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10 Abstract. During the last century, temperate lakes have been strongly impacted by human eutrophication and climate
change, causing shifts in phytoplankton communities and higher abundance of cyanobacteria. Paleolimnological
reconstructions can extend the timeframe of observations beyond the extent of monitoring data and reveal long-term changes
in aquatic communities. Existing paleolimnological studies often rely on proxies that are solely indicative of individual algal
groups. As a result, reconstructing the overall algal community composition remains challenging. Here, we analyzed and

15  cross-validated multiple proxies for phytoplankton community composition in sediment cores from three lakes on the Swiss
Plateau that underwent extreme eutrophication in the 20™ century. We measured the relative abundance of phytosterols and
phytol (phytol:sterol index, PSI) and hydrogen isotope offsets between C16:0 fatty acid and phytol (8’°Hci:0 cidphytol) and
used these to detect past changes in the relative proportions of eukaryotic algae and cyanobacteria. We compared these new
organic geochemical proxies with observational data and with gene amplicon sequence variants (ASVs) from plastid-derived

20 23S rRNA. PSI and 8*Hcie:0 Aciarphytol values were generally in good agreement with cyanobacterial 23S tRNA ASVs, and all
proxies indicated increasing proportions of cyanobacteria in response to eutrophication. However, our study also revealed
potential biases associated with each individual algal proxy. Specifically, 3*Hcie:0 aciaphytol values were impacted by non-algal
lipid sources, while the abundance of small coccoid cyanobacterial taxa was overestimated by 23S rRNA ASVs relative to
their biovolume. Still, the combination of PSI and 3?Hcie:0 Acia/phytol Values with other algal proxies is a promising tool for

25 tracing the long-term relative abundance of cyanobacteria and could provide a comprehensive picture of changes in

phytoplankton communities over millennial timescales.

1 Introduction

During the last century, human activities have strongly perturbed many temperate lakes, and the interplay between
eutrophication and climate change has often dramatically increased algal productivity and shifted phytoplankton community
30 composition, including more frequent cyanobacterial blooms (e.g., Lotter 1989; Hollander et al., 1992; Nacher et al., 2012;
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Nacher et al., 2016; Huisman et al., 2018; Lin et al., 2021; King et al., 2024; X. Yan et al., 2024; Niirnberg 2025). Changes
in the proportions of cyanobacteria and eukaryotic algae could affect lake carbon sequestration efficiency, negatively impact
water quality, and reduce the nutritional quality available to higher trophic levels of aquatic ecosystems (Tortell, 2000;
Huisman et al., 2018; Shen et al., 2018; Hedberg et al., 2021; Deng et al., 2024). To predict future changes in algal

35 communities, model approaches often incorporate results from culturing and observational studies (e.g., Elliott et al., 2005;
Arhonditsis et al., 2006; Mieleitner and Reichert, 2008). However, monitoring data often do not extend to timescales before
the last century, and while cyanobacterial blooms have increased on a global scale since the Industrial Revolution (Taranu et
al., 2015; Huisman et al., 2018), records of long-term fluctuations, especially regarding the abundance of cyanobacteria
relative to eukaryotic algae, are often scarce. Paleolimnological approaches can extend observational periods and provide

40 important information about long-term climate- and nutrient-driven shifts in the relative abundance of different types of
algae (e.g., Lotter, 1988; Cvetkoska et al., 2021).

Reconstructions of past phytoplankton communities often rely on quantifying diatom frustules or dinoflagellate cysts in
sediment records (e.g., Dale and Fjellsa, 1994; Lotter, 2001; Hinder et al., 2021; Cvetkoska et al., 2021), but only a limited
number of taxa produce physical remains that can be preserved and analyzed from sediments. Other paleolimnological

45 studies measure sedimentary algal pigments (e.g., Makri et al., 2019; Schouten et al., 2025), however, pigments can be prone
to rapid degradation (Steenbergen et al., 1994; Reuss et al., 2005).

In contrast, various algal membrane lipids are well preserved in sediments and rocks, and lipid distributions have been used
to trace different phytoplankton groups over geologic time (e.g., Schubert et al., 1998; Brocks et al., 2017; Weber et al.,
2020). These lipids comprise saturated and unsaturated Ci4 to Cyg fatty acids, which are synthesized by all phytoplankton

50 groups (Killops and Killops, 2004; Rustan and Drevon, 2005; Taipale et al., 2013) and phytosterols, which reflect different
eukaryotic algal groups but are absent in cyanobacteria (Volkman 2003; Killops and Killops, 2004; Martin-Creuzburg et al.,
2008; Taipale et al., 2016; Peltomaa et al., 2023). Phytol ((2E,7R,11R)-3,7,11,15-tetramethyl-2-hexadecen-1-ol), the
side chain of chlorophyll, is an additional biomarker for all phototrophic organisms (e.g., Killops and Killops, 2004;
Witkowski et al., 2020). Besides sedimentary lipid distributions, lipid hydrogen isotope ratios, i.e., 8?Hripa values

55 (8°H = (CH/'H)sampie/(*H/'H)ysmow — 1), have the potential to serve as another algal lipid proxy (Klatt et al., 2025;
Ladd et al, 2025). Hydrogen isotope fractionation between lipids and biosynthetic source water
(02Lipiarwater = (CH/"HLipia)/( *H/'Hwaser)) varies among taxonomic groups, leading to significant differences in §*Hyipia values
among different algal groups growing in the same water (Schouten et al., 2006; Zhang and Sachs, 2007; M’Boule et al.,
2014; Heinzelmann et al., 2015; Pilecky et al., 2024; Ladd et al., 2025).

60 While most algal proxies are indicative of specific algal groups, the ratio between phytol and phytosterols, i.e., the
phytol:sterol index (PSI) and the relative offset between &°H values of C16:0 fatty acid and phytol
(8°Hc16:0 Aciarphytol = (8*Hci6:0 acia +1)/(8*Hpnytot +1) — 1) have been proposed as new proxies to trace shifts in the overall algal
community composition (Klatt et al., 2025; Ladd et al., 2025). A study of algal biomass samples collected over the course of

one year in a lake water column demonstrated that a high PSI can indicate increased cyanobacteria due to the lack of
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65 phytosterols in this prokaryotic algal group (Klatt et al., 2025). Culturing and mesocosm experiments further revealed that
high 8%Hci6:0 Aciarphytol values (> 250 %o) reflect high relative proportions of cyanobacteria (Ladd et al., 2025). Additionally,
high 8*Hci6:0 aciaphytol values can be due to relative abundances of green algae (Ladd et al., 2025). However, uncertainties
remain about the reliability of the new lipid proxies in sediment records. For instance, different degradation susceptibilities
among algal lipids associated with lipid 2H-enrichment and changes in relative abundances, as well as the synthesis of fatty

70 acids by bacteria living in sediments, could complicate the interpretation of sedimentary PSI and §*Hcig:o Acid/Phytol Values
(Kawamura et al., 1987; Gray et al., 2002; Sachs and Schwab, 2011; Ladd et al., 2018).

In addition to sedimentary lipids, sedimentary DNA (sedDNA) - specifically, the analysis of phytoplankton amplicon
sequence variants (ASVs) - is another promising proxy to reconstruct algal community dynamics in the past. For instance, a
primer set targeting cyanobacterial and eukaryotic algal plastid 23S rRNA genes has been successfully applied to trace past

75 changes in relative abundances of different groups of algae (Sherwood and Presting, 2007; Steven et al., 2012; Hou et al.,
2014; Yan et al., 2023; King et al., 2024; D. Yan et al., 2024). Nevertheless, DNA preservation is generally poor for
timescales exceeding the early Holocene, and the reflection of past algal communities can be biased by preferential DNA
diagenesis (e.g., Boere et al., 2011; Capo et al., 2015; Nwosu et al., 2023; Thorpe et al., 2024).

