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ARTICLE INFO ABSTRACT

Associate Editor: Isla Castaneda BrGDGTs, membrane-spanning lipids produced by bacteria, are at the basis of the MBT sy, a biomarker ratio

that has been used as a paleotemperature proxy. However, the response of the MBT 5y to temperature changes,

Keywords: particularly in freshwater systems, remains incompletely understood. In this study, oxic mesocosms are used to
brGDGTs assess the temperature sensitivity of brGDGTs and their producers, sampled from a lake (Lake Rot) and a river
Freshwater (Sihl River) in three different seasons. Three temperature treatments are employed (10, 17.5, and 25 °C), rep-
Mesocosm . o . . . .

. resenting control (in-situ temperatures), cooling, and/or warming treatments, with GDGTs and the bacterial
Seasonality g R . . .
Microbial biomarker community measured at several timepoints (24 h, 1, 2, 3 and 5 weeks). The control experiments showed that this
Paleotemperature experimental approach could not replicate natural conditions exactly, with small changes in chemistry (pH,

conductivity, alkalinity) and bacterial community composition. Still, our mesocosm setup yielded valuable in-
sights into the temperature-dependent production of lacustrine brGDGTs and MBT sy values, especially in
warming treatments, while no response was observed in cooling treatments, potentially indicating limited
sensitivity to cold temperatures. In the river mesocosms not the MBT sy but the IR ratio showed a temperature
dependency, potentially driven by small changes in the water pH. Coeval changes in the composition of the
bacterial community and the MBT sy and IR are determined to constrain potential GDGT producers. Although
an increase in MBT sy in response to some warming incubations is observed, the temperature-sensitivity of

MBT 5mg, as expected from GDGT studies on a global scale, is not supported by this experiment.

1. Introduction

Quantitative continental temperature proxies, based on geological
and biological indicators measured in ice cores, tree rings, sediment
cores, or other environmental records are used to reconstruct past cli-
matic conditions. These paleoclimate reconstructions are used to
improve climate model predictions (Harning et al., 2020; Tierney et al.,
2020). Providing more accurate values that allow for quantitative ana-
lyses of past temperature variations aids in understanding the mecha-
nism, magnitude, and frequency of past climate change (Marcott and
Shakun, 2015).

A group of bacterial membrane spanning lipids, so-called branched
glycerol dialkyl glycerol tetraethers (brGDGTs), have been used as
paleotemperature (mean annual temperature: MAT) indicators (Weijers
etal., 2007; Peterse et al., 2009; Tierney and Russell, 2009) in geological
archives such as paleosoils, marine and lake sediments (Xiao et al., 2016;
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Russell et al., 2018; Zang et al., 2018). These lipid molecules contain two
glycerol backbones that are attached to two branched alkyl chains with
four ether bonds (Sinninghe Damsté et al., 2000; Weijers et al., 2006).
Their structural variability (Supp. Fig. 1) is caused by a change in the
degree of methylation (containing 4 to 6 branches, so-called tetra, penta
and hexamethylated brGDGTs) and by the presence of 1 or 2 cyclopentyl
moieties formed by internal cyclization (Schouten et al., 2013). Com-
pounds with the outer branch(es) located on the C-a and/or ©5 are
denoted as 5-methyl, brGDGTs, whereas compounds with the outer
methyl branch(es) on C-a and/or ®6 are referred to as 6-methyl
brGDGTs (De Jonge et al., 2013).

As brGDGT compounds are generally abundant in soils (Schouten
et al., 2000), their presence in marine and lacustrine sediments was
initially assumed to indicate the presence of soil organic matter. How-
ever, it has since been confirmed that brGDGTs measured in the lacus-
trine water column and sediments are dominantly produced within the
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water column of lakes and rivers (De Jonge et al., 2014a; Loomis et al.,
2014; Martinez-Sosa and Tierney, 2019; Martinez-Sosa et al., 2020) or
within surface sediments (Buckles et al., 2014). On a global scale, the
degree of methylation of 5-methyl brGDGTs (calculated as the MBT s5ug
ratio) correlates with temperature (Martinez-Sosa et al., 2021) in
lacustrine settings. Similarly, the cyclization index of tetraethers (CBT’
ratio), which expresses the relative abundance of cyclopentane-
containing tetramethylated brGDGT Ic and 6-methyl penta- and hex-
amethylated brGDGTs compared to their 5-methyl counterparts without
cyclopentane group, correlates with lake pH (Raberg et al., 2021). The
isomer ratio (IR, De Jonge et al., 2014b; Halffman et al., 2022), which
expresses the relative abundance of 6-methyl penta- and hexamethy-
lated brGDGTs compared to their 5-methyl counterparts, reflects vari-
ation in similar pH-sensitive compounds as the CBT’ ratio. As such, IR
values have also been linked to both pH and conductivity (Russell et al.,
2018; Martinez-Sosa et al., 2020; Raberg et al., 2021), but also with
temperature (Martinez-Sosa et al., 2020). To translate variation in
MBT sy values and mean annual temperature (MAT), or temperature
above freezing, several lacustrine calibrations have been developed (e.
g., Russell et al., 2018; Martinez-Sosa et al., 2021; Raberg et al., 2021).
These calibration between the MBT 5 ratio and MAT have been based
on empirical dependencies, either among global or local temperature
gradients (e.g., Russell et al., 2018, Stefanescu et al., 2021).

More recently, these empirical calibrations have been underpinned
by mechanistic understanding of the temperature-dependency of the
MBT sy ratio. Using computer simulations, Naafs et al. (2021)
corroborate the notion that bacterial membrane lipids change directly
with temperature, a process referred to as homeoviscous adaptation.
This is supported by temperature-dependent adjustments in the
composition of GDGT lipids of specific bacterial cultures (S. usitatus)
(Chen et al., 2022; Halamka et al., 2022). These studies support the idea
that the empirical calibration of MBT 5y relies on the homeoviscous
adaptation of a potentially limited diversity of bacteria.

However, previous studies have employed simultaneous analysis of
GDGT lipids and 16S rDNA based community composition to propose
that brGDGT distributions change as the communities of bacterial
brGDGT producers change in the environment (e.g. Weber et al., 2018;
De Jonge et al., 2019; 2021; Guo et al., 2022). As the phylogenetically
diverse phylum Acidobacteria is a potentially important source for
brGDGTs in soils (Weijers et al., 2009), acidobacterial cultures from
different subgroups have been the subject of lipid profiling. Here, Sin-
ninghe Damsté et al., (2011, 2014, 2018) report the presence of distinct
ether and ester-bound iso-diabolic acids and branched fatty acids that
are possible precursors of brGDGT lipids, in subgroups 1, 3, 4 and 6. In
soil environments, shifts between Acidobacterial subgroups are
observed when 6-methyl GDGTs or brGDGT Ia are produced in non-arid
soils (De Jonge et al., 2019; 2021), while Verrucomicrobiae (Sparto-
bacteria) are potential producers in arid soils (Guo et al., 2022). The
substantial production of brGDGTs contrasts with the low abundances of
Acidobacteria in lake water columns (Dedysh and Sinninghe Damsté,
2018; Weber et al., 2018; van Bree et al., 2020), and raises the question
whether additional groups are involved in brGDGT synthesis in aquatic
settings. Moreover, genomic analyses show the widespread potential
among bacterial phyla to produce membrane-spanning lipids that
contain ether bonds (Sahonero-Canavesi et al., 2022; Zeng et al., 2022).

Although changes in bacterial community composition across
freshwater redox gradients (e.g., the oxic, suboxic water columns) are
coeval with changes in brGDGT signature and MBT 5y values and
bacterial community composition (Weber et al., 2018), the impact of
temperature on lacustrine brGDGT producers is still poorly constrained.
Charactering the temperature response of brGDGT lipids, together with
potential bacterial brGDGT producers allows study of whether homeo-
viscous adaption or changes in the bacterial community drive
temperature-dependent brGDGT variation in freshwater systems.

