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Abstract. Advances in proxy development and proxy reconstructions within the Holocene increasingly reveal climatic 

complexity. Annually laminated (varved) lacustrine records provide an opportunity to assess this complexity at high 

temporal resolution. Organic geochemical proxies offer the potential for quantitative palaeoclimate reconstruction, however, 

their application to different varved lake settings remains limited. Here we explore the use of isoprenoid and branched 

glycerol dialkyl glycerol tetraethers (GDGTs) preserved in varved sediments as proxies for temperature. We analyse three 20 

Holocene-aged annually laminated lacustrine records spanning different climate regions and lake settings across Europe 

(Diss Mere, UK; Nautajärvi, Finland; Meerfelder Maar, Germany); including intervals at multi-decadal resolution within the 

mid-Holocene. We show that isoprenoid GDGT distributions in annually laminated sediment sequences are largely derived 

from methanogenic Euryarchaeota and yield unreliable lake surface temperature reconstructions. Conversely, branched 

GDGT reconstructions show good coherence with instrumental temperature data in mid- and high-latitude environments. 25 

Although we show that lake or catchment-specific processes, including differences in processes linked to varve 

sedimentation, hypoxia, sediment influx and landscape development, can influence brGDGT distributions in varved lakes, 

the trends and range of variability of our brGDGT derived Holocene temperature reconstructions broadly agree with regional 

European Holocene reconstructions. This suggests that temperature exerts a first-order control on the methylation of 

brGDGTs in varved lake sequences. Combined with precise varve chronologies, these biomarker records can be used to 30 

generate highly resolved climate data across the Holocene.  
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1 Introduction 

The Holocene (11.7 ka BP to present) has previously been considered as climatically stable when viewed alongside the 35 

Glacial-Interglacial cycles of the Quaternary. However, with increasing temporal and spatial resolution of proxy data, the 

Holocene reveals: a) rapid (multi-decadal) shifts in climate systems associated with abrupt climate events (e.g., Roland et al., 

2015; Parker and Harrison, 2022; Candy et al., 2025), b) a disconnect between modelled climate evolution and proxy-based 

climate reconstructions (Liu et al., 2014; 2025; Kaufman et al., 2020; Osman et al., 2021), and c) spatial changes to 

dominant modes of climatic variability through time (e.g., the North Atlantic Oscillation; Hernández et al., 2020). To 40 

disentangle this climatic complexity, highly resolved climate archives are required. Whilst internationally important archives 

with excellent temporal resolution exist, frequently these are limited in terrestrial palaeo- studies due to temporal limitations 

(e.g., tree rings; Briffa et al., 2004) and/or restricted in their geographic location (e.g., ice-cores; Rasmussen et al., 2014, and 

speleothems; Wang et al., 2005). A complementary archive that offers the potential to disentangle climatic complexity across 

different regions over long timescales are annually laminated (varved) lake sediments, with an absence of sedimentary 45 

mixing. These sediment sequences contain precise chronologies obtained via annual layer counting tied to radiocarbon 

and/or tephra frameworks (e.g., Lane et al., 2013; Zolitschka et al., 2015, Wulf et al., 2015). The analysis of climatic proxies 

within these sediments (e.g., Ojala et al., 2008; Larocque-Tobler et al., 2015; Luoto and Ojala et al., 2016; Lincoln et al., 

2025) offers the potential for highly resolved (annual to multi-decadal) past climate reconstructions across wide spatial 

scales. Here, biomarkers are of particular interest as they can provide quantified climatic and environmental observations 50 

from lakes (Rach et al., 2014) yet the degree to which biomarkers faithfully record past temperature in varved lake sediment 

archives remains an open question.  

 

Isoprenoid and branched glycerol dialkyl glycerol tetraethers (GDGTs) are membrane-spanning lipids and are frequently 

used to reconstruct climate variability in lake sediments (e.g., Tierney and Russell, 2009; Woltering et al., 2014; Peaple et 55 

al., 2022; Robles et al., 2023; Baxter et al., 2024; Zander et al., 2024). Isoprenoid GDGTs are archaeal lipids composed of 

two isoprenoid alkyl chains with up to four cyclopentane moieties identified in lakes (Schouten et al., 2013). The degree of 

isoGDGT cyclisation is captured via the TetraEther indeX of 86 carbons (TEX86) which is calibrated to surface water 

temperature in lacustrine settings (Powers et al., 2010). Branched GDGTs are bacterial lipids (Sinninghe Damsté et al., 2000) 

composed of two branched alkyl chains, varying in the number of methyl branches (4 to 6) and cyclopentane moieties (0 to 60 

2) (Weijers et al., 2007). The degree of methylation is captured via the methylation index of branched tetraethers (MBT’5ME; 

De Jonge et al., 2014), which in lakes is calibrated to either mean annual air temperature (MAAT; Russell et al., 2018), mean 

temperature of months above freezing (MAF; Martinez-Sosa et al., 2021; Raberg et al., 2021) and/or mean summer 

temperatures (MST; Pearson et al., 2011; 2025).  

 65 
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Whilst GDGTs have been applied extensively to Holocene-aged lake sediments, few studies have evaluated the 

environmental controls on GDGT distributions within annually laminated lake sediments in Europe (i.e., Weber et al., 2018; 

Zander et al., 2024; Otiniano et al., 2024). These settings exhibit specific limnological processes, including hypolimnetic 

anoxia/hypoxia, thermal stratification and individual mixing regimes that may exert strong controls upon the distribution of 

different GDGT compounds. Some of these features (e.g., seasonal anoxia), alongside lake morphometry and catchment size, 70 

are known to affect the ecology of archaeal and bacterial groups that synthesise isoprenoidal and branched GDGTs, 

respectively (Weber et al., 2018; van Bree et al., 2020; Baxter et al., 2024; Zander et al., 2024). As these proxies are 

becoming more common in varve-based palaeoclimate research, an evaluation is required to establish whether annually 

laminated lake records from different climatic settings and/or the processes that govern lamination sedimentology (e.g., 

clastic, organic, diatomaceous, carbonate lamina) impact GDGT distributions and associated metrics.  75 

 

Here, we use three different annually laminated lake records from Europe to establish whether GDGT distributions in varved 

lake sediments are suitable for generating climate reconstructions during the Holocene. We assess whether processes that 1) 

are important for varve formation and preservation (e.g., stratification and anoxia) and 2) control varve composition, impact 

GDGT distributions and metrics. Isoprenoid and branched GDGTs are analysed at multi-decadal resolutions across key 80 

intervals of the Holocene, including the Holocene Thermal Maximum (ca. 6.5 – 5 ka BP) and the last 300 years. We 

compare our results with instrumental data and other independent proxies to provide a unique assessment of GDGT 

distributions in varved lake systems and evaluate the potential of using isoGDGTs and brGDGTs to reconstruct highly 

resolved temperature records across the Holocene and beyond. 

2 Materials and Methods  85 

2.1 Site descriptions  

2.1.1 Diss Mere  

Diss Mere (52° 22′N, 1° 6′E; Fig. 1) is a small (0.034 km2), 6 m deep, presently eutrophic lake with alkaline waters and a 

chalk bedrock (Martin-Puertas et al., 2021) which occupies a region dominated by maritime climate. During lake 

stratification, pH is high in the epilimnion (values of ~9) and lower in the hypolimnion (~7) (Boyall et al., 2023). The lake 90 

contains no inflow or outflow, experiences minimal groundwater input (Boyall et al., 2023) and has an estimated catchment 

to lake area ratio (CA:LA) of 44. The DISS-16 record exhibits 15 m of sedimentation covering the last 10 thousand years 

(Martin-Puertas et al., 2021) with varves preserved between 10 and 2 ka BP. The varve couplets are calcite-organic (Fig. 1; 

including diatoms in the organic component) with some interannual variability (Martin-Puertas et al., 2021). The calcite 

layer is representative of summer sedimentation with organic constituents deposited during autumn to spring following 95 
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resuspension of organic remains and wind-induced mixing of the water column (Martin-Puertas et al., 2021; Boyall et al., 

2023).  

2.2.2 Nautajärvi 

Nautajärvi (61°48’N 24°24’E; Fig. 1) is a small (0.17 km2), ~20 m deep mesotrophic lake, exhibiting slightly acidic lake 

waters (modern pH of 5.8 – 6; Korkonen et al., 2017), which occupies a region of sub-Arctic climate. The site sits in a tiered 100 

lake system within the Äväntäjärvi drainage basin and is fed by streams and Ristijärvi to the north and is drained by Lake 

Pitkävesi to the south (Ojala and Alenius, 2005) with a CA:LA of 71. The NAU-23 stratigraphy (Lincoln et al., 2025) 

contains 7.3 m of sedimentation, with 9,829 varves covering the upper 6.74 m (Ojala and Saarinen, 2002; Lincoln et al., 

2025). The varve couplets are clastic-organic (Fig. 1), with the clastic layer forming in spring as a product of winter 

precipitation and snowmelt run off once the lake becomes ice-free, with the organic layer forming in the summer to winter 105 

months (Ojala and Alenius, 2005). Inverse stratification is observed during the winter months with anoxic bottom waters at 

this time (Ojala and Alenius, 2005; Ojala et al., 2013).  

2.2.3 Meerfelder Maar 

Meerfelder Maar (50°06′N, 6°45′E; Fig. 1) is a relatively small (0.25 km2), 18 m deep, eutrophic maar lake which occupies a 

predominantly maritime climate region (albeit with some continental influences) within mainland Europe. The lake has a 110 

CA:LA of 6. The 11.71 m long MFM-09 sequence contains 7.45 m of sediment across the Holocene (Martin-Puertas et al., 

2012). Varves are preserved from 11.6 to ca. 1.5 ka BP (Martin-Puertas et al., 2012; 2017). The Holocene varve structures 

preserved at Meerfelder Maar are diatomaceous (Fig. 1), with a spring and summer layer composed of a monospecific 

diatom bloom and the autumn and winter layer composed of organic and minerogenic detritus (Brauer et al., 2000; Martin-

Puertas et al., 2012). Hypolimnetic anoxia has previously been proposed at Meerfelder Maar, with treatments performed to 115 

increase bottom water oxygen conditions (Nürnberg et al., 2007). This process disturbed stratigraphy of the upper 500 years 

of the record. 

 

Table 1: Lake descriptors from each site. * This is the assumed mixing regime for periods of varve formation across each site, at 

Diss Mere and Meerfelder Maar this is likely different to today. ** The origin of Diss Mere is debated, with possible origins dating 120 
back to the Anglian stage (Bailey, 2005).  

Lake Climatology  Lake origin Mixing regime* Varve composition 

Diss Mere Maritime Thermokarst** Meromictic Calcite – organic   

Nautajärvi Sub-Arctic Glacial lake Dimictic Clastic – organic 

Meerfelder Maar Maritime (with 

continental 

influences) 

Volcanic (maar 

lake)  

Meromictic Diatomaceous – 

detrital  
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2.2.4 Chronology 

Published chronologies are derived from annual layer counting and tied to either a radiocarbon and/or tephra framework 

(Martin-Puertas et al., 2012; 2021; Meerfelder Maar, Diss Mere respectively) or from the cross-correlation of marker layers 

between an annual layer-counted sequence and newly derived sediments (e.g., Ojala and Saarinen, 2002; Ojala and Alenius, 125 

2005; Lincoln et al., 2025; Nautajärvi). For each sequence the chronological uncertainties are decadal in scale (see Matin-

Puertas et al., 2012; 2021; Lincoln et al., 2025). Following Abrook et al. (2025), we present reconstructions as ka BP (as cal. 

ka BP at Diss Mere and Meerfelder Maar and ka varve years BP for Nautajärvi).  

 

 130 

 

Figure 1: Location of each of the sites in Europe: a) Diss Mere, UK, b) Nautajärvi, Finland; c) Meerfelder Maar, Germany. The 

bottom panel shows the dominant laminations from each of the site which together contribute to 1-year of sedimentation (Diss 

Mere adapted from Boyall et al., 2023; Nautajärvi adapted from Lincoln et al., 2025).  
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2.2 Biomarker analysis 135 

Biomarker samples, 0.5 cm resolution at variable intervals, were extracted from the across the Holocene and from modern 

sediments (covering the last ca. 300 years) from Diss Mere (n = 56) and Nautajärvi (n = 42). Due to historic hypolimnetic 

treatments at Meerfelder Maar (n = 31) the last 500 years of sedimentation have been impacted. Analyses were therefore not 

performed on modern sediments at this site. To obtain total lipid extracts (TLE), approximately 1 – 2g of wet sediment per 

sample was freeze dried and extracted using Accelerated Solvent Extraction (Dionex ASE 350) with 140 

dichloromethane:methanol (9:1, v/v) at 100°C over 3 x 15 min extraction cycles at 1,500 PSI. The TLE was dried under a 

stream of nitrogen (N2) and separated into different compound classes via silica gel column chromatography (F1; aliphatic, 

F2; aromatic, and F3; polar) using hexane:dichloromethane (9:1, v/v; F1), hexane:dichloromethane (1:1, v/v; F2), and 

dichloromethane:methanol (1:1, v/v; F3) with a 4ml solvent volume for each fraction. The polar fraction was re-dissolved in 

hexane:isopropanol (99:1, v/v) and passed through a 0.45 µm PTFE (polytetrafluoroethylene) filter and analysed by high-145 

performance liquid chromatography (HPLC) mass spectrometry (MS) using an Agilent 1260 HPLC coupled to an Agilent 

6130 single quadrupole MSD following the method outlined in Hopmans et al. (2016) (supplement). Peak identification and 

GDGT integration followed a manual process with identification aided using in-house GDGT laboratory standards after 

scanning for common mass ranges for GDGT analysis (even values between m/z 1302 – 1292 for isoGDGTs and between 

(1022 – 1018, 1036 – 1032 and 1050 – 1046 for brGDGTs). 150 

2.3 Biomarker analysis 

2.3.1 GDGT-based temperature proxies  

TEX86 is defined following Schouten et al. (2002). 

