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Abstract. Advances in proxy development and proxy re-
constructions within the Holocene increasingly reveal cli-
matic complexity. Annually laminated (varved) lacustrine
records provide an opportunity to assess this complexity at
high temporal resolution. Organic geochemical proxies of-
fer the potential for quantitative palaeoclimate reconstruc-
tion, however, their application to different varved lake set-
tings 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 Holocene-aged annually laminated lacus-
trine records spanning different climate regions and lake set-
tings across Europe (Diss Mere, UK; Nautajirvi, Finland;
Meerfelder Maar, Germany); including intervals at multi-
decadal resolution within the mid-Holocene. We show that
isoprenoid GDGT distributions in annually laminated sedi-
ment sequences are largely derived from methanogenic Eur-
yarchaeota and yield unreliable lake surface temperature re-
constructions. Conversely, branched GDGT reconstructions
show good coherence with instrumental temperature data in
mid- and high-latitude environments. 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 vari-
ability of our brGDGT derived Holocene temperature recon-
structions 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 generate highly resolved
climate data across the Holocene.

1 Introduction

The Holocene (11.7kaBP to present) has previously been
considered as climatically stable when viewed alongside the
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; Hernandez et al.,
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2020). To disentangle this climatic complexity, highly re-
solved climate archives are required. Whilst internationally
important archives with excellent temporal resolution exist,
frequently these are limited in terrestrial palaco- studies due
to temporal limitations (e.g., tree rings; Briffa et al., 2004)
and/or are 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 poten-
tial to disentangle climatic complexity across different re-
gions over long timescales are annually laminated (varved)
lake sediments, with an absence of sedimentary mixing.
These sediment sequences contain precise chronologies ob-
tained 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, 2016; Lincoln et al.,
2025) offers the potential for highly resolved (annual to
multi-decadal) past climate reconstructions across wide spa-
tial scales. Here, biomarkers are of particular interest as they
can provide quantified climatic and environmental observa-
tions 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 sed-
iments (e.g., Tierney and Russell, 2009; Woltering et al.,
2014; Peaple et al., 2022; Robles et al., 2023; Baxter et
al., 2024; Zander et al., 2024). Isoprenoid GDGTs are ar-
chaeal lipids composed of two isoprenoid alkyl chains, with
up to four cyclopentane moieties and one cyclohexane moi-
ety identified in lakes (Schouten et al., 2013). The degree
of isoGDGT cyclisation is captured via the TetraEther in-
deX of 86 carbons (TEXgg; Schouten et al., 2002) 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 2) (Weijers et al., 2007).
The degree of methylation is captured via the methylation
index of branched tetraethers (MBT/SME; De Jonge et al.,
2014), which in lakes is calibrated to either mean annual
air temperature (MAAT; Russell et al., 2018), mean temper-
ature 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).

Whilst GDGTs have been applied extensively to
Holocene-aged lake sediments, few studies have evaluated
the environmental controls on GDGT distributions within an-
nually laminated lake sediments in Europe (i.e., Weber et al.,
2018; Zander et al., 2024; Otiniano et al., 2024). These set-
tings exhibit specific limnological processes, including hy-
polimnetic anoxia/hypoxia, thermal stratification and indi-
vidual mixing regimes that may exert strong control upon the
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distribution of different GDGT compounds. Some of these
features (e.g., seasonal anoxia), alongside lake morphometry
and catchment size, are known to affect the ecology of ar-
chaeal 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 cli-
matic settings and/or the processes that govern lamination
sedimentology (e.g., clastic, organic, diatomaceous, carbon-
ate lamina) impact GDGT distributions and associated met-
rics.

Here, we use three different annually laminated lake
records from Europe to establish whether GDGT distri-
butions in varved lake sediments are suitable for generat-
ing 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) con-
trol varve composition, impact GDGT distributions and met-
rics. Isoprenoid and branched GDGTs are analysed at multi-
decadal resolutions across key intervals of the Holocene, in-
cluding the Holocene Thermal Maximum (ca. 6.5-5 ka BP)
and the last 300 years. We compare our results with in-
strumental 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
2.1 Site descriptions
2.1.1 Diss Mere

Diss Mere (52°22'N, 1°6 E; Fig. 1) is a small (0.034 km?),
6 m deep, presently eutrophic lake with alkaline waters and
a chalk bedrock (Martin-Puertas et al., 2021). The site oc-
cupies 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
contains no inflow or outflow, experiences minimal ground-
water input (Boyall et al., 2023) and has an estimated catch-
ment 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 be-
tween 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 resuspension of organic remains and wind-induced
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Figure 1. Location of each of the sites in Europe: (a) Diss Mere, UK, (b) Nautajirvi, Finland; (c) Meerfelder Maar, Germany. Site boxes
reveal lake bathymetry with depths and inflows/outflows. Varve depositional models are added to each box which demonstrate the main
varve facies from each location, with three varve microfacies at Diss Mere and one each at Nautajidrvi and Meerfelder Maar. Letters denote
different cores from (a) and (b). Diss Mere adapted from Boyall et al. (2023); Nautajéirvi adapted from Lincoln et al. (2025).

mixing of the water column (Martin-Puertas et al., 2021;
Boyall et al., 2023).