Understanding these drivers behind brGDGT variations in freshwater
systems is especially important as these settings experience seasonal
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changes. To determine the temperature response of brGDGTs, their
distributions have been tracked over different seasons within individual
lakes (Loomis et al., 2014; Miller et al., 2018). However, because other
variables, such as water chemistry and bacterial community also un-
dergo seasonal changes (Shade et al., 2007), a laboratory approach is
needed to study the unique impact of temperature on GDGTs as done by
Martinez-Sosa et al., (2020) using mesocosms. We build both upon this
experimental approach and the knowledge on confounding factors on
empirical calibrations. A mesocosm approach will allow experimental
change (specifically, temperature), while measuring proposed con-
founding variables such as water chemistry (pH, alkalinity, conductiv-
ity), and allow monitoring of both production of brGDGTs and their
bacterial producers. Here we experimentally assess the following hy-
potheses: (H1) use of oxic mesocosms consistently allows to replicate
natural freshwater systems and brGDGT production (H2) the same
temperature dependency of MBT sy is observed in local freshwater
settings (both in situ and after incubation) as at the global scale, (H3)
temperature changes have a stronger impact on brGDGT compositions
than changes in water chemistry and (H4) changes in the MBT 5y and
IR are coeval with changes in the bacterial community composition.
Examining the temperature sensitivity of brGDGTs in freshwater sys-
tems using an experimental approach can enhance the proxy’s reliability
for past temperature calibrations.

2. Materials and methods
2.1. Sampling sites and seasons

Two sites, a freshwater lake and a river, are each sampled in 3
different seasons. Water was collected from the oxic surface of Lake Rot
(Rotsee, 47°04'10.1'N; 8°1848.1'E) and Sihl River (47°21'05.8'N;
8°31'12.7"E), from the lake shore and riverbank, on a seasonal basis in
April-May, July-August, and October-November 2021. With a surface
area of 0.48 km? and depth of 16 m, eutrophic Lake Rot (Smith et al.,
1999; Su et al.,, 2017) experiences seasonal stratification and the
development of an anoxic bottom layer every summer because of the
high aerobic mineralization rates of phytoplankton-derived organic
matter (Schubert et al., 2010; Naeher et al., 2014). Brook Ron, a small
artificial subsidiary of the Reuss River, is the single inlet flowing into
Lake Rot. Sihl River has a total length of 73 km with a headwater located
at 1650 m altitude (Druesberg mountain), including the Sihlsee reser-
voir at 41 km upstream of the sampling point. As a subalpine river, the
Sihl is mainly characterized by a steep morphology, high turbidity, and
dynamic waterflow throughout the year (Schwab et al., 2022). For this
experiment, water was collected from a downstream location with less
turbidity.

2.2. Experimental design

For each starting condition (n = 6, three seasons and two sites), 2 L of
freshwater are filtered on site to record brGDGT of in situ conditions
(TO). Afterwards, water canisters (360 L in total) were transported back
to the Swiss Federal Institute of Technology (ETH Zurich), Geological
Institute. Here, the water was divided into 2 L. mesocosm bottles (n = 30
for each starting condition, Fig. 1). The bottles were placed on stirring
plates (v = 100 rpm) to ensure water mixing and covered with perfo-
rated plastic caps to allow circulation of air. The bottles (“Mesocosms”™)
were set up in a temperature-controlled climate chamber, where the
natural day/night cycles were mimicked (both light intensity and
duration of the day-night cycle mimicked seasonal condition (e.g.,
spring mesocosms were set up with light intensity and daylight hours
similar to spring in Switzerland). They were subjected to 3 different
temperature treatments, that were selected based on 24-hour averages
of sampling dates during the past 5 years to reflect realistic in situ
temperatures at the 3 seasons under study (10 °C, 17.5 °C and 25 °C, for
spring, autumn, and summer, respectively, Fig. 1). Mesocosm bottles
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Fig. 1. A diagram illustrating the seasonal mesocosm setup. The control mesocosms for spring, summer, and autumn are maintained at in-situ temperatures of 10 °C,
17.5 °C, and 25 °C, respectively marked by black boxes around the mesocosms. Spring mesocosms are subjected to two warming treatments (17.5 °C and 25 °C)
marked by dashed red boxes, while summer mesocosms are subjected to two cooling treatments (10 °C and 17.5 °C) marked by dashed blue boxes. In the case of
autumn incubations, both a cooling (10 °C, blue series) and warming (25 °C, red series) treatments are employed. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

were thus subjected either to constant temperatures comparable to
temperatures at the time of sampling (‘control treatment’), increased
temperatures (‘warming treatments’) or colder temperatures (‘cooling
treatments’). Specifically, for spring, where TO water temperature was
10 °C and 11.1 °C in Lake Rot (LR) and Sihl River (SR), respectively, 10
mesocosm bottles received a control treatment (10 °C), while two sets of
10 bottles were subjected to two separate warming treatments (17.5 °C
and 25 °C). For autumn waters (in situ water temperatures LR = 15.5 °C,
SR = 18 °C), mesocosm bottles were subjected either to a control
treatment (17.5 °C), a warming treatment (25 °C) or a cooling treatment
(10 °C). In summer, the 25 °C represented the control treatment (TO
water temperatures at LR:22.5 °C, SR:23 °C), while two sets of meso-
cosm bottles were subjected to cooling treatments (at 10 °C and 17.5 °C).
The range of temperatures was thus realistic, although the rate of tem-
perature change (sudden warming or cooling) did not mimic natural
conditions. To capture the response of brGDGTs and their bacterial
producers to these individual temperature treatments with time, the two
entire 2 L. mesocosms were sacrificed and filtered at 5 timepoints (24 hrs,
1 week, 2 weeks, 3 weeks, and 5 weeks (T1 toT5, respectively). The
timepoints were selected using previous information on approximate
growth/decay times of brGDGTs, with maximum brGDGT concentra-
tions observed after 1-2 weeks, and a gradual decrease in concentration
thereafter (Martinez-Sosa and Tierney, 2019). For each timepoint, the
water chemistry and GDGT distribution of two independent mesocosms
were analysed as duplicates, to determine variability. Due to an
extraction preparation error, the Sihl River autumn mesocosms reports
are based on 1 set of bottles (no duplicates).

2.3. Sampling and characterization of brGDGT lipids, water chemistry
and bacterial DNA

2.3.1. Sampling

The mesocosms of each temperature treatment were filtered over
0.22 pm PVDF membrane filters (Durapore®, Germany) placed on a
titanium tripod (cleaned using ethanol (EtOH), methanol (MeOH), and
dichloromethane (DCM) between samples). PVDF filters allow collection
of brGDGT lipids with high efficiency (Martinez-Sosa and Tierney, 2019)
at their respective timepoints. Following filtration, a fixed area of the
PVDF filter (16 mm?) for bacterial community analysis was preserved
and stored at —20 °C for later analysis, the remaining filter was dissected
and subjected to lipid biomarker extraction.

2.3.2. Lipid extraction

Lipid extraction was performed by acid hydrolysis of the filters,
where the freeze-dried filters were placed in centrifuge tubes and 10 mL
of 1.5 N HCI (HCl/MeOH 1:7 (v:v)) was added. Tubes were capped and

wrapped with Teflon tape and heated at 80 °C for 2 h. This process al-
lows the conversion of all intact polar lipids (IPL) into core lipid (CL)
brGDGTs to maximize the recovery of all brGDGT compounds (Weber
etal., 2017). Afterwards, DCM was added to samples to obtain a MeOH/
DCM 1:1 (v:v) solvent composition and allow phase separation. Subse-
quently, the samples were extracted with DCM three times. The total
lipid extract (TLE) was subjected to column chromatography using a 3.4
cm column packed with aluminium oxide (alox), using 3 solvent mix-
tures, hexane/DCM 9:1 (v:v), hexane/DCM 1:1 and MeOH/DCM 1:1 for
the fraction containing GDGTs. After the addition of a known amount of
C46 GTGT standard (Huguet et al., 2006), the polar fractions were
filtered over a 0.45 pm PTFE filter, dried under N5 and re-dissolved in
50 uL of hexane/isopropanol (IPA) 99:1 (v:v) before analysis using a
high-performance  liquid chromatography-mass  spectrometry
(HPLC-MS, Agilent Technologies®-1200, USA) after Hopmans et al.,
(2016), with modified column temperature (40 °C) and an injection
volume of 10 pL. This method allows detection of all 15 brGDGT com-
pounds (Schouten et al., 2007; Hopmans et al., 2016). Ions with known
mass over charge ratios (m/z 1050, 1048, 1046, 1036, 1034, 1032,
1022, 1020, 1018) for brGDGTs were detected and semi-quantified ac-
cording to the internal standard’s (m/z 744) peak area corresponding to
the added concentration (10 ul = 49.6 ng). The instrumental error was
determined to be approximately 15 % of concentrations.