𝑇𝐸𝑋86 =
(𝐺𝐷𝐺𝑇−2 + GDGT−3 + Crenarchaeol regioisomer) 

(GDGT−1 + GDGT−2 + GDGT−3 + Crenarchaeol regioisomer)
        (1) 

TEX86 is calibrated to Lake Surface Temperature (LST) following Powers et al. (2010). See supplement.  155 

𝐿𝑆𝑇 = 55.2 ·  TEX86 −  14            (2) 

We use the MBT’5ME index following De Jonge et al. (2014). 

𝑀𝐵𝑇′5𝑀𝐸 =
(Ia + Ib + Ic) 

(Ia + Ib + Ic + IIa + IIb + IIc + IIIa)
          (3) 

 Where alphanumeric values relate to different brGDGT structures and the number of cyclopentane moieties and/or methyl 

branches. MBT’5ME values are converted to mean temperature of months above freezing (MAF; Martinez-Sosa et al., 2021) 160 

using a Bayesian calibration (BayMBT0) developed for lakes (e.g., Martinez-Sosa et al., 2021). Present day mean annual 

temperatures are used as prior means at each site: 10.5°C (Diss Mere); 5.3°C (Nautajärvi) and 9.9°C (Meerfelder Maar). 

Prior standard deviation is set to 10°C.  
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We also use the multivariate calibration approach of Raberg et al. (2021). 165 

𝑀𝐴𝐹 = 92.9 (± 15.98) +  63.84 (± 15.58) ·  fIbmeth
2  −  130.51 (± 30.73) ·  fIbmeth  −  28.77 (±5.44) ·  fIIameth

2  −

 72.28 (±17.38) ·  fIIbmeth
2  −  5.88 (±1.36) ·  fIIcmeth

2  +  20.89 (±7.69) ·  fIIIameth
2  −  40.54 (±5.89) ·   fIIIameth  −

 80.47 (±19.19) ·  fIIIbmeth            (4) 

2.3.2 GDGT-based lake property reconstructions 

The cyclisation of branched tetraethers (CBT) index (Weijers et al., 2007) that includes both 5- and 6-methyl isomers (De 170 

Jonge et al., 2014) is used to infer lake pH: 

𝐶𝐵𝑇′ = 10 log (
(Ic + IIa’ + IIb’ + IIc’ + IIIa’)

(Ia + IIa + IIIa)
)          (5) 

We subsequently convert CBT’ values to pH using the calibration from Russell et al. (2018).  

𝑝𝐻 = 8.95 + 2.65 ·  CBT’             (6) 

The isomer ratio captures the relative abundance of 5-methyl vs 6-methyl brGDGTs (De Jonge et al., 2015) and is defined as:  175 

𝐼𝑅6𝑀𝐸 =
(IIa’ + IIb’ + IIc’ + IIIa’ + IIIb’ + IIIc’)

(IIa + IIa’ + IIb + IIb’ + IIc + IIc’ + IIIa + IIIa’ + IIIb + IIIb’ + IIIc + IIIc’)
       (7) 

Deviations from the expected temperature – MBT5ME relationship are observed in lake sediments when the IR6ME > 0.5 

(Bauersachs et al., 2024).    

 

We use the methane index (MI) to evaluate anaerobic methanotrophy within the lake water column and/or sediments, 180 

whereby sediments with high values (>0.3 - 0.5) suggest intense anaerobic methane oxidation (Zhang et al., 2011).  

𝑀𝐼 =
(GDGT−1 + GDGT−2 + GDGT−3)

(GDGT−1 + GDGT−2 + GDGT−3 + Crenarchaeol + Crenarchaeol regioisomer)
       (8) 

Crenarchaeol and its regioisomer are solely produced by Nitrososphaeria (Zhang et al., 2011; Schouten et al., 2013), 

whereas GDGT-0 can also be produced by methanogenic archaea (Euryarchaeota) (Auget et al., 2009). The relative 

abundance of GDGT-0 vs Crenarchaeol (i.e. % GDGT-0) is thus used to evaluate methanogenesis across each of the 185 

different lakes. 

% 𝐺𝐷𝐺𝑇 − 0 = ((
GDGT−0 

GDGT−0
) + 𝐶𝑟𝑒𝑛𝑎𝑟𝑐ℎ𝑎𝑒𝑜𝑙)  · 100         (9) 

Where values > 67% are considered to have a substantial methanogen component that could render TEX86 reconstructions 

unreliable (e.g., Blaga et al., 2009; Inglis et al., 2015). 
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2.3.3 GDGT-based organic source proxies 190 

The branched vs isoprenoid tetraether (BIT) index evaluates the relative proportion of terrestrial vs marine organic matter 

(OM) within individual samples and is defined as: 

𝐵𝐼𝑇 =
(Ia +IIa + IIa’ + IIIa + IIIa’) 

(Ia +IIa + IIa’ + IIIa + IIIa’ + Crenarchaeol)
          (10) 

Where high values (e.g., 1) traditionally reflect high terrestrial input and low values (e.g., 0) indicate high marine/aquatic 

input. 195 

 

The ratio of hexamethylated and pentamethylated compounds (Xiao et al., 2016) is used to assess input of terrestrial vs 

marine-derived brGDGTs, where ΣIIIa / ΣIIa values <0.59 suggest terrestrial provenance and high values >0.92 represents a 

marine/aquatic provenance (Xiao et al., 2016). 

 200 

Finally, we use the branched and isoprenoid GDGT machine learning classification algorithm (BIGMaC) to constrain GDGT 

source environments (Martinez-Sosa et al., 2023). The algorithm assesses the distribution of all isoGDGTs and brGDGTs 

and establishes (dis)similarity to GDGT distributions from a global marine, soil, lake, and peat calibration dataset.  

2.4 Micro X-ray Fluorescence (μ-XRF) core scanning data 

To assist in disentangling environmental processes, geochemical element profiles of each sequence (DISS-16, NAU-23, 205 

MFM-09) have been acquired directly from split-core surfaces every 0.2 mm using an ITRAX μ-XRF core scanner at GFZ-

Potsdam. Element data has already been published (Martin-Puertas et al., 2012; Boyall et al., 2024; Lincoln et al., 2025), 

however, to aid interpretations we re-sample those data to match the ages of the GDGT data.   

2.5 Data analyses  

Ternary diagrams were created in R through proportional fractional abundances of tetra-, penta- and hexamethylated 210 

compounds using the ‘ggtern’ package (Hamilton and Ferry, 2018). Unconstrained and constrained ordination (principal 

components analysis; PCA, and redundancy analysis; RDA) was performed on standardised brGDGT fractional abundance 

data. We used PCA and RDA owing to short gradient lengths observed within the GDGT data, which were determined in R. 

For RDA, explanatory variables consisted of the major elements from centered log ratio μ-XRF data (e.g., Feclr) from each 

lake. PCA and RDA analysis was performed in R using the ‘factoextra’ and ‘Vegan’ packages (Kassambara, 2023; Oksanen 215 

et al., 2024). Correlation plots are shown in supplement.  
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3 Results  

3.1 GDGT distributions and GDGT-based environmental metrics 

isoGDGTs were identified in all samples from Diss Mere, Meerfelder Maar and Nautajärvi. GDGT-0 dominates the 

isoGDGT assemblage at all three site locations, across modern and Holocene samples (mostly > 90% at Diss Mere and 220 

Meerfelder Maar, > 80% at Nautajärvi), with a lower relative abundance of GDGT-1 to -3, Crenarchaeol and its regioisomer 

(Fig. 2). Each site exhibits high MI values with values averaging 0.73 ± 0.21, 0.70 ± 0.10 and 0.64 ± 0.09, respectively.  

 

brGDGTs were also identified in all samples. However, there are differences in the relative proportion of tetra-, penta- and 

hexamethylated brGDGTs between sites (Fig. 3). Nautajärvi and Meerfelder Maar have a higher contribution of 5-methyl 225 

brGDGTs than Diss Mere, with a higher relative proportion of penta- and hexamethylated compounds at Nautajärvi (e.g., 

brGDGT-IIa, IIIa). Diss Mere and Meerfelder Maar have a larger relative proportion of 6-methyl brGDGTs (e.g., brGDGT-

IIa’, IIIa’) than Nautajärvi. This is reflected in low average IR6ME values at Nautajärvi (0.15 ± 0.04), with higher values at 

Meerfelder Maar (0.41 ± 0.03) and Diss Mere (0.60 ± 0.06). The ΣIIIa / ΣIIa ratio averages 0.74 ± 0.07 at Diss Mere, 0.64 ± 

0.07 at Nautajärvi, and 0.55 ± 0.08 at Meerfelder Maar.  230 

 

The BIGMaC algorithm classified 100% of GDGT distributions from Diss Mere and Meerfelder Maar and 67% of 

distributions from Nautajärvi as ‘lake-type’. The remaining 33% of GDGTs from Nautajärvi (i.e., all modern [< 300 year] 

and two late-Holocene samples) are classified as ‘peat-type’. Across all three sites the BIT index is very high and is > 0.92.  

3.2 Statistical analyses 235 

PC1 and PC2 explain 39.3% and 25.7% of variation at Diss Mere, 56.1% and 23.9% of variation at Nautajärvi, and 38.8% 

and 23.2% of variation at Meerfelder Maar, respectively (Fig. 4). PCA shows that 5- and 6-methyl brGDGTs are separated at 

Diss Mere but not at Nautajärvi or Meerfelder Maar. At the latter two sites, however, the brGDGTs with the largest 

fractional abundance (i.e., brGDGT-Ia, IIa) are separated from the remainder of brGDGTs. PCA reveals that at Diss Mere 

the modern and Holocene samples occupy a similar ordination space whilst at Nautajärvi the modern samples are adjunct 240 

from the remainder of the data. 

 

RDA1 and RDA2 explain 52.2% and 32.6% of variation at Diss Mere, 84.1% and 9.1% of variation at Nautajärvi, and 

51.9% and 20.8% of variation at Meerfelder Maar, respectively. At each site, redox sensitive elements appear important 

(e.g., Feclr, Mnclr, Sclr) with additional importance given to the relationship between authigenic (e.g., Caclr) and allogenic 245 

components (Kclr and Ticlr) between sites.  
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Figure 2: Fractional abundances of different GDGT molecules in the different lakes. a) isoprenoid GDGT distributions; b) 250 
branched GDGT distributions. 
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Figure 3: Ternary plots showing the relative proportions of tetramethylated, pentamethylated and hexamethylated compounds 

from Diss Mere, Meerfelder Maar and Nautajärvi, respectively against the same data from a global brGDGT peat and soil dataset 255 
(grey; Dearing Crampton-Flood et al., 2020); a global lake dataset (black; Martinez-Sosa et al., 2021); Arctic lakes (green; Raberg 

et al., 2021) and Alpine lakes (red; Bauersachs et al., 2024). 

3.3 Temperature and pH reconstructions  

TEX86 has a larger range of values at Diss Mere (average of 0.41 ± 0.13) compared to Meerfelder Maar (0.30 ± 0.04) and 

Nautajärvi (0.37 ± 0.08) (Figs. 5, 6, 7). When converted to LST the data from each site appears variable, with greatest range 260 

in LST observed at Diss Mere (−9.0°C to 25°C), Nautajärvi (1°C to 14°C) and Meerfelder Maar (−1°C to 7°C) (S1).  

 

The lowest average MBT’5ME values are from Nautajärvi (0.36 ± 0.02) whilst Diss Mere (0.44 ± 0.04) and Meerfelder Maar 

(0.45 ± 0.02) exhibit higher values (Figs. 5, 6, 7). brGDGT temperatures using the Bayesian (Martinez-Sosa et al., 2021) and 

multivariate calibration (Raberg et al., 2021) approaches produce mostly similar trends across each site. Lowest absolute 265 

temperatures are generated from Nautajärvi with temperatures between 8°C and 12°C across all samples. Reconstructed 

temperatures from Diss Mere range from 9°C to 15°C. At Meerfelder Maar temperature estimates range between 11 to 14°C.   