2.1.2 Nautajarvi

Nautajirvi (61°48’ N 24°24' E; Fig. 1) is a small (0.17 km?),
~ 20 m deep mesotrophic lake, exhibiting slightly acidic lake
waters (modern pH of 5.8-6; Korkonen et al., 2017). The site
occupies a region of sub-Arctic climate. The site sits in a
tiered lake system within the Avintijirvi drainage basin and
is fed by streams and Ristijérvi to the north and is drained by
Lake Pitkdvesi 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 9829 varves cov-
ering the upper 6.74m (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 win-
ter precipitation and snowmelt run off once the lake becomes
ice-free, with the organic layer forming in the summer to
winter months (Ojala and Alenius, 2005). Inverse stratifica-
tion is observed during the winter months with anoxic bot-
tom waters at this time (Ojala and Alenius, 2005; Ojala et
al., 2013).

https://doi.org/10.5194/bg-23-1809-2026

2.1.3 Meerfelder Maar

Meerfelder Maar (50°06’ N, 6°45’E; Fig. 1) is a relatively
small (0.25km?), 18 m deep, eutrophic maar lake which oc-
cupies a predominantly maritime climate region (albeit with
some continental influences) within mainland Europe. The
lake has a CA:LA of 6. The 11.71 m long MFM-09 se-
quence contains 7.45m of sediment across the Holocene
(Martin-Puertas et al., 2012). Varves are preserved from 11.6
to ca. 1.5kaBP (Martin-Puertas et al., 2012, 2017). The
Holocene varve structures preserved at Meerfelder Maar are
diatomaceous (Fig. 1), with a spring and summer layer com-
posed 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). Hypolim-
netic anoxia has previously been proposed at Meerfelder
Maar, with treatments performed to increase bottom water
oxygen conditions (Niirnberg, 2007). This process disturbed
stratigraphy of the upper 500 years of the record.

Biogeosciences, 23, 1809-1832, 2026
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Table 1. Lake descriptors from each site.

A. M. Abrook et al.: Evaluating GDGT-based reconstructions from varved lake sediments

Lake Climatology Lake origin Mixing regime? Varve composition

Diss Mere Maritime Thermokarst® Meromictic? (no lake Calcite — organic
water overturn)

Nautajarvi Sub-Arctic Glacial lake Dimictic® (two lake Clastic — organic
water overturn periods
annually)

Meerfelder Maar  Maritime (with Volcanic (maar lake) Meromicticd (no lake Diatomaceous —

continental influences) water overturn) detrital

@ 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:
b Martin-Puertas et al. (2021); € Lincoln et al. (2025); d Niirnberg (2007). ¢ The origin of Diss Mere is debated, with possible origins dating to the Anglian stage

(Bailey, 2005).

2.1.4 Chronology

Published chronologies are derived from annual layer count-
ing 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, 2005; Lincoln et al., 2025; Nautajérvi). For each se-
quence the chronological uncertainties are decadal in scale
(see Martin-Puertas et al., 2012, 2021; Lincoln et al., 2025).
Following Abrook et al. (2025), we present reconstructions
as kaBP (as cal. kaBP at Diss Mere and Meerfelder Maar
and ka varve years BP for Nautajérvi).

2.2 Biomarker analysis

Biomarker samples, 0.5 cm resolution at variable intervals
(at an average of 8-10 varve years per sample over more
densely sampled core sections), were extracted from the
across the Holocene and from modern sediments (covering
the last ca. 300 years) from Diss Mere (n = 56) and Nau-
tajarvi (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 1-2 g of wet sediment per sample was
freeze dried and extracted using Accelerated Solvent Ex-
traction (Dionex ASE 350) with dichloromethane : methanol
(9:1, v/v) at 100°C over 3 x 15min extraction cycles at
1500 PSI. The TLE was dried under a stream of nitro-
gen (N») and separated into different compound classes via
silica gel column chromatography (F1; aliphatic, F2; aro-
matic, 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 4 mL sol-
vent volume for each fraction. The polar fraction was re-
dissolved in hexane :isopropanol (99 :1, v/v) and passed
through a 0.45um PTFE (polytetrafluoroethylene) filter
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and analysed by high-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 fol-
lowed a manual process with identification aided using in-
house GDGT laboratory standards after scanning for com-
mon mass ranges for GDGT analysis (even values between
m/z 1302-1292 for isoGDGTs and between (1022-1018,
1036-1032 and 1050-1046 for brGDGTs5).

2.3 Biomarker analysis
2.3.1 GDGT-based temperature proxies
TEXge is defined following Schouten et al. (2002).

TEXer — (GDGT-2 + GDGT-3 + crenarchaeol’) (1)
8= (GDGT-1 + GDGT-2 + GDGT-3 + crenarchaeol’)

TEXgs is calibrated to Lake Surface Temperature (LST) fol-
lowing Powers et al. (2010). See Supplement.

LST =55.2-TEXgs — 14 2)
We use the MBTY, . index following De Jonge et al. (2014).

, (Ia+1Ib+1Ic)
MBT}y s = (3)
(TIa+Ib + Ic + Ta + IIb + Ilc 4+ I1Ia)

Where alphanumeric values relate to different brGDGT
structures and the number of cyclopentane moieties and/or
methyl branches. MBT%, ;. values are converted to mean
temperature of months above freezing (MAF; Martinez-Sosa
et al., 2021) using a Bayesian calibration (BayMBT) de-
veloped 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 (Nautajirvi) and 9.9 °C
(Meerfelder Maar). Prior standard deviation is set to 10 °C.

https://doi.org/10.5194/bg-23-1809-2026
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We also use the multivariate calibration approach of
Raberg et al. (2021).

MAF = 92.9 (£15.98) + 63.84 (£15.58) - fIb?

meth

—130.51 (£30.73) - fIbmetn — 28.77 (£5.44)
a2, —72.28 (£17.38) - fIIb>

‘meth meth

—5.88(£1.36) - fllc2 ., +20.89 (£7.69)

a2, ;, — 40.54 (£5.89) - flllamerm
—80.47 (£19.19) - fllIbyern )

2.3.2 GDGT-based lake property reconstructions

The cyclisation of branched tetraethers (CBT) index (Wei-
jers et al., 2007) that includes both 5- and 6-methyl isomers
(De Jonge et al., 2014) is used to infer lake pH:

Ic + Ia’ + IIb" + IIc’ + I1a’)
(Ia+ ITa + IIa)

CBT'='"log <( (5)
We subsequently convert CBT’ values to pH using the cali-
bration from Russell et al. (2018).

pH=28.95+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:

(a’ + 1Y’ + I1c’ + [la’ + 1TIb’" + 1Ic")

(Ha+ 112’ + b + IIb’ + e + Ic’
+IMla + ITa’ + ITIb + ITIb’ + IMlc + ITIc)

Deviations from the expected temperature — MBTsyEg rela-
tionship are observed in lake sediments when the IRgmE >
0.5 (Bauersachs et al., 2024).