The MBT’5g (De Jonge et al., 2014b) and the Isomer Ratio (IR) were
calculated after De Jonge et al., (2014a), including only compounds
without cyclopentane moieties. While IR has been described to vary
both with pH in soils (Naafs et al., 2017) and temperature in lakes
(Russell et al., 2018; Martinez-Sosa et al., 2021), other indices including
CBT’ (De Jonge et al., 2014a) and DC’ have been proposed to correlate
with soil pH (De Jonge et al., 2014b, 2021) and lake water column pH
(Russell et al., 2018). The reconstructed water temperature (Tre.) was
calculated based on both Russell et al. (2018) and Martinez-Sosa et al.,
(2021) calibrations, although both yielded comparable results. Expres-
sions of indices discussed above are described below:

Ta+Ib+1Ic

MBT sy =
ME T Ta +1b + Ic + ITa + IIb + Ilc + IMa

B Ia’ + T2’
" IIa + IIIa + Ia + la

- Ib + IIb + I/
Ib +IIb + IIb + Ia + Ia + Ila

(Ic 4 Ia +IIb + IIc + IIa + IIIb + I1Ic)
Ta + Ila + Illa

CBT = log,,

MATrec =—1.21+32.42 x MBT'sz (R? = 0.92, p-value < 0.0001,
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RMSE = 2.44 °C).

2.3.3. Water chemistry measurements

To characterize changes in the water chemistry through time, at each
time point (TO -T5W) aliquots of each mesocosm were taken for anions
(Nitrate - NO3, Sulfate - SO%’, Chloride - CI), and cations (Calcium -
Ca?*, Sodium - Na®) (measurements using ion chromatography
(compact ion chromatograph pro, Model 88, Metrohm Inc, Switzerland)
and alkalinity measurements using an 862 Compact Titrosampler
(Metrohm Inc, Switzerland, international standard organization method
EN ISO 9963-1:1995)). Furthermore, pH, temperature and conductivity
of the samples were measured with a multimeter (MultiLine® IDS 3620,
Xylem Inc. USA) at the time of filtration.

2.3.4. DNA extraction, quantitative PCR, and 16S rRNA gene sequencing

A known fraction (16 mmz) of each filter was cut-up and stored in 2
mL PCR-clean tubes. These samples underwent DNA extraction
following the modular protocol of Lever et al. (2015). In short, ANTP
solution (10 mM) was added to samples to reduce DNA sorption and
allow maximum DNA recovery, followed by the addition of cell lysis
solution and incubation of samples on a shaker for 1 h at 50 °C. Sub-
sequently the DNA containing supernatant was washed twice with a cold
24:1 (v:v) chloroform-isoamyl alcohol mixture. NaCl, Linear Poly-
acrylamide (LPA) and EtOH were added, and the extracted DNAs were
precipitated in room temperature at dark for 2 h. DNA pellets were
washed three times with 70 % EtOH to remove excess NaCl and were
dried before dissolution in molecular grade water.

The abundance of bacterial 16S rRNA genes were determined by
quantitative PCR (qPCR) assay using a LightCycler 480 II (Roche Life
Science, Switzerland) (Deng et al., 2020, Han et al., 2020). The 16S
bacterial primers BAC908F (5-AACTCAAAKGAATTGACGGG-3) and
BAC1075R (5'-CACGAGCTGACGACARCC-3) were mixed with a SYBR
Green I-based master mix (0.5 pL of each primer, 5 pL of SYBR Green I
(Roche Life Science, Switzerland), 1 pL of H30, 1 pL of BSA). The 16S
Bacteria DNA quantification was performed by comparison with a
dilution series of a known DNA concentration. During the qPCR runs, the
negative control (molecular grade water) showed average Cp values of
28-30. To ensure accuracy, a Cp cut-off of 27 was selected. Samples
exhibiting a higher Cp value (>27) were determined to have too low 16S
rRNA contents and excluded from downstream analyses. Instead, bac-
terial OTUs (Operational Taxonomic Units) identified using samples
with Cp > 27 were used as examples of potential contaminant taxa.
Sequence libraries were prepared according to a standard workflow
(Deng et al., 2020, Han et al., 2020). Briefly, amplicons of bacterial 16S
rRNA gene were obtained through PCR reactions using the primer pairs
S-D-Bact-0341-b-S-17 (5-CCTACGGGNGGCWGCAG-3')/S-D-Bact-0785-
a-A-21 (5-GACTACHVGGGTATCTAATCC-3'). Amplicon sequencing was
done via paired sequencing using the Illumina MiSeq platform at the
genetic diversity center (GDC) of ETH Zurich. Positive (Plasmids of 16S
rRNA genes from Holophaga foetida (Acidobacteria)) and negative con-
trols (molecular grade water) were added to ensure the quality of the
sequencing run.

Although data loss was not significant during the back-mapping ef-
ficiency of the raw sequencing data, the number of high-quality zOTUs
(denoised sequencing data) remained high and about 30 % of the se-
quences could not be mapped to clusters. An abundance threshold of 5
was adopted which resulted in increased mapped sequences with an
increased number of zOTUs (n = 7893). Chimera reads were conse-
quently removed, and 5348 non-chimeric OTUs were kept. The
USEARCH algorithm with global alignments with the identity threshold
of 97% was used to map all the sequencing reads, providing an OTU
Table with 3817 taxa and a total of 4,517,711 OTU reads. The total reads
were then rarefied to the depth of 5100 reads per sample, retaining 3037
taxa, and total of 117,300 reads in 25 samples. The 16S rRNA genes of all
TO conditions were quantified and sequenced successfully.
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2.4. Statistical analysis

A one-way ANOVA was computed to determine significant differ-
ences between seasonal brGDGT concentrations at both sites. To deter-
mine whether brGDGTs distribution showed variation after the start of
the incubation, the MBT’syg and IR were compared with values
measured at T24h (Supp. Table 4). To calculate linear correlations with
time, the timepoints (T24h-T5W) are used as time units, and thus not
converted into hours. Compounds that are often below the detection
limit were excluded from analysis. For Lake Rot this included brGDGTs
IIIb, IIIb’, IIc’, Illc; no compounds were excluded from the analysis for
Sihl River. The correlation between inorganic parameters (pH, alka-
linity, conductivity, water ions) and the concentration and fractional
abundance of brGDGTs or brGDGT ratios were examined using linear
regression methods including the Pearson correlation coefficient (1),
and p-value of correlation test between paired samples (where p-values
< 0.05 are considered significant). To test whether the composition of
the bacterial community in Lake Rot and Sihl River could potentially
determine the variation in brGDGT variability between a selected group
of mesocosms with distinct MBT sy and IR values, a bio-indicator
approach is used (De Jonge et al., 2019; Halffman et al., 2022). Here,
bio-indicators that are significantly increased in the respective groups
(p < 0.1) are reported, with the p-value for this group calculated after
Sidak’s correction for multiple testing. Downstream and statistical data
analysis on brGDGTs and the OTU table were thus performed using
packages “phyloseq” (McMurdie and Holmes, 2013) “vegan” (Oksanen
et al., 2013), “indicspecies” (De Céceres, 2013), and “tidyverse” from R
v4.1.2.

3. Results

To compare the seasonal variability (TO) with the changes caused by
the mesocosm treatments, a comparison between initial (TO) measure-
ments of water chemistry, bacterial community composition, and
brGDGTs concentration in Sihl River and Lake Rot is followed by the
experimental (mesocosm) results.

3.1. Water chemistry parameters

To ensure that the mesocosm TO conditions reflect typical freshwater
inorganic parameter values, several indicators of the water chemistry in
Lake Rot and Sihl River are described.