In this study, we compared sedimentary alcohol distributions, PSI and 8’Hci6:0 aciaphyiol values with ASVs of cyanobacterial

80 and eukaryotic algal plastid 23S rRNA genes to trace changes in phytoplankton communities in different Swiss lakes during
the 20™ century. We collected sediment cores from three lakes (Greifensee, Murtensee, and Zugersee) on the Swiss Plateau,
all of which experienced strong eutrophication and partial recovery during the 20" century (Fig. 1) (e.g., Furrer and Géchter,
1972; Hollander et al., 1992; AquaPlus, 2001; Lotter, 2001; AquaPlus, 2004; Makri et al., 2019). In all lakes, the input of
nutrients, especially phosphorus, as well as subsequent remediation measures, have led to changes in phytoplankton

85 community composition (Brutschy, 1912; Soracreppa, 1978; Biirgi et al., 2003; Makri et al., 2019). These changes have been
partially documented by algal cell counts in the water column, which are, however, limited to single lakes and specific time
intervals (Brutschy, 1912; Soracreppa, 1978; Biirgi et al., 2003; Merz et al., 2023). The comparison between PSI,
8?Hci6:0 Aciaphytol Values and ASVs, as well as the cross-validation with other algal proxies and available phytoplankton cell
counts allows us to assess potential biases of the different algal proxies in the sediment record.
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Figure 1: Location and historical changes in Total Phosphorus (TP) concentrations of Greifensee, Murtensee and Zugersee. All
lakes are located in the Swiss Plateau. TP concentrations are based on lake water quality monitoring data from the Swiss Federal
Office for the Environment and Rivier (1936) (Murtensee). Only a subset of TP measurements is shown for Greifensee and
95  Zugersee for better visualization. In addition to measurement data, reconstructions of TP concentrations based on sedimentary
diatom frustules are shown for Greifensee and Zugersee (shaded areas represent the minimum and maximum TP concentrations
based on a 2-component weighted-averaging partial least squares model) (AquaPlus, 2001; AquaPlus, 2004). Eutrophic (30-100
pg L' TP) and hypertrophic conditions (> 100 pg L! TP) are defined according to Lampert and Sommer (1993). The map of
Switzerland with lake locations was accessed from swissBOUNDARIES3D and swissTLM3D (© swisstopo) and plotted with the
100  QGIS Geographic Information System.

2 Material and Methods
2.1 Study site descriptions and core collections

All sediment cores were collected in polycarbonate liners with a UWITEC gravity corer (diameter = 60 mm). All cores were

stored vertically at 4 °C prior to subsampling except for the cores from Greifensee collected for lipid extractions
105 (Sect. 2.1.1).

2.1.1 Greifensee

Greifensee is a dimictic, seasonally stratified lake located close to Zurich in the eastern part of the Swiss Plateau at 435 m

a.s.l., with a surface area of 8.46 km? and a maximum depth of 32 m (Fig. Sla) (Lotter, 2001; Biirgi et al., 2003;
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Huntscha et al., 2018). Trophic reconstructions based on diatom frustules indicate that phosphorus concentrations increased
110 strongly in the 1930s to > 60 ug L', with the lake reaching hypertrophic conditions ~ 1950 CE (> 100 ug L' TP; Lampert
and Sommer, 1993) (Biirgi et al., 2003; AquaPlus, 2004). Maximum eutrophication occurred from the 1950s to 1970s with
measured TP concentrations reaching almost 500 ug L' (Fig. 1) (AWEL Zurich; FOEN). Due to sewage treatment measures
in the catchment area and restrictions regarding P-containing detergents, TP concentrations decreased again in the late 1970s
(Biirgi et al., 2003), but Greifensee remains a eutrophic lake presently with slightly higher TP concentrations compared to
115  the 19" century (Biirgi et al., 2003; AquaPlus, 2004; AWEL Zurich; FOEN). Four short sediment cores were collected at the
deepest part of the lake (Fig. Sla). The first three cores (all slightly less than 100 cm) (47°21.24° N 8°40.44° E, WSG84)
were collected in October 2018 for lipid analysis, while the fourth core (91 cm) (47°20.993” N 8°40.683” E, WSG84) was
collected in May 2024 for sedDNA analysis. The three cores for lipid analyses were split longitudinally on the day of

collection, allowed to oxidize at 4 °C for three days and then subsampled for lipid extractions.

120  2.1.2 Murtensee

Murtensee is a monomictic seasonally stratified lake located in the western part of the Swiss Plateau at 429 m a.s.l. with a
surface area of 22.8 km? and a maximum depth of 45 m (Fig. S1b) (Makri et al., 2019). Only limited measurements of TP in
the water column are available, but mesotrophic conditions with moderate phosphorus concentrations of ~ 7 pg L' were
described in 1935 (Rivier, 1936). By 1954, TP measurements already reflected eutrophic conditions (> 32.5 pg L' TP;
125 Lampert and Sommer, 1993) (FOEN; canton Fribourg) (Fig. 1). Due to a lack of measurements in the 1960s and 1970s, the
specific timing of maximum eutrophication is unknown, but TP values were measured in 1982 CE (148 pg L' TP) indicating
hypertrophic conditions. Following the construction of wastewater treatment plants and implementation of restrictions on the
use of P-containing detergents and agricultural fertilizers, phosphorus concentrations decreased during the 1980s, and
Murtensee reached mesotrophic conditions in the 2000s (Makri et al., 2019). A short sediment core (89 cm) was collected in
130 April 2023 at ~ 40 m water depth (46°55.7699° N 7°4.0267° E, WSG84) (Fig. S1b).

2.1.3 Zugersee

Zugersee is located near the city of Zug in the eastern part of the Swiss Plateau at 413 m a.s.1. with a surface area of 38.2 km?
(Strassmann et al., 2005; Maerki et al., 2009). The lake consists of a northern and a southern basin which are separated by a
peninsula within a transition zone (Fig. S2a) (Brutschy, 1912; Dittrich et al., 2009). The shallower northern basin has a
135 maximum water depth of 60 m, and the water column mixes during the spring turnover (Mengis et al., 1997; Dittrich et al.,
2009). The southern basin has a maximum water depth of 200 m with steep slopes, and nearly permanent anoxia occurs
below 100 m (Dittrich 2009; Maerki et al., 2009). In contrast to the northern basin, the southern basin is wind-sheltered by
surrounding mountains (Fig. S2a) (Dittrich et al., 2009). Nutrient releases from the city of Zug into the northern basin
already occurred during the early 1900s (Brutschy, 1912). Trophic reconstructions in the southern basin indicate a strong

140 increase in phosphorus concentrations in the late 1930s and the lake reached hypertrophic conditions in the 1960s (AquaPlus,
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2001). Maximum eutrophication occurred during the 1970s to 1980s with the highest TP measurements of
> 200 pg L' (FOEN; canton Zug). With the establishment of a wastewater treatment plant and reductions in the use of
agricultural fertilizers, TP concentrations decreased in the late 1980s but remained relatively high in the early 2000s (~ 90 pg
L' TP) (AquaPlus, 2001). Two short sediment cores were collected in September 2024 (Fig. S2). The first core

145 (51 cm) was taken in the northern basin (47°9.8075° N 8°28.7821° E, WSG&84) at a water depth of 39 m, the second core
(43 cm) was collected in the southern basin (47°5.4576” N 8°30.1058” E, WSG84) at a water depth of 197 m (Fig. S2a).

2.2 Dating and age models

The age-depth profile of the two cores from Greifensee were determined by counting varves, which were clearly visible in
the sediment record starting from the mid-1930s. For the age determination of additional samples from deeper parts of the
150 core, we assumed sedimentation rates of 5 years cm™! according to Hollander et al. (1992).
The dating of the other cores from Murtensee and Zugersee was based on measurements of 2!°Pb, 2*Ra and '*’Cs in 0.5 to
5 g dry sediment samples by gamma spectroscopy on a high-purity WELL™ Germanium Well Detector (Mirion
Technologies, Canberra, AU) at the Swiss Federal Institute of Aquatic Science and Technology (Eawag) in Diibendorf.
Age-depth models were established by Bayesian statistics using the ‘rplum’ package (version 1.0.0; Aquino-Lopez et al.,
155 2018) in R (version 4.4.1, R Core Team 2024, Vienna, AT) with BCE/CE as calendar scale (Fig. S3). The dry density of
each sample was calculated based on its dry weight and the volume of the wet sample. We assumed constant °Ra
throughout the sediment cores. For the short core from the southern basin of Zugersee, samples from turbidite layers
(Fig. S2b) were excluded from the model. Reported sample ages derived from mean ages and sedimentation rates estimated
by age depth modeling (Fig. S3). Additional age uncertainties related to 2'°Pb and '’Cs dating and the modeling approach

160 (Fig. S3) were not included in the results to be consistent with samples from Greifensee.

2.3 Sedimentary DNA extractions

Sediment samples for DNA extractions were collected before the subsampling of lipid samples in a lab that had been
thoroughly cleaned with 2 % deconex® (Borer Chemie AG, Zuchwil, CH). The subsampling area was additionally cleaned
with DNA-ExitusPlus™ (Huberlab AG, Aesch, CH) and MilliQ water. Subsampling occurred at room temperature under
165 clean conditions, following current best practices modified from Epp et al. (2019). Potential contamination during the
subsampling was assessed with air control samples as described by Armbrecht et al. (2022). Samples were taken every third
cm from the center of longitudinally split core halves and stored at -20 °C prior to extractions. For Greifensee and
Murtensee, extractions were not performed for all samples.
SedDNA was extracted with the DNeasy® PowerLyzer® PowerSoil® Kit for Soil DNA Extraction (Qiagen, Hilden, DE).
170  We followed the manufacturer’s instructions with the following adjustments adapted from Epp et al. (2019): non-frozen wet
sediment was homogenized with a sterile spatula and ~ 0.5 g of homogenized sediment was added to the PowerBead Tube,

samples were mixed for 10 min on a vibratory mixer (highest speed), 20 ul of 2 mg ml! proteinase K in 5 mM Tris HCI

6
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buffer pH 8 was added, and samples were gently rotated at 56 °C overnight. The extracted DNA was eluted with 100 pul C6
solution and 60 — 100 pl of extracted DNA was further purified with the OneStep™ PCR Inhibitor Removal Kit (Zymo

175 research, Irvine, CA, USA) following the manufacturer’s protocol. During all extractions and purifications, sample tubes,
spin columns and buffer solutions were only opened under a laminar flow hood. DNA concentrations were determined with
a Qubit dsDNA broad range assay kit (Thermo Scientific, Waltham, MA, USA) according to the manufacturer’s instructions
and 10 ng of DNA in 25 pl C6 solution from each sample was prepared for further processing. DNA extracts were stored
at -20 °C.