 

The CBT’ index is highest at Diss Mere (0.05 ± 0.07) and lowest at Nautajärvi (−0.94 ± 0.15). This yields higher pH 

reconstructions at Diss Mere (9.08 ± 0.19) and lower pH estimates at Nautajärvi. (6.51 ± 0.39). Meerfelder Maar exhibits an 270 

intermediary pH reconstruction (8.11 ± 0.15) (Figs. 5, 6, 7).  
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Figure 4: Principal components analysis (PCA) left, and redundancy analysis (RDA) right. Panel a) details the plots from Diss 

Mere, panel b) from Nautajärvi and panel c) from Meerfelder Maar. Panels a) and b) show modern and Holocene distributions 

within the PCA plots. Explanatory variables in the RDA plots are major elements from μ-XRF data (e.g., Martin-Puertas et al., 275 
2012; Boyal et al., 2024; Lincoln et al., 2025). 
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4.0 Discussion   280 

4.1 isoGDGTs influenced by methanogenesis in varved lake systems  

In lacustrine environments, the TetraEther indeX of 86 carbons (TEX86) has previously been used to infer Lake Surface 

Temperature (LST; Woltering et al., 2012). This assumes that isoGDGTs are mostly derived from ammonia-oxidizing 

archaea of the class Nitrososphaeria. However, methanogenic archaea may also synthesise smaller quantities of isoGDGTs 

with up to three cyclopentane moieties (Weijers et al., 2006), although this has not been confirmed in culture studies 285 

(Schouten et al., 2013). This implies that input of methanogenic archaea could bias lacustrine TEX86 values (Blaga et al., 

2009), especially in varved lakes where seasonal anoxia/hypoxia is a persistent feature. Here, the fractional abundance of 

GDGT-0 is elevated at all sites (Diss Mere > 0.84 [mostly >0.9], Nautajärvi > 0.81 [excluding one sample of 0.62], and 

Meerfelder Maar > 0.94) and associated with very high % GDGT-0 values (>67 %; see Inglis et al., 2015). These values 

suggest that isoGDGTs are not produced by ammonia-oxidizing archaea but instead synthesized mostly by methanogens.  290 

 

Previous studies show that lakes that exhibit hypolimnetic anoxia have a higher abundance of GDGT-0 in sediments 

compared to the water column, implying that GDGT-0 is largely derived from methanogens present within the sediment 

(Blaga et al., 2009). However, in large lakes, Baxter et al. (2021) and Sinninghe Damsté et al. (2012) demonstrate that 

GDGT-0 can also be synthesised in high concentrations below the oxycline, whereas Nitrososphaeria synthesized abundant 295 

Crenarchaeol in relatively oxygenated upper waters. No sediment trap or water column data is available for this manuscript, 

but, as each lake exhibits hypolimnetic anoxia/hypoxia (e.g., Brauer et al., 2000; Ojala and Alenius, 2005; Martin-Puertas et 

al., 2021; Boyall et al., 2023), it is likely that isoGDGTs are largely produced by methanogenic Euryarchaeota. Given the 

inconsistent variability in LST between sites (Section 3.3), and, in some instances, an extreme range for Holocene climates 

(e.g., at Diss Mere, with reconstructions from –9.0°C to 25°C; S1), this suggests that a methanogen overprint is highly 300 

likely. 

 

Anaerobic methanotrophs (ANME) can also synthesise GDGT-0 to GDGT-3 and may contribute to the observed high 

Methane Index (MI) values (Zhang et al., 2011; Kim and Zhang, 2023). These organisms are typically abundant in sites 

characterized by anaerobic oxidation of methane (AOM, e.g., cold seeps, mud volcanoes, gas hydrates) and require high 305 

concentrations of sulphate in the overlying water column (Zhao et al., 2024). Although sulphate is often variable in lakes, 

sulphate reduction can be maintained in freshwater systems (Segarra et al. 2015). At each location in our study, μ-XRF data 

reveals varying contributions of elemental sulphur (with relationships with GDGTs; S3 – S8) which, given hypoxic 

conditions, can lead to sulphate reduction (albeit strongly reducing conditions may not be maintained throughout the annual 

cycle; Lincoln et al., 2025). These features, alongside high MI values, may suggest AOM-impacted sediments. High MI and 310 

% GDGT-0 values are not surprising as the two proxies are linearly correlated in marine sediments (Inglis et al., 2015) and  
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Figure 5: Main GDGT reconstructions from Diss Mere across the Holocene. Shown are a) TEX86; b) MBT’5ME (De Jonge et al., 

2014); c) CBT’ (De Jonge et al., 2014); d) reconstructed pH (Russell et al., 2018); e) ΣIIIa / ΣIIa ratios with cut offs from Xiao et al. 

(2016); f) IR6ME (De Jonge et al., 2014; Bauersachs et al., 2024); g) the methane index (Zhang et al., 2011); h) % GDGT-0 and i) the 315 
branched vs isoprenoid tetraether index (BIT). 
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Figure 6: Main GDGT reconstructions from Nautajärvi across the Holocene. Shown are a) TEX86; b) MBT’5ME (De Jonge et al., 

2014); c) CBT’ (De Jonge et al., 2014); d) reconstructed pH (Russell et al., 2018); e) ΣIIIa / ΣIIa ratios with a cut off from Xiao et 

al. (2016); f) IR6ME (De Jonge et al., 2014); g) the methane index (Zhang et al., 2011); h) % GDGT-0 and i) the branched vs 

isoprenoid tetraether index (BIT). 330 

 

 

 

 

 335 

 

 

 

 

https://doi.org/10.5194/egusphere-2025-5701
Preprint. Discussion started: 27 November 2025
c© Author(s) 2025. CC BY 4.0 License.



16 

 

 340 

Figure 7: Main GDGT reconstructions from Meerfelder Maar across the Holocene. Shown are a) TEX86; b) MBT’5ME (de Jonge et 

al., 2014); c) CBT’ (de Jonge et al., 2014); d) reconstructed pH (Russell et al., 2018); e) ΣIIIa / ΣIIa ratios with a cut off from Xiao 

et al. (2016); f) IR6ME (De Jonge et al., 2014; Bauersachs et al., 2024); g) the methane index (Zhang et al., 2011); h) % GDGT-0 and 

i) the branched vs isoprenoid tetraether index (BIT). 

 345 
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lakes (Collins et al., 2025). However, the relative contribution of methanogens and methanotrophs to the archaeal 

community is unknown and would require further isotopic analysis (e.g., Segarra et al., 2015). Overall, it is apparent that 

methane cycling can bias isoGDGT distributions in lakes (this study; Blaga et al., 2009; Weijers et al., 2011; Zhang et al., 

2016; Baxter et al., 2021) and we caution against the use of TEX86 in varved lake systems. 

4.2 brGDGTs likely derived from in-situ lacustrine production in varved lakes 355 

brGDGTs in lakes can have multiple sources including input via soils/peats (e.g., Peterse et al., 2014) and in situ production 

within the lake water column (e.g., Buckles et al., 2014). It is therefore important to understand the provenance of brGDGTs 

in lacustrine environments as different soil, peat, and lake calibrations (e.g., Russell et al., 2018; Dearing Crampton-Flood et 

al., 2020; Martinez-Sosa et al., 2021; Raberg et al., 2021) can yield temperature estimates that can differ by up to 10°C 

(Tierney et al., 2010). This is likely to be important in annually laminated lakes where varve sediment composition may be 360 

reflective of changes in lacustrine or catchment productivity and changes in autochtonous process (e.g., primary productivity 

in the water column and suspension settling of mineral or organic particles vs in wash).  

 

Branched vs isoprenoid tetraether (BIT) values are historically interpreted to reflect changes in delivery of soil/peat derived 

organic matter into aquatic systems (e.g., Blaga et al., 2009; Sinninghe Damsté et al., 2009; Schouten et al., 2013). Across all 365 

three lakes, the BIT index is high for all samples (> 0.9), which implies consistently high input of soil or peat organic matter 

into the lake. Each lake is relatively small (< 0.25 km2), and depositional models for detrital and clastic lamination types 

indicate allochthonous input via catchment runoff limited to specific seasons (Meerfelder Maar, Brauer et al., 2000; 

Nautajärvi, Lincoln et al., 2025). Allied to this, each lake has different catchment to lake area (CA:LA) ratios which might 

impact BIT if viewed solely from a catchment provenance perspective. However, increasingly evidence suggests that higher 370 

BIT values can result from relatively low Crenarachaeol concentrations in lakes (Loomis et al., 2011; Buckles et al., 2014; 

van Bree et al., 2020) and/or in-situ production of brGDGTs (Naeher et al., 2014; Buckles et al., 2014). Therefore, these 

observations suggest caution when using the BIT to evaluate terrestrial vs aquatic input in annually laminated lake 

sediments.  

 375 

To evaluate organic matter sources further, the ΣIIIa /ΣIIa ratio (Xiao et al., 2016; Martin et al., 2019) can be used to help 

differentiate between soil vs aquatic input. This approach has mostly been applied in marine sediments (Xiao et al., 2016), 

but Martin et al. (2019) suggested that ΣIIIa /ΣIIa ratios can also distinguish between soil vs aquatic input in lacustrine 

settings. All Holocene samples from Diss Mere and Nautajärvi (except one sample from Nautajärvi at 1.0 ka BP) exhibit 

ΣIIIa /ΣIIa ratios > 0.59, which is higher than the proposed limit for soil production (Xiao et al., 2016). Modern (<300 years) 380 

samples at Diss Mere exhibit similar values, but those from Nautajärvi range between 0.50 and 0.58, suggesting increasing 

input of soil-derived brGDGTs over the last few hundred years. The Meerfelder Maar record exhibits ΣIIIa /ΣIIa ratios 

between 0.42 to 0.75, suggesting mixed contribution of soil and aquatic derived GDGTs. However, as Meerfelder Maar has 
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the lowest CA:LA ratio in this study, input solely via soil organic matter is unlikely. Albeit these sites likely exhibited a 

much larger hydrological catchment in the Holocene. Nonetheless this highlights the limitations of ΣIIIa /ΣIIa in varved (and 385 

typical) lake systems (O’Beirne et al., 2024). 

 

An alternative approach involves comparing the proportion of tetra-, penta-, and hexamethylated GDGTs alongside those 

from different environments, including soils, peats, and lakes (Dearing Crampton-Flood et al., 2020; Martinez-Sosa et al., 

2021; Raberg et al., 2021; Bauersachs et al., 2024). For each site, our data reveals greater overlap with global lakes (as 390 

opposed to soils/peats), suggesting that brGDGTs in this study are largely produced within the lacustrine environment (Fig. 

3). The BIGMaC machine-learning algorithm, on the basis of the fractional abundance of both isoGDGTs and brGDGTs in 

comparison with a global dataset (Martinez-Sosa et al., 2023), also suggests that most samples from Diss Mere (100%), 

Nautajärvi (67%), and Meerfelder Maar (100%) have GDGTs defined as ‘lake-type’. Only the modern samples and two late 

Holocene samples (at 1.0 and 2.0 ka BP) from Nautajärvi are classified as ‘peat-type’ (this is also reflected in Fig. 4). Taken 395 

together, this suggests that the predominant source of brGDGTs in these laminated sediments is lacustrine. 

4.3 Impact of lacustrine processes on brGDGT distributions  

Seasonal stratification and hypolimnetic anoxia/hypoxia are considered key additional controls on brGDGT distributions in 

lacustrine environments (Weber et al., 2018). In many stratified lakes, brGDGT production has been identified below the 

thermocline (Buckles et al., 2014; Miller et al., 2018; Sinninghe Damsté et al., 2022) with enhanced brGDGT production in 400 

low oxygen conditions (Weber et al., 2018; van Bree et al., 2020; Baxter et al., 2024; Zander et al., 2024). Changes in 

sediment chemistry associated with individual laminations also reveals the influence of different seasonal processes in lake 

environments, for example calcite precipitation in summer months and increased titanium in autumn and winter months 

relating to increased catchment sediment flux (e.g., Marshall et al., 2012; Zolitschka et al., 2015). To explore whether and/or 

how the brGDGT distributions in lakes in this study are influenced by specific limnological processes (e.g., stratification, 405 

anoxia, in wash), we compare our data to physical lake properties and μ-XRF measurements taken from the same sediment 

profiles.  

4.3.1 Redox influence upon brGDGT distributions 

The lakes in this study are all thermally stratified in summer months. However, in terms of mixing regime, Diss Mere and 

Meerfelder Maar were meromictic prior to 2 ka BP, whilst Nautajärvi is dimictic in the early and late Holocene with episodic 410 

shifts towards a more meromictic regime coinciding with episodes of reduced and strengthened overturning in the mid-

Holocene (Table 1; Lincoln et al., 2025). These mixing regimes influence the distribution of oxygen through the water 

column, with each lake demonstrating hypoxic/anoxic bottom waters contributing to varve formation and preservation. In 

permanently stratified (meromictic) lakes, pentamethylated and hexamethylated brGDGTs increase in abundance with depth 

and are associated with anoxic conditions (Weber et al., 2018; Yao et al., 2020; van Bree et al., 2020). As the lakes in this 415 
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study exhibit anoxic/hypoxic hypolimneitic conditions in the Holocene, as a result of their mixing regime (above; and Table 

1) high fractional abundances of pentamethylated (brGDGT-IIa, IIa’) and hexamethylated brGDGTs (brGDGT-IIIa, IIIa’) 

suggests a potential redox influence on brGDGT distributions. 

 

In addition, we identify relationships between brGDGTs and redox sensitive elements across each site location (i.e. sulphur 420 

(S) and iron (Fe). In lakes insoluble sulphides can form through conversion of sulphate by sulphate-reducing bacteria (Luo, 

2018) under anoxic conditions, whilst precipitation of Fe-hydroxide is associated with oxic conditions (Davison, 1993). At 

Nautajärvi, we identify a significant positive relationship between Sclr  and brGDGT-Ia (r = 0.45, p = 0.012) and brGDGT-IIa 

(r = 0.54; p = 0.002), and a significant negative relationship between Feclr and brGDGT-IIIa (r = −0.52; p = 0.003) (S5). 