The inorganic parameters in Lake Rot exhibit similar values in spring
and summer, with conductivity of 267 and 249 in spring and summer
(uS/cm), pH between 8 and 9, and cations such as Ca%* (1059, 1063 mg/
L) and Na™ (222, 206 mg/L in spring and summer respectively) indi-
cating typical freshwater conditions (Horne and Goldman, 1994; Wey-
henmeyer et al., 2019; Rogora et al., 2015). The concentration of SO?{ in
the lake water (<150 mg/L) is similar to other freshwater lakes (Zak
et al., 2021), but the concentration of NOj3 in spring (50 mg/L) slightly
exceeds the average freshwater NO3 levels, as reported in other studies
(>40 mg/L, James et al., 2005). Water alkalinity in Lake Rot is similar to
other freshwater lakes in Europe (<100 mg dL'l, Lliros et al., 2014).
However, these parameters (pH, alkalinity, conductivity, Na®, Ca2+,
SO%, NO3) decrease during autumn when NOj is below the detection
limit (<12 mg/L). In Sihl River, most inorganic parameters exhibit
comparable values in spring and summer, that are also similar to Lake
Rot. In autumn, some parameters (alkalinity, Na™, SO?{, NO3) increase
while pH (8.3) and Ca?t (1430 mg/L) remain stable (Fig. 2). These
parameters, nonetheless, remain within the boundaries of standard
freshwater river conditions (Bodis et al., 2016). Following the initiation
of the incubation period, the minor variability in the mesocosm water
chemistry is summarized in Fig. 2. As the impact of the water chemistry
parameters pH and conductivity on brGDGT distribution has been
observed previously in lacustrine environments (Stefanescu et al., 2021;
Wang et al., 2021), changes in the mesocosm water chemistry are
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Fig. 2. Line plots representing changes with time of selected water chemistry parameters measured in Lake Rot and Sihl River TO and mesocosms. Corresponding

colors legend is valid for all brGDGT figures as well.

tracked. First, the variation in control mesocosms will be evaluated to
test H1. As the mesocosms have narrow pH ranges (7-8.5) and con-
ductivity (~200-300 pS/cm), temperature is the main parameter
changing in the mesocosms, which will allow to test for H2. By deter-
mining the impact of several water chemistry parameters (Supp.
Table 3) on brGDGT concentration and distribution, the mesocosms
provide the opportunity to evaluate whether temperature changes have
a stronger impact on brGDGTs than changes in water chemistry (H3).

3.2. DNA quantification and sequencing data

To identify the bacteria community composition in our incubations
that could be responsible for brGDGTs distribution variability and
address (H4), the composition of the bacterial community is determined
(Supp. Table 1).

For the individual TO conditions, the composition of the 20 most
abundant phyla and Acidobacteria is summarized in Supp. Fig. 3. With a
fractional abundance of 36% of total reads, phylum Proteobacteria is the
most abundant bacteria in both sites, followed by phylum Actino-
bacteriota with 25% of all rarefied reads. In Lake Rot TO, Actinobacteria
(X=49%, 6 = 21%) and Proteobacteria (x=24%, ¢ = 11%) are the most
common phyla in all seasons. In Sihl River, phylum Bacteroidota is the
most abundant in spring (43%) while in summer and autumn, Proteo-
bacteria has the highest total reads (43%, 42%) respectively. Phylum
Acidobacteriota, whose members are shown to produce brGDGTs (Sin-
ninghe Damsté et al., 2018; Chen et al., 2022; Halamka et al., 2022), is
represented in all samples with a low fractional abundance (<2%,
LR:1-35, SR: 20-44 reads), with an increased occurrence in autumn

(LR:35, SR:124 reads). OTUs that are typical for either Lake Rot or Sihl
River (bio-indicator OTUs) have been determined (Supp. Fig. 4). As
represented in Supp. Fig. 3, there is significant variability in bacterial
community composition after the start of the mesocosms in both Lake
Rot and Sihl River over time and between treatments (control/cooling/
warming). To summarize significant changes in bacterial composition,
bacterial OTUs that are increased significantly in mesocosms with high
MBT 5y in Lake Rot and increased IR in Sihl River are reported, after
removing 5 OTUs that are potential contaminations. These OTUs are
placed within the phyla Acidobacteria (Vicinamibacteria and Blastoca-
tellia), Actinobacteriota (order Frankiales), Gammaproteobacteria
(Burkholderiales), and Planctomycetota (order Planctomycetes and
Phycisphaerae) for Lake Rot. For Sihl River 87 bio-indicator OTUs are
identified within Actinobacteriota (order Microtrichales and Frank-
iales), Alphaproteobacteria (orders Acetobacterales, Caulobacterales,
Reyranellales, and Rhodobacterales), Bacteroidota (order Chitinopha-
gales), Cyanobacteria, Gammaproteobacteria (order Burkholderiales
and Salinisphaerales) and Patescibacteria (Candidatus_Kaiserbacteri),
Planktomycetota (order Pirellulales).

Changes in the bacterial community in control mesocosms will be
described to test H1. With a distinct bacterial community between Lake
Rot and Sihl River and described changes in the community composition
with time, the bio-indicators identified will allow us to evaluate whether
changes in bacterial community composition affect the brGDGTs ratios
(H4).
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3.3. BrGDGT concentration and distribution

3.3.1. Environmental distribution (T0)

Comparing brGDGT concentration at initial conditions (T0) (Fig. 3),
brGDGTs were present at a high concentration in spring in Lake Rot and
Sihl River (114 and 335 ng/L, respectively). In summer and autumn,
both sites have noticeably lower brGDGT concentrations (generally <
60 ng/L, Fig. 3, one-way ANOVA with p < 0.001). In addition to con-
centration changes, TO brGDGT distribution is distinct between seasons.
In Lake Rot, MBT 5)g values increase from spring (0.41) to summer and
autumn (0.48 and 0.44, respectively), reflecting a proportional increase
of the fractional abundance of brGDGT Ia, compared to Illa with
increasing MBT 5y values (Supp. Table 2). This contrasts with Sihl
River, where the MBT sy values in summer (0.44) and autumn (0.42)
are slightly decreased compared to spring (0.48). Similarly, the change
in TO MBT’ sy values can mainly be tracked through changes in the
fractional abundance of Ia compared to Illa.

Similar to MBT’syg, variation in IR values between seasons is
observed. Lake Rot summer IR (0.52) is decreased, compared to spring
and autumn values (both 0.63), caused by a relative increase in brGDGT
IIIa compared with IIa’ and Illa’ in summer. In Sihl River, IR values are
0.38 for all seasons, representing stable fractional abundances of
brGDGTs Ila, Illa, Ila’ and Illa’ (Supp. Table 2). Seasonal variation in
distribution of GDGTs in TO will be used to test H2.

3.3.2. Mesocosm distribution changes

The variation in the concentration and distribution of brGDGTs in
the control, cooling, and warming treatments is evaluated to determine
the stability of control mesocosms and the impact of temperature on
brGDGT ratios (H1 and H2). Water collected at each starting condition
contained viable GDGT producers, as the concentration of summed
brGDGTs, compared to T24h, showed an initial increase after the
beginning of the experiment, generally followed by a decrease in con-
centration (Fig. 3). In several mesocosm bottles the brGDGT concen-
tration is increased compared to TO (or T24h), 29 (40%) and 31 (52%) of
Lake Rot and Sihl River, respectively. For those bottles where the sum-
med concentration remained stable or decreased, a change in brGDGT
distribution was considered to reflect the production of at least 1
brGDGT compound. With this selection process, summarized in Supp.
Table 4, only 9 mesocosm bottles (all from Lake Rot) showed no evi-
dence of brGDGT production, and were removed from the dataset,
keeping 156 (86%) of all mesocosm bottles for GDGT description and
discussion. GDGT distribution and concentration of either non-duplicate
or average values of duplicate mesocosms are reported in Supp. Table 2.
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concentration of brGDGTs generally decreases with time (however no
negative correlation is present). In the temperature treatments, indi-
vidual 5-methyl brGDGT compounds show distinct concentration
changes with time, often specific for individual seasons. Specifically, the
concentration of brGDGT Ia and Ila (ng/L) increase the strongest in
spring warming treatments (25 °C) with timepoints (r = 0.95, 0.96, p =
0.05, respectively, Fig. 4A, orange bars). The concentration of brGDGT
Ia also increases with time in the warming incubations (excluding T3W)
of the autumn season (r = 0.65, p < 0.2, Fig. 4A, brown bars). In cooling
treatments of summer and autumn, brGDGTs Ila and IIla exhibit com-
parable concentration change through time, reflecting an initial increase
followed by a decrease at T2W. In control treatments, the concentration
of brGDGTs generally decreases with time (however no negative cor-
relation is present). Because individual brGDGTs show different con-
centration variations in Lake Rot mesocosms, the fractional abundances
of major brGDGTs Ia, Ila and Illa vary between temperature treatments
(Fig. 5A). The increase in GDGT concentration and change in their dis-
tributions and GDGT-based ratio in both control and temperature
treatment experiments will be discussed when testing H1 and H2. To
address the temperature impact on GDGT ratios (H2), the MBT’5g and
IR values are calculated.