We use the methane index (MI) to evaluate anaerobic
methanotrophy within the lake water column and/or sed-
iments, whereby sediments with high values (> 0.3-0.5)
suggest intense anaerobic methane oxidation (Zhang et al.,
2011).

(GDGT-1 + GDGT-2 4+ GDGT-3)

Ml = GDGT1 + GDGT-2 + GDGT3 ®)

~+crenarchaeol + crenarchaeol’)

@)

IReME =

Crenarchaeol and its isomer are solely produced by Ni-
trososphaeria (Zhang et al., 2011; Schouten et al., 2013),
whereas GDGT-0 can also be produced by methanogenic ar-
chaea (Euryarchaeota) (Schouten et al., 2001). The relative
abundance of GDGT-0 vs. crenarchaeol (i.e. % GDGT-0 as
Sinninghe Damsté et al., 2012; related to GDGT-0/cren) is
thus used to evaluate methanogenesis across each of the dif-
ferent lakes.

GDGT-0
(GDGT-0 + crenarchaeol)

%GDGT-0 = ( ) 100 ©)

Where values > 67 % are considered to have a substantial

methanogen component that could render TEXgg reconstruc-
tions unreliable (e.g., Blaga et al., 2009; Inglis et al., 2015).
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2.3.3 GDGT-based organic source proxies

The branched vs. isoprenoid tetraether (BIT) index (Hop-
mans et al.,, 2004; Baxter et al., 2021) evaluates the rela-
tive proportion of terrestrial vs. marine organic matter (OM)
within individual samples and is defined as:

_ (Ia+ ITa 4+ Ia’ + ITa + I11a")
"~ (Ia+Ila+ IIa’ 4+ Illa + IITa’ + crenarchaeol)

(10)

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

The ratio of hexamethylated and pentamethylated com-
pounds (Xiao et al., 2016) is used to assess input of terres-
trial vs. marine-derived brGDGTs, where X11la / X1la values
< 0.59 suggest terrestrial provenance and high values > 0.92
represents a marine/aquatic provenance (Xiao et al., 2016).

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 (#-XRF) core scanning
data

To assist in disentangling environmental processes, geo-
chemical element profiles of each sequence (DISS-16, NAU-
23, MFM-09) have been acquired directly from split-core
surfaces every 0.2 mm using an ITRAX p©-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
abundances of tetra-, penta- and hexamethylated compounds
using the “ggtern” package (Hamilton and Ferry, 2018). Un-
constrained and constrained ordination (principal compo-
nents 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 el-
ements from centered log ratio ;«-XRF data (e.g., Feclr) from
each lake. PCA and RDA analysis was performed in R us-
ing the “factoextra” and “Vegan” packages (Kassambara and
Mundt, 2023; Oksanen et al., 2024). Correlation plots are
shown in the Supplement.

Biogeosciences, 23, 1809-1832, 2026
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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 Nautajdrvi. GDGT-0 dominates the
isoGDGT assemblage at all three site locations, across mod-
ern and Holocene samples (mostly > 90 % at Diss Mere and
Meerfelder Maar, > 80 % at Nautajarvi), with a lower rela-
tive abundance of GDGT-1 to -3, crenarchaeol and its isomer
(Fig. 2). Each site exhibits high MI values with values aver-
aging 0.73 £0.21,0.70 £ 0.10 and 0.64 £ 0.09, respectively
(Figs. 5, 6, 7).

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).
Nautajérvi and Meerfelder Maar have a higher contribution
of 5-methyl brGDGTs than Diss Mere, with a higher relative
proportion of penta- and hexamethylated compounds at Nau-
tajarvi (e.g., brGDGT-IIa, Illa). Diss Mere and Meerfelder
Maar have a larger relative proportion of 6-methyl brGDGTs
(e.g., brGDGT-112’, Illa") than Nautajirvi. This is reflected
in low average IRgMg values at Nautajarvi (0.15+0.04),
with higher values at Meerfelder Maar (0.41£0.03) and Diss
Mere (0.60 £ 0.06) (Figs. 5, 6, 7). The X1IIla / X1la ratio av-
erages 0.74 £0.07 at Diss Mere, 0.64 & 0.07 at Nautajirvi,
and 0.55 £ 0.08 at Meerfelder Maar.

The BIGMaC algorithm classified 100 % of GDGT dis-
tributions from Diss Mere and Meerfelder Maar and 67 %
of distributions from Nautajérvi as “lake-type”. The remain-
ing 33 % of GDGTs from Nautajdrvi (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 (Figs. 5, 6, 7).

3.2 Statistical analyses

PC1 and PC2 explain 39.3% and 25.7 % of variation at
Diss Mere, 56.1 % and 23.9 % of variation at Nautajirvi, and
38.8 % and 23.2 % of variation at Meerfelder Maar, respec-
tively (Fig. 4). PCA shows that 5- and 6-methyl brGDGTs
are separated at Diss Mere but not at Nautajirvi or Meer-
felder Maar. At the latter two sites, however, the brGDGT's
with the largest fractional abundance (i.e., brGDGT-Ia, IIa)
are separated from the remainder of brGDGTs. PCA also re-
veals that at Diss Mere the modern and Holocene samples
occupy a similar ordination space whilst at Nautajérvi the
modern samples are adjunct from the remainder of the data.