Given that we observe opposing relationships between these redox-sensitive elements (Fig. 4) alongside temperature-425 

sensitive brGDGTs (i.e., lower relative brGDGT-IIIa with high Fe, derived from mineral precipitates linked to phases of 

relatively greater hypolimnetic oxidation during strengthened mixing phases; Lincoln et al. (2025)), we suggest that hypoxic 

conditions and shifts to relatively more oxygenated conditions may influence brGDGT production at Nautajärvi (e.g., Raberg 

et al., 2022; 2025).   

 430 

In contrast, at Diss Mere, we observe the opposite relationship between Sclr and brGDGT-IIIa (r = −0.46; p = 0.003) (S3). 

This is also reflected in the redundancy analysis with Sclr being positively loaded with Feclr at Diss Mere (Fig. 4). There is 

also a significant correlation between ln(Fe/Ti), which at Diss Mere captures the anoxic conditions of bottom waters (Boyall 

et al., 2024), and both brGDGT-IIa (r = −0.4; p = 0.01) and brGDGT-IIa’ (r = 0.46; p = 0.004) (S3). Increased ln(Fe/Ti) 

indicates increased bottom water anoxia (Boyall et al., 2024). As such, the negative relationship between brGDGT-IIa and 435 

ln(Fe/Ti) suggests that anoxic conditions in the lake, due to incomplete mixing in a meromictic setting, result in lower 

relative brGDGT-IIa abundance. Whilst these patterns are observable at Diss Mere and Nautajärvi, we only observe a 

significant relationship between Sclr and brGDGT-IIa’ at Meerfelder Maar (r = 0.36; p = 0.045) in terms of redox sensitive 

elements (S7). Therefore, at Meerfelder Maar, like Diss Mere, anoxic conditions are considered less important than at 

Nautajärvi for brGDGTs, which is a pattern that has emerged across dimictic and meromictic lake settings globally (Raberg 440 

et al., 2025). 

 

Therefore, for certain temperature-sensitive 5-methyl compounds site specific conditions and the position of the oxycline 

appear important for GDGT synthesis. Whilst we consider anoxia as a factor, the scatter in the correlations suggests that 

there are further controls on brGDGT production (e.g., temperature).  445 

4.3.2 brGDGT response to limnological characteristics / processes within varved lakes 

brGDGT distributions and cyclisation of branched tetraethers (CBT’)-derived pH reconstructions differ across each site 

(Figs. 5, 6, 7) are likely influenced by differences in water chemistry which are associated with varve formation. At Diss 

https://doi.org/10.5194/egusphere-2025-5701
Preprint. Discussion started: 27 November 2025
c© Author(s) 2025. CC BY 4.0 License.



20 

 

Mere, calcite precipitation occurs predominantly within the summer leading to the formation of calcite laminae. This is a 

product of alkaline lake waters being supersaturated with CaCO3 throughout the year, with a greater degree of precipitation 450 

occurring during the summer months. Although our sampling strategy encompasses multiple varve laminations (i.e., both 

organic and calcite sub-layers), brGDGT-derived pH values are relatively alkaline throughout the Holocene (~ 8.5 – 9.5). We 

do not observe a significant correlation between CBT’ and Caclr or CBT’ and ln(Ca/Ti) at Diss Mere (S4), likely due to this 

sampling approach. Nonetheless, our pH reconstructions are aligned to pH readings (~ 9) from epilimnetic waters (Boyall et 

al., 2023).  At Nautajärvi the winter season is represented by clastic lamina reflective of winter precipitation and snowmelt 455 

run off whereas the summer layer is related to lake productivity and allochthonous carbon yield from the catchment via 

surface runoff (Lincoln et al., 2025). This is consistent with more acidic conditions within the lake, as suggested by less 

alkaline pH reconstructions which is a product of the influx of acidic snowmelt during spring (e.g., Korkonen et al., 2017). 

However, we also observe a slight reduction in alkalinity from the early to late Holocene at Nautajärvi, which aligns with 

observations from other Scandinavian locations (Rosén and Hammarlund, 2007), and may be attributed to a gradual increase 460 

in input of acidic soil or peat, as is consistent with a switch to the machine-learning-defined ‘peat’ source for late Holocene 

brGDGTs. We also observe positive relationships between ln(Ca/Ti) (r = 0.55; p = 0.001), ln(Ca/K) (r = 0.54; p = 0.002) and 

CBT’/pH at Meerfelder Maar (S8), suggesting that variability in Ticlr and Kclr (which mirror each other) impacts the 6-methyl 

isomerisation response (e.g., Peaple et al., 2022). Authigenic calcite only precipitates during a short period of the early 

Holocene in Meerfelder Maar (Martin-Puertas et al., 2017). The strong Caclr RDA loadings (Fig. 4) are driven by early 465 

Holocene samples only and are not, therefore, considered a driver of the Holocene GDGT response.  

 

Like CBT’, the relative proportion of 6-methyl brGDGTs is variable between sites, with Diss Mere and Meerfelder Maar 

exhibiting a greater contribution than Nautajärvi. This is reflected in average isomer ratio (IR6ME) values from the three sites 

(0.60, 0.41 and 0.15 at Diss Mere, Meerfelder Maar, and Nautajärvi, respectively). We observe a significant relationship 470 

between IR6ME and ln(Ca/Ti) at both Diss Mere and Meerfelder Maar (S4, S8), which at the latter site appears predominantly 

driven by the samples from within the early Holocene. This suggests that brGDGT isomerisation responds to annual CaCO3 

saturation within lake waters (Diss Mere) and changes to winter mineral flux (Meerfelder Maar) and therefore reflect site 

dependent autochthonous and allochthonous processes. Given the low IR6ME from Nautajärvi we do not discuss this further 

here. 475 

 

We show that differences in the distribution of brGDGTs and metrics can be related to processes that operate in seasonally 

stratified lakes. The data suggests that anoxia, limnological and catchment processes can influence brGDGTs in these 

environments but that different processes impact brGDGTs at each site. However, given the imperfect correlations other 

factors (e.g., climate/temperature) remain seen as a key component (Section 4.4). 480 
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4.4 Reliability of brGDGT-derived temperature reconstructions from varved lake sediments 

4.4.1 Modern brGDGT reconstructions consistent with instrumental observations 

To ascertain whether brGDGT temperature reconstructions can be used to infer Holocene climate variability, we compare 

modern (<300 year) brGDGT-based temperature reconstructions to instrumental data from Diss Mere and Nautajärvi (Fig. 485 

8). This same analysis is not possible from Meerfelder Maar owing to disrupted core top sediments. brGDGT-based mean 

temperature of months above freezing (MAF) reconstructions from Diss Mere are similar to long-term instrumental mean 

annual air temperature (MAAT) data, but are ~1°C to 2°C warmer than instrumental data between 1882 and 1950 AD but 

converge more closely after 1950 AD. As Diss Mere is not seasonally frozen, brGDGT-derived MAF estimates approximate 

MAAT albeit, on average, appear slightly warmer in modern settings.  490 

 

At Nautajärvi, brGDGT temperature reconstructions overestimate instrumental MAAT by > 5°C when applying a global 

lacustrine MAF temperature calibration. The BIGMaC machine-learning algorithm suggests that brGDGTs from samples 

covering the last 300 years at this site could be derived from ‘peat’ rather than within the lake itself (see Section 4.2) and that 

a lacustrine calibration in these modern samples may be inappropriate. To explore this further, we recalculate temperatures at 495 

Nautajärvi using a combined global peat and soil dataset (Dearing Crampton-Flood et al., 2020) calibrated to either MAAT 

or MAF. However, MAAT reconstructions yield temperatures that are consistently lower (3°C - 5°C) than instrumental 

MAAT. Instead, we resampled instrumental MAAT to MAF to only include months where the lake is sub-aerially exposed 

and find a stronger overlap between the brGDGT MAF temperatures and instrumental data. This suggests that brGDGTs at 

Nautajärvi are recording warm season temperatures and that a lake calibration is appropriate. This shows that modern lake 500 

calibrations approximate modern instrumental observations from these two locations, but reconstructions need to take into 

consideration MAAT or MAF calibrations depending on location.  

4.4.2 Effect of 6-methyl brGDGT isomers on Holocene MBT’5ME values  

Previous work has suggested that application of the methylation index of branched tetraethers (MBT’5ME) in lakes with 

abundant 6-methyl brGDGTs can yield lower- or higher-than-expected temperature estimates (Dang et al., 2018; Russell et 505 

al., 2018; Bauersachs et al., 2024). Although the causes of this discrepancy remain unclear, it is considered to reflect a non-

thermal response (Novak et al., 2025). There is no significant correlation between IR6ME and MBT’5ME at either Meerfelder 

Maar or Nautajärvi, respectively (r = 0.01; p = 0.97, r = -0.36; p = 0.053). Further, only samples from Diss Mere exceed the 

proposed IR6ME threshold of 0.5 where temperature estimates may be unreliable (Bauersachs et al., 2024). At Diss Mere, 

there is a significant correlation between IR6ME and MBT’5ME (r = 0.65; p = <0.001) across the Holocene (S4), suggesting 510 

that input of 6-methyl brGDGTs may bias temperature reconstructions (Dang et al., 2018; Martinez-Sosa et al., 2020). 

However,  
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Figure 8: Modern temperature reconstructions from Diss Mere (left) and Nautajärvi (right). Shown are left) GDGT-based MAF 

reconstructions at Diss Mere (black; Martinez-Sosa et al. (2021), green; Raberg et al. (2021)); and reconstructed GDGT 515 
temperatures versus a) modern MAAT instrumental data from both the Lowestoft meteorological station (light blue) and from 5 

km gridded temperature data using the HadUK dataset (light orange; Hollis et al., 2019) and right) GDGT-based MAAT soil 

reconstruction (orange; Dearing Crampton-Flood et al. (2020)), a GDGT-based MAF soil reconstruction (yellow; Dearing 

Crampton Flood et al. (2020)) and GDGT-based MAF lake reconstructions (black; Martinez-Sosa et al. (2021), green; Raberg et 

al. (2021)). These data are shown against modern MAAT instrumental data from both the Heinola Asemantaus (light blue) and 520 
Helsinki Kaisaniemi (light orange) meteorological stations which have been re-sampled in the far-right panel to show only months 

where the lake is sub-aerially exposed (May to November).    

 

this data incorporates sparsely sampled datapoints that track low-frequency climate variability (see Section 4.5). If the data is 

subset to remove the influence of low-frequency variability and includes only highly sampled mid-Holocene data, the IR6ME 525 

and MBT’5ME relationship is much weaker (r = 0.27; p = 0.141).  

 

The observed similarities with regional reconstructions (Section 4.5) and instrumental data (Section 4.4.1), suggest that 

whilst there may be a minor influence, it is unlikely that the brGDGT distribution at Diss Mere is controlled by non-thermal 

factors associated with IR6ME. Our results thus emphasize that the 0.5 threshold may vary on a site-by-site basis. Indeed, a 530 

lower cutoff of 0.4 was recently proposed for Lake Baikal (Novak et al., 2025). 
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4.5 New insights into terrestrial temperature evolution during the Holocene 

Above we discussed the probable source of different GDGTs in annually laminated lake archives (Section 4.1 - 4.2), the 

influence of different lake processes on brGDGTs (Section 4.3) and the overall reliability of brGDGT reconstructions in 

modern and Holocene contexts (Section 4.4). Below we show the comparison of brGDGT reconstructions from our lakes to 535 

regional Holocene climate observations (Fig. 9). As reconstructions of MAF at Diss Mere (11-15°C) and Meerfelder Maar 

(11-14°C) are both similar and warmer than at Nautajärvi (8-10°C) (Fig. 9), our brGDGT temperature reconstructions are, in 

the first order, performing as expected in light of site latitudinal differences. However, differences can be observed 

regionally. 

4.5.1 Temperature evolution across the Holocene 540 

Diss Mere and Meerfelder Maar exhibit ~ 2°C - 3°C warming between 10 and 8 / 7 ka BP, respectively. Peak warmth occurs 

at Diss Mere at ~ 8 ka BP whilst this occurs between 5.6 and 4.3 ka BP at Meerfelder Maar (with a similar temperature at ~ 3 

ka BP; albeit for a single datapoint in a sparsely sampled section). At Diss Mere temperatures decrease from 8 ka BP 

(depending on calibration), with lowest temperature recorded in the late Holocene at ~ 2 ka BP. Low temperatures are also 

recorded at Meerfelder Maar at 2 ka BP. In contrast, Nautajärvi reveals only a small temperature increase from the early to 545 

mid-Holocene from 9.8 ka BP, mid-Holocene peak warmth between 6 and 4.8 ka BP and rising temperatures across the late-

Holocene (Fig. 9). 