180 2.4 Amplicon sequencing and data processing

Library preparation and amplicon sequencing were performed at the Genomics Facility Basel, operated by the University of
Basel and the Department of Biosystems Science and Engineering (D-BSSE), ETH Zurich. Library preparation was
conducted once per sample using a two-step PCR approach. In the first PCR, published algal specific primers
(p23SrV_f1: 5> GGA CAG AAA GAC CCT ATG AA 3’ and p23SrV_rl: 5 TCA GCC TGT TAT CCC TAG AG 3’) were
185 used to amplify a ~ 400 bp fragment from the domain V of the cyanobacterial and eukaryotic algal plastid 23S rRNA gene
(Sheerwood and Presting, 2007). Primers were modified as phased amplicon primers with up to eight nucleotides attached to
the beginning of the primer sequence (TableS1, S2) to increase amplicon diversity for accurate sequencing. The first PCR
was performed in a 25 pl reaction (KAPA HiFi HotStart) containing 4 pl DNA template, 1 pM primer mix, and 0.5x SYBR
Green (Life Technologies) in an iconPCR system (n6) with autonormalisation (3x baseline signal) in 19 to 25 cycles. The
190 thermal cycling parameters were initial denaturation at 98 °C for 2 min, denaturation 15 sec, primer annealing at 55 °C for
20 s, extension at 72 °C for 30 s and a final extension at 72 °C for 2 min. After PCR, reactions were purified with 0.8x SPRI
beads (Beckman Coulter Life Sciences, Brea, CA, USA) according to the manufacturer’s protocol and eluted in 20 ul H>O.
For the second PCR, Nextera XT UDI primers (Illumina) were used containing the sequencing adapter and an 8/8 bp dual
barcode unique for each sample. The reaction (KAPA HiFi HotStart) included 8 pl of the purified PCR product, 2.5 pl IDX
195 primer mix, and 0.5x SYBR Green. PCR was performed with the same thermal parameters as the first PCR in 8 cycles
without autonormalisation. After purification with 0.8x SPRI beads, libraries were pooled (5 pl of each sample) and 2x 300
paired end sequencing was performed on an AVITI™ system (Element Biosciences, San Diego, CA, USA). Raw sequencing
reads were demultiplexed with Bases2FastQ. For Greifensee, a total of 22,437,721 raw reads were obtained from
17 samples, for Murtensee a total of 17,461,179 raw reads were obtained from 13 samples. 17,896,024 total raw reads were
200 obtained from 14 samples of the northern basin of Zugersee, and 21,309,917 reads were obtained from 14 samples of the
southern basin. Three samples from Zugersee yielded no sequencing reads, which included one sedDNA sample and a
subsampling blank from the northern basin, and an extraction blank from the southern basin.
Primer sequences were trimmed with cutadapt v4.2 (error 0.1, no indels) and raw reads were processed following the
workflow described in Gfeller et al. (2023) using the ‘dada2’ package (version 1.34.0; Callahan et al., 2016) in R (version

205 4.4.1) for quality filtering, read merging and inferring exact ASVs. We allowed two maximum expected errors for quality
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filtering and truncated only reverse sequences at 220 bp. Error rates were based on all samples of the sequencing run, which
initially contained 15 additional samples from Lac de Neuchatel which were not included in this study. Taxonomic
assignments of the 23S rRNA ASVs were performed using the Basic Local Alignment Search Tool (BLAST) with the
National Center for Biotechnology Information (NCBI) database (accessed on 5" June 2026). These calculations were
210 performed at sciCORE (http://scicore.unibas.ch/), the scientific computing center of the University of Basel. For downstream
analysis, samples with a low sequence number (threshold 390,000 sequences) were removed, which comprised all
subsampling and extraction blanks. Alignments were filtered for algal classes and non-algal ASVs were not considered for
further analysis. Absolute algal ASV counts were normalized by total sum scaling, after confirming no significant
differences in sequencing depths between lakes via Kruskal-Wallis rank sum test (Weiss et al., 2017). Outlier detection was
215 performed with the CLOUD method (Montassier et al., 2018) based on Bray Curtis distances of normalized ASV data for

each lake with nearest neighbours set to 40 % of the sample size and an empirical outlier percentile of 0.1.

2.5 Bulk Total Organic Carbon

Prior to measurements of bulk Total Organic Carbon (TOC) of samples, inorganic carbon was removed from sediment
samples by acidification. ~ 10 mg of dry sediment was weighed into silver capsules and two drops of MilliQ water were
220 added to each sample. Then, samples were acidified by the vapor phase of 37 % HCI for 24 h and dried at 40 to 50 °C for at
least four days. Samples were then folded into tin capsules and TOC was measured on a Flash 2000 elemental analyzer (EA)
equipped with a thermal conductivity detector coupled to a Delta Plus XP IRMS (Thermo Scientific) with a MAS 200R

autosampler.

2.6 Lipid extraction and quantification

225 For lipid extractions from the Murtensee and Zugersee cores, 2 cm of sediment without contact to the polycarbonate liner
was subsampled every second cm from the split core halves and stored in combusted glass vials at -20 °C. Total Lipid
Extracts (TLEs) of ~ 5 g dry sediment were extracted in 9:1 dichloromethane:methanol (DCM:MeOH) with an accelerated
solvent extraction system (Dionex™ ASE™ 350, Thermo Scientific), as described in Hirave et al. (2021). A recovery
standard containing a mix of hexatriacontane (n-Cse-alkane), 2-octadecanone, heneicosanol (n-Cyj-alkanol), and

230 nonadecanoic acid (n-C19:0 acid) was quantitatively added to each sample prior to extractions. TLEs were dried in a Rocket
Evaporator (Genevac, Ipswich, UK) and base-saponitied as in Klatt et al. (2025). Following saponification, the neutral and
acid fractions were separated by heptane rinses and subsequent acidification of the aqueous fraction according to Klatt et al.
(2025).

Neutral fractions were separated into compound classes using silica gel column chromatography. Fractions were dissolved in

235  9:1 DCM:MeOH, mixed with ~ 0.14 g of 5 % deactivated silica gel (0.04-0.063 mm (400-230 mesh), Carl Roth, Karlsruhe,
DE), and gently dried under nitrogen. The dry mixture was loaded onto a glass cartridge containing ~ 1.4 g of 5 %

deactivated silica gel. Hydrocarbons and ketones were eluted in 20 ml heptane and 18 ml 2:1 heptane:DCM. Alcohols

8
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(including phytol and phytosterols) were eluted with 20 ml DCM. For quantification and identification of alcohols, 5 %
aliquots were silylated as in Ladd et al. (2025) and analyzed within 48 h. The remaining 95 % of each alcohol fraction was
240 acetylated as in Klatt et al. (2025) and used for 3’Hpnyor measurements. Acid fractions were methylated directly after
saponification to form fatty acid methyl-esters (FAMEs) using HCl in MeOH as in Klatt et al. (2025). Saturated FAMEs
(including C16:0 FAME) were purified with 10 wt % AgNOs-impregnated silica gel columns (~ 0.5 g) and eluted with 8 ml
1:1 heptane:DCM.
Acetylated alcohols and FAMEs were quantified with gas chromatography—flame ionization detection (GC-FID) as in Baan
245 et al. (2023). For silylated alcohols, the column (Rxi-5Sms, 60 m x 25 mm x 25 pm (Restek, Bad Homburg vor der Héhe,
Germany)) was held at 60 °C for 2 min, heated to 290 °C at 15 °C min™! and then to 325 °C at 6 °C min'. The oven was held
at its final temperature of 325 °C for 10 min.
To identify different alcohol compounds, mass spectra of a subset of silylated samples were analyzed by gas
chromatography-mass spectrometry (GC-MS) on a Trace™ GC Ultra gas chromatograph coupled to a DSQ II mass
250 spectrometer (Thermo Scientific) with a Rxi-5ms column (60 m x 25 mm x 25 um) (Restek). The column was held at 50 °C
for 2 min, heated to 140 °C at 10 °C min’', held for 1 min, heated to 300 °C at 4 °C min’!, held for 36 min, and heated to a
320 °C at 10 °C min™! and held for 10 min. Mass spectra were compared to published references (National Institute of
Standards and Technology; Venkatesan, 1989; Goad and Akihisa, 1997; Elvert and Niemann, 2008; Atwood et al., 2014;
Peltomaa et al., 2023) and internal collections. The retention time of an external C16:0 FAME standard (Sulpelco® Cg-Ca4
255 FAME Mix) (Merck KGaA, Darmstadt, Germany) was used to identify C16:0 FAME in our samples.
For the lipid extractions from Greifensee cores, samples were taken after oxidation of the split core halves in three-year
intervals to the bottom of the varved section (24 to 27.5 cm). One of these cores was additionally subsampled in 2 cm
intervals from 24 to 44 cm. All lipid samples were stored at -20 °C prior to subsequent analyses. TLEs were extracted in a
Microwave Reaction System (SolvPro, Anton Paar, Graz, Austria) according to Ladd et al. (2018). Further lipid processing
260 including saponification, as well as purification of alcohol and acid fractions generally followed the same procedures
described for the samples from Murtensee and Zugersee. Detailed descriptions of the methods with instrument specifications
were published in Ladd et al. (2018). Alcohol compounds were quantified and identified based on the analysis of silylated
2.5 % aliquots by GC-FID and GC-MS as described for the samples from Murtensee and Zugersee.
Sedimentary alcohol concentrations (ug g dry sediment) were calculated based on added amounts of the n-Csj-alkanol
265 recovery standard and normalized to TOC (% of dry sediment weight). For Greifensee, no TOC measurements were
available, and TOC values were estimated based on linear interpolation from published TOC measurements of a core

