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Abstract Since the beginning of the Anthropocene,
lacustrine biodiversity has been influenced by climate
change and human activities. These factors advance
the spread of harmful cyanobacteria in lakes around
the world, which affects water quality and impairs the
aquatic food chain. In this study, we assessed changes
in cyanobacterial community dynamics via sedimen-
tary DNA (sedaDNA) from well-dated lake sediments
of Lake Tiefer See, which is part of the Klocksin Lake
Chain spanning the last 350 years. Our diversity and
community analysis revealed that cyanobacterial
communities form clusters according to the presence
or absence of varves. Based on distance-based redun-
dancy and variation partitioning analyses (lbRDA and
VPA) we identified that intensified lake circulation
inferred from vegetation openness reconstructions,
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3'3C data (a proxy for varve preservation) and total
nitrogen content were abiotic factors that significantly
explained the variation in the reconstructed cyanobac-
terial community from Lake Tiefer See sediments.
Operational taxonomic units (OTUs) assigned to
Microcystis sp. and Aphanizomenon sp. were identi-
fied as potential eutrophication-driven taxa of growing
importance since circa common era (ca. CE) 1920 till
present. This result is corroborated by a cyanobacteria
lipid biomarker analysis. Furthermore, we suggest that
stronger lake circulation as indicated by non-varved
sediments favoured the deposition of the non-photo-
synthetic cyanobacteria sister clade Sericytochroma-
tia, whereas lake bottom anoxia as indicated by
subrecent- and recent varves favoured the Melain-
abacteria in sediments. Our findings highlight the
potential of high-resolution amplicon sequencing in
investigating the dynamics of past cyanobacterial
communities in lake sediments and show that lake
circulation, anoxic conditions, and human-induced
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eutrophication are main factors explaining variations
in the cyanobacteria community in Lake Tiefer See
during the last 350 years.

Keywords Late Holocene - Methylheptadecanes -
Varves - Anthropocene - Sericytochromatia -
Melainabacteria

Introduction

The upsurge in human fertilizer and land-use change
during the Anthropocene has intensified nutrient
cycling. Further acceleration of nutrient cycling by
global climate change has consequently resulted in a
change in the biodiversity of natural communities in
aquatic ecosystems (Steffen et al. 2007; Taranu et al.
2015; Irfan and Alatawi 2019). Among the most
susceptible ecosystems to anthropogenic activities and
biodiversity losses is the freshwater ecosystem
(Adrian et al. 2009), where cyanobacteria dominance
has resulted, amongst others, from intensified land
usage and inordinate discharge of nutrients into lakes
(Taranu et al. 2015). Perhaps the first direct conse-
quence of cyanobacteria blooms is experienced by
diatoms and organisms of higher trophic levels
(Dokulil and Teubner 2000), because cyanobacteria
can outcompete the eukaryotic phytoplankton due to
their rapid growth and eco-physiological adaptation to
low light levels (Carey et al. 2012; Rigosi et al. 2014).

Eutrophic water bodies can be dominated by toxin-
producing cyanobacteria like Microcystis spp. (Buller-
jahn et al. 2016). Some cyanobacteria species like
Aphanizomenon are able to fix nitrogen thereby
promoting their growth under nitrogen-limited condi-
tions accompanied by high temperatures (Breitbarth
et al. 2007). Blooms of cyanobacteria form large
clusters and colonies that move vertically in the water
column by being able to counteract gas vesicle
buoyancy via carbohydrate ballast readjustment (Pfei-
fer 2012). Taken together, these attributes coupled
with their high susceptibility to human-induced
changes make cyanobacteria ideal indicator organisms
for investigating long term changes in lake
ecosystems.