As MBT’5g values are expected to respond to temperature, MBT 5yg
changes in the different temperature treatments are reported (control,
cooling, warming; Supp. Table 2). With a range of 15-60 %, brGDGT Ia
has the highest fractional abundance across treatments of Lake Rot. In
cooling incubations, the changes in fractional abundances of Ia and
specially Illa are limited in (Fig. 5A). A decrease in MBT 5y values is
observed only for the last timepoint of the autumn season (T5W,
Fig. 6A), driven by a sudden increase in the fractional abundance of Illa
(Fig. 5A). However, at the final time point (T5W) a significant reduction
in the concentration of brGDGTs is observed compared to the initial
conditions, where brGDGTs Ia and Ila fall below detection limit.
Although degradation of individual compounds is not expected to in-
fluence the distribution (Yamamoto et al., 2016), changes in the
composition can be caused by degradation.

In contrast, in the autumn warming incubation, Ia % increases and
Illa decreases (going below the detection limit with time), reaching a
final value of 0 at 5 weeks (T5W). Hence, the MBT 5y values increase
with time in the autumn season (r = 0.97, p < 0.05, excluding T3W).
Also, in individual mesocosms of the spring warming treatments
(Fig. 6A) MBT 5g values are increased, caused by elevated Ia % and Ila
%. In Lake Rot control incubations, the fractional abundance of Ia
marginally increases with time in spring mesocosms as reflected in the
MBT’ sy increase in these incubations. In summer and autumn, the

In Lake Rot mesocosm (Fig. 4A) control treatments, the variation in MBT’syg values is muted in control treatments, with
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Fig. 3. Bar plots of summed concentration of brGDGTs from Lake Rot and Sihl River, with top, middle and bottom panels representing spring, summer and autumn,
respectively. TO values present concentration of brGDGTs filtered at site, timepoint values represent mesocosm samples filtered at each timepoint. Error bars reflect
the standard deviation from mesocosm duplicates, with Sihl river autumn having no duplicate values.
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diverging MBT 5y values observed at TSW (Fig. 6A).

In Lake Rot mesocosms, the concentration of 6-methyl brGDGTs (ng/
L) represents stable values in all individual temperature treatments
(control, cooling and warming) of spring and summer (Fig. 7A). In
autumn cooling and warming incubations, however, compound IIla’
gradually decreases and is present below detection limit at end of the
experiment. The increased fractional abundance of brGDGT Ila’ in some
mesocosms of Lake Rot (i.e., autumn warming T3W), is not caused by a
concentration increase of this compound but instead a decrease of IIIa’.
For T < T2W of Autumn control mesocosms, the fractional abundance of
6-methyl compounds is higher (25-40%), which is not observed in

spring and summer control incubations (10-20%). This is reflected in
the variability in autumn IR values (Fig. 6A), where in autumn control
and warming incubations, IR remains high (IR > 0.6) for T < T3W. In the
cooling treatment of autumn however, with a decrease in fractional
abundance of brGDGT IIlIa’, IR decreases after T2W. In general, changes
in the fractional abundance of 6-methyl GDGTs and the IR values are
mainly driven by both 5-methyl and 6-methyl compounds.

In Sihl River mesocosms, the response of brGDGTs to temperature
treatments is distinct from Lake Rot. The concentrations of brGDGT Ia,
IIa and Illa do not exhibit a uniform increase or decrease in any of the
warming or cooling treatments (Fig. 4B), although there is variability in
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GDGT concentration and a good agreement in concentration changes
between brGDGT Ia vs Ila (R = 0.50, 0.72, for warming and cooling,
respectively). In spring and autumn control treatments, the variation in
the fractional abundances of brGDGTs Ia, Ila, IIla (Fig. 5B) results in
minimal changes in MBT’ 5y values (Fig. 6B). However, MBT gy in-
creases in the summer control treatments, driven by a decrease in the
fractional abundance of brGDGT Ila (although not observed in concen-
tration of Ila compared to Ia). In the cooling treatments, no response of
the MBT’5yg with time is observed, although the variance in the summer
cooling treatment (17.5 °C) increases with time (Fig. 6B). In the
warming treatment (25 °C), spring MBT 5y values increase in indi-
vidual mesocosm bottles, driven by an increase in brGDGT Ia fractional
abundance (although minimally observed in the concentration of Ila
compared to Ia). In addition to the 5-methyl brGDGTs, the concentra-
tions of 6-methyl compounds are variable in both the control and tem-
perature treatments. Except for the concentration of Illa’, which
increases with time in the warming (25 °C) treatments of spring (r =
0.98, p < 0.05), generally 6-methyl brGDGT concentrations do not
display a uniform trend with time. Reflecting the increase in concen-
tration, brGDGT IIIa’ fractional abundance increases with time in spring
warming (17.5 °C and 25 °C) treatments (r = 0.97, r = 0.98, p < 0.05,
respectively, Fig. 5B). The fractional abundance of 6-methyl brGDGT
IIa’ increases with time (excluding T5W) in control and cooling (17.5 °C)
treatments in summer (r = 0.97, 0.99, p < 0.05, respectively for control
and cooling; Fig. 5B), and in autumn (r = 0.82, p < 0.1) and spring (17.5
°C) warming treatments (r = 0.96, p < 0.05), resulting in IR values that
increase with time in spring warming treatment (17.5 °C) (r = 0.96, p <
0.05, Fig. 6B).

Across both sites and all seasons, MBT’s5yg thus increases with time
in 2 warming treatments, specifically Lake Rot spring (17.5 °C) and Lake
Rot autumn (25 °C), and in the control treatments of Lake Rot spring and
Sihl River summer. It does not increase or decrease in any cooling
treatments. While the MBT 5y is the most temperature-sensitive proxy
in Lake Rot, in Sihl River, IR represents the prominent temperature
dependencies. As such, the discussion will explore the mechanisms

behind the temperature-dependent variation in MBT 5y and IR values
of Lake Rot and Sihl River.

4. Discussion
4.1. Performance of mesocosms for brGDGTs production

To evaluate whether control incubations were representative of
natural conditions (H1), changes in chemistry, bacterial community and
GDGTs are discussed. In both the control incubations of spring and
autumn in Lake Rot and Sihl River, the chemistry variables (including
pH, alkalinity, conductivity, and Ca?") partially exhibit limited vari-
ability with time, but only across a small range (pH up to 0.25, alkalinity
up to 35, conductivity up to 25, Ca®* up to 250; Supp. Fig. 5). The
control treatment therefore did not impact inorganic chemistry values
strongly compared to initial natural conditions (T0). The NMDS plot of
the control samples (Supp. Fig. 6) reveals limited but existing variability
in the composition of the bacterial community, especially in the single
successfully characterized sample taken at TSW. This suggests that while
some changes are evident in the control incubations, the majority of the
bacterial community exhibits a relatively consistent composition, indi-
cating a limited degree of succession under control conditions.