collected in 2014 at a similar location (Chiaia-Hernandez et al., 2017).

2.7 Lipid ’H measurements

Lipid &°H values from Murtensee samples were measured by gas chromatography-isotope ratio mass spectrometry

270 (GC-IRMS, ThermoScientific) at the Stable Isotope Ecology Laboratory at University of Basel, using the same

9
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instrumentation as in Baan et al. (2023). For C16:0 fatty acid, the column (Rtx-5ms, 30 m x 0.25 mm x 0.25 pm (Restek))
was heated from 60 to 140 °C at 15 °C min™!, and from 140 to 325 °C at 4 °C min’!, then kept at 325 °C for 15 min. For
phytol, the column was heated from 60 to 140 °C at 15 °C min™!, and from 140 to 320 °C at 6 °C min’!, then kept at 320 °C
for 9 min. The column effluent entered a ceramic pyrolysis reactor and was converted to H, gas at 1420 °C.

275 Measured 8°H values from the Thermo Isodat 3.0 software (Thermo Scientific) were converted to the Vienna Standard Mean
Ocean Water (VSMOW) scale and corrected for isotopic effects related to time drift, peak size and retention time using
multiple linear regressions between known and measured values of external standards (FAME Mix F8-3 and n-alkane Mix
A7 from Indiana University and C20:0 FAME USGS71 from the United States Geological Survey. An additional quality
control (QC) standard (FAME Mix F8-4, Indiana University) was measured multiple times throughout each sequence and

280 scale-normalized to VSMOW with the same method as the samples. For 8?Hpnyi, measurements, a phytol acetate standard
(Penta Manufacturing, Livingston, NJ) was included to monitor the relationship between 8*H values and peak area and to
track long-term precision. The average standard deviation (SD) for all QC compounds was 2.8 %o with an average offset of
1.8 %o from their known values (n = 70). The H;" factor was determined at the beginning of each sequence and averaged
2.7 +/- 0.23 ppm nA"'. §2Hyipia values were corrected for hydrogen added during derivatization using isotopic mass balance

285 as in Nelson and Sachs (2014). The &°H value of the acetyl group was determined by acetylation of sucrose with a known
5?H value and the §°H value of the methyl group was obtained by methylating phthalic acid with a known §°H value (Indiana
University). Analytical uncertainties were calculated from replicate measurements and propagated errors from the
uncertainties in the 8°H values of added hydrogen.

Lipid 8°H values from Greifensee samples were measured at Eawag in Kastanienbaum using instrumentation and

290 methodology as in Ladd et al. (2025). Different n-alkanes (1n-Ci7, Cio, Ca1, Ca3, Cas, Cas, C34) (Indiana University) were used
as reference standards to normalize measurements to the VSMOW scale and to correct for isotopic effects associated with
retention time, peak size, and analytical drift. A n-Cy9 alkane standard, which has been routinely measured in the Stable
Isotope Ecology Laboratory at University of Basel, was used as additional QC and analyzed three times throughout each
sequence. The average SD was 10 %o with an average offset of 1.2 %o from its long-term reported 3H value (n = 31). The

295 Hs* factor averaged 3.6 +/- 0.18 ppm nA-'. The correction of 3*Hpnyo1 values for hydrogen added by derivatization was based

on approximations of 8’°H values of the acetyl group by measuring acetylated and unacetylated n-Co-alkanol.
2.8 Calculations and Statistics
All data analyses were carried out in R (R version 4.4.1, R Core Team 2024, Vienna, AT) and RStudio (2023.06.1+524). The
‘ggplot2’ (Wickham, 2009) and the ‘cowplot’ package (Wilke, 2025) were used for visualizations.
300 2.8.1 Phytol:sterol index

PSI values were calculated based on sedimentary concentrations [ug g! TOC] of phytol and various phytosterols (Eq. (1),

(2), and (3)). For each lake, potential terrestrial sources of phytosterols were assessed by non-metric multidimensional

10
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scaling (NMDS) of phytosterols and terrestrial triterpenoids (Fig. S4; see Table S3 for systemic names) and equations were
adjusted accordingly.

305 Phytosterols and stanols included brassicasterol, campesterol, campestanol, stigmasterol, sitosterol, sitostanol,
chondrillasterol, 22-dihydrochondrillasterol, dinosterol, 4a-desmethyl-dinosterol, dehydro-dinosterol, dinostanol. Terrestrial
triterpenoids included o- and f-amyrin and lupeol. Dinosterol and its derivatives were always included in PSI calculations
due to their source-specificity for dinoflagellates (and other eukaryotic algae) (Meyers and Ishiwatari, 1993;

Volkman, 2003). For Murtensee, 4a-desmethyl-dinosterol was not detected.

310
The PSI for Greifensee was calculated by:
_ [phytol]
PSI = ([phytol]+[brassicasterol]+[campesterol]+[4a—desmethyl—dinosterol]+ (1)
[dehydro—dinosterol]+[dinostanol]+[dinosterol]+[sitostanol]+[sitosterol])
The PSI for Murtensee was calculated by:
_ [phytol]
315 PSI= ([phytol]+[brassicasterol]+[campesterol]+[dehydro—dinosterol]+ (2)

[dinostanol]+[dinosterol]+[sitosterol]+[stigmasterol])

The PSI of Zugersee was calculated by:

pSI [phytol] (3)

= ([phytol]+[brassicasterol]+[campesterol]+[4a—desmethyl—dinosterol]+[dehydro—dinosterol]+
[dinostanol]+[dinosterol]+[sitostanol]+[sitosterol]+[stigmasterol])

2.8.2 Phytoplankton biovolume calculation

320 Phytoplankton biovolume in Greifensee and Murtensee was calculated based on published algal cell counts from Biirgi et al.
(2003) and Merz et al. (2023). For Greifensee, cell counts comprised 0 to 20 m water depth and were conducted from 1972
to 2021 CE. For Murtensee, cell counts comprised 0 to 10 m water depth from 1999 to 2011 CE and 0 to 15 m water depth
from 2012 to 2022 CE. Cell counts from single algal species were multiplied by biovolume measurements from individual
phytoplankton cells (Narwani et al., 2019). In single cases, the species biovolume was unknown and the biovolume reported

325 for the genus (‘sp.’) or the median of all species from the respective family was used. Afterwards, algal biovolume was

summed for each taxonomic class and each sampling year.

2.8.3 Statistical analyses

NMDS of relative alcohol concentrations and ASV abundances was performed with the ‘metaMDS’ function of the ‘vegan’
package (Oksanen et al., 2025) based on Bray Curtis distances with k=3 dimensions data were square root transformed if
330 NMDS plots displayed an ‘arch’ effect (Podani and Miklés, 2002). Relative concentrations were calculated as the

contribution of individual compounds to the sum concentration of all compounds.