Investigating natural archives such as varved (an-
nually laminated) lake sediments has provided us with
a better understanding of how aquatic ecosystem
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communities have responded to anthropogenic
changes of the last centuries (Smol 2009). The DNA
preserved in sediment records (sedaDNA) has the
potential to reconstruct the dynamics of biological
communities and, in particular, those taxa that do not
leave a distinct morphological footprint (Capo et al.
2017). Information retrieved from varved sedaDNA
archives by amplicon sequencing of DNA fragments,
i.e., the analysis of specific genes or taxa on a high
phylogenetic resolution, have been useful in recon-
structing cyanobacterial community from lakes by
providing reliable coverage of the entire cyanobacte-
rial phylum as well as historical information on those
cyanobacteria group like the picocyanobacteria that do
not form resting cysts. Sedimentary DNA has been
useful for instance in revealing distinctive distribution
of Synechococcus and Microcystis in water and
sediment in Lake Taihu (Ye et al. 2011) as well as in
revealing homogenization of cyanobacterial commu-
nities in the last century in peri-alpine temperate lakes
(Monchamp et al. 2018). Therefore, with the contin-
ued advancements in sequencing techniques,
sedaDNA is well suited to address knowledge deficits
in paleolimnology (Domaizon et al. 2017). Studying
the patterns of species diversity across space and time
of lake sediments with their seasonally resolved
archives opens up the possibility to increase the
resolution on past human influences (Brauer and
Guilizzoni 2004), and understanding how such a
pattern has the potential to influence how ecosystems
can be managed and conserved (Monchamp et al.
2016).

The effects of climate change and eutrophication
(Paerl and Huisman 2009), as well as that of environ-
mental changes based on sedaDNA since the begin-
ning of industrialization on cyanobacteria, are well
documented (Monchamp et al. 2018). However, much
of the history of cyanobacteria before this time point
coupled with how the effects of both natural environ-
mental change and human agricultural practices affect
their dynamics remains unclear. Also, of increasing
interest in recent years are the non-photosynthetic
lineages that share a common ancestry with cyanobac-
teria (NCY): Melainabacteria and Sericytochromatia,
and more studies are trying to understand their ecology
in lake ecosystems (Rienzi et al. 2013; Soo et al. 2017,
Monchamp et al. 2019). To fill these knowledge gaps,
the present study focuses on reconstructing cyanobac-
terial dynamics in three lake sediment segments from
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present time back to the Little Ice Age (CE
1665-2006) using an amplicon sequencing approach,
with the aim of understanding changes in their
community dynamics during this period as archived
in the sediments. We selected Lake Tiefer See within
the Klocksin lake chain (Lake TSK) as a study system
for several reasons, namely; its detailed record of
human impact via land use intensity (agricultural
practices) and deforestation leading to vegetation
openness (inferred from pollen data) (Theuerkauf
et al. 2015), its varved and non-varved sediment
segments (Kienel et al. 2017), and finally, its well-
established sediment chronology based on varve
counting, radiocarbon dating, tephrochronology as
well as reconstructed oxic and anoxic conditions in the
water column indicated by organic matter 8'°C (varve
preservation proxy; Driger et al. 2017, 2019). The
relevance of an extended reconstruction of cyanobac-
teria from lake sediments with a reliable age model is
that observed community changes can be accurately
related to past natural and/or anthropogenic activities
potentially responsible for such changes.

Site description

Lake Tiefer See is part of the Klocksin-Lake-Chain
(Fig. 1), a subglacial gully system in a morainic terrain
located in the natural park ‘Nossentiner/Schwinzer
Heide’ (Kienel et al. 2013, 2017; Driger et al.
2017, 2019). Today, the lake is connected to Lake
Hofsee in the South while the connection to Lake
Flacher See in the North has been channelized in a
tunnel after the construction of a railway dam between
the two lakes (CE 1884—1886). Lake Tiefer See has a
surface area of about 0.75 kmz, and the catchment area
of about 5.5 km? is dominated by glacial till. Although
the catchment is mainly used for agriculture (Theuer-
kauf et al. 2015), the direct shoreline of the lake is
covered by a fringe of trees and there is no anthro-
pogenic infrastructure such as buildings and roads at
the lakeshore. The lake has a maximum depth of
62-63 m and no major inflow and outflow. The
present-day lake water is mesotrophic and the circu-
lation mode is either mono- or dimictic, depending on
the formation of a winter ice cover (Kienel et al. 2013).
The study site is characterized by a warm-temperate
climate at the transition from oceanic to continental
conditions. Mean monthly temperatures range from 0

in January to 17-18 °C in July with maxima up to
30 °C and minima down to — 5 °C. Mean monthly
precipitation varies between ~ 40 mm during winter
and ~ 60 mm in summer with a mean annual
precipitation of 560-570 mm.

