records provided by this study support the idea that in areas far from
the North Atlantic climatic influence, the cooling effect of the Younger Dryas was less significant during the summer
season (Renssen and Isarin, 2001; Feurdean et al., 2014; Heiri et al., 2014). Furthermore, the beginning of this stadial
in the Bohemian Forest and other areas in Central Europe was interrupted by several short-term oscillations which
delayed the response of the communities to the large-scale cooling pattern.
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