RDA1 and RDA?2 explain 52.2 % and 32.6 % of variation
at Diss Mere, 84.1 % and 9.1 % of variation at Nautajirvi,
and 51.9 % and 20.8 % of variation at Meerfelder Maar, re-
spectively. At each site, redox sensitive elements appear im-
portant (e.g., Fecr, Mngyr, Scir) with additional importance
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given to the relationship between authigenic (e.g., Ca.r) and
allogenic components (K| and Ticlr) between sites.

3.3 Temperature and pH reconstructions

TEXge has a larger range of values at Diss Mere (average of
0.41£0.13) compared to Meerfelder Maar (0.30£0.04) and
Nautajérvi (0.37 £ 0.08) (Figs. 5, 6, 7). When converted to
LST the data from each site appears variable, with greatest
range in LST observed at Diss Mere (—9.0 to 25 °C), Nauta-
jéarvi (1 to 14 °C) and Meerfelder Maar (—1 to 7 °C) (S1).

The lowest average MBT%, . values are from Nautajarvi
(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 temperatures are generated from Nautajérvi
with temperatures between 8 and 12 °C across all samples.
Reconstructed temperatures from Diss Mere range from 9 to
15 °C. At Meerfelder Maar temperature estimates range be-
tween 11 to 14 °C.

The CBT’ index is highest at Diss Mere (0.05 +0.07) and
lowest at Nautajérvi (—0.94 £0.15). This yields higher pH
reconstructions at Diss Mere (9.08 = 0.19) and lower pH es-
timates at Nautajarvi (6.5110.39). Meerfelder Maar exhibits
an intermediary pH reconstruction (8.11 +0.15) (Figs. 5, 6,
7).

4 Discussion

4.1 IsoGDGTs influenced by methanogenesis in varved
lake systems

In lacustrine environments, the TetraEther indeX of 86 car-
bons (TEXge) has previously been used to infer Lake Sur-
face Temperature (LST; Woltering et al., 2012). This as-
sumes 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 (Wei-
jers et al., 2006), although this has not been confirmed in cul-
ture studies (Schouten et al., 2013). This implies that input
of methanogenic archaea could bias lacustrine TEXg¢ values
(Blaga et al., 2009), especially in varved lakes where sea-
sonal anoxia/hypoxia is a persistent feature. Here, the frac-
tional abundance of GDGT-0 is elevated at all sites (Diss
Mere > 0.84 [mostly > 0.9], Nautajarvi > 0.81 [excluding
one sample of 0.62], and Meerfelder Maar > 0.94) and asso-
ciated 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 synthe-
sized mostly by methanogens.

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

https://doi.org/10.5194/bg-23-1809-2026
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Figure 2. Fractional abundances of different GDGT molecules in the different lakes. (a) isoprenoid GDGT distributions; (b) branched GDGT

distributions.

compared to the water column, implying that GDGT-0 is
largely derived from methanogens present within the sedi-
ment (Blaga et al., 2009). However, in large lakes, Baxter
et al. (2021) and Sinninghe Damsté et al. (2012) demon-
strate that GDGT-0 can also be synthesised in high concen-
trations below the oxycline, whereas Nitrososphaeria syn-
thesized abundant crenarchaeol in relatively oxygenated up-
per waters. No sediment trap or water column data is avail-
able here, but, as each lake exhibits hypolimnetic anoxia/hy-
poxia (e.g., Brauer et al., 2000; Ojala and Alenius, 2005;
Martin-Puertas et al., 2021; Boyall et al., 2023), it is likely

https://doi.org/10.5194/bg-23-1809-2026

that isoGDGTs are largely produced by methanogenic Eu-
ryarchaeota. Given the inconsistent variability in LST be-
tween sites (Sect. 3.3), and, in some instances, an extreme
range for Holocene climates (e.g., at Diss Mere, with re-
constructions from —9.0 to 25 °C; S1), this suggests that a
methanogen overprint is highly 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,

Biogeosciences, 23, 1809-1832, 2026
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e.g., cold seeps, mud volcanoes, gas hydrates) and require
high concentrations of sulphate in the overlying water col-
umn (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,
u-XRF data reveals varying contributions of elemental sul-
phur (with relationships with GDGTs; S3-S8) which, given
hypoxic conditions, can lead to sulphate reduction (albeit
strongly reducing conditions may not be maintained through-
out the annual cycle; Lincoln et al., 2025). These features,
alongside high MI values, may suggest AOM-impacted sed-
iments. High MI and % GDGT-0 values are not surprising as
the two proxies are linearly correlated in marine sediments
(Inglis et al., 2015) and 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 distri-
butions 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 TEXg¢ in varved lake systems.

4.2 BrGDGTs likely derived from in-situ lacustrine
production in varved lakes

BrGDGTs in lakes can have multiple sources including in-
put via soils/peats (e.g., Peterse et al., 2014) and in situ pro-
duction 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; Dear-
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ing 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 sedi-
ment composition may be reflective of changes in lacustrine
or catchment productivity and changes in autochtonous pro-
cess (e.g., primary productivity in the water column and sus-
pension settling of mineral or organic particles vs. in-wash).