Materials and methods

Core sampling, chronology and total nitrogen
estimation

A surface sediment core of length 115 cm was
obtained in September 2015 from the deepest point
of Lake Tiefer See (62.5 m water depth), using a
90-mm UWITEC piston corer. The core was sealed
and stored vertically at 4 °C in a dark room. The core
was split longitudinally, photographed, and described.
For molecular analyses, one half of the core was sub-
sampled at 35 time points for continuous 1 cm
intervals from three different sediment types
(Fig. ESM1); recent-varved sediments from 9 to
42 cm depth (CE 2006-1924), non-varved from 43
to 82 cm and 88 to 99 cm (ca. CE 1920-1740 and ca.
CE 1715-1675) and subrecent-varved segment from
83 to 87 cm (ca. CE 1735-1720). The uppermost 9 cm
were excluded from our analyses because of sediment
distortion during coring. Molecular analyses were
carried out on two subsampled duplicates. The age
model was constructed by a multiple dating approach
including microscopic varve counting, radiocarbon
dating, and the identification of Askja AD 1875 tephra
(Wulf et al. 2016; Driger et al. 2017).

Total nitrogen (TN) of freeze-dried sediments was
measured continuously at 1-cm increments from bulk
samples with an elemental analyzer (EA 3000-CHNS
Eurovector) as previously described in Dréger et al.
(2017).

Nucleic acids extraction

The top contaminated layers were scraped off with a
sterile razor before the uncontaminated anoxic part
was put into sterile 15-ml falcon tubes and stored at
— 80 °C until analysis. Care was taken to prevent
cross contamination of the sediments by processing
recent and older samples at different times.
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Fig.1 aBathymetric map, b location of Tiefer See in the Klocksin Lake Chain and ¢ land cover in the catchment area. Black stars show

former Slavic settlements. Modified after Driger et al. (2017)

The sediment samples were homogenized follow-
ing the mortar method described by Herrera and
Cockell (2007). All DNA extraction equipment was
placed under a UV lamp in a laminar flow hood for a
minimum of 25 min before use. DNA was then
extracted from approximately 300 mg of sediment
sample in duplicates, using the PowerSoil DNA
Isolation Kit (Qiagen). Briefly, following initial

@ Springer

chemical and mechanical lysis steps where DNA is
separated from debris via centrifugation, proteins are
precipitated and then the DNA is purified with silica
spin filters. DNA extractions were done in batches of
seven samples with the addition of one negative
control each time while avoiding contamination from
foreign DNA by following processes described in
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Monchamp et al. in 2016. Extracted sedaDNA was
stored at — 20 °C until further downstream analyses.

DNA preparation and amplification

Library preparation for Illumina high-throughput
sequencing (HTS) was performed via polymerase
chain reaction (PCR) using previously published
cyanobacterium-specific  primers CYAI106F (5
CGGACGGGTGAGTAACGCGTG 3') (Niibel et al.
1997), and CYA784R (5 ACTACWGGGGTATC-
TAATCCC 3') (Monchamp et al. 2016). These
amplify a 678-nt-long fragment of the V1-V4 regions
of the 16S rRNA gene. Added to the primers were
overhanging barcodes for sample differentiation.
Being the first study of its kind in this lake, it was
imperative that the primer set covers most taxa all over
the cyanobacteria phylum. This phylum coverage was
tested in silico against the ARB-SILVA database v128
(Klindworth et al. 2013).

SedaDNA samples including positive control (Mi-
crocystis aeruginosa PCC7806) and negative isolation
control were amplified in a PCR of 50 pl, containing
10 x Pol Buffer C (Roboklon GmbH, Berlin, Ger-
many), 25 mM MgCl, 0.2 mM deoxynucleoside
triphosphate (ANTP) mix (ThermoFisher Scientific,
Massachusetts, USA), 0.5 mM each primer (TIB
Molbiol, Berlin, Germany) and 1.25 U of Optitaq
Polymerase (Roboklon). The volume of the template
DNA used in each reaction varied between 1 and 4 pl
depending on the sedaDNA concentration. The ther-
mal cycler PCR program included a first denaturation
step at 95 °C for 10 min, followed by 35 cycles at
95 °C for 15 s, annealing at 60 °C for 30 s, extension
at 72 °C for 45 s and a final extension step at 72 °C for
5 min. PCR products were purified with Agencourt
AMPure XP kit (Beckman Coulter, Nyon, Switzer-
land) and eluted in 30 ul DNA/RNA-free water. The
purified product was quantified with a Qubit (2.0)
fluorometer. The unique barcoded samples together
with the positive and negative controls were pooled in
equimolar concentration into one library. The final
library was sent to Eurofins Scientific (Constance,
Germany) for sequencing using the Illumina MiSeq v3
kit (2 x 300 bp).