11
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Locally estimated scatterplot smoothing (LOESS) fits were generated to estimate trends of PSI values and 8*Hcie:ophytol
values with the ‘loess’ function from base R (R Core Team 2024, Vienna, AT). Smoothing span parameters for each model
were defined by leave-one-out k-fold cross validation with the ‘train’ function of the ‘caret’ package (Kuhn, 2008).
335  Stratigraphically constrained clustering (CONISS) of relative alcohol and ASV distributions was performed with the
‘chehlust’ function of the ‘rioja’ package (Juggins, 2024).
For cluster analysis of alcohols, n-alkanols were excluded due to the large variability of possible source organisms (e.g.,
Zhang et al., 2021). The dissimilarity matrix for cluster analysis was created with the ‘vegdist’ function of the ‘vegan’
package (Oksanen et al., 2025) based on Bray Curtis distances. The number of significant clusters was determined with the
340 broken stick model. For plotting, the dendrogram was extracted with the ‘dendro_data’ function of the ‘ggdendro’ package
(de Vries and Ripley, 2024).
The phylogenetic tree from cyanobacterial and plastid 23S rRNA ASVs was generated with the ‘ggtree’ package
(Yu et al., 2017; Yu et al., 2018; Yu, 2020; Xu et al., 2022), the ‘ggtreeExtra’ package (Xu et al., 2021) and the ‘treeio’
package (Wang et al., 2020).

345 3 Results

To reconstruct how phytoplankton community composition changed in response to eutrophication, we performed
hierarchical cluster analysis of sedimentary alcohol distributions and algal 23S rRNA ASVs. We reconstructed the relative
proportion of cyanobacteria and eukaryotic algae based on the PSI, §*Hcigo Acid/Phytol Values and cyanobacterial 23S rRNA
ASVs and further examined alterations in the abundances of ASVs of different algal classes. For Zugersee, measurements of
350 3’Hpnywol values were not possible due to unresolved complex mixtures co-eluting with phytol in the GC-chromatogram
(Farrington and Quinn, 2015).
In addition to phytoplankton derived ASVs, amplicons from algal classes comprising mainly macroalgae, i.e.,
Bangiophyceae and Ulvophyceae, were included in the analysis due to their high relative abundances before hypertrophic
conditions and the potential impact on lipid proxies.

355

3.1 Greifensee

In Greifensee, the PSI was relatively stable from the mid-1800s until ~ 1940, but smaller peaks occurred ~ 1850 CE, from
~ 1870 to 1880 CE, and from ~ 1920 to 1930 CE (Fig. 2a). PSI values strongly increased in 1941-1943 CE, co-occurring
with significant changes in sedimentary alcohol distributions. After 1950-1952 CE, the PSI decreased and reached their
360 lowest value in 1971-1973 CE. Afterwards, PSI values slightly increased again but remained rather low, with fluctuating

values.
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3Hci60 acidphyol values ranged from 251 %o in ~ 1910 CE to 316 %o in 1992-1994 CE spanning a total range of
65 %o. (Fig. 2a). 8*Hcis:0 Acid/Phytol Values were relatively stable from the mid-1800s until ~ 1940 CE with some fluctuations.
8?Hc16:0 Aciaphytot values displayed a strong increase in 1941-1943 CE, again co-occurring with significant changes in alcohol
365 clusters. Subsequently, 3*Hci:0 Aciahytol values fluctuated with an overall increasing trend.
The abundance of 23S rRNA ASVs of Cyanobacteriota was relatively stable during the 1800s until ~ 1940 CE, ranging
between 18 % and 33 % (Fig. 2a). In the 1940s, the relative abundance of cyanobacterial ASVs strongly increased, reaching
86 % in ~ 1948 CE. After a drop to 21 % in ~ 1970 CE, cyanobacterial ASVs increased again and continuously remained
> 50 % with further peaks ~ 1993 CE and ~ 2005 CE.
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Figure 2: Time series of different proxies for phytoplankton community composition in Greifensee. (a) Phytol:sterol index values
(shaded areas represent 95 % confidence intervals of LOESS span = 0.5 fit), 8*Hc16:0 Acid/Phytol Values (LOESS span = 0.9 fit) and
relative abundance of cyanobacterial 23S rRNA amplicon sequence variants (ASVs). Changing lipid sources are indicated by a
CONISS cluster dendrogram of relative alcohol distributions. ASVs are plotted with cyanobacterial biovolume in the water
375 column based on mean annual cell counts from Biirgi et al. (2003) and Merz et al. (2023). (b) Dinostanol and dinosterol
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concentrations plotted with the CONISS cluster of alcohol distributions. (c) Relative biovolume of Chlorophyta and
Cyanobacteriota in the water column based on mean annual cell counts from Biirgi et al. (2003) and Merz et al. (2023). The
biovolume of Chlorophyta is included for the interpretation of 3*Hcie:0 Acia/phytol values. Red background shading indicates the
period of maximum eutrophication (~ 1950 to 1980 CE).

380
On the taxonomic class level, 23S rRNA ASVs during the 1800s and the early 1900s derived mainly from Bangiophyceae
(Rhodophyta) and Trebouxiophyceae (Chlorophyta) in addition to the stable proportion of ASVs of Cyanophyceae (Fig. 3).
Single samples displayed higher abundances of ASVs from Euglenida. The strong increase of Cyanophyceae in
~ 1948 CE co-occurred with a significant shift in ASV clusters. Within eukaryotic algal classes, high abundances of 23S
385 rRNA ASVs from Eustigmatophyceae were found until the 1980s, while the abundance of ASVs from Trebouxiophyceae
remained generally high with a particular peak ~ 1970 CE.
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390 rRNA amplicon sequence variants (ASVs), plotted with a CONISS cluster dendrogram of ASV distributions. Algal classes
comprising less than 20 % in all samples are not shown. Red background shading indicates the period of maximum eutrophication

(~1950 to 1980 CE).
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3.2 Murtensee

395 In Murtensee, the PSI was stable and relatively low from the mid-1800s until ~ 1940 and strongly increased ~ 1946 CE,
co-occurring with significant changes in clusters of sedimentary alcohol distributions (Fig. 4a). The PSI remained high until
the early 2000s and slightly decreased afterwards, consistent with changes in alcohol distributions.
8?Hc16:0 Aciahytol values ranged from 137 %o in ~ 1910 to 285 %o in ~ 1984 CE (Fig. 4a). 8?Hci6.0 Aciaphytot values fluctuated
between ~ 140 %o and 200 %o from the late 1800s until ~ 1937 CE and displayed a first peak with 237 %o in ~ 1946 CE

400 co-occurring with significant changes in alcohol clusters. Around 1958 CE, 8*Hci6:0 ciaphyol Values strongly increased and
remained > 260 %o for the rest of the record.

The abundance of 23S rRNA ASVs of Cyanobacteriota was relatively high during the late 1800s with 72 % in 1873 and
> 60 % until the 1900s (Fig. 4a). In ~ 1922 CE, the relative abundance of cyanobacterial ASVs dropped to 18 %, but
strongly increased again reaching a peak of almost 80 % ~ 1958 CE. ASVs of Cyanobacteriota then decreased again below

405 40 % but reached another peak in ~ 1995 CE.
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Figure 4: Time series of different proxies for phytoplankton community composition in Murtensee. (a) Phytol:sterol index values
(shaded areas represent 95 % confidence intervals of LOESS span = 0.4 fit), 8*Hc16:0 Acid/Phytol Values (LOESS span = 0.5 fit) and
410 relative abundance of cyanobacterial 23S rRNA amplicon sequence variants (ASVs). Changing lipid sources are indicated by a
CONISS cluster dendrogram of relative alcohol distributions. ASVs are plotted with cyanobacterial biovolume in the water
column based on mean annual cell counts from Merz et al. (2023). (b) Dinostanol and dinosterol concentrations plotted with the
CONISS cluster of alcohol distributions. (c) Relative biovolume of Chlorophyta and Cyanobacteriota in the water column based
on mean annual cell counts from Merz et al. (2023). The biovolume of Chlorophyta is included for the interpretation of 3*Hcie:o

415  Acia/phytor values. Red background shading indicates the period of maximum eutrophication (~ 1950 to 1980 CE).

On the taxonomic class level, smaller proportions of 23S rRNA ASVs during the late 1800s derived from Trebouxiophyceae
and minor contributions were from Bangiophyceae in addition to the major abundance of cyanobacterial ASVs (Fig. 5). The
proportion of ASVs from Ulvophyceae peaked ~ 1922 CE (33 %). Increasing abundances of cyanobacterial ASVs
420 co-occurred with higher proportions of 23S rRNA ASVs from Eustigmatophyceae. In the 1960s, the abundance of diatom

classes increased and ASVs from Fragilariophyceae comprised 49 % in the youngest sample from ~ 2001 CE.
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Figure 5: Time series of the relative abundances of different algal classes in Murtensee, based on taxonomic assignments of 23S
425 rRNA amplicon sequence variants (ASVs), plotted with a CONISS cluster dendrogram of ASV distributions. Algal classes
comprising less than 20 % in all samples are not shown. Red background shading indicates the period of maximum eutrophication

(~ 1950 to 1980 CE).
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3.3 Zugersee