Branched vs. isoprenoid tetraether (BIT) values are his-
torically 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 three lakes, the BIT index is high for all sam-
ples (Holocene and modern) (> 0.9), which implies consis-
tently high input of soil or peat organic matter into the lake.
Each lake is relatively small (< 0.25 km?), and depositional
models for detrital and clastic lamination types indicate al-
lochthonous input via catchment runoff limited to specific
seasons (Meerfelder Maar, Brauer et al., 2000; Nautajarvi,
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 perspec-
tive. However, increasingly evidence suggests that higher
BIT values can result from relatively low crenarachaeol con-
centrations 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 sedi-
ments.

https://doi.org/10.5194/bg-23-1809-2026
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To evaluate organic matter sources further, the
¥IITa / ¥1la 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 XIIla/ X1IIa ratios can also distinguish between soil
vs. aquatic input in lacustrine settings. All Holocene samples
from Diss Mere and Nautajirvi (except one sample from
Nautajéarvi at 1.0 ka BP) exhibit X1IIla / X1la ratios > 0.59,
which is higher than the proposed limit for soil production

https://doi.org/10.5194/bg-23-1809-2026

(Xiao et al., 2016). Modern (< 300 years) samples at Diss
Mere exhibit similar values, but those from Nautajirvi
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 XIIla/ X1Ila ratios
between 0.42 to 0.75, suggesting a mixed contribution of
soil and aquatic derived GDGTs. However, as Meerfelder
Maar has 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 periods of

Biogeosciences, 23, 1809-1832, 2026
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index (BIT).

the Holocene. Nonetheless this highlights the limitations of
¥1Ila / ¥1Ia in varved (and typical) lake systems (O’Beirne
et al., 2024).

An alternative approach involves comparing the propor-
tion 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 opposed to soils/peats), suggesting that brGDGTs
in this study are largely produced within the lacustrine envi-
ronment (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 %), Nautajdrvi (67 %), and Meerfelder Maar
(100 %) have GDGTs defined as “lake-type”. Only the mod-
ern samples and two late Holocene samples (at 1.0 and

Biogeosciences, 23, 1809-1832, 2026

2.0kaBP) from Nautajdrvi are classified as “peat-type”.
Taken 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 be-
low the thermocline (Buckles et al., 2014; Miller et al., 2018;
Sinninghe Damsté et al., 2022) with enhanced brGDGT
production in 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 in-
dividual laminations also reveals the influence of different
seasonal processes in lake environments, for example cal-
cite precipitation in summer months and increased titanium

https://doi.org/10.5194/bg-23-1809-2026
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Figure 6. Main GDGT reconstructions from Nautajérvi. Shown are (a) TEXgg; (b) MBTf5ME (De Jonge et al., 2014); (¢) CBT’ (De Jonge et
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in autumn and winter months relating to changing catchment
sediment flux (e.g., Marshall et al., 2012; Zolitschka et al.,
2015), or varied organic carbon content related productiv-
ity changes (e.g., Hillberg et al., 2023). To explore whether
and/or how the brGDGT distributions in lakes in this study
are influenced by specific limnological processes (e.g., strat-
ification, anoxia, in wash), we compare our data to physi-
cal lake properties and u-XRF measurements from the same
sediment profiles within Holocene laminated core sections.

4.3.1 Redox influence upon brGDGT distributions

The lakes in this study are all thermally stratified in sum-
mer months. However, in terms of mixing regime, Diss Mere
and Meerfelder Maar were meromictic prior to 2 ka BP. Nau-
tajarvi was dimictic in the early and late Holocene with
episodic shifts towards a more meromictic regime coincid-
ing 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 hypoxi-
c/anoxic bottom waters contributing to varve formation and

https://doi.org/10.5194/bg-23-1809-2026

preservation. In permanently stratified (meromictic) lakes,
pentamethylated and hexamethylated brGDGTs increase in
abundance with depth and are associated with anoxic condi-
tions (Weber et al., 2018; Yao et al., 2020; van Bree et al.,
2020; Baxter et al., 2024). As the lakes in this 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, ITa")
and hexamethylated brGDGTs (brGDGT-1IIa, IIa") 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 (S) and iron (Fe)). In lakes insoluble sul-
phides can form through conversion of sulphate by sulphate-
reducing bacteria under anoxic conditions (Luo, 2018),
whilst precipitation of Fe-hydroxide is associated with oxic
conditions (Davison, 1993). At Nautajidrvi, we identify a
significant positive relationship between S¢j; and brGDGT-
Ia (r =0.45, p=0.012) and brGDGT-Ila (r =0.54; p =
0.002), and a significant negative relationship between Fe,
and brGDGT-Ila (r = —0.52; p = 0.003) (S7). Given that
we observe opposing relationships between these redox-

Biogeosciences, 23, 1809-1832, 2026
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sensitive elements (Fig. 4) alongside temperature-sensitive
brGDGTs (i.e., lower relative brGDGT-I11a with high Fe, de-
rived from mineral precipitates linked to phases of relatively
greater hypolimnetic oxidation during strengthened mixing
phases; see Lincoln et al., 2025), we suggest that hypoxia
and shifts to relatively more oxygenated conditions may in-
fluence brGDGT production at Nautajérvi (e.g., Raberg et al.,
2022, 2025).

In contrast, at Diss Mere, we observe the opposite relation-
ship between S¢i and brGDGT-I11a (r = —0.46; p = 0.003)
(S3). This is also reflected in the redundancy analysis with
Scir being positively loaded with Fe, at Diss Mere (Fig. 4).
There is also a significant correlation between In(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-1I2’ (r = 0.46; p = 0.004) (S3). In-
creased In(Fe/Ti) indicates increased bottom water anoxia
(Boyall et al., 2024). As such, the negative relationship be-
tween brGDGT-Ila and In(Fe/Ti) suggests that anoxic con-
ditions in the lake, due to incomplete mixing in a meromic-
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tic setting, result in lower relative brGDGT-IIa abundance.
Whilst these patterns are observable at Diss Mere and Nauta-
jarvi, we only observe a significant relationship between Sy,
and brGDGT-IIa’ at Meerfelder Maar (r = 0.36; p = 0.045)
in terms of redox sensitive elements (S5). Therefore, at Meer-
felder Maar, like Diss Mere, anoxic conditions are consid-
ered less important than at Nautajirvi for brGDGTs, which
is a pattern that has emerged across dimictic and meromictic
lake settings globally (Raberg et al., 2025).