Bioinformatics and statistical analyses

Due to the long amplicon lengths, the forward (R1)
and reverse reads (R2) were not merged during
processing but treated separately as R1 and R2. From
35 samples a total of 5,463,680 reads (R1) and 687,801
reads (R2) were obtained. The raw reads were quality
checked with FastQC (Andrews et al. 2015). Raw data
were demultiplexed using Cutadapt (Martin 2014).
Primer sequences were allowed to have 10% mis-
matches. Phred-Scores of the barcodes were required
to be higher than Q35 and no mismatches were
allowed during sorting. Sequences were further pro-
cessed using Trimmomatic to trim and filter out low-
quality sequences (Bolger et al. 2014). USearch
(Edgar 2010) (v6.) was used to identify and remove
chimeric sequences. After quality-filtering, chimera
removal and primer trimming 4,505,289 (R1) and
570,095 (R2) reads remained. The negative control
had one read in R1 and zero reads in R2 and was
therefore removed. The script pick_open_reference.py
from the Quantitative Insights into Microbial Ecology
(QIIME) pipeline was used for Operational Taxo-
nomic Unit clustering (OTU) with a minimum
nucleotide sequence similarity of 97% (Caporaso
etal. 2010) and SILVA database (v128) for taxonomic
assignment (Quast et al. 2013).

Before statistical analyses, singletons, OTUs
assigned to other bacteria, archaea, chloroplasts, and
mitochondria were removed after which 1,134,146
(R1) and 205,775 (R2) cyanobacteria reads remained.
The positive control had 250 (R1) and 58 (R2) reads
with the OTUs assigned only to Microcystis spp.,
which did not occur in our samples thus ruling out
cross-contamination and was consequently removed.
OTUs with less than 0.5% of total read counts and the
unclassified cyanobacteria OTUs were filtered out.
Cyanobacteria absolute read counts were Hellinger-
transformed prior to beta diversity analyses (Legendre
and Gallagher 2001). We used principal coordinates
analysis (PCoA) with Bray—Curtis distance to visual-
ize distances among the investigated sediment seg-
ments from R1 and R2. The variance explained by the
PCoA axes from R1 and R2 were comparable
(ESM2A, B). Based on this observation and the low
number of reads recovered from the R2 data, we
therefore carried out further statistical analyses using
only the R1 data. For alpha diversity and richness
estimation, we compared both rarefied [using the rtk
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package in R (Saary et al. 2017)] and unrarefied
absolute OTU read counts and found them to be
identical (ESM3), thus, we present and discuss data
only from the unrarefied read counts. Variation in
cyanobacterial OTU composition, diversity among the
samples, ¢ tests for each non-photosynthetic cyanobac-
teria sister clade separated by varved/non-varved
periods, and the different time segments (recent-
varved, non-varved and subrecent-varved sediments),
as well as relationships with environmental parame-
ters, were determined with PAST3.14 (Hammer et al.
2001), and CANOCOS (Smilauer and Leps 2014). A
non-parametric permutational multivariate analysis of
variance (PerMANOVA) based on the Bray—Curtis
dissimilarity index was used to test for significant
differences in the overall cyanobacterial communities
among the three time segments. Due to a low number
of reads, five samples from the deep non-varved
segment ca. CE 1715-1675 (88-99 cm) were removed
before ordination analyses. Environmental data from
the different sediment segments were standardized by
subtracting the mean and dividing by the standard
deviation prior to analyzing their variation in a
principal component analysis (PCAs) based on
Euclidean distance. Environmental data was then
fitted to a distance-based Redundancy Analysis
(dbRDA; Bray—Curtis distance) model as explanatory
variables with cyanobacteria community data as
response variables using the “capscale” function in
the vegan package in R (Oksanen et al. 2019). The
overall significance of the dbRDA model and its axes
were tested by a 999 Monte Carlo permutation test
using the “anova.cca” function in vegan. The subset
of explanatory variables that contributed significantly
to the dbRDA model was further tested by forward
selection permutation analysis (999 permutations with
pseudo-F statistical test) using the “ordiR2step”
function in vegan. Canonical variation partitioning
analysis (VPA) (Legendre et al. 2005; Ramette and
Tiedje 2007) with redundancy analysis (RDA) was
implemented on three categories of environmental
variables, that is, eutrophication (TN), lake circulation
(reconstructed vegetation openness and 8'°C) and
other factors (dry density and CaCOs) to identify their
unique and combined effects on cyanobacteria com-
munity structure. The significance of the fractions of
variability explained by the categories was tested and
determined via 999 Monte Carlo permutation in
CANOCOS. Trend analysis of absolute read count
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changes of non-photosynthetic cyanobacteria sister
clades during the period investigated was done with
Microsoft Excel.