Variations in GDGTs concentration (2-5 fold increase/decrease) and
ratio (0.1-0.2 unit change in MBT 5yg) were observed in the control
treatments for all seasons at both sites (Supp. Fig. 7). This change in
concentration aligns with the variability reported by Martinez-Sosa and
Tierney (2019) in concentration (2-4 fold change) and ratios (0.1-0.4)
of their samples and can be attributed to possible increased biovolume in
bacteria when relieved from grazing pressure in the mesocosm bottles
(Pomeroy et al., 1994; Garcia-Martin et al., 2011; Kunzmann et al.,
2019). Observing this response in the control mesocosms shows that it is
a temperature-independent effect. It is advisable to exercise caution
when interpreting the initial changes in bacterial community composi-
tion and brGDGT concentration and distribution considering the so
called “bottle effect”. This term refers to errors arising from sample
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containment. As such samples will practically capture only part of the
natural community, excluding for instance grazers, this leads to changes
in community composition and interactions (Pomeroy et al., 1994).
Based on the control mesocosms, initial changes in the mesocosms can
thus be attributed to the release of the grazing pressure. In addition, the
controls indicate that after 5 weeks the bacterial communities undergo
drastic changes that can be related to nutrient limitations. Furthermore,
based on results from Martinez-Sosa and Tierney (2019), it takes 2—4
weeks before the background GDGT signal is overwritten and no
instantaneous responses to the temperature change are thus expected.
Consequently, although changes across all timepoints are discussed, the
mesocosms that have had more time for acclimation (e.g., T2W, T3W) to
the experimental temperature tests, may represent the most realistic
response to temperature change.

4.2. In-situ seasonal brGDGT signatures

The brGDGT concentrations in Lake Rot summer and autumn TO
measurements (10 > brGDGT > 8 ng L 1) compare well with other
freshwater lakes, namely, Lower King Pond and Lake Chala (£brGDGT
<12nglL '1, Loomis et al., 2014, Van Bree et al., 2020, respectively).
Similarly, summer TO brGDGT concentration in Sihl River (XbrGDGT =
54 ng L 1) is comparable with reports of brGDGT concentration from
Yenisei River in east Siberia (XbrGDGT < 69 ng L '1, collected in sum-
mer, De Jonge et al., 2014a). However, in eutrophic Lake Rot and Sihl
River, brGDGTs spring in situ concentrations (LR-£brGDGT = 114 ng L
"1, SR-£brGDGT = 335 ng L ") exceed those reported in other lake and
riverine systems (Martinez-Sosa et al., 2020; Van Bree et al., 2020). With
comparable in situ MBT sy values (0.41-0.48) across all seasons for
both sites, the absolute values (12-14 °C) are comparable to the real-
time day average air temperatures (8.4-10.3 °C). However, the small
variability in reconstructed temperature (Ti..) between seasons does
not reflect the seasonal variability of in situ temperatures in both cali-
brations applied. Reconstructed temperatures derived from both Russell
et al. (2018) and the average reconstruction from Martinez-Sosa et al.
(2021) (Supp. Table 2) showed an offset of less than 2 degrees. The
reported values are based on the Russell et al. (2018) calibration, as the
in-situ measured temperatures generally were closer to this calibration.
Spring and autumn reconstructed temperatures (Lake Rot: 12 °C and 14
°C, Sihl River: 14 °C and 12 °C) present an offset of 2 to 3 °C in spring and
of 2to 5 °C in autumn (measured air temperature of 8.4 °C and 10.3 °C in
spring and 18.2°C and 14.4 °C in autumn for Lake Rot and Sihl River,
respectively). This offset is bigger (6 to 10 °C) for summer, where
measured in situ air temperature is 20.5 °C for Lake Rot (reconstructed
temperature = 14 °C), and 22.1 °C for Sihl River (reconstructed tem-
perature = 13 °C), respectively. This muted variation in TO MBT 5y
values across seasons indicates that brGDGT producers in these systems
are less sensitive to temperature changes, compared to what would be
expected based on a global scale.

4.3. Impact of temperature on brGDGT distribution

Based on global calibrations we expect the MBT 5 to increase with
warming, decrease with cooling and remain stable in control conditions,
with step-sizes reflecting the variability present on the global scale (H2).
In Lake Rot mesocosms, the variations in MBT’syg followed this
response only in a subset of the treatments (Fig. 6A). In the autumn
warming treatment, an increase in Ia concentration and a decrease in
IIIa causes the MBT 5y to increase with temperature, reaching 0.71
(Trec. = 22 °C) at T3W before dropping to 0.55 (Tre., = 16 °C) at TSW.
The temperature dependency of brGDGTs in the autumn season is
confirmed by the observation that the fractional abundance of brGDGT
Illa increases in the cold treatment, resulting in a decrease of the
MBT’s5pE (0.32), with a reconstructed temperature (9 °C) similar to the
cold incubation temperature (10 °C). A second example of MBT s5yg
increases in response to warming is observed in one of the warming
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incubations (17.5 °C) of spring, where MBT 5y values reach 0.56,
reflecting reconstructed temperatures (16.8 °C) that are similar to the
growth temperature. The increase of MBT gy values aligns with a
similar trend observed in mesocosms in a warm lake (AZ, USA) where,
after 4-6 weeks of incubation at warmer temperatures (27 and 35 °C),
MBT sy values consistently increased with up to 0.5 MBT 5y units
(Martinez-Sosa et al., 2020). However, in the Swiss mesocosms the
response size is generally smaller (up to 0.3). Furthermore, the lack of
response in some of our warming mesocosms is not observed at the
warm Lake Kennedy mesocosms (Martinez-Sosa et al., 2020). Indeed,
not all temperature and control treatments result in the expected
response of the MBT’syg. In the warmest spring warming (25 °C)
treatment, where the concentration of Ia shows a steady increase with
time, MBT 5 does not increase. Ia concentration is indeed matched by
an increase in the concentration of Ila and Illa, which results in stable
MBT’5g ratio values instead. In addition to an increase in the warming
treatment, in the spring control treatment, the MBT’ 5 shows a muted
but significant increase with time (r = 0.83, p < 0.1), caused by a higher
fractional abundance of Ia, IIa, Ib and Ic (Supp. Table 2; Fig. 5A for Ia
and ITa). There is thus seasonal variation in the temperature dependence
of brGDGTs, with significant changes in the MBT 5 in autumn caused
by changes in concentration and the fractional abundances of 5-methyl
brGDGTs Ia and IIla, while more muted changes in the spring season are
caused by the increased concentrations and fractional abundances of
brGDGTs Ia and Ila.

Although MBT sy is seen to increase in several warming but also
control treatments, a decrease of MBT sy values in cooling treatments
is never observed (apart from Autumn T5W), exemplified by the summer
incubations where MBT’5yg shows a low variability (x=0.5, ¢ = 0.02).
This could indicate a limited response of brGDGTs producers to cooling
temperatures, as bacterial activity is temperature-dependent (White
et al.,, 1991). Still, even a slow decrease in MBT sy values is not
detected. This observation is consistent with the findings in the cooling
mesocosms of Lake Kennedy, where MBT 5y also does not exhibit a
decrease over time in incubations conducted at lower temperatures (9
and 18 °C), compared to their the in-situ environment (22 °C).

This absence of consistent increase/decrease in the fractional abun-
dance of brGDGTs Ia and Ila or Illa and the MBT 5y values in all
warming incubations (Fig. 5A, Fig. 6B) challenges the proposed tem-
perature dependency of these compounds in Lake Rot. In addition to the
temperature dependency of the MBT syg, we evaluate the temperature
sensitivity of the IR. Tentative positive correlations between the IR and
temperature based on large regional to global scale datasets have been
put forward recently by Russell et al. (2018) and Martinez-Sosa et al.
(2021) but were not reported as such by Raberg et al. (2021). In Lake
Rot, the concentration of 6-methyl compounds (IIa’, IIIa’) increases with
time in temperature treatments, specifically some of the autumn cooling
incubations, supporting the idea of a potential aquatic producer of 6-
methyl brGDGT during autumn. In some warming treatments
(autumn), an increase in the fractional abundance of IIa’ is observed, but
it is not caused by a clear increase in the concentration of brGDGT Ila’.
An increase in IR values with time in the warm treatments is not
observed (Fig. 6A).