430 For Zugersee, separate sediment cores were analyzed from the northern and the southern basin due to the large differences in
their bathymetry, lake depth and water column chemistry, as well as topographical differences within the catchment area
(Fig. S2a). In the southern basin, the record of algal proxies begins only ~ 1925 CE due to disruption of the sediment
chronology by turbidites (Fig. S2b). These turbidites formed after massive rainfall events, which caused fluvial
sedimentation of sandy and siltic material at the lake bottom associated with the steep bathymetry of the shoreline of the
435 southern basin (Fig. S2a) (AquaPlus, 2001).
In the northern basin, the PSI was relatively low and stable in the oldest sample from ~ 1789 CE, during the 1800s until
~ 1940 CE (Fig. 6a). Then, PSI values strongly increased at the same time that alcohol distribution clusters change
significantly ~ 1939 CE, and remained high afterwards until the early 2000s. In the southern basin, the PSI increased in the
1950s co-occurring with a significant change in alcohol distributions. PSI values peaked ~ 1977 CE and remained relatively
440 high in the early 2000s as in the northern basin.
The abundance of 23S rRNA ASVs of Cyanobacteriota was low in the oldest samples of the northern basin, with <1 % in
~ 1789 CE, and < 20 % until ~ 1901 CE (Fig. 6a). In the early 1900s (~ 1900 to 1940 CE), the abundance of cyanobacterial
ASVs slightly increased to > 20 %, and then strongly increased after ~ 1950 CE and remained high afterwards. A first peak
in 23S rRNA ASVs of Cyanobacteriota was detected ~ 1961 CE (74 %) and a second peak ~ 1998 CE (95 %). In the
445  southern basin, the abundance of cyanobacterial 23S rRNA ASVs was low to moderate in the early 1900s to ~ 1950 CE,
ranging from 13 % to 35 % (Fig. 6a). Similar to the northern basin, the abundance of cyanobacterial ASVs strongly
increased after ~ 1950 CE and peaked to 76 % in ~ 1956 CE. Afterwards, 23S rRNA ASVs of Cyanobacteriota slightly
decreased until ~ 1985 CE, but reached > 90 % in the 2000s.
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Figure 6: Time series of different proxies for phytoplankton community composition in the northern (left) and southern (right)

basin of Zugersee. (a) Phytol:sterol index values and relative abundance of cyanobacterial 23S rRNA amplicon sequence variants

(ASVs). Changing lipid sources are indicated by a CONISS cluster dendrogram of relative alcohol distributions. (b) Dinostanol

and dinosterol concentrations along the CONISS cluster of alcohol distributions. Red background shading indicates the period of
455 maximum eutrophication (~ 1950 to 1980 CE).

On the taxonomic class level, 23S rRNA ASVs in the oldest samples from the northern basin derived mainly from
Bangiophyceae, but green algal taxa, i.e. Trebouxiophyceae and Ulvophyceae increased in the early to late 1800s varying
between 15 % and > 30 % (Fig. 7a). In the early 1900s (~ 1900 to 1940 CE), the relative abundance of ASVs from
460 Bangiophyceae increased again, comprising major proportions of eukaryotic algal ASVs. In the mid-1900s, the increase of

cyanobacterial ASVs co-occurred with a significant change in ASV clusters and changes in the distributions of eukaryotic

20
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algal ASVs. The proportion of ASVs from Bangiophyceae decreased and eukaryotic algal ASVs derived mainly from
Trebouxiophyceae as well as Chlorophyceae and Eustigmatophyceae. In the southern basin, high proportions of 23S rRNA
ASVs derived from Trebouxiophyceae ~ 1925 to 1950 CE and single samples displayed relatively high abundances of ASVs
465 from Eustigmatophyceae and Ulvophyceae (Fig. 7b). Similar to the northern basin, the strong increase of cyanobacterial 23S
rRNA ASVs ~ 1956 CE co-occurred with a significant change in ASV clusters. Simultaneously, the relative proportions of
ASVs from Chlorophyceae peaked during the 1960s to almost 20 %. In samples from the late 1900s with highest abundance
of cyanobacterial ASVs, the small proportion of eukaryotic algal ASVs derived mainly from Eustigmatophyceae and

Trebouxiophyceae, comparable to samples from the northern basin.

21
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Figure 7: Time series of the relative abundances of different algal classes in the northern (a) and southern (b) basin of Zugersee,

based on taxonomic assignments of 23S rRNA amplicon sequence variants (ASVs). ASVs are plotted along a CONISS cluster

dendrogram of ASV distributions. Algal classes comprising less than 20 % in all samples are not shown. Red background shading
475 indicates the period of maximum eutrophication (~ 1950 to 1980 CE).

To compare the (dis-)similarities between phytoplankton community compositions in the northern and the southern basin of
Zugersee, we performed NMDS analysis of lipid distributions as well as algal 23S rRNA gene ASVs distributions on the

taxonomic class level (Fig. 8).
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480 The NMDS of alcohol distributions showed a temporal separation between samples (Fig. 8a). Samples from the 1800s
(northern basin) and the early 1900s (~ 1900 to 1940 CE) were separated from samples from the mid- to late 1900s and
2000s along NMDS axis 1, except for two samples derived from turbidites. Along NMDS axis 2, samples from the 1950s
and 1960s clustered mostly separately from samples derived from the late 1900s and 2000s. Samples derived from turbidites
in the southern basin, clustered together, but mostly showed the same temporal distribution as other samples.

485 NMDS of 23S rRNA gene ASVs also displayed a temporal clustering with samples from the 1800s (northern basin), early
1900s (~ 1900 to 1940 CE) and late 1940s being mostly separated from samples originating from the mid-1900s to 2000s
along NMDS axis 1 (Fig. 8b). Samples from the 1950s to 1980s clustered separately from samples derived from the 1990s
and 2000s along NMDS axis 2.
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stress: 0.052 stress: 0.057
75 0.75
0.50 0.50
0.25 2019 0.25 2002 .2019
208349
o o =5
é’ - ‘é 1993 South Basin
19
2 902 1993 =
0.00 0.00 -
1962
1977
-0.25 9882 -0.25
1956 1987
-0.50 -0.50
-050 —0.25 0.00 0.25 0.50 —05 00 05
490 NMDS1 NMDS1

Figure 8: Non-metric-multidimensional scaling (NMDS) of relative alcohol concentrations (a) and algal 23S rRNA amplicon

sequence variants (ASVs) distributions (b) in Zugersee in relation to mean sample ages (CE). Sample names refer to the mean age

of the respective sample. ASVs were square root transformed prior to analysis. Only the first and second dimensions are shown.

For better visualization, arrows mark the exact positions of some samples, and their respective ages are plotted with a slight offset.
495 1In (a), the exact positions of single samples (dashed box) are additionally plotted with higher resolution.

4 Discussion

We analyzed alcohol distributions, PSI and 8?Hcie:0 aciaphytol values along with algal 23S rRNA ASVs in sediment cores of
Swiss Plateau lakes to reconstruct changes of phytoplankton communities in response to strong eutrophication during the
20™ century. In the following discussion, we compare the various lipid proxies with algal ASVs and cross-validate these
500 proxies with observational limnological studies, available cell count data (Greifensee and Murtensee), algal pigment

distributions (Murtensee), and changes in diatom communities (Zugersee).

23



https://doi.org/10.5194/egusphere-2026-4300
Preprint. Discussion started: 24 August 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