Sequencing data and metadata are available at the
European Nucleotide Archive (ENA) under BioPro-
ject accession number PRJEB33742 and sample
accession numbers ERS3606196-ERS3606230.

Phylogenetic analyses of the OTUs

To verify the accuracy of the taxonomic assignment
based on SILVA, we used the OTU FASTA sequences
from Lake Tiefer See to construct a cyanobacteria
phylogenetic tree according to Komarek et al. (2014).
Sequences were aligned in the arb software (Ludwig
et al. 2004) using the integrated sequence alignment
tool under the default setting. Acidithiobacillus
thiooxidans strain ATCC 19,377 was added as an
outgroup, and 10 cyanobacteria reference sequences
from GenBank and ARB-SILVA database (Quast
et al. 2013) were also added. The alignment was used
to build a bootstrap tree with 100,000 trees based on
neighbour-joining. The online tool iTOL was used to
visualize and annotate the tree (Letunic and Bork
2016).

Lipid biomarker analysis

6Me-C;7o and 7Me-C;;,, monomethyl branched
alkanes (6- and 7-methylheptadecane) are produced
mainly by heterocystous, ramified and some filamen-
tous cyanobacteria (Liu et al. 2013; Coates et al. 2014;
Bauersachs et al. 2017) and might be representative of
cyanobacterial biomass as recently shown for the
Baltic Sea (Kaiser et al. 2020). Sediment samples
(n = 5) from a parallel core correlated to the reference
core based on varve counting (not shown) were
analyzed following (Kaiser et al. 2016, 2020). Sedi-
ments (0.4 g dry weight) were extracted with a
mixture of DCM/MeOH (9:1) and accelerated solvent
extraction (Dionex ASE 350). Squalane was added as
an internal standard. The apolar lipid fractions
containing the hydrocarbons were obtained by column
chromatography (SiO;) using hexane as eluent. The
fractions were analyzed by gas chromatography—mass
spectrometry (GC-MS) using an Agilent Technolo-
gies 7890B GC system coupled to a 5977B Mass
Selective Detector equipped with an HP-5 ms capil-
lary column (30 m * 0.25 mm * 0.25 pm). The oven
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temperature was programmed from 40 to 320 °C at
8 °C min~"' followed by a 15 min isotherm. GC-MS
data were collected in total ion current (TIC) (m/z
50-600). The fractions were also analyzed using a
multichannel TraceUltra gas chromatograph (Ther-
moScientific) equipped with a DB-5 ms capillary
column (30 m * 0.25 mm * 0.25 pm) and a flame
ionization detector (FID). The temperature program
was identical to that used for analysis by GC-MS and
peak identification was made by comparison of
retention times using the two methods. For quantifi-
cation, the GC-FID response of each lipid was
normalized to that of the internal standard and the
amount of sediment extracted. The detection limit was
estimated to ca. 4-5 ng g~ '. The data were further
normalized to total organic carbon (TOC).

Results

Cyanobacterial communities reconstructed
from Lake Tiefer See sediments

A total of 146 OTUs spanning the entire cyanobacteria
phylum was obtained from 35 sedaDNA samples
(from ca. CE 1670-2006; Fig. 2). Almost all the OTUs
were assigned to photosynthetic cyanobacteria 89%
(130 OTUs) and 5.5% were unclassified (8 OTUs). Of
the 130 OTUs assigned to photosynthetic cyanobac-
teria, 120 could be assigned to the order level, 111 to
the family level, and 90 were assigned to the genus
level. No OTU was assigned to a species level with
high confidence (confidence threshold 0.95).