Compared to lakes, the dependency between MBT sy values and
temperature in rivers is poorly constrained. Although the occurrence of
in situ produced brGDGTs has been reported in river systems (De Jonge
et al., 2014a; Zell et al., 2014; Kirkels et al., 2022), it remains unclear
whether 5-methyl brGDGTs produced in fluvial systems show the same
temperature response as brGDGTs produced in lakes. Instead, 6-methyl
brGDGTs have been proposed to be indicative of in-situ production in
rivers (Freymond et al., 2017; Kirkels et al., 2022). To test the temper-
ature response of riverine brGDGTs, freshwater from Sihl River was
subjected to the same temperature treatments as Lake Rot.

Only in the summer treatments, the MBT 5y values in the control
incubations, which are only 2-3 °C warmer than in situ summer tem-
peratures, portray a positive correlation (r = 0.54) with time, reaching a
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final (T5W) reconstructed temperature of 22.1 °C, representing real-
time summer in situ temperature. This elevated MBT 5y trend is re-
flected in the increase in fractional abundance of brGDGT Ia at a higher
rate compared to IIa and Illa (Fig. 5B). However, other than the con-
centration increase of brGDGT Ia in the summer control treatment, and a
sporadic increase in the concentration of brGDGT Illa in some in-
cubations of spring warming treatment (25 °C), in general, 5-methyl
brGDGTs show no concentration changes in Sihl River temperature
treatments (Fig. 6B).

Instead, the majority of brGDGTs variation is observed as changes in
the 6-methyl brGDGTs, and correspondingly the IR values (Fig. 6B).
With the observed strong concentration increases of 6-methyl com-
pounds in Sihl River mesocosms (especially in spring and summer),
aquatic production of these compounds is confirmed, leading to changes
in the fractional abundance of brGDGTs. In spring, the fractional
abundance of 6-methyl brGDGTs increase in warming treatments while
remaining stable in the control treatment, indicating that temperature
potentially has a direct effect on the production of IIa’ and IIIa’. Sup-
porting the production of 6-methyl brGDGTs at warm temperatures is
the observation that in summer incubations IIa’ and IIb’ also increase in
concentration with time (T24h to T2W) in control treatments, i.e., at a
warm growth temperature. On the other hand, the concentration of
brGDGT IIIa’, shows a 3-fold increase with time (T24h-T3W) in the
coldest treatment (10 °C) of summer, potentially reflecting an increase
in hexamethylated brGDGTs when growth temperature drops strongly
(here: 15 °C), and complicating the interpretation of temperature-
dependence of this compound. In autumn, IR stays stable across
different treatments with only the warming treatment (T > 2 W)
showing a marginal increase in IR. As the temperature dependency of
the fractional abundance of the 6-methyl brGDGTs and the IR is not
uniform across temperature treatments and seasons, its application as a
temperature proxy will be limited. However, its use as a proxy for in situ
production of brGDGTs in river systems, a process that is expected to be
more intense when the temperature is warmer, is confirmed.

Across both sites, the response of either MBT spg or IR on the tem-
perature treatments reveals a temperature dependency that is domi-
nated by a response to warming, and absent or muted responses to
cooling. This different temperature dependency of brGDGTs in fluvial
and lacustrine settings can possibly impact the interpretation of the
MBT sy as a temperature proxy in sedimentary settings with substan-
tial riverine input. The increase in concentration or fractional abun-
dance of Ila’ in warmer conditions (Figs. 5, 6), however, is shared
between both sites presenting similarities in response of 6-methyl
compounds to temperature irrespective of their aquatic source. Still,
although the MBT 5y (in Lake Rot) and IR (in Sihl River) reflect a
temperature dependency, not all variation in these proxies can currently
be explained by the temperature treatments.

4.4. Impact of water chemistry on brGDGT variability

Although the mesocosm experiment aimed at keeping all other
environmental variables constant to measure the impact of temperature,
some variability in the inorganic water parameters is observed (Fig. 2).
This variability can be explained by evaporation (conductivity and
cation concentrations increase with time in some mesocosms), and a
possible difference in the suspended mineral content (impacting cation
concentrations) between mesocosm bottles during filling the mesocosm
bottles. Furthermore, temperature can also accelerate chemical re-
actions in freshwater (Elser et al., 2007), potentially changing the
mineral content concentrations of individual mesocosms. As for instance
conductivity (Tierney et al., 2010; Shanahan et al., 2013; Loomis et al.,
2014; Raberg et al., 2021) and nutrient availability (Loomis et al., 2014)
have been reported to potentially control the brGDGTs distribution,
these unintended changes in water chemistry have potentially impacted
the brGDGT ratios. To statistically test for the impact of confounding
parameters in addition to temperature, a factorial design should have
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been used (e.g., Collins et al., 2009). As this was not the case, we address
H3 by performing a post hoc analysis of the variability of GDGTs and
water chemistry, for Lake Rot and Sihl River separately.

As TO water chemistry of spring and summer had comparable values
at both sites, we look at common dependencies that act across these two
seasons collectively, while keeping autumn as a separate season,
generating 12 correlation matrices (2 locations, 2 season groups, and 3
treatments (control, cooling and warming); Supp. Table 3A-B). In Lake
Rot treatments, minimal correlations between brGDGT ratios and the
inorganic parameters are observed, as is evident in the lack of a signif-
icant correlation between MBT sy and water chemistry. Concerning the
proxies that vary with chemistry in soils (CBT" and DC’; Naafs et al.,
2017; De Jonge et al., 2021), only DC’ increases in multiple treatments
with pH (Supp. Table 3A). Although DC’ does not correlate with dis-
solved Ca?* in warming incubations of Lake Rot (spring and autumn),
the fractional abundance of IIb’ correlates with dissolved Ca®* (r =
0.74), which matches the previously described increase of 6-methyl
brGDGTs with exchangeable Ca®* in soils (Halffman et al., 2022).
However, as DC’ does not respond to pH in all mesocosm studies, and the
dependency of IIb’ on Ca?' is not observed in control and cooling
mesocosms, although a range in pH and Ca?' values is present, the
environmental dependency of the DC’ remains poorly constrained based
on the Lake Rot mesocosms.

In Sihl River, however, multiple brGDGT ratios and fractional
abundances of brGDGTs correlate with temperature and water chemis-
try (Supp. Table 3b), and we first discuss whether water chemistry drives
variation in the IR, in addition to the temperature dependency. IR values
correlate with water pH in summer cooling incubations (r = 0.72),
which matches previous observations in soils (Naafs et al., 2017; Russell
et al., 2018; De Jonge et al., 2021). The correlations between the frac-
tional abundance of Illa’ and Ila with pH (r = 0.65, r = —-0.66, respec-
tively) cause the dependency between IR and pH. A more general
dependency is observed between IR and water conductivity in control
(spring and summer) and cooling (summer) incubations (r = 0.70, r =
0.72, respectively), which is based on correlations between conductivity
and the fractional abundance of Ila (r = -0.73, r = —-0.74, respectively),
and 6-methyl compounds IIa’ (Supp. Table 3B). This observation sup-
ports the correlation between IR and conductivity previously reported
by Raberg et al. (2021). However, it is not observed in all mesocosms.

Similar to Lake Rot, in the cooling treatments of Sihl River (n = 10),
DC’ increases with water pH (r = 0.73), as does the fractional abundance
of brGDGT IIb’ (Supp. Table 3B), but not Ib or IIb compounds, pro-
moting the idea of a strong impact of water pH on the 6-methyl cyclo-
pentane containing brGDGT IIb’ in freshwaters of both lakes and rivers.
This observation is in general agreement with previously reported pos-
itive correlations of fractional abundances of monocyclopentane con-
taining brGDGTs (Ib, IIb, IIb’) and pH in lake sediments (Raberg et al.,
2021).

In our seasonal dataset, multiple distinct correlations between
brGDGTs ratios and inorganic environmental parameters are observed,
particularly in Sihl River. However, no overarching driver of aquatic
chemistry on brGDGT ratios could be identified. Based on the mesocosm
studies, where the range in water chemistry values is minor and well-
constrained, variations in the brGDGTs distribution are predominantly
attributed to temperature changes. Nonetheless, our findings suggest
that chemical environmental factors, particularly in riverine systems,
can have the potential to affect brGDGTs ratios typically used for
chemistry or conductivity reconstruction (IR, DC’).