4.1 Comparison between lipid proxies and algal 23S rRNA ASVs

In all studied lakes, sedimentary lipid proxies and algal 23S rRNA ASVs indicated significant changes in the algal
community associated with the strong eutrophication period of the 20™ century (Fig. 2 to 7). The overall timing of significant
505 changes in alcohol clusters was consistent with changes in ASV clusters. Regarding changing proportions of cyanobacteria
and eukaryotic algae, PSI and 8*Hcie:0 Aciaphytot values recorded generally the same trends as cyanobacterial and eukaryotic
algal plastid 23S rRNA ASVs. In the 1800s and early 1900s, low relative abundance of cyanobacterial ASVs, as well as low
PSI and 3’Hci6:0 acidphytol Values suggest minor proportions of cyanobacteria. Additionally, the high relative abundances of
ASVs from macroalgae (i.e., Bangiophyceae and Ulvophyceae) imply low phytoplankton productivity in the water column
510 consistent with oligotrophic lake conditions. However, the high proportion of Bangiophyceae and Ulvophyceae ASVs in
single samples was represented by only one single amplicon variant which may reflect biases from PCR overamplification
(Best et al., 2015). During the early eutrophication phase in the 1940s, PSI and 8?Hci6:0 Aciaphyto! Values strongly increased,
consistent with increasing relative abundance of cyanobacterial ASVs, indicating a shift of algal community composition
towards higher proportions of cyanobacteria.
515 Nevertheless, some discrepancies were found between cyanobacterial lipid proxies and ASVs in Greifensee and Murtensee.
In Greifensee, the PSI, 8?Hci6.0 aciarhytol values and cyanobacterial ASVs displayed clear peaks during the 1940s. However,
PSI values decreased afterwards and remained comparably low until the 2000s, while 8’Hciso aciaphyor values and
cyanobacterial ASVs increased again and remained high during the 1980s and 1990s. High 8*Hcie:0 aciaphytol Values are
indicative for cyanobacteria when they are associated with a strong *H-depletion of phytol (Ladd et al., 2025). However, in
520 Greifensee, the increase in 8*Hcis:o Acid/Phytol Values during the 1980s was mainly due to the 2H-enrichment of C16:0 fatty acid
(Fig. S5a). The 2H-enrichment of C16:0 fatty acid co-occurring with peaks of the bacterial hopanoid diplopterol (Fig. S5b)
(Ourisson et al., 1987) could reflect high biomass from heterotrophic bacteria, which tend to have higher 8*Hcie:0 acia values
than photoautotrophs (Zhang et al., 2009, Heinzelmann et al., 2015; Wijker et al., 2019). In addition to heterotrophic
bacterial biomass, 2H-enrichment of C16:0 fatty acid might be related to high biovolume of green algae during the late 1960s
525 and early 1970s (Fig. 2¢) (Sect. 4.2) (Ladd et al., 2025).
In Murtensee, PSI and §?Hcie.0 Acid/Phytol Values were low during the 1800s until the 1940s, while ASVs of Cyanobacteriota
comprised the majority of algal ASVs (Fig. 4a). On the genus level, cyanobacterial ASVs in Murtensee during the late 1800s
were assigned mainly to Synechococcus (Fig. S6b). Despite their small cell size, coccoid cyanobacterial genera like
Synechococcus can exhibit high DNA amounts due to polyploidy of their chromosomes (Watanabe, 2020). In case of
530 generally low algal productivity associated with low abundances of eukaryotic algal ASVs, multiple copies of cyanobacterial
chromosomes per single cell can overestimate the actual abundance of cyanobacteria within the community, leading to
discrepancies between lipid proxies and 23S rRNA ASVs. After the 1940s, PSI and 8*Hci6:0 aciaphytol Values remained high.
Cyanobacterial ASVs peaked ~ 1958 CE, but decreased during the 1960s and 1970s (Fig. 4a). In line with the assumption of
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high DNA amounts in small coccoid cyanobacteria, decreasing cyanobacterial ASVs were associated with lower abundances
535  of Synechococcus.
Besides the good temporal agreement of significant changes in sedimentary alcohol and ASV clusters, the representations of
specific algal groups by the two different proxies differ from each other. Dinosterol and dinostanol, commonly used as a
proxy for dinoflagellates (e.g., Meyers and Ishiwatari, 1993; Volkman, 2003), were found in sediment samples from all
lakes, and generally increased with lake eutrophication (Fig. 2b; Fig. 4b; Fig. 6b). In contrast, algal 23S rRNA ASVs from

540 Dinophyceae were always low. Contrasting results between dinosterol and sedDNA have been reported by other studies, in
which these discrepancies have been related to the variability of dinosterol production among different dinoflagellate species
(Boere et al, 2011; Romahn et al., 2025). Moreover, dinosterol could potentially be synthesized by other algal groups (e.g.,
diatoms) (Volkman et al., 1993). However, the past abundance of dinoflagellates in Murtensee and Zugersee is reflected by
algal pigments (Makri et al., 2019) and reported in historical observations (Brutschy, 1912) contradicting other algal sources

545  of dinosterol as well as the low abundance of Dinophyceae reflected by ASVs. In the early 1900s, the dinoflagellate
Ceratium hirundinella was even described as a “characteristic plankton form” in Zugersee which “never [..] disappears”
(Brutschy, 1912). The underestimation of dinoflagellate abundance by plastid 23S rRNA ASVs may be related to the unique
fragmented organization of their plastid genome and associated difficulties in properly amplifying dinoflagellate plastid
rRNA genes (Sherwood and Presting, 2007; Xu et al., 2023; Tang et al., 2024).

550 Moreover, low specificity of taxonomic assignments by NCBI, as implied by the scattered distribution of algal phyla in the
phylogenetic tree (Fig. S7), could be an additional factor leading to the missing representation of dinoflagellates.
Dinoflagellate plastids evolutionarily originate from secondary endosymbiosis of red algae (Zhang et al., 1999; Zhang et al.,
2000; Tang et al., 2024). Although Bangia atropurpurea, the only freshwater species of Bangiophyceae, has been reported in
Swiss lakes as part of the benthic community in the littoral zone (Thomas 1960), red algae comprise mainly marine species

555 (Sheath and Wehr, 2015). Therefore, the high abundance of Bangiophyceae 23S rRNA ASVs before eutrophication could

reflect inaccurate taxonomic assignments of peridinin-containing dinoflagellates.

4.2 Cross-validation of sedimentary algal proxies with documented changes in phytoplankton communities

Phytoplankton community changes in Greifensee, Murtensee and Zugersee have been documented by other studies based on
560 diatom frustules, sedimentary pigments, and single qualitative observations in the water column (Brutschy, 1912;
Soracreppa, 1978; AquaPlus, 2001; Biirgi et al., 2003; Makri et al., 2019). For Greifensee and Murtensee, quantitative algal
cell counts are available for specific time periods (Biirgi et al., 2003; Merz et al., 2023). Based on these cell counts, the
biovolume of individual phytoplankton groups was calculated (Fig. S8; Fig. S10) which is suitable for the cross-validation of
sedimentary proxies. However, samples for algal cell counts do not comprise the whole water column and reflect the algal
565 community at specific sampling dates and locations. In contrast, sediment archives incorporate changes over multiple years

as a more integrative signal from the whole water column (e.g., Thorpe et al., 2024; Romahn et al., 2025). Moreover,
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taphonomic processes as well as degradation of algal material impact the transition of the water column signal to the
sediment (e.g., Thorpe et al., 2024). Therefore, we do not focus on species biovolume on the yearly scale, but rather overall
changes in algal community compositions on higher taxonomic levels.

570  During the mid-1960s, the algal community in Greifensee was described as a fluctuating co-existence of Cyanobacteriota,
Chlorophyta and Chromophyta (Soracreppa, 1978), consistent with decreasing PSI values, as well as low cyanobacterial
ASVs in 1969 CE (Fig. 2a). Phytoplankton biovolume in the water column of Greifensee displayed relatively high
proportions of green algal taxa in the early 1970s, specifically Chlorophyceae, and further showed an increase of
cyanobacterial biovolume during the late 1980s (Fig. 2c; Fig. S8) (Biirgi et al., 2003; Merz et al., 2023). The relatively high

575 proportions of green algal biovolume are also consistent with high §2Hc16:0 acia/phytol Values compared to rather low PSI values
in sediment samples. Likewise, high proportions of sedimentary 23S rRNA ASVs derived from green algae (Fig. 3), but in
contrast to algal cell counts, green algal ASVs in the sediment were mostly assigned to Trebouxiophyceae with negligible
proportions of Chlorophyceae. These differences in the representation of Chlorophytes by sedDNA and microscopic cell
counts have also been shown by Thorpe et al. (2024), with microscopy generally capturing more taxa. Regarding eukaryotic

580 algal groups in general, cell counts documented the persistent abundance of Cryptophyceae which were mostly not reflected
by sedimentary algal ASVs. The poor preservation of Cryptophyceae DNA in sediment records may be associated with
preferential DNA degradation due because they do not have a cell wall as well as selective zooplankton grazing (Capo et al.,
2015; Thorpe et al., 2024).

The increasing proportions of cyanobacterial biovolume in the water column during the late 1980s were also indicated by

585 moderately increasing PSI values, however, cyanobacterial 23S rRNA ASVs strongly increased in sediment samples
(Fig. 2a). Cell counts mainly documented the abundance of Chroococcoides and Synechococcales, and ASVs were mostly
assigned to Synechococcales (Fig. S6a). The low biovolume of these small coccoid cells relative to high DNA amounts
might result in relatively low PSI values in contrast to high abundance of cyanobacterial ASVs, similar to what was observed
in the late 19" century in Murtensee (Sect. 4.1) (Watanabe, 2020).

590 In Murtensee, the analyses of sedimentary pigment distributions from Makri et al. (2019) indicated increasing proportions of
cyanobacteria in response to eutrophication ~ 1937 CE, with oscillaxanthin specifically reflected the abundance of
Planktothrix rubescens and other filamentous cyanobacteria (Fig. S9). This is consistent with significant changes in alcohol
clusters as well as the strong increase in PSI and 8*Hcie:0 aciaphytol values ~ 1940s. Pigment zones further indicated a shift
from filamentous to colonial taxa during the 1970s (Makri et al., 2019). However, peaks in cyanobacterial 23S rRNA ASVs

595 ~ 1958 CE were assigned to Synechoccocus while ASVs from the order Oscillatoriales were almost absent. Although 23S
rRNA genes of Oscillatoriales have been successfully amplified in the water column and algal mats of lakes (Steven et al.,
2012), their absence in sediment samples of Murtensee might indicate preferential degradation.