Richness and diversity

Our study showed that sedaDNA was preserved and
concentrations declined from CE 1920 downcore
(~ 40 cm depth) with richness and diversity indices
showing a similar trend (Fig. 3). High throughput
sequencing data revealed cyanobacteria richness to be
highest in recent-varved sediments for the period CE
2006-1924 (942 cm depth) and ranged between 69
and 14 (mean richness was 35). Likewise, richness in
subrecent-varved sediments for the period ca. CE
1735-1720 (83-87 cm) was higher and ranged
between 21 and 27 (mean richness was 24). In
contrast, richness was lower in non-varved sediments
for the period ca. CE 1920-1740 (43-82 cm)

compared to both varved sediment segments and
ranged between 10 and 21 (mean 16). Similarly, the
Shannon diversity index ranged between 2.5-3.3
(mean 2.8) and 2.7-2.8 (mean 2.8) in recent- and
subrecent-varved sediments, respectively. Lower
diversity was recorded in the non-varved sediments
and ranged from 2.0 to 2.7 (mean 2.5). Furthermore, a
one-way non-parametric permutational multivariate
analysis of variance (PerMANOVA) revealed a
significant variation in the total cyanobacteria com-
munity composition among the three time segments
(P =0.0001, F = 5.1; ESM4).

Most abundant OTUs

Twenty OTUs predominated the sediments of Lake
Tiefer See in the period investigated (1678-2006;
Fig. 4). Out of the total 1,134,146 cyanobacteria read
counts, 81.5% (924,329 reads) were assigned to the 20
most abundant OTUs. The remaining 126 OTUs
amounted to 18.5% (209,817 reads). The most abun-
dant OTUs were assigned to the picocyanobacteria
Cyanobium PCC-6307 belonging to the order Syne-
chococcales, and the heterocystous Aphanizomenon
NIESS81 belonging to the order Nostocales.

Non-photosynthetic cyanobacteria sister clades

From all OTUs, 5.5% were assigned to the non-
photosynthetic cyanobacteria (NCY) sister lineages
the fermentative Melainabacteria and Sericytochro-
matia (ML635J-21; 8 OTUs in total; Fig. 5a). Their
occurrence spanned the period CE 1990—ca. CE 1720
(n = 12 samples; 14-87 cm; ESM3). Melainabacteria
represented by 5 OTUs, had higher richness than the
Sericytochromatia with 3 OTUs, however, the latter
had more sequencing reads than the former. In the
Melainabacteria, most OTUs were assigned to the
order Gastranaerophilales (4 OTUs) and 1 OTU to
Obscuribacterales (Fig. 5a). Furthermore, the Sericy-
tochromatia group recorded more reads in the non-
varved sediments than the varved sediments (n = 8
samples; p = 0.01; Fig. 5b), whereas the Melainabac-
teria group had significantly more absolute reads in the
varved than the non-varved sediments (n = 6 samples;
p = 0.001; Fig. 5c¢). Overall, Shannon diversity for the
non-photosynthetic cyanobacteria alone was esti-
mated in the 6 samples with more than 1 OTU
(ESM3) and was found, like the richness, to be higher
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Fig. 2 Phylogenetic tree constructed from all the 145 OTUs
reference sequences from the sediment samples of Lake Tiefer
See based on the neighbour-joining method. Acidothiobacillus
thiooxidans was used as root with the addition of 10
cyanobacteria reference sequences sourced from the GenBank

in varved (0.7-1.0) than in non-varved sediments
(0.3-0.5; Fig. 5d).

Cyanobacterial community composition
in relation to changes in abiotic conditions

Proxies for environmental variables such as recon-
structed vegetation openness for lake mixing and
circulation, TN for nutrient availability in the lake, and
8'>C for varve preservation in the Lake Tiefer See
sediments have been previously published (Dréger
etal. 2017,2019). All environmental data were subject
to a principal component analysis (PCAs) to explore
variation among the sediment segments; this revealed
three distinct, time constrained clusters that contained
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and ARB-SILVA database. The colors represent the different
cyanobacteria orders. The 20 most abundant OTUs are marked
with a star, those marked with the ‘~’ symbol are the
representative sequences and the reference sequences are in
bold fonts