 

The general increase in temperature from the early Holocene and decline in the late Holocene as observed as Diss Mere and 

partly at Meerfelder Maar is comparable to global temperature trends across the Holocene (e.g., Fig. 9; Kaufman et al., 2020; 550 

Salonen et al., 2024) and follows patterns of precessionally driven summer insolation (Loutre et al., 2004). However, 

increasing temperatures at Nautajärvi in the late Holocene appears at odds with both this pattern and Arctic neoglacial 

cooling (e.g., McKay et al., 2018). Orme et al. (2018) identify warming sea surface temperatures from 2 ka BP from the 

Greenland and Norwegian Seas and the Iceland Basin, which adds to evidence of warming from the south east Norwegian 

Sea, warm climate anomalies in Scandinavia and a greater abundance of warm diatom taxa in the Baltic Sea (Seppä et al., 555 

2009; Sejrup et al., 2016; van Wirdum et al., 2019). Despite this, it is challenging to reconcile opposing patterns in Europe, 

especially given that Nautajärvi is trending towards warmer climates than in the mid-Holocene. Therefore, at Nautajärvi 

ecological changes to bacterial communities, via changes in GDGT source in the mid – late Holocene, and changes in 

recorded seasonality of temperature cannot be discounted.  

 560 

Despite these proxy observations, differences in the long-term evolution of temperature (e.g., in the timing of peak warmth) 

between regions reveal a spatial signal with sites in mainland Europe revealing differences compared to the UK. We suggest 

that the more maritime location of Diss Mere may be more sensitive to northern North Atlantic conditions, which,  
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Figure 9: Comparative Holocene climate records. a) summer insolation at 65°N; b) Holocene global surface temperature anomalies 565 
(Kaufman et al., 2020); c) a pollen-based multi-method ensemble of Holocene July temperatures (Salonen et al., 2024); d) brGDGT 

multiple linear regression MAF temperatures, northern Finland (Otiniano et al., 2024); e) brGDGT multiple linear regression 

MAAT temperatures, Massif-Central, France (Martin et al., 2020); f) brGDGT Bayesian MAF temperatures, eastern Carpathians, 

Romania (Ramos-Román et al., 2022); g) brGDGT Bayesian MAAT temperatures, Massif-Central, France (d’Olivera et al., 2023); 

and h, I, j) the Bayesian lake MAF (black; Martinez-Sosa et al., 2021) and methylation set multivariate `regression MAF 570 
reconstructions (green; Raberg et al., 2021) from sites in this study.  
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 with sea surface temperature records, depending on location and proxy, also reveal earlier peak warmth (e.g., Andersson et 

al., 2010; Berner et al., 2011; Cartapanis et al., 2022). However, why peak warmth is delayed at Meerfelder Maar, is not yet 

clear. At Nautajärvi mid-Holocene peak warmth is not surprising given similarities to a multi-ensemble pollen reconstruction 

(Salonen et al., 2024) and a brGDGT reconstruction (Otiniano et al., 2024) from sites in northern Finland (Fig. 9). In Finland 575 

delayed peak warmth may be related to the influence of the final wastage of the Fennoscandian ice sheet (Patton et al., 2017) 

and associated disruption of ocean circulation patterns (Cartapanis et al., 2022). Globally, at latitudes of >60°N, continental 

sites display peak warmth either prior to 10 ka BP or between 8 and 4 ka BP (Cartapanis et al., 2022). At 10 ka BP, 

Nautajärvi was a component of Lake Ancylus and connected to the Baltic Sea basin (Ojala et al., 2005) and therefore was 

not a competent lacustrine archive at this time. Therefore, regional temporal differences in temperature evolution appears 580 

variable between more maritime locations and mainland Europe. 

 

This spatial pattern is also observed over the mid-Holocene. Previous west-European GDGT-based reconstructions reveal a 

general increase in temperatures across the mid-Holocene (e.g., van den Bos et al., 2018; d’Oliveira et al., 2023; Fig. 9). 

Whilst reconstructions from a site in eastern Europe demonstrates cooling trends (e.g., Ramos-Román et al., 2022). Further 585 

reconstruction complexity is added with a western European site displaying warming in the mid-Holocene (Martin et al., 

2020). However, this has been suggested to relate to differences in reconstructed temperature seasonality alongside localised 

site differences, for example in environmental contexts and altitude (d’Olivera et al., 2023). Nonetheless, the trends in the 

temperature reconstructions from both Diss Mere and Meerfelder Maar are comparable to European Holocene brGDGT-

reconstructions (Fig. 9), albeit with local and/or spatial influences (e.g., site elevation, continental position) seemingly being 590 

important in the direction of temperature change during the mid-Holocene.   

4.5.2 mid-Holocene variance  

By exploiting varved lake sediments, we show that during the mid-Holocene, Diss Mere and Meerfelder Maar median 

reconstructions exhibit ~ 2°C - 3°C of temperature variability at multi-decadal scales. Comparisons to both pollen and 

brGDGT-based reconstructions from the European mid-latitudes reveal a similar range of variability (e.g., Seppä et al., 2009; 595 

Martin et al., 2020); albeit with some records displaying increased variability (~4°C - 5°C) at multi-decadal (Ramos-Román 

et al., 2022) and centennial scales (d’Oliveira et al., 2023) (Fig. 9). At Nautajärvi, temperatures are stable during the mid-

Holocene (Fig. 9; median variability of 1°C). This is comparable to the brGDGT reconstruction from northern Finland 

between 7 and 4 ka BP (Otiniano et al., 2024). However, this is incongruent with non-brGDGT based temperature 

observations from Scandinavia (e.g., Shala et al., 2017; Salonen et al., 2024) where greater temperature variability (2°C - 600 

3°C) is observed. Our reconstructions reveal a mostly comparable range of variability to other brGDGT reconstructions and 

suggest that higher latitudinal locations exhibit less variance than lower latitude locations. However, as reconstruction 

amplitude can be different between GDGT and traditional proxy reconstructions (pollen and/or chironomid) it is likely that 
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some of the controls discussed above may be important in these lake settings (Section 4.3), or the seasonality of temperature 

recorded varies by proxy and by latitudinal setting.  605 

4.5 Conclusion 

We present iso- and brGDGT reconstructions from across the Holocene from three annually laminated records from Europe. 

We show that isoGDGTs are strongly influenced by methanogenesis linked to hypolimnetic hypoxia and that TEX86 derived 

LST reconstructions are unreliable in annually laminated lake systems (or lakes that exhibit hypoxia/anoxia). In contrast, we 

show that brGDGTs are likely synthesised in-situ within each lake. Whilst there appears to be a redox influence at each 610 

location, the degree to which oxygen depletion affects brGDGT-temperatures appears minimal. This is similar to 

limnological processes that influence lamination style and limnological characteristics (e.g., pH) in each lake.  

 

We show that there is a good correspondence between brGDGT temperatures and modern instrumental data, demonstrating 

suitability for brGDGT temperature reconstruction at each location. Further, the reconstructed temperatures from Holocene-615 

aged sediments at Diss Mere and Meerfelder Maar resemble regional climate reconstructions (partly at Meerfelder Maar) and 

exhibit similar multi-decadal temperature variability. Nautajärvi exhibits limited temperature variability - this is comparable 

to another brGDGT reconstruction from Finland. However, there is mismatch between brGDGT and regional reconstructions 

during the late Holocene at this site (3 ka BP to present), suggesting other confounding factors may influence brGDGTs 

during the late Holocene at Nautajärvi. 620 

 

Taken together, we show that annually laminated lake sequences are valuable archives for brGDGT-based climate 

reconstruction. However, we also show that processes that are specific to these unique laminated archives can lead to a 

brGDGT response. We therefore suggest that GDGT-based reconstructions be compared with additional site data or regional 

climate observations to disentangle the influence of lake process. In doing so, GDGT-based reconstructions from annually 625 

laminated records have the potential to deconvolve both multi-decadal climate variability and if performed at higher 

temporal resolutions, seasonal climate dynamics.  

Data availability  

All data associated with this article is available at Zenodo: https://doi.org/10.5281/zenodo.17610784 

Author contributions  630 

AMA, GNI and PGL conceptualised the study. AMA, GNI, and PGL formalised the methodology. AMA performed the 

analysis with input from MRB, DF, IB and HW. AB, PL, AEKO and CMP were involved in data curation. AMA wrote the 

original manuscript with input in GNI and PGL. All authors contributed to the review and editing process.   

https://doi.org/10.5194/egusphere-2025-5701
Preprint. Discussion started: 27 November 2025
c© Author(s) 2025. CC BY 4.0 License.



27 

 

Conflict of interest 

The authors declare that there are no competing interests in this research.  635 

Disclaimer 

The authors declare that this work has not been published nor is under consideration anywhere else.  

Acknowledgements 

This study was funded by the UKRI Medical Research Council through a Future Leaders Fellowship held by C.M.‐P.: 

DECADAL: Rethinking Palaeoclimatology for Society (MR/W009641/1) and further supported by a UKRI Natural 640 

Environment Research Council National Environmental Isotope Facility (NEIF) grant (NEIF_2602.0423) to G.N.I, A.M.A 

and P.G.L. The authors wish to thank the UKRI Natural Environment Research Council (NERC) for partial funding of the 

National Environmental Isotope Facility (NEIF; contract no. NE/V003917/1). G.N.I. is supported by a GCRF Royal Society 

Dorothy Hodgkin Fellowship (DHF\R1\191178) with additional support via the Royal Society (RF\ERE\231019, 

RF\ERE\210068). The authors thank the Maarmuseum in Manderscheid for logistical support during coring of Meerfelder 645 

Maar, with work at Nautajärvi conducted with the collaboration of Digital Waters Flagship (DIWA) (decision no. 359247) 

funded by the Research Council of Finland. The authors would like to thank Dr. Saija Saarni and Emilia Kosonen, who 

assisted with core extraction at NautajärvI, Dr Sargent Bray and Dr Mark Peaple for discussions around analytical chemistry 

and GDGT-techniques and the DECADAL project team for discussions around the manuscript.  

Financial support 650 

This work was supported by the following funding sources: 

UKRI Medical Research Council through a Future Leaders Fellowship (MR/W009641/1) 

UKRI Natural Environment Research Council National Environmental Isotope Faciliy (NEIF) grant (NEIF_2602.0423) 

UKRI Natural Environment Research Council partial funding of the National Environmental Isotope Facility (NEIF; 

NE/V003917/1). 655 

GCRF Royal Society Dorothy Hodgkin Fellowship (DHF\R1\191178) 

The Royal Society (RF\ERE\231019, RF\ERE\210068) 

Digital Waters Flagship (DIWA) (no. 359247) 

https://doi.org/10.5194/egusphere-2025-5701
Preprint. Discussion started: 27 November 2025
c© Author(s) 2025. CC BY 4.0 License.



28 

 

References 

Abrook, A. M., Langdon, P. G., Inglis, G. N., Brauer, A., Lincoln, P., Mayfield, R., Ojala, A. E. K., and Martin-Puertas, C.: 660 

The role of summer temperature on aquatic insect diversity at multi-decadal scales within the Holocene, Glob. Change Biol., 

31, e70366, https://doi.org/10.1111/gcb.70366, 2025. 

 

Andersson, C., Pausata, F. S., Jansen, E., Risebrobakken, B., and Telford, R. J.: Holocene trends in the foraminifer record 

from the Norwegian Sea and the North Atlantic Ocean, Clim. Past, 6, 179–193, https://doi.org/10.5194/cp-6-179-2010, 2010. 665 

 

Auguet, J. C., Barberan, A., and Casamayor, E. O.: Global ecological patterns in uncultured Archaea, ISME J., 4, 182–190, 

https://doi.org/10.1038/ismej.2009.109 , 2009. 

 

Bailey, I.: A high-resolution record of mid-Holocene climate change from Diss Mere, UK, Ph.D. thesis, University College 670 

London, 2005. 

 

Bauersachs, T., Schubert, C. J., Mayr, C., Gilli, A., and Schwark, L.: Branched GDGT-based temperature calibrations from 

Central European lakes, Sci. Total Environ., 906, 167724, https://doi.org/10.1016/j.scitotenv.2023.167724, 2024. 

 675 

Baxter, A. J., Peterse, F., Verschuren, D., Maitituerdi, A., Waldmann, N., and Sinninghe Damsté, J. S.: Disentangling 

influences of climate variability and lake-system evolution on climate proxies derived from isoprenoid and branched 

glycerol dialkyl glycerol tetraethers (GDGTs): the 250 kyr Lake Chala record, Biogeosciences, 21, 2877–2908, 

https://doi.org/10.5194/bg-21-2877-2024, 2024. 

 680 

Baxter, A. J., Van Bree, L. G. J., Peterse, F., Hopmans, E. C., Villanueva, L., Verschuren, D., and Sinninghe Damsté, J. S.: 

Seasonal and multi-annual variation in the abundance of isoprenoid GDGT membrane lipids and their producers in the water 

column of a meromictic equatorial crater lake (Lake Chala, East Africa), Quat. Sci. Rev., 273, 107263, 

https://doi.org/10.1016/j.quascirev.2021.107263, 2021. 

 685 

Berner, K. S., Koç, N., Godtliebsen, F., and Divine, D.: Holocene climate variability of the Norwegian Atlantic Current 

during high and low solar insolation forcing, Paleoceanogr. Paleoclimatol., 26, PA2220, 

https://doi.org/10.1029/2010PA002002, 2011. 

 

https://doi.org/10.5194/egusphere-2025-5701
Preprint. Discussion started: 27 November 2025
c© Author(s) 2025. CC BY 4.0 License.



29 

 

Blaga, C. I., Reichart, G. J., Heiri, O., and Sinninghe Damsté, J. S.: Tetraether membrane lipid distributions in water-column 690 

particulate matter and sediments: a study of 47 European lakes along a north–south transect, J. Paleolimnol., 41, 523–540, 

https://doi.org/10.1007/s10933-008-9242-2, 2009. 