Pigment zones indicated less cyanobacteria from 1983 CE to 2014 CE associated with strong zooplankton grazing reflected
by astaxanthin (Makri et al., 2019). In contrast, the sediment samples in our study displayed peaks in cyanobacterial ASVs

600 ~ 1995 CE and high PSI and 8*Hci6:0 aciaphytol values reflect high cyanobacterial abundance during the early 2000s (Fig. 4a).
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Generally, phytol and phytosterols can be preserved in zooplankton fecal pellets, the latter as steryl chlorin esters (Prahl et
al., 1984; Pearce et al., 1998), while xanthophylls can be prone to degradation in some zooplankton types (e.g., Pandolfini et
al., 2000). Therefore, PSI and §*Hcie:0 aciaphytol values might be less impacted by grazing. Still, biovolume calculations based
on algal cell counts from Merz et al. (2023) indicated low to moderate proportions of cyanobacterial biovolume during the

605 early 2000s (Fig. 4a, c; Fig. S10). Additionally, phytoplankton biovolume comprised relatively high proportions of
Bacillariophyceae and Chrysophyceae (Fig. S10). Uncertainties regarding the relative abundance of phytol and phytosterols
in these eukaryotic algae, as well as a lack of 8*Hcie:0 aciaphyiol values for Chrysophyceae (Klatt et al., 2025; Ladd et al.,
2025), might explain the discrepancies between sedimentary lipid proxies and phytoplankton biovolume. Alternatively, cell
counts from Murtensee, which comprised 0 to 10 m and 0 to 12 m water depth (Merz et al., 2023), might not be fully

610 representative for the whole water column and cyanobacteria potentially thriving at deeper water depths might have been
missed (e.g., Takasu et al., 2015; Klatt et al., 2025).

In Zugersee, sedimentary alcohol and algal ASV clusters reflected significant changes in algal community composition
~ 1940 CE and PSI values further indicated the increasing abundance of cyanobacteria in response to eutrophication
(Fig. 6a). Likewise, limnological studies in the early 1900s documented generally low abundance of Cyanophyceae and high

615 quantities of dinoflagellates, despite single winter and spring blooms of Planktothrix rubescens (Brutschy, 1912). In contrast,
later phytoplankton studies from the mid-1960s described Cyanobacteriota as the main algal group in the North basin of
Zugersee (Soracreppa, 1978).

Regarding the two different basins of Zugersee, NMDS of alcohol and 23S rRNA ASV distributions displayed no
site-specific differences, but rather a temporal clustering that separated samples from the 1800s and early 1900s (~ 1900s to

620 1940 CE) from samples derived from the mid- to late 1900s and 2000s (Fig. 8). This suggests that phytoplankton community
composition and changes in response to eutrophication were similar among the North and South basin, despite the large
differences in water chemistry and bathymetry of the two basins (Fig. S2) (Brutschy, 1912; Dittrich 2009; Maerki et al.,
2009). This is in accordance with early phytoplankton observations from Brutschy (1912) which concluded that Zugersee is
a ‘biological uniform basin’ regardless of some differences in plankton quantities and single bloom events.

625  Although the sediment record from the southern basin in our study did not span the early 1900s, the similarity with the
northern basin is additionally reflected by shifts in diatom assemblages (Fig. S11) (AquaPlus, 2001). The published sediment
record of diatom frustules from the southern basin displayed a strong increase of eutrophic species, i.e., Tabellaria
flocculosa, Fragilaria crotonensis und Stephanodiscus parvus ~ 1950 CE (AquaPlus, 2001). Considering uncertainties in age
determination of sediment cores, this shift in the diatom community of the southern basin likely co-occurred with the

630 significant changes in alcohol clusters as well as increasing abundance of cyanobacteria in the northern basin (Fig. 6a).

4.3 Recommendations for the application and interpretation of algal proxies in sediment records

In all studied lakes, sediment records of algal lipid proxies and algal 23S rRNA ASVs reflected significant changes in

phytoplankton community compositions in response to anthropogenic eutrophication, and indicated that this eutrophication
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was associated with increases in the relative proportions of cyanobacteria (Fig. 2 to 7). In general, PSI and 8?Hci6:0 Acid/phytol

635  values reflected the same trends as algal 23S rRNA ASVs regarding the relative proportions of cyanobacteria and eukaryotic
algae on the phylum level. Nevertheless, each sedimentary proxy has its own biases and limitations which need to be
considered for the robust reconstruction of phytoplankton community compositions in the past.

Specifically, the abundance of small coccoid cyanobacterial cells, i.e. Synechococcus and Chroococcus, might be
underestimated by the PSI due to their comparably low biovolume. Generally, PSI values could be also biased by

640 allochthonous phytol and phytosterol sources, therefore, the PSI should be always interpreted in combination with overall
sedimentary alcohol distributions.

Likewise, other lipid sources besides phytoplankton also impact the interpretation of 8*Hci6:0 Acia/phytol Values and fluctuations
of 8%Hcie:0 Acid/Phytol Values should be additionally assessed by the individual 62HLipid values. For instance, the 2H-enrichment
of 8’H values of C16:0 fatty acid can be related to higher relative proportions of green algae (Ladd et al., 2025) but might

645 also reflect contributions from heterotrophic bacteria (Zhang et al., 2009, Heinzelmann et al., 2015; Wijker et al., 2019).
Hence, the analysis of bacterial biomarkers, like diplopterol as well as iso- and anteiso-branched short-chain fatty acids (e.g.,
Perry et al., 1979; Ourisson et al., 1987) alongside 8*Hci6:0 acia values is preferable. Additionally, on longer time scales or
through periods of major hydrologic or climatic transitions, changes in 8*H values of source water need to be considered
when interpreting individual §*Hyipia values.

650 The lipid-based proxies for algal community composition were generally consistent with algal 23S rRNA ASVs in the
sediment, however, cyanobacterial ASVs have been shown to overestimate the abundance of small coccoid cyanobacterial
cells, likely related to polyploidy of their chromosomes (Watanabe, 2020). Consequently, the relative abundance of
cyanobacterial 23S rRNA ASVs should be additionally assessed on the genus level. In contrast, the abundance of
dinoflagellates was likely underestimated by 23S rRNA ASVs and alternative primers or other dinoflagellate proxies are

655 recommended. Generally, our study confirmed previous findings regarding the limited representation of Chlorophyceae and
Cryptophyceae by sedDNA (Capo et al., 2015; Thorpe et al., 2024). The phylogenetic clustering of 23S rRNA ASVs further
revealed relatively non-specific taxonomic assignments by the NCBI database (Fig. S7) and alternative plastid-specific
databases might be more favorable.

Overall, each proxy is associated with its own limitations, and the sole use of a single proxy does not provide a robust tool to

660 properly reconstruct phytoplankton community composition. Although the analysis of algal sedDNA allows taxa to be more
highly resolved than they can be with lipid proxies, our study demonstrates potential biases related to preferential
degradation, primer choice and the specificity of the reference database. Therefore, we emphasize a multi-proxy approach
incorporating multiple lines of evidence for the reconstruction of changes in phytoplankton community compositions in the

past.
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665 5 Conclusions

We collected short sediment cores from lakes on the Swiss Plateau (Greifensee, Murtensee, Zugersee) that had experienced
severe human eutrophication during the 20™ century, causing changes in their phytoplankton community composition. We
analyzed sedimentary alcohol distributions, PSI and 8*Hcigo AcidPhytol Values in combination with cyanobacterial and
eukaryotic algal 23S rRNA ASVs to reconstruct relative abundance of eukaryotic algae and cyanobacteria. In general, PSI
670 and 3Hcieo aciaphyol values were consistent with the relative abundance of cyanobacterial ASVs, indicating increasing
proportions of cyanobacteria in response to eutrophication. However, the comparison between lipid proxies and algal ASVs
revealed that the abundance of small coccoid cyanobacterial genera might be overestimated by 23S rRNA ASVs relative to
their biovolume. Moreover, 8*Hci6:0 aciaphytol Values were potentially impacted by non-algal lipid sources, specifically C16:0
fatty acids of heterotrophic origin. On the other hand, the cross-validation with documented changes in phytoplankton
675 communities indicated that individual eukaryotic algal groups, specifically dinoflagellates, Chlorophyceae and
Cryptophyceae are poorly reflected by sedimentary 23S rRNA ASVs.
The overall good agreement between PSI and 8*Hcie:0 aciaphytol values with algal 23S rRNA ASVs and documented changes
of algal communities validates the use of these new lipid-based proxies for reconstructing the relative abundance of
cyanobacteria and eukaryotic algae over longer time scales (decades, centuries and millennia). Nevertheless, autochthonous
680 lipid sources other than phytoplankton, as well as allochthonous terrestrial lipid sources, can impact PSI and 3’Hci6:0 Acia/phytol

values in sediment records and the combination of multiple algal proxies is always preferable.
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