To further evaluate whether inferred redox sensitivity re-
flect changes in water column stratification, we compare our
results with GDGT-based stratification indicators (e.g., Bax-
ter et al. 2021). Baxter et al. (2021) use f(CREN') (ra-
tio of crenarchaeol / crenarchaeol isomer) at Lake Chala to
define periods of upper water column stratification, where
higher values indicate greater stratification. As changes in
mixing regime have been identified at Nautajdrvi by Lin-
coln et al. (2025), we test GDGT approaches as stratifica-
tion indicators here. Based on Baxter et al. (2021) increased
f(CREN’) at Nautajérvi during the mid-Holocene suggests

https://doi.org/10.5194/bg-23-1809-2026
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periods of enhanced lake water stratification (S9). Physical
varve evidence suggests that Nautajirvi was sensitive during
the mid-Holocene with periods of increased lake water strat-
ification (greater meromixis) interspersed with periods of pe-
riods of strengthened mixing (observed through Fe precipi-
tation and colloid formation; Lincoln et al., 2025). Indeed,
rapid fluctuations between higher and lower f(CREN’) in
the mid-Holocene may align with these observations (S9).
Whilst we acknowledge that interpretations from very differ-
ent, albeit meromictic systems (in the mid-Holocene at Nau-
tajdrvi), may not be wholly transferable, the data appears to
agree with physical varve evidence at this location reinforc-
ing observations from Lincoln et al. (2025).

Therefore, the strength of redox influences on brGDGT
distributions vary between sites. Nautajdrvi appears to ex-
hibit the greatest sensitivity to redox conditions and changes
in mixing regime whereas this is weaker at Diss Mere and
Meerfelder Maar. These results indicate that although anoxia
and oxycline position can influence the distribution of certain
5-methyl brGDGTs, redox effects are site specific. However,
the scatter observed in the correlations between brGDGTs
and redox sensitive elements, together with their contrast-
ing behaviour across lakes, suggests that other controls (e.g.,
temperature and environmental factors) remain important
drivers of brGDGT production in these systems.

4.3.2 BrGDGT response to limnological
characteristics / processes within varved lakes

BrGDGT distributions, cyclisation of branched tetraethers
(CBT')-derived pH reconstructions, and the isomer ratio
(IR¢mg) differ across each site (Figs. 5, 6, 7). These differ-
ences are likely influenced by differences in water chemistry
owing to the global relationship between CBT’ and IRgmg
and pH (De Jonge et al., 2014; Naafs et al., 2017) and there-
fore may be associated with varve formation.

At Diss Mere, calcite precipitation occurs predominantly
within the summer leading to the formation of calcite lam-
inae. This is a product of alkaline lake waters being super-
saturated with CaCOj3 throughout the year, with a greater de-
gree of precipitation occurring during the summer months.
Although our sampling strategy encompasses multiple varve
laminations (i.e., both organic and calcite sub-layers in sub
millimetre varve structures), brGDGT-derived pH values are
relatively alkaline throughout the Holocene (~ 8.5-9.5). We
do not observe a significant correlation between CBT’ and
Cagyy or CBT’ and In(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 Nautajdrvi the winter season is rep-
resented by clastic lamina reflective of winter precipitation
and snowmelt 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
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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 re-
duction in alkalinity from the early to late Holocene at Nau-
tajédrvi, which aligns with observations from other Scandina-
vian locations (Rosén and Hammarlund, 2007), and may be
attributed to a gradual increase 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 observe pos-
itive relationships between In(Ca/Ti) (r = 0.55; p = 0.001),
In(Ca/K) (r = 0.54; p = 0.002) and CBT’ /pH at Meerfelder
Maar (S6), suggesting that variability in Tic, and K, im-
pacts 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 Ca.; RDA loadings (Fig. 4)
are driven by early Holocene samples only and are not, there-
fore, considered a driver of the Holocene GDGT response.

The relative proportion of 6-methyl brGDGTs is vari-
able between sites. This is reflected in differences in aver-
age IRgMge with Diss Mere and Meerfelder Maar exhibit-
ing greater values than Nautajarvi (Figs. 5, 6, 7). We ob-
serve a significant relationship between IRgmg and In(Ca/Ti)
at both Diss Mere and Meerfelder Maar (S4, S6), 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 au-
tochthonous and allochthonous processes. Given the low
IRgmE from Nautajédrvi we do not discuss this further here.

Additionally, changes in organic carbon have been shown
to drive brGDGT responses (Hillberg et al., 2023). Whilst
no organic carbon data is available for comparison, we argue
that changes in organic carbon content has a limited influ-
ence on temporal trends during the Holocene due to contin-
ued, rhythmic varve sedimentation. Such conditions suggest
stable depositional and productivity environments without
large shifts in organic carbon (e.g., Kril et al., 2025). Where
carbon content likely increases (i.e. in the non-varved sedi-
ments < 2.0kaBP at Diss Mere) organic carbon may influ-
ence brGDGTs. However, disentangling this from processes
controlling eutrophication remains difficult.

We show that differences in the distribution of brGDGTs
and metrics can be related to processes that operate in sea-
sonally stratified lakes. The data suggests that anoxia, lim-
nological and catchment processes can influence brGDGTs
in these environments but that different processes impact
brGDGTs at each site. However, given the moderate corre-
lations other factors (e.g., climate) likely remain a key com-
ponent (Sect. 4.4).
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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 com-
pare modern (< 300 year) brGDGT-based temperature re-
constructions to instrumental data from Diss Mere and Nau-
tajarvi (Fig. 8). This same analysis is not possible from Meer-
felder Maar owing to disrupted core top sediments.