 

Boyall, L., Martin-Puertas, C., Tjallingii, R., Milner, A. M., and Blockley, S. P.: Holocene climate evolution and human 

activity as recorded by the sediment record of Lake Diss Mere, England, J. Quat. Sci., 39, 972–986, 695 

https://doi.org/10.1002/jqs.3646, 2024. 

 

Boyall, L., Valcárcel, J. I., Harding, P., Hernández, A., and Martin-Puertas, C.: Disentangling the environmental signals 

recorded in Holocene calcite varves based on modern lake observations and annual sedimentary processes in Diss Mere, 

England, J. Paleolimnol., 70, 39–56, https://doi.org/10.1007/s10933-023-00282-z, 2023. 700 

 

Brauer, A., Endres, C., Zolitschka, B., and Negendank, J. F.: AMS radiocarbon and varve chronology from the annually 

laminated sediment record of Lake Meerfelder Maar, Germany, Radiocarbon, 42, 355–368, 

https://doi.org/10.1017/S0033822200030307, 2000. 

 705 

Briffa, K. R., Osborn, T. J., and Schweingruber, F. H.: Large-scale temperature inferences from tree rings: a review, Glob. 

Planet. Change, 40, 11–26, https://doi.org/10.1016/S0921-8181(03)00095-X, 2004. 

 

Buckles, L. K., Weijers, J. W., Verschuren, D., and Sinninghe Damsté, J. S.: Sources of core and intact branched tetraether 

membrane lipids in the lacustrine environment: Anatomy of Lake Challa and its catchment, equatorial East Africa, Geochim. 710 

Cosmochim. Acta, 140, 106–126, https://doi.org/10.1016/j.gca.2014.04.042, 2014. 

 

Candy, I., Boyall, L., Lincoln, P., Martin-Puertas, C., Matthews, I., Holt-Wilson, T., and Valcarcel, J.: A cold but stable 4.2 

ka event in Britain and the northeastern Atlantic region, Quat. Sci. Rev., 349, 109093, 

https://doi.org/10.1016/j.quascirev.2024.109093, 2025. 715 

 

Cartapanis, O., Jonkers, L., Moffa-Sanchez, P., Jaccard, S. L., and de Vernal, A.: Complex spatio-temporal structure of the 

Holocene Thermal Maximum, Nat. Commun., 13, 5662, https://doi.org/10.1038/s41467-022-33362-1, 2022. 

 

Collins, E. R., Ferland, T. M., Castañeda, I. S., Owen, R. B., Lowenstein, T. K., Cohen, A. S., Renaut, R. W., O'Beirne, M. 720 

D., and Werne, J. P.: Hot-spring inputs and climate drive dynamic shifts in archaeal communities in Lake Magadi, Kenya 

Rift Valley, Biogeosciences, 22, 3931–3948, https://doi.org/10.5194/bg-22-3931-2025, 2025. 

 

https://doi.org/10.5194/egusphere-2025-5701
Preprint. Discussion started: 27 November 2025
c© Author(s) 2025. CC BY 4.0 License.



30 

 

Crampton-Flood, E. D., Tierney, J. E., Peterse, F., Kirkels, F. M., and Sinninghe Damsté, J. S.: BayMBT: A Bayesian 

calibration model for branched glycerol dialkyl glycerol tetraethers in soils and peats, Geochim. Cosmochim. Acta, 268, 725 

142–159, https://doi.org/10.1016/j.gca.2019.09.043, 2020. 

 

Dang, X., Ding, W., Yang, H., Pancost, R. D., Naafs, B. D. A., Xue, J., Lin, X., Lu, J., and Xie, S.: Different temperature 

dependence of the bacterial brGDGT isomers in 35 Chinese lake sediments compared to that in soils, Org. Geochem., 119, 

72–79, https://doi.org/10.1016/j.orggeochem.2018.02.008, 2018. 730 

Davison, W.: Iron and manganese in lakes, Earth-Sci. Rev., 34, 119–163, https://doi.org/10.1016/0012-8252(93)90029-7, 

1993. 

 

De Jonge, C., Hopmans, E. C., Zell, C. I., Kim, J.-H., Schouten, S., and Sinninghe Damsté, J. S.: Occurrence and abundance 

of 6-methyl branched glycerol dialkyl glycerol tetraethers in soils: Implications for palaeoclimate reconstruction, Geochim. 735 

Cosmochim. Acta, 141, 97–112, https://doi.org/10.1016/j.gca.2014.06.013, 2014. 

 

De Jonge, C., Stadnitskaia, A., Hopmans, E. C., Cherkashov, G., Fedotov, A., Streletskaya, I. D., Vasiliev, A. A., and 

Sinninghe Damsté, J. S.: Drastic changes in the distribution of branched tetraether lipids in suspended matter and sediments 

from the Yenisei River and Kara Sea (Siberia): Implications for the use of brGDGT-based proxies in coastal marine 740 

sediments, Geochim. Cosmochim. Acta, 165, 200–225, https://doi.org/10.1016/j.gca.2015.05.044, 2015. 

 

d'Oliveira, L., Dugerdil, L., Ménot, G., Evin, A., Muller, S. D., Ansanay-Alex, S., Azuara, J., Bonnet, C., Bremond, L., Shah, 

M., and Peyron, O.: Reconstructing 15 kyr of southern France temperatures from coupled pollen and molecular (branched 

glycerol dialkyl glycerol tetraether) markers (Canroute, Massif Central), Clim. Past, 19, 2127–2156, 745 

https://doi.org/10.5194/cp-19-2127-2023, 2023. 

 

Hamilton, N. E. and Ferry, M.: ggtern: Ternary diagrams using ggplot2, J. Stat. Softw., 87, 1–17, 

http://doi.org/10.18637/jss.v087.c03, 2018. 

 750 

Hernández, A., Martin-Puertas, C., Moffa-Sánchez, P., Moreno-Chamarro, E., Ortega, P., Blockley, S., Cobb, K. M., Comas-

Bru, L., Giralt, S., Goosse, H., Luterbacher, J., Martrat, B., Muscheler, R., Parnell, A., Pla-Rabes, S., Sjolte, J., Scaife, A., 

Swingedouw, D., Wise, E., and Xu, G.: Modes of climate variability: synthesis and review of proxy-based reconstructions 

through the Holocene, Earth-Sci. Rev., 209, 103286, https://doi.org/10.1016/j.earscirev.2020.103286, 2020. 

Hopmans, E. C., Schouten, S., and Sinninghe Damsté, J. S.: The effect of improved chromatography on GDGT-based 755 

palaeoproxies, Org. Geochem., 93, 1–6, https://doi.org/10.1016/j.orggeochem.2015.12.006, 2016. 

 

https://doi.org/10.5194/egusphere-2025-5701
Preprint. Discussion started: 27 November 2025
c© Author(s) 2025. CC BY 4.0 License.



31 

 

Inglis, G. N., Farnsworth, A., Lunt, D., Foster, G. L., Hollis, C. J., Pagani, M., Jardine, P. E., Pearson, P. N., Markwick, P., 

Galsworthy, A. M., Raynham, L., Taylor, K. W. R., and Pancost, R. D.: Descent toward the Icehouse: Eocene sea surface 

cooling inferred from GDGT distributions, Paleoceanography, 30, 1000–1020, https://doi.org/10.1002/2014PA002723, 760 

2015. 

 

Kassambara, A. and Mundt, F.: factoextra: Extract and visualize the results of multivariate data analyses, R package version 

1.0.7, available at: https://CRAN.R-project.org/package=factoextra, 2020. 

 765 

Kaufman, D., McKay, N., Routson, C., Erb, M., Dätwyler, C., Sommer, P. S., Heiri, O., and Davis, B.: Holocene global 

mean surface temperature: a multi-method reconstruction approach, Sci. Data, 7, 201, https://doi.org/10.1038/s41597-020-

0530-7, 2020. 

 

Kim, B. and Zhang, Y. G.: Methane Index: towards a quantitative archaeal lipid biomarker proxy for reconstructing marine 770 

sedimentary methane fluxes, Geochim. Cosmochim. Acta, 354, 74–87, https://doi.org/10.1016/j.gca.2023.06.008, 2023. 

 

Korkonen, S. T., Ojala, A. E. K., Kosonen, E., and Weckström, J.: Seasonality of chrysophyte cyst and diatom assemblages 

in varved Lake Nautajärvi – implications for palaeolimnological studies, J. Limnol., 76, 366–379, 

https://doi.org/10.4081/jlimnol.2017.1473, 2017. 775 

 

Larocque-Tobler, I., Filipiak, J., Tylmann, W., Bonk, A., and Grosjean, M.: Comparison between chironomid-inferred mean-

August temperature from varved Lake Żabińskie (Poland) and instrumental data since 1896 AD, Quat. Sci. Rev., 111, 35–50, 

https://doi.org/10.1016/j.quascirev.2015.01.001, 2015. 

 780 

Lincoln, P., Tjallingii, R., Kosonen, E., Ojala, A. E. K., Abrook, A. M., and Martin-Puertas, C.: Disruption of boreal lake 

circulation in response to mid-Holocene warmth: evidence from the varved sediments of Lake Nautajärvi, southern Finland, 

Sci. Total Environ., 964, 178519, https://doi.org/10.1016/j.scitotenv.2025.178519, 2025. 

 

Liu, Z., Cheng, J., Zheng, Y., Zhang, W., Liu, H., Wu, H., Zhu, J., and Xie, S.: The seasonal temperature conundrum for the 785 

Holocene, Sci. Adv., 11, e8950, DOI: 10.1126/sciadv.adt8950, 2025. 

 

Liu, Z., Zhu, J., Rosenthal, Y., Zhang, X., Otto-Bliesner, B. L., Timmermann, A., Smith, R. S., Lohmann, G., Zheng, W., 

and Elison Timm, O.: The Holocene temperature conundrum, Proc. Natl. Acad. Sci. USA, 111, E3501–E3505, 

https://doi.org/10.1073/pnas.1407229111, 2014. 790 

 

https://doi.org/10.5194/egusphere-2025-5701
Preprint. Discussion started: 27 November 2025
c© Author(s) 2025. CC BY 4.0 License.



32 

 

Loomis, S. E., Russell, J. M., and Sinninghe Damsté, J. S.: Distributions of branched GDGTs in soils and lake sediments 

from western Uganda: implications for a lacustrine paleothermometer, Org. Geochem., 42, 739–751, 

https://doi.org/10.1016/j.orggeochem.2011.06.004, 2011. 

 795 

Loutre, M. F., Paillard, D., Vimeux, F., and Cortijo, E.: Does mean annual insolation have the potential to change the 

climate?, Earth Planet. Sci. Lett., 221, 1–14, https://doi.org/10.1016/S0012-821X(04)00108-6, 2004. 

 

Luo, Y.: Geochemical cycle and environmental effects of sulfur in lakes, IOP Conf. Ser. Mater. Sci. Eng., 394, 052039, 

https://doi.org/10.1088/1757-899X/394/5/052039, 2018. 800 

 

Luoto, T. P. and Ojala, A. E. K.: Controls of climate, catchment erosion and biological production on long-term community 

and functional changes of chironomids in High Arctic lakes (Antczak-Orlewska Bard), Palaeogeogr. Palaeoclimatol. 

Palaeoecol., 505, 63–72, https://doi.org/10.1016/j.palaeo.2018.05.026, 2018. 

 805 

Marshall, M., Schlolaut, G., Nakagawa, T., Lamb, H., Brauer, A., Staff, R., Ramsey, C. B., Tarasov, P., Gotanda, K., 

Haraguchi, T., Yokoyama, Y., Yonenobu, H., Tada, R., and Suigetsu 2006 Project Members: A novel approach to varve 

counting using μXRF and X-radiography in combination with thin-section microscopy, applied to the Late Glacial 

chronology from Lake Suigetsu, Japan, Quat. Geochronol., 13, 70–80, https://doi.org/10.1016/j.quageo.2012.06.002, 2012. 

 810 

Martin, C., Ménot, G., Thouveny, N., Davtian, N., Andrieu-Ponel, V., Reille, M., and Bard, E.: Impact of human activities 

and vegetation changes on the tetraether sources in Lake St Front (Massif Central, France), Org. Geochem., 135, 38–52, 

https://doi.org/10.1016/j.orggeochem.2019.06.005 , 2019. 

 

Martin, C., Ménot, G., Thouveny, N., Peyron, O., Andrieu-Ponel, V., Montade, V., Davtian, N., Reille, M., and Bard, E.: 815 

Early Holocene thermal maximum recorded by branched tetraethers and pollen in Western Europe (Massif Central, France), 

Quat. Sci. Rev., 228, 106109, https://doi.org/10.1016/j.quascirev.2019.106109, 2020. 

 

Martínez-Sosa, P., Tierney, J. E., Pérez-Angel, L. C., Stefanescu, I. C., Guo, J., Kirkels, F., Sepúlveda, J., Peterse, F., 

Shuman, B. N., and Reyes, A. V.: Development and application of the branched and isoprenoid GDGT machine learning 820 

classification algorithm (BIGMaC) for paleoenvironmental reconstruction, Paleoceanogr. Paleoclimatol., 38, 

e2023PA004611, https://doi.org/10.1029/2023PA004611, 2023. 