samples from consecutive depths. The recent-varved
sediments CE 2006-1924 (9-42 cm) were character-
ized by increased TN, TOC, and CaCO; whereas the
non-varved sediments ca. CE 1920-1740 (43-82 cm)
and the subrecent-varved sediments CE 1735-1720
(83-87 cm) were defined by elevated values of
vegetation openness and 5'°C, respectively (ESMS5).
Furthermore, a distance-based redundancy analysis
(dbRDA) was used to determine the relationship
between cyanobacterial communities from the sedi-
ment segments and environmental variables. A for-
ward selection permutation analysis revealed that TN
and CaCOj; best explained the cluster of cyanobacte-
rial OTUs from the recent-varved sediments CE
2006-1924  (9-21 cm), whereas reconstructed
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Fig. 3 Spatio-temporal variation of sediment characteristics,
molecular and geochemical analyses. From left to right: log,o
transformed sedimentary DNA concentration (sedaDNA),
Shannon index (diversity), Richness (no. of OTUs). The TOC

vegetation openness and 3'°C best explained the
cluster in the non-varved segments ca. CE 1920-1740
(43-82 cm) and the subrecent-varved segments ca. CE
1735-1720 (83-87 cm), respectively (all p val-
ues < 0.05; Fig. 6a; ESM6). As determined by vari-
ation partitioning analysis (VPA), eutrophication
(represented by TN; 11.9%) and lake circulation
(represented by vegetation openness and 8'°C; 16.8%)
were the groups of factors that significantly explained
most of the variability in cyanobacteria composition in
Lake Tiefer See, whereas the interaction between
them only accounted for 0.6% and a large part of the
variation remained unexplained (that is, 71%; Fig. 6b;
ESM7). Other abiotic factors (that is, dry density and
CaCO3) when included in the VPA accounted for an
additional 6% and increased the total explained
variation to 35.2% (ESMS8 and 9).

Cyanobacterial lipid biomarker reconstructed
from sediments

Since the lipid biomarkers 6Me-C;7., and 7Me-C7.9
monomethyl branched alkanes representative for
cyanobacteria elute very close to each other on a
DB-5 ms capillary column, their total sum (6 4+ 7Me-
C,7.0) was considered hereafter. The TOC normalized
content of 6 + 7Me-C;7.o ranged between ~ 5 and
13 pg ¢! TOC. A maximum content occurred in
1973 (13.3 ug g~' TOC) that correlated with the
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p— 40
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5 — 50
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1750 [ 80
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Depth [cm]

T

L— 100
Il weakened lake circulation (varved)

content, reconstructed vegetation openness, TN, and 313C were
published in Dréger et al. (2017, 2019). Dark grey-shaded and
non-shaded areas reflect periods of weakened and intensified
lake circulation, respectively

highest relative abundance of OTUs assigned to
Aphanizomenon NIES81 (Fig. 7).

Discussion

With our molecular approach, we successfully
extracted and sequenced cyanobacterial sedaDNA
and reconstructed the cyanobacterial dynamics in
Lake Tiefer See sediments spanning the last
350 years. This was made possible due to lake
characteristics such as hypoxic to anoxic conditions
at the water—sediment interface, the presence of
varves, and the absence of burrowing organisms in
the sediments which are all conditions known to favor
sedaDNA preservation (Coolen et al. 2006; Cori-
naldesi et al. 2011). We were able to amplify an over
500-nt-long fragment of the cyanobacterial 16S rRNA
gene, with a representative coverage of its entire
phylum from all samples without enhancements
similar to other temperate lakes (Monchamp et al.
2016, 2018; Domaizon et al. 2013). An improved and
extended cyanobacteria database (Ramos et al. 2017)
was crucial for the phylogenetic analysis of the
resulting OTU reference sequences (Fig. 2).
Anthropogenic influence in Lake Tiefer See was so
far shown via pollen-based vegetation openness
reconstruction (Theuerkauf et al. 2015; Driger et al.
2017). Anthropogenic deforestation within the catch-
ment during settlement periods probably shaped
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Fig. 4 Spatio-temporal variation of the relative abundance of
the 20 most abundant OTUs. The SILVA database (version 128)
was utilized for open-reference OTU clustering (97% sequence

cyanobacteria dynamics in Lake Tiefer See through
the vegetation influence on lake circulation (Dréiger
et al. 2017). During times of predominant open
vegetation, the lake was exposed to stronger wind
stress leading to intensified lake circulation and more
oxic conditions at the lake bottom which together
resulted in the absence of varves (Dréger et al. 2017).
Our data revealed a lower diversity in cyanobacteria
community composition and a high abundance of
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similarity) and taxonomic assignments. Dark grey-shaded and
non-shaded areas reflect periods of weakened and intensified
lake circulation, respectively