BrGDGT-based mean temperature of months above freez-
ing (MAF) reconstructions from Diss Mere are similar
to long-term instrumental mean annual air temperature
(MAAT) data, but are ~ 1 to 2 °C warmer than instrumen-
tal 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 al-
beit, on average, appear slightly warmer in modern settings.
At Nautajarvi, brGDGT temperature reconstructions over-
estimate instrumental MAAT by > 5°C when applying a
global lacustrine MAF temperature calibration. The BIG-
MaC 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
Sect. 4.2) and that a lacustrine calibration in these modern
samples may be inappropriate. To explore this further, we re-
calculate temperatures at Nautajdrvi using a combined global
peat and soil dataset (Dearing Crampton-Flood et al., 2020)
calibrated to either MAAT or MAF. However, MAAT recon-
structions yield temperatures that are consistently lower (3—
5°C) than instrumental MAAT. Instead, we resampled in-
strumental 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 Nautajirvi are record-
ing warm season temperatures and that a lake calibration is
appropriate.

Whilst Nautajirvi has a very good overlap with instrumen-
tal data, Diss Mere only approximates instrumental data with
occasional divergence between reconstructed and instrumen-
tal data. However, we do note that instrumental data are
within reconstruction uncertainty of the GDGT calibration.
Moreover, Diss Mere and Nautajérvi are different systems.
Nautajdrvi presently accumulates varves and is mesotrophic
(Lincoln et al., 2025), whilst the upper sediments from Diss
Mere are massive and the system is currently eutrophic (de-
spite similar processes operating as during the Holocene;
Boyall et al., 2023). Eutrophication at Diss Mere is a result
of increased detrital input via intensified human catchment
activity over the last 1 kyr (Boyall et al., 2024). This shift in
trophic state is realized through changes in diatom and blue-
green algae communities (Boyall et al., 2024). We suggest
that coeval shifts in the bacterial community, in a eutrophic
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system, may help explain why the overlap between recon-
structed and instrumental data is weaker than at Nautajirvi.
Shifting IRgve and X1Ila / X1la ratios also suggest bacte-
rial community change. Similar patterns have been identi-
fied elsewhere (e.g. Miller et al., 2018; Zhao et al., 2021)
associated with changing bacterial communities driven by
eutrophication (Miller et al., 2018) and/or degradation and
sub-surface GDGT production (De Jonge et al., 2020). Given
Diss Mere is presently eutrophic, this explanation seems
plausible here.

This analysis shows that our data approximate modern in-
strumental data from these two locations yet consideration
needs to be given to MAAT or MAF depending on location
and present trophic conditions in the lake environment.

4.4.2 Effect of 6-methyl brGDGT isomers on Holocene
MBTY,,, values

Previous work has suggested that application of the methyla-
tion index of branched tetraethers (MBT/SME) in lakes with
abundant 6-methyl brGDGTs can yield lower- or higher-
than-expected temperature estimates (Dang et al., 2018; Rus-
sell et 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 IRgyg and MBT’SME at
either Meerfelder Maar or Nautajarvi, respectively (r = 0.01;
p=0.97, r =—-0.36; p=0.053). At Diss Mere, there is
a significant correlation between IRgvg and MBT’SME (r=
0.65; p =< 0.001) across the Holocene (S4), suggesting that
input of 6-methyl brGDGTs may bias temperature recon-
structions (Dang et al., 2018; Martinez-Sosa et al., 2020).
However, this data incorporates sparsely sampled datapoints
that track low-frequency climate variability (see Sect. 5). If
the data is subset to remove the influence of low-frequency
variability and includes only highly sampled mid-Holocene
data, the IRgvg and MBT/SME relationship is much weaker
(r=0.27; p=0.141).

The observed similarities with regional reconstructions
(Sect. 5) and instrumental data (Sect. 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 IRgymEg. Our results thus em-
phasize that previously identified 0.5 and 0.4 IRgvE thresh-
olds may vary on a site-by-site basis (e.g. Bauersachs et al.,
2024; Novak et al., 2025).

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 (Sect. 4.1-4.2), the influ-
ence of different lake processes on brGDGTs (Sect. 4.3) and
the overall reliability of brGDGT reconstructions in mod-
ern and Holocene contexts (Sect. 4.4). Below we show the
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Figure 8. Modern (< 300-year) temperature reconstructions from Diss Mere and Nautajirvi. Shown are (a) GDGT-based MAF reconstruc-
tions at Diss Mere; (b) this data alongside modern MAAT instrumental data from both the Lowestoft meteorological station (light blue) and
from 5 km gridded temperatures using the HadUK dataset (light orange; Hollis et al., 2019); (c) GDGT-based MAAT and MAF reconstruc-
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May-November meteorological station air temperature data.

comparison of brGDGT reconstructions from our lakes to
regional Holocene climate observations (Fig. 9). As recon-
structions of MAF at Diss Mere (11-15 °C) and Meerfelder
Maar (11-14 °C) are both similar and warmer than at Nau-
tajarvi (8—-10°C) (Fig. 9), our brGDGT temperature recon-
structions are, in the first order, performing as expected in
light of site latitudinal differences. However, differences can
be observed regionally.

4.5.1 Trends in temperature evolution across the
Holocene

Diss Mere and Meerfelder Maar exhibit ~ 2-3 °C warm-
ing between 10 and 8/7 ka BP, respectively. From the avail-
able data, peak warmth occurs at Diss Mere between 8
and 4 ka BP, with the warmest temperature at 8 ka BP recon-
structed from a single data point in a sparsely sampled sec-
tion. Peak warmth at Meerfelder Maar appears between 5.6
and 3kaBP with the observation at 3 ka again from a sin-
gle datapoint. At Diss Mere temperatures generally follow a
decreasing pattern from 8 ka BP (depending on calibration).
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In contrast, Nautajédrvi reveals only a small temperature in-
crease from the early to 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). Whilst cau-
tion is required when interpreting sparsely sampled data-
points, our reconstructions are broadly comparable with cli-
mate and physical proxy data obtained from these records
(with the exception of warm temperatures during the late
Holocene from Nautajdrvi and Meerfelder Maar; S10, S11,
S12), and comparative reconstructions from across Europe
(Fig. 9) adding greater credence to our interpretations.