 

https://doi.org/10.5194/egusphere-2025-5701
Preprint. Discussion started: 27 November 2025
c© Author(s) 2025. CC BY 4.0 License.



33 

 

Martínez-Sosa, P., Tierney, J. E., Stefanescu, I. C., Crampton-Flood, E. D., Shuman, B. N., and Routson, C.: A global 

Bayesian temperature calibration for lacustrine brGDGTs, Geochim. Cosmochim. Acta, 305, 87–105, 825 

https://doi.org/10.1016/j.gca.2021.04.038, 2021. 

 

Martin-Puertas, C., Brauer, A., Dulski, P., and Brademann, B.: Testing climate–proxy stationarity throughout the Holocene: 

an example from the varved sediments of Lake Meerfelder Maar (Germany), Quat. Sci. Rev., 58, 56–65, 

https://doi.org/10.1016/j.quascirev.2012.10.023, 2012. 830 

 

Martin-Puertas, C., Tjallingii, R., Bloemsma, M., and Brauer, A.: Varved sediment responses to early Holocene climate and 

environmental changes in Lake Meerfelder Maar (Germany) obtained from multivariate analyses of micro X-ray 

fluorescence core scanning data, J. Quat. Sci., 32, 427–436, https://doi.org/10.1002/jqs.2935, 2017. 

 835 

Martin-Puertas, C., Walsh, A. A., Blockley, S. P., Harding, P., Biddulph, G. E., Palmer, A., Ramisch, A., and Brauer, A.: 

The first Holocene varve chronology for the UK: based on the integration of varve counting, radiocarbon dating and 

tephrostratigraphy from Diss Mere (UK), Quat. Geochronol., 61, 101134, https://doi.org/10.1016/j.quageo.2020.101134, 

2021. 

 840 

McKay, N. P., Kaufman, D. S., Routson, C. C., Erb, M. P., and Zander, P. D.: The onset and rate of Holocene Neoglacial 

cooling in the Arctic, Geophys. Res. Lett., 45, 12487–12496, https://doi.org/10.1029/2018GL079773, 2018. 

 

Miller, D. R., Habicht, M. H., Keisling, B. A., Castañeda, I. S., and Bradley, R. S.: A 900-year New England temperature 

reconstruction from in situ seasonally produced branched glycerol dialkyl glycerol tetraethers (brGDGTs), Clim. Past, 14, 845 

1653–1667, https://doi.org/10.5194/cp-14-1653-2018, 2018. 

 

Novak, J. B., Russell, J. M., Lindemuth, E. R., Prokopenko, A. A., Pérez-Angel, L., Zhao, B., Swann, G. E., and Polissar, P. 

J.: The branched GDGT isomer ratio refines lacustrine paleotemperature estimates, Geochem. Geophys. Geosyst., 26, 

e2024GC012069, https://doi.org/10.1029/2024GC012069, 2025. 850 

 

Nürnberg, G. K.: Lake responses to long-term hypolimnetic withdrawal treatments, Lake Reserv. Manag., 23, 388–409, 

https://doi.org/10.1080/07438140709354026, 2007. 

 

O’Beirne, M. D., Scott, W. P., Contreras, S., Araneda, A., Tejos, E., Moscoso, J., and Werne, J. P.: Distribution of branched  855 

glycerol dialkyl glycerol tetraether (brGDGT) lipids from soils and sediments from the same watershed are distinct 

regionally (central Chile) but not globally, Front. Earth Sci., 12, 1383146, https://doi.org/10.3389/feart.2024.1383146, 2024. 

https://doi.org/10.5194/egusphere-2025-5701
Preprint. Discussion started: 27 November 2025
c© Author(s) 2025. CC BY 4.0 License.



34 

 

 

Ojala, A. E., Alenius, T., Seppä, H., and Giesecke, T.: Integrated varve and pollen-based temperature reconstruction from 

Finland: evidence for Holocene seasonal temperature patterns at high latitudes, Holocene, 18, 529–538, 860 

https://doi.org/10.1177/0959683608089207, 2008. 

 

Ojala, A. E. K. and Alenius, T.: 10 000 years of interannual sedimentation recorded in the Lake Nautajärvi (Finland) clastic–

organic varves, Palaeogeogr. Palaeoclimatol. Palaeoecol., 219, 285–302, https://doi.org/10.1016/j.palaeo.2005.01.002, 2005. 

 865 

Ojala, A. E. K. and Saarinen, T.: Palaeosecular variation of the Earth's magnetic field during the last 10 000 years based on 

the annually laminated sediment of Lake Nautajärvi, central Finland, Holocene, 12, 391–400, 

https://doi.org/10.1191/0959683602hl551rp, 2002. 

 

Ojala, A. E. K., Kosonen, E., Weckström, J., Korkonen, S., and Korhola, A.: Seasonal formation of clastic–biogenic varves: 870 

the potential for palaeoenvironmental interpretations, GFF, 135, 237–247, https://doi.org/10.1080/11035897.2013.801925, 

2013. 

 

Oksanen, J., Simpson, G., Blanchet, F., Kindt, R., Legendre, P., Minchin, P., O'Hara, R., Solymos, P., Stevens, M., Szoecs, 

E., Wagner, H., Barbour, M., Bedward, M., Bolker, B., Borcard, D., Carvalho, G., Chirico, M., De Caceres, M., Durand, S., 875 

Evangelista, H., FitzJohn, R., Friendly, M., Furneaux, B., Hannigan, G., Hill, M., Lahti, L., McGlinn, D., Ouellette, M., 

Ribeiro Cunha, E., Smith, T., Stier, A., ter Braak, C., and Weedon, J.: Vegan: community ecology package, R package 

version 2.6–6.1, available at: https://CRAN.R-project.org/package=vegan, 2024. 

 

Orme, L. C., Miettinen, A., Divine, D., Husum, K., Pearce, C., Van Nieuwenhove, N., Born, A., Mohan, R., and 880 

Seidenkrantz, M. S.: Subpolar North Atlantic sea surface temperature since 6 ka BP: Indications of anomalous ocean–

atmosphere interactions at 4–2 ka BP, Quat. Sci. Rev., 194, 128–142, https://doi.org/10.1016/j.quascirev.2018.07.007, 2018. 

 

Osman, M. B., Tierney, J. E., Zhu, J., Tardif, R., Hakim, G. J., King, J., and Poulsen, C. J.: Globally resolved surface 

temperatures since the Last Glacial Maximum, Nature, 599, 239–244, https://doi.org/10.1038/s41586-021-03984-4, 2021. 885 

 

Otiniano, G. A., Porter, T. J., Phillips, M. A., Juutinen, S., Weckström, J. B., and Heikkilä, M. P.: Reconstructing warm-

season temperatures using brGDGTs and assessing biases in Holocene temperature records in northern Fennoscandia, Quat. 

Sci. Rev., 329, 108555, https://doi.org/10.1016/j.quascirev.2024.108555, 2024. 

 890 

https://doi.org/10.5194/egusphere-2025-5701
Preprint. Discussion started: 27 November 2025
c© Author(s) 2025. CC BY 4.0 License.



35 

 

Parker, S. E. and Harrison, S. P.: The timing, duration and magnitude of the 8.2 ka event in global speleothem records, Sci. 

Rep., 12, 10542, https://doi.org/10.1038/s41598-022-14684-y, 2022. 

 

Patton, H., Hubbard, A., Andreassen, K., Auriac, A., Whitehouse, P. L., Stroeven, A. P., Shackleton, C., Winsborrow, M., 

Heyman, J., and Hall, A. M.: Deglaciation of the Eurasian ice sheet complex, Quat. Sci. Rev., 169, 148–172, 895 

https://doi.org/10.1016/j.quascirev.2017.05.019, 2017. 

 

Peaple, M. D., Bhattacharya, T., Lowenstein, T. K., McGee, D., Olson, K. J., Stroup, J. S., Tierney, J. E., and Feakins, S. J.: 

Biomarker and pollen evidence for late Pleistocene pluvials in the Mojave Desert, Paleoceanogr. Paleoclimatol., 37, 

e2022PA004471, https://doi.org/10.1029/2022PA004471, 2022. 900 

 

Pearson, E. J., Juggins, S., Talbot, H. M., Weckström, J., Rosén, P., Ryves, D. B., Roberts, S. J., and Schmidt, R.: A 

lacustrine GDGT–temperature calibration from the Scandinavian Arctic to Antarctic: Renewed potential for the application 

of GDGT–paleothermometry in lakes, Geochim. Cosmochim. Acta, 75, 6225–6238, 

https://doi.org/10.1016/j.gca.2011.07.042, 2011. 905 

 

Pearson, E. J., Juggins, S., Allbrook, H., Foster, L. C., Hodgson, D. A., Naafs, D. A., Phillips, T., and Roberts, S. J.: 

Development of new global lake brGDGT-temperature calibrations: advances, applications, challenges, and 

recommendations, Quat. Sci. Rev., 369, 109615, https://doi.org/10.1016/j.quascirev.2025.109615, 2025. 

 910 

Peterse, F., Vonk, J. E., Holmes, R. M., Giosan, L., Zimov, N., and Eglinton, T. I.: Branched glycerol dialkyl glycerol 

tetraethers in Arctic lake sediments: Sources and implications for paleothermometry at high latitudes, J. Geophys. Res. 

Biogeosci., 119, 1738–1754, https://doi.org/10.1002/2014JG002639, 2014. 

 

Powers, L., Werne, J. P., Vanderwoude, A. J., Sinninghe Damsté, J. S., Hopmans, E. C., and Schouten, S.: Applicability and 915 

calibration of the TEX86 paleothermometer in lakes, Org. Geochem., 41, 404–413, 

https://doi.org/10.1016/j.orggeochem.2009.11.009, 2010. 

 

Raberg, J. H., de Wet, G. A., Geirsdóttir, Á., Sepúlveda, J., and Miller, G. H.: Oxygen depletion in lake waters may skew 

brGDGT‐inferred temperatures by more than 10 °C, Geophys. Res. Lett., 52, e2024GL113562, 920 

https://doi.org/10.1029/2024GL113562, 2025. 

 

https://doi.org/10.5194/egusphere-2025-5701
Preprint. Discussion started: 27 November 2025
c© Author(s) 2025. CC BY 4.0 License.



36 

 

Raberg, J. H., Flores, E., Crump, S. E., de Wet, G., Dildar, N., Miller, G. H., Geirsdóttir, Á., and Sepúlveda, J.: Intact polar 

brGDGTs in Arctic lake catchments: Implications for lipid sources and paleoclimate applications, J. Geophys. Res. 

Biogeosci., 127, e2022JG006969, https://doi.org/10.1029/2022JG006969, 2022. 925 

 

Raberg, J. H., Harning, D. J., Crump, S. E., de Wet, G., Blumm, A., Kopf, S., Geirsdóttir, Á., Miller, G. H., and Sepúlveda, 

J.: Revised fractional abundances and warm-season temperatures substantially improve brGDGT calibrations in lake 

sediments, Biogeosciences, 18, 3579–3603, https://doi.org/10.5194/bg-18-3579-2021, 2021. 

 930 

Rach, O., Brauer, A., Wilkes, H., and Sachse, D.: Delayed hydrological response to Greenland cooling at the onset of the 

Younger Dryas in western Europe, Nat. Geosci., 7, 109–112, https://doi.org/10.1038/ngeo2053, 2014. 

 

Ramos-Roman, M. J., De Jonge, C., Magyari, E., Veres, D., Ilvonen, L., Develle, A. L., and Seppä, H.: Lipid biomarker 

(brGDGT)- and pollen-based reconstruction of temperature change during the Middle to Late Holocene transition in the 935 

Carpathians, Glob. Planet. Change, 215, 103859, https://doi.org/10.1016/j.gloplacha.2022.103859, 2022. 

 

Rasmussen, S. O., Bigler, M., Blockley, S. P., Blunier, T., Buchardt, S. L., Clausen, H. B., Cvijanovic, I., Dahl-Jensen, D., 

Johnsen, S. J., Fischer, H., Gkinis, V., Guillevic, M., Hoek, W. Z., Lowe, J. J., Pedro, J. B., Popp, T., Seierstad, I. K., 

Steffensen, J. P., Svensson, A. M., Vallelonga, P., Vinther, B. M., Walker, M. J. C., Wheatley, J. J., and Winstrup, M.: A 940 

stratigraphic framework for abrupt climatic changes during the Last Glacial period based on three synchronized Greenland 

ice-core records: refining and extending the INTIMATE event stratigraphy, Quat. Sci. Rev., 106, 14–28, 

https://doi.org/10.1016/j.quascirev.2014.09.007, 2014. 

 

Robles, M., Peyron, O., Ménot, G., Brugiapaglia, E., Wulf, S., Appelt, O., Blache, M., Vannière, B., Dugerdil, L., Paura, B., 945 

Ansanay-Alex, S., Cromartie, A., Charlet, L., Guédron, S., de Beaulieu, J.-L., and Joanin, S.: Climate changes during the 

Late Glacial in southern Europe: new insights based on pollen and brGDGTs of Lake Matese in Italy, Clim. Past, 19, 493–

515, https://doi.org/10.5194/cp-19-493-2023, 2023. 