4.5. Bacterial community composition as a source of brGDGT variability

As several brGDGTs and brGDGT-based ratios showed variability in
response to environmental drivers, coeval compositional changes in the
bacterial community can be evaluated to constrain potential GDGT
producers. As this is based on relative quantities, e.g., rarefied 16S rRNA
gene counts, including strains that don’t produce brGDGTs, we report



F. Ajallooeian et al.

correlations between brGDGT ratios and bacterial groups that show
relative increases, without assigning bacterial groups as definite
brGDGT producers.

In soils, large changes in the MBT 5y ratio and the IR have been
attributed to changes in the composition of the bacterial community (De
Jonge et al., 2019; De Jonge et al., 2021). To elucidate whether a similar
mechanism can explain the variation in brGDGT distribution, we use a
bio-indicator approach. As the bacterial community composition for
each TO is different, we report significant changes in the fractional
abundance of OTUs per season that are coeval with changes across a cut-
off value in MBT 5 values (for Lake Rot) and IR values (for Sihl River)
for those seasons where 16S-based community composition was recon-
structed in sufficient samples. The cut-off values are determined to
represent an average value of the selected treatment.

Specifically, we determine bio-indicators in Lake Rot autumn mes-
ocosms (n = 5, cut-off value of MBT 5y = 0.50) and in the Sihl River
spring mesocosms (n = 6, cut-off value of IR = 0.39). Firstly, in Lake Rot
autumn, where a response of the MBT 5y values with warming is
observed (MBT’ sy ranges between 0.48 and 0.67), driven by a con-
centration increase of brGDGT Ia and a decrease of Illa, we evaluate
which bio-indicator OTUs are present in mesocosms with an elevated
MBT’syg value (>0.5, n = 2), compared to background values
(0.48-0.50, n = 3). The phylogenetic distribution of the OTUs that are
increased in high MBT’syg mesocosms is represented by Actino-
bacteriota (order Frankiales and Micrococcales), and

A. MBT',, bio-indicators in LR Autumn, MBT’,, >0.50

nOTU =13
urkholderiales

Phycisphaerales

Frankiales

Gemmatales

B. IR bio-indicators in SR Spring, IR >0.39
nOTU = 88

Bacteroidota

Cyanobacteria
Gemmatimonadota
Myxococcota
Patescibacteria

Armatimonadota
Actinobacteriota

Acidobacteriota
Planctomycetota

Verrucomicrobiota

Proteobacteria

Fig. 8. Pie chart depicting the phylogenetic distribution of bio-indicator OTUs,
(A) bio-indicator OTUs that are increased in Lake Rot autumn season meso-
cosms with MBT sy > 0.5, order level; (B) distribution of bio-indicator OTUs
that are increased in Sihl River spring season mesocosms with IR > 0.39,
phylum level.
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Gammaproteobacteria (order Burkholderiales) [Fig. 8A]. Interestingly,
no Acidobacterial OTUs were included in the bio-indicators. This aligns
with previous observations of low abundance of Acidobacteria in
freshwater settings, suggesting that sources other than Acidobacteria
may potentially be responsible for brGDGT production in lakes. Evalu-
ating the bio-indicators identified, Zeng et al. (2022) describe the
presence of a Tes homologue in the genus Oxalobacteraceae (Bul-
kholderiales). As such, this OTU (8 % of all reads) potentially contrib-
utes to the production of GDGTs in Lake Rot mesocosms. Secondly, IR
bio-indicator OTUs are determined in the Sihl River spring mesocosms
(n = 6, cut-off value of IR = 0.39), where brGDGT Illa’ shows variation
in concentration. Several bio-indicator OTUs with a wide phylogenetic
spread are determined (Fig. 8B). Among these, acidobacteriotal orders
Vicinamibacteria (subgroup 6; 3 bio-indicator OTUs) and Blastocatellia
(subgroup 4; 2 bio-indicator OTUs) have been shown to produce
brGDGT precursor lipids (reviewed in Sinninghe Damsté et al., 2018)
and to increase in soils with increased pH and IR values (De Jonge et al.,
2021). Furthermore, representatives of the following orders have been
shown to carry a Tes homologue (Zeng et al., 2022); Chitinophagaceae
(4 bio-indicator OTUs), Saprospiraceae (1 bio-indicator OTU), Sphin-
gobacteriaceae (2 bio-indicator OTUs) and Pirellulaceae (3 bio-indicator
OTUs). These OTUs are generally present in low abundance, with the
Sphingobacteriaceae bio-indicator OTUs as the most abundant clade,
amounting up to 1.3 % of OTU reads.

Although changes in the fractional abundance of Acidobacterial
OTUs can be responsible for the observed changes in IR in Sihl River, a)
the low abundance of Acidobacterial bio-indicator OTUs (0 to 0.5%), b)
lack of detection of Acidobacteria orders in Lake Rot bio-indicator OTUs,
and c) the detection of several other bio-indicator OTUs in both Lake Rot
and Sihl River imply that not all brGDGT producers may fall within this
phylum. Further research aimed at identifying bacterial producers of
brGDGTs in freshwater systems, should not only focus on identifying
potential producers within the Acidobacteria phylum, but also explore
other phyla that may be involved in the production of these biomarker
lipids in freshwater systems.

5. Conclusions

The seasonal mesocosm dataset was used to test production of
brGDGTs sourced from Lake Rot and Sihl River surface water under
three different temperatures, providing insights into the drivers behind
brGDGT variability in both lake and river systems. The hypotheses
proposed can now be answered as follows:

(H1) While our oxic mesocosm setup revealed variations in brGDGTs
concentration and/or distribution, evaluating the control set-ups high-
lighted that factors such as the removal of grazing microorganisms,
change in nutrient availability, and the exclusion of sediment from
freshwater introduce secondary effects, which limit the intent to which
mesocosms can be seen as a replication of the natural environment.
Furthermore, unintended small changes in the potentially confounding
factors (pH, alkalinity, conductivity, Ca®") were measured, both in the
control and in the temperature treatments, with specifically pH, alka-
linity and conductivity showing correlations with GDGT-based ratios. To
constrain the impacts of these parameters, a multifactorial design is
needed. It is crucial for future incubation studies to exercise caution
when considering the constraints of such setups and the potential
sensitivity of specific microbial communities to temperature changes.
Although the range of temperatures used was realistic, the sudden in-
crease in temperature potentially impacted the MBT sy response for
instance in the warmest spring mesocosm, and in the cold summer
mesocosms. A modified set-up could include a more gradual increase or
decrease of the growth temperature to test for this effect. Finally,
employing more robust incubation setups like chemostats would enable
continuous monitoring of nutrient availability for microorganisms,
reducing nutrient stress for bacteria.

(H2) A muted increase in situ MBT 5yg values with temperature was
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observed, with Ty at both locations underestimating average temper-
ature at time of sampling. The muted response of MBT 5 in Lake Rot
and Sihl River cooling and warming temperature treatments further
highlights the limitations of this temperature proxy in our settings.
Nonetheless, in certain mesocosms, MBT sy does show a response to
warming temperatures.

(H3) Although water chemistry variables have the potential to affect
brGDGT ratios (IR) in riverine systems, complicating the idea of a uni-
directional temperature response of brGDGTs in the water column,
temperature is still recognised as the primary driver behind brGDGT
distribution changes. Therefore, the use of GDGT ratios as a paleo-
temperature application remains a reasonable and valuable approach.

(H4) A change in brGDGT distribution (specifically the IR in Sihl
River) is indeed coeval with a change in bacterial community compo-
sition as revealed by the bio-indicator OTUs. This highlights the po-
tential for the role of bacterial communities in driving changes in GDGT
distributions.

In summary, the MBT 5y is more strongly influenced by warming
and may be insensitive to cold spells. Despite the observed limitation of
MBT’ 5k as a temperature proxy in Lake Rot and Sihl River, the increase
in IR with warming temperature treatments in Sihl River suggests that
the in-situ production of 6-methyl brGDGTs in rivers and their temper-
ature sensitivity could be a promising area for further investigation.
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