The general increase in temperature from the early
Holocene as observed at Diss Mere and Meerfelder Maar,
and decline in the late Holocene at Diss Mere is comparable
to global temperature trends across the Holocene (e.g., Fig. 9;
Kaufman et al., 2020; Salonen et al., 2024) and follows pat-
terns of precessionally driven summer insolation (Loutre et
al., 2004). However, increasing temperatures at Nautajérvi
in the late Holocene appears at odds with both this pattern
and Arctic neoglacial cooling (e.g., McKay et al., 2018).
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Orme et al. (2018) identify warming sea surface tempera-
tures 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 anoma-
lies in Scandinavia and a greater abundance of warm diatom
taxa in the Baltic Sea (Seppd et al., 2009; Sejrup et al., 2016;
Van Wirdum et al., 2019). Despite this, it is challenging to
reconcile opposing patterns in Europe, especially given that
Nautajdrvi is trending towards warmer climates than in the
mid-Holocene. Therefore, at Nautajirvi 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.

Despite these proxy observations, the long-term evolution
of temperature between regions (e.g., in the timing of peak
warmth) reveal spatial differences with sites in mainland Eu-
rope showing different trends vs. the UK. We suggest that
the more maritime location of Diss Mere may be more sen-
sitive to northern North Atlantic conditions, which, along-
side certain 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 Meer-
felder Maar, is not yet clear. At Nautajarvi 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 north-
ern Finland (Fig. 9). In Finland delayed peak warmth may be
related to the influence of the final wastage of the Fennoscan-
dian ice sheet (Patton et al., 2017) and associated disruption
of ocean circulation patterns (Cartapanis et al., 2022). Glob-
ally, at latitudes of > 60° N, continental sites display peak
warmth either prior to 10ka BP or between 8 and 4 ka BP
(Cartapanis et al., 2022). At 10 ka BP, Nautajirvi was a com-
ponent of Lake Ancylus and connected to the Baltic Sea
basin (Ojala et al., 2005) and therefore was not a compe-
tent lacustrine archive at this time. Therefore, regional tem-
poral differences in temperature evolution appears variable
between more maritime locations and mainland Europe.

Spatial differences in reconstructed temperatures also ap-
pear in the mid Holocene. Previous west-European GDGT-
based reconstructions reveal a general increase in tempera-
tures 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-Romén et al., 2022). Further reconstruction complex-
ity 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 tem-
perature seasonality alongside localised site differences, for
example in environmental contexts and altitude (d’Oliveira
et al., 2023). Nonetheless, the trends in temperature recon-
structions 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.,
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site elevation, continental position) seemingly being impor-
tant in the direction of temperature change during the mid-
Holocene.

4.5.2 mid-Holocene variance

By exploiting varved lake sediments, we show that dur-
ing the mid-Holocene, Diss Mere and Meerfelder Maar me-
dian reconstructions exhibit ~ 2-3 °C of temperature vari-
ability at multi-decadal scales. Whilst this ~ 2-3 °C temper-
ature variability may be a product of calibration uncertainty,
comparative climate reconstructions reveal similar patterns.
Pollen and brGDGT-based reconstructions from the Euro-
pean mid-latitudes reveal a similar range of variability (e.g.,
Seppd et al., 2009; Martin et al., 2020); albeit with some
records displaying increased variability (~ 4-5 °C) at multi-
decadal (Ramos-Roman et al., 2022) and centennial scales
(d’Oliveira et al., 2023) (Fig. 9). At Nautajirvi, tempera-
tures are stable during the mid-Holocene (Fig. 9; median
variability of 1°C). This is comparable to the brGDGT re-
construction from northern Finland between 7 and 4 ka BP
(Otiniano et al., 2024). However, this is incongruent with
non-brGDGT based temperature observations from Scandi-
navia (e.g., Shala et al., 2017; Salonen et al., 2024) where
greater temperature variability (2-3 °C) is observed. Our re-
constructions reveal a mostly comparable range of variabil-
ity to other brGDGT reconstructions and suggest that higher
latitudinal locations exhibit less variance than lower latitude
locations. However, as reconstruction amplitude can be dif-
ferent between GDGT and traditional proxy reconstructions
(pollen and/or chironomid) it is likely that some of the con-
trols discussed above may be important in these lake settings
(Sect. 4.3), or the seasonality of temperature recorded varies
by proxy and by latitudinal setting.

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
TEXgg derived LST reconstructions are unreliable in annu-
ally laminated lake systems (or lakes that exhibit hypoxi-
a/anoxia). In contrast, we show that brGDGTs are likely syn-
thesised in-situ within each lake. Whilst there appears to be a
redox influence at each location, the degree to which oxy-
gen depletion affects brGDGT-temperatures appears mini-
mal. 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 strong correspondence be-
tween brGDGT temperatures and modern instrumental data,
demonstrating suitability for brGDGT temperature recon-
struction at those locations. Further, the reconstructed tem-
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peratures from Holocene-aged sediments at Diss Mere and
Meerfelder Maar resemble regional climate reconstructions
(partly at Meerfelder Maar) and exhibit similar multi-decadal
temperature variability. Nautajirvi exhibits limited tempera-
ture variability - this is comparable to another brGDGT re-
construction from Finland. However, there is mismatch be-
tween 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 Nautajérvi.

Taken together, we show that annually laminated lake se-
quences are valuable archives for brGDGT-based climate re-
construction. 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 re-
gional climate observations to disentangle the influence of
lake processes. In doing so, GDGT-based reconstructions
from annually laminated records have the potential to decon-
volve both multi-decadal climate variability and if performed
at higher temporal resolutions, seasonal climate dynamics.
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