 

Roland, T. P., Daley, T. J., Caseldine, C. J., Charman, D. J., Turney, C. S. M., Amesbury, M. J., Thompson, G. J., and 950 

Woodley, E. J.: The 5.2 ka climate event: Evidence from stable isotope and multi-proxy palaeoecological peatland records in 

Ireland, Quat. Sci. Rev., 124, 209–223, https://doi.org/10.1016/j.quascirev.2015.07.026, 2015. 

 

Rosén, P., and Hammarlund, D.: Effects of climate, fire and vegetation development on Holocene changes in total organic 

carbon concentration in three boreal forest lakes in northern Sweden, Biogeosciences, 4, 975–984, 955 

https://doi.org/10.5194/bg-4-975-2007 , 2007. 

https://doi.org/10.5194/egusphere-2025-5701
Preprint. Discussion started: 27 November 2025
c© Author(s) 2025. CC BY 4.0 License.



37 

 

 

Russell, J. M., Hopmans, E. C., Loomis, S. E., Liang, J., and Sinninghe Damsté, J. S.: Distributions of 5- and 6-methyl 

branched glycerol dialkyl glycerol tetraethers (brGDGTs) in East African lake sediment: Effects of temperature, pH, and 

new lacustrine paleotemperature calibrations, Org. Geochem., 117, 56–69, 960 

https://doi.org/10.1016/j.orggeochem.2017.12.003, 2018. 

 

Salonen, J. S., Kuosmanen, N., Alsos, I. G., Heintzman, P. D., Rijal, D. P., Schenk, F., Bogren, F., Luoto, M., Philip, A., 

Piilo, S., Trasune, L., Väliranta, M., and Helmens, K. F.: Uncovering Holocene climate fluctuations and ancient conifer 

populations: insights from a high-resolution multi-proxy record from northern Finland, Glob. Planet. Change, 237, 104462, 965 

https://doi.org/10.1016/j.gloplacha.2024.104462, 2024. 

 

Schouten, S., Hopmans, E. C., and Sinninghe Damsté, J. S.: The organic geochemistry of glycerol dialkyl glycerol tetraether 

lipids: A review, Org. Geochem., 54, 19–61, https://doi.org/10.1016/j.orggeochem.2012.09.006, 2013. 

 970 

Schouten, S., Hopmans, E. C., Schefuß, E., and Sinninghe Damsté, J. S.: Distributional variations in marine crenarchaeotal 

membrane lipids: a new tool for reconstructing ancient seawater temperatures?, Earth Planet. Sci. Lett., 204, 265–274, 

https://doi.org/10.1016/S0012-821X(02)00979-2, 2002. 

 

Segarra, K. E. A., Schubotz, F., Samarkin, V., Yoshinaga, M. Y., Hinrichs, K.-U., and Joye, S. B.: High rates of anaerobic 975 

methane oxidation in freshwater wetlands reduce potential atmospheric methane emissions, Nat. Commun., 6, 7477, 

https://doi.org/10.1038/ncomms8477 , 2015. 

 

Sejrup, H. P., Seppä, H., McKay, N. P., Kaufman, D. S., Geirsdóttir, Á., de Vernal, A., Renssen, H., Husum, K., Jennings, 

A., and Andrews, J. T.: North Atlantic–Fennoscandian Holocene climate trends and mechanisms, Quat. Sci. Rev., 147, 365–980 

378, https://doi.org/10.1016/j.quascirev.2016.06.005 , 2016. 

 

Seppä, H., Bjune, A. E., Telford, R. J., Birks, H. J. B., and Veski, S.: Last nine-thousand years of temperature variability in 

northern Europe, Clim. Past, 5, 523–535, https://doi.org/10.5194/cp-5-523-2009, 2009. 

 985 

Shala, S., Helmens, K. F., Luoto, T. P., Salonen, J. S., Väliranta, M., and Weckström, J.: Comparison of quantitative 

Holocene temperature reconstructions using multiple proxies from a northern boreal lake, The Holocene, 27, 1745–1755, 

https://doi.org/10.1177/0959683617708442, 2017. 

 

https://doi.org/10.5194/egusphere-2025-5701
Preprint. Discussion started: 27 November 2025
c© Author(s) 2025. CC BY 4.0 License.



38 

 

Sinninghe Damsté, J. S., Hopmans, E. C., Pancost, R. D., Schouten, S., and Geenevasen, J. A.: Newly discovered non-990 

isoprenoid glycerol dialkyl glycerol tetraether lipids in sediments, Chem. Commun., 17, 1683–1684, 

https://doi.org/10.1039/B004517I, 2000. 

 

Sinninghe Damsté, J. S., Ossebaar, J., Abbas, B., Schouten, S., and Verschuren, D.: Fluxes and distribution of tetraether 

lipids in an equatorial African lake: constraints on the application of the TEX86 palaeothermometer and BIT index in 995 

lacustrine settings, Geochim. Cosmochim. Acta, 73, 4232–4249, https://doi.org/10.1016/j.gca.2009.04.022, 2009. 

 

Sinninghe Damsté, J. S., Ossebaar, J., Schouten, S., and Verschuren, D.: Distribution of tetraether lipids in the 25-ka 

sedimentary record of Lake Challa: extracting reliable TEX86 and MBT/CBT palaeotemperatures from an equatorial African 

lake, Quat. Sci. Rev., 50, 43–54, https://doi.org/10.1016/j.quascirev.2012.07.001, 2012. 1000 

 

Sinninghe Damsté, J. S. S., Weber, Y., Zopfi, J., Lehmann, M. F., and Niemann, H.: Distributions and sources of 

isoprenoidal GDGTs in Lake Lugano and other central European (peri-)alpine lakes: Lessons for their use as 

paleotemperature proxies, Quat. Sci. Rev., 277, 107352, https://doi.org/10.1016/j.quascirev.2021.107352, 2022. 

 1005 

Tierney, J. E. and Russell, J. M.: Distributions of branched GDGTs in a tropical lake system: implications for lacustrine 

application of the MBT/CBT paleoproxy, Org. Geochem., 40, 1032–1036, 

https://doi.org/10.1016/j.orggeochem.2009.04.014, 2009. 

 

Tierney, J. E., Russell, J. M., Eggermont, H., Hopmans, E. C., Verschuren, D., and Sinninghe Damsté, J. S.: Environmental 1010 

controls on branched tetraether lipid distributions in tropical East African lake sediments, Geochim. Cosmochim. Acta, 74, 

4902–4918, https://doi.org/10.1016/j.gca.2010.06.002, 2010. 

 

Van Bree, L. G., Peterse, F., Baxter, A. J., De Crop, W., Van Grinsven, S., Villanueva, L., Verschuren, D., and Sinninghe 

Damsté, J. S.: Seasonal variability and sources of in situ brGDGT production in a permanently stratified African crater lake, 1015 

Biogeosciences, 17, 5443–5463, https://doi.org/10.5194/bg-17-5443-2020, 2020. 

 

Van den Bos, V., Engels, S., Bohncke, S. J. P., Cerli, C., Jansen, B., Kalbitz, K., Peterse, F., Renssen, H., and Sachse, D.: 

Late Holocene changes in vegetation and atmospheric circulation at Lake Uddelermeer (The Netherlands) reconstructed 

using lipid biomarkers and compound‐specific δD analysis, J. Quat. Sci., 33, 100–111, https://doi.org/10.1002/jqs.3006, 1020 

2018. 

 

https://doi.org/10.5194/egusphere-2025-5701
Preprint. Discussion started: 27 November 2025
c© Author(s) 2025. CC BY 4.0 License.



39 

 

Van Wirdum, F., Andrén, E., Wienholz, D., Kotthoff, U., Moros, M., Fanget, A. S., Seidenkrantz, M. S., and Andrén, T.: 

Middle to Late Holocene variations in salinity and primary productivity in the central Baltic Sea: a multiproxy study from 

the Landsort Deep, Front. Mar. Sci., 6, 51, https://doi.org/10.3389/fmars.2019.00051, 2019. 1025 

 

Wang, Y., Cheng, H., Edwards, R. L., He, Y., Kong, X., An, Z., Wu, J., Kelly, M. J., Dykoski, C. A., and Li, X.: The 

Holocene Asian monsoon: links to solar changes and North Atlantic climate, Science, 308, 854–857, 

https://doi.org/10.1126/science.1106296, 2005. 

 1030 

Weber, Y., Sinninghe Damsté, J. S., Zopfi, J., De Jonge, C., Gilli, A., Schubert, C. J., Lepori, F., Lehmann, M. F., and 

Niemann, H.: Redox-dependent niche differentiation provides evidence for multiple bacterial sources of glycerol tetraether 

lipids in lakes, Proc. Natl. Acad. Sci. USA, 115, 10926–10931, https://doi.org/10.1073/pnas.1805186115, 2018. 

 

Weijers, J. W., Lim, K. L., Aquilina, A., Sinninghe Damsté, J. S., and Pancost, R. D.: Biogeochemical controls on glycerol 1035 

dialkyl glycerol tetraether lipid distributions in sediments characterized by diffusive methane flux, Geochem. Geophys. 

Geosyst., 12, Q10010, https://doi.org/10.1029/2011GC003724, 2011. 

 

Weijers, J. W., Schouten, S., Spaargaren, O. C., and Sinninghe Damsté, J. S.: Occurrence and distribution of tetraether 

membrane lipids in soils: Implications for the use of the TEX86 proxy and the BIT index, Org. Geochem., 37, 1680–1693, 1040 

https://doi.org/10.1016/j.orggeochem.2006.07.018, 2006. 

 

Weijers, J. W. H., Schouten, S., van den Donker, J. C., Hopmans, E. C., and Sinninghe Damsté, J. S.: Environmental 

controls on bacterial tetraether membrane lipid distribution in soils, Geochim. Cosmochim. Acta, 71, 703–713, 

https://doi.org/10.1016/j.gca.2006.10.003, 2007. 1045 

 

Woltering, M., Atahan, P., Grice, K., Heijnis, H., Taffs, K., and Dodson, J.: Glacial and Holocene terrestrial temperature 

variability in subtropical east Australia as inferred from branched GDGT distributions in a sediment core from Lake 

McKenzie, Quat. Res., 82, 132–145, https://doi.org/10.1016/j.yqres.2014.02.005, 2014. 

 1050 

Xiao, W., Wang, Y., Zhou, S., Hu, L., Yang, H., and Xu, Y.: Ubiquitous production of branched glycerol dialkyl glycerol 

tetraethers (brGDGTs) in global marine environments: a new source indicator for brGDGTs, Biogeosciences, 13, 5883–

5894, https://doi.org/10.5194/bg-13-5883-2016, 2016. 

 

https://doi.org/10.5194/egusphere-2025-5701
Preprint. Discussion started: 27 November 2025
c© Author(s) 2025. CC BY 4.0 License.



40 

 

Yao, Y., Zhao, J., Vachula, R. S., Werne, J. P., Wu, J., Song, X., and Huang, Y.: Correlation between the ratio of 5-methyl 1055 

hexamethylated to pentamethylated branched GDGTs (HP5) and water depth reflects redox variations in stratified lakes, 

Org. Geochem., 147, 104076, https://doi.org/10.1016/j.orggeochem.2020.104076, 2020. 

 

Zander, P. D., Böhl, D., Sirocko, F., Auderset, A., Haug, G. H., and Martínez-García, A.: Reconstruction of warm-season 

temperatures in central Europe during the past 60,000 years from lacustrine branched glycerol dialkyl glycerol tetraethers 1060 

(brGDGTs), Clim. Past, 20, 841–864, https://doi.org/10.5194/cp-20-841-2024, 2024. 

Zhang, Y.-G., Zhang, C. L., Liu, X.-L., Li, L., Hinrichs, K.-U., and Noakes, J. E.: Methane Index: A tetraether archaeal lipid 

biomarker indicator for detecting the instability of marine gas hydrates, Earth Planet. Sci. Lett., 307, 525–534, 

https://doi.org/10.1016/j.epsl.2011.05.031, 2011. 

 1065 

Zhang, Z., Smittenberg, R. H., and Bradley, R. S.: GDGT distribution in a stratified lake and implications for the application 

of TEX86 in paleoenvironmental reconstructions, Sci. Rep., 6, 34465, https://doi.org/10.1038/srep34465, 2016. 

 

Zhao, B., Russell, J. M., Tsai, V. C., Blaus, A., Parish, M. C., Liang, J., Wilk, A., Du, X., and Bush, M. B.: Evaluating global 

temperature calibrations for lacustrine branched GDGTs: Seasonal variability, paleoclimate implications, and future 1070 

directions, Quat. Sci. Rev., 310, 108124, https://doi.org/10.1016/j.quascirev.2023.108124, 2023. 

 

Zhao, Y., Liu, Y., Cao, S., Hao, Q., Liu, C., and Li, Y.: Anaerobic oxidation of methane driven by different electron 

acceptors: A review, Sci. Total Environ., 946, 174287, https://doi.org/10.1016/j.scitotenv.2024.174287, 2024. 

 1075 

Zolitschka, B., Francus, P., Ojala, A. E., and Schimmelmann, A.: Varves in lake sediments – a review, Quat. Sci. Rev., 117, 

1–41, https://doi.org/10.1016/j.quascirev.2015.03.019, 2015. 

 

 

 1080 

https://doi.org/10.5194/egusphere-2025-5701
Preprint. Discussion started: 27 November 2025
c© Author(s) 2025. CC BY 4.0 License.