OTUs assigned to Cyanobium spp. in non-varved
sediments (Fig. 4). The high abundance of Cyanobium
concurs with known trends in the water column of
temperate lakes where Cyanobium together with other
picoplankton cyanobacteria (< 0.2 pM in size) make
up the most abundant cyanobacteria (Callieri and
Stockner 2000). However, the lower cyanobacteria
diversity in non-varved sediments observed herein
may be explained by two processes. The increased
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the Obscuribacterales (red). Box plots showing OTU reads of
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lake circulation will lead to the disruption of bloom
formation by filamentous cyanobacteria species in the
water column due to a high water turnover (Visser
et al. 2016). When intensified circulation is coupled
with nutrient availability, picocyanobacterial groups
are favored over large and buoyant taxa. While on the

n=8
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across varved and non-varved sediment segments. (D) Alpha
diversity indices (richness and Shannon diversity) of all non-
photosynthetic clades over the period investigated. Shaded area
in D represents varved period, unshaded area is non-varved
period

one hand, an increased water turnover may favor
sediment deposition of filamentous cyanobacteria, the
DNA preservation of these species at the oxygenated
water—sediment interface in this freshwater system
will be poor (Domaizon et al. 2017). Therefore,
reconstructing filamentous cyanobacteria species
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Fig. 6 A Distance-based
redundancy analysis
(dbRDA) based on Bray—
Curtis dissimilarity on the
effect of environmental
variables on cyanobacteria
community composition.
The dbRDA axes 1 and 2
together explain 35.4% of
the variation, while total
variation explained by the
dbRDA model was 48.4%.
The samples from the
different sediment segments
are color-coded as follows;
green = recent-varved,

blue = subrecent-varved
and red = non-varved.
RecVegOp = reconstructed
vegetation openness. The
environmental variables
explaining the variation in
cyanobacteria community
were all significant (adjusted
R* = 0.38) and are projected
as red vectors. The response
variables are shown at the
genus level. B Venn
diagram displaying the
results of variation
partitioning analysis (VPA).
The two explanatory
matrices used contained
variables about lake
circulation and
eutrophication. Each circle
represents the portion of
variation accounted for by
each explanatory matrix or a
combination of the
explanatory matrices. The
bounding rectangle
represents the total variation
in the response data showing
the portion of residual
variation not explained by
the explanatory matrices
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Aphanizomenon NIES81 relative to total cyanobacterial OTUs
(in %) based on amplicon sequencing compared to 6 + 7Me-

DNA in high numbers from non-varved sediments
which was shown here for Cyanobium spp. becomes
less likely. On the other hand, a weaker lake circula-
tion and the resulting anoxic lake bottom favors varve
preservation (Kienel et al. 2013, 2017). Constantly
lower temperatures at the anoxic lake bottom addi-
tionally promote DNA preservation (Coolen et al.
2006). Hence, our results support the hypothesis that
the cluster of cyanobacterial OTUs from ca. CE
1720-1735 can be explained by the same conditions
that result in varve preservation. An anoxic lake
bottom favors DNA preservation and decreased water
circulation influences the cyanobacterial community
composition (Figs. 3, 6a).

The relationship between anoxic/oxic conditions is
further evident through the different distribution of
Sericytochromatia (ML536J-21) and the fermentative
Melainabacteria in sediments. The OTUs assigned to
Sericytochromatia preferably occur in non-varved
sediments while those assigned to the Melainabacteria
rather occur in varved sediments (P < 0.05; Fig. 5b,
c). It has been suggested that members of Sericy-
tochromatia can inhabit both photic and aphotic
environments, and since they possess an array of
respiratory proteins, they also have members predicted
to be capable of aerobic respiration. These members
can carry out aerobic respiration under high and low

== 6+7TMe-C17:0 [pg/gTOC]

Cj7.0 methylheptadecane lipid biomarker. Data is shown for
selected time points since the onset of increasing eutrophication
in Lake Tiefer See (since 1924)

oxygen conditions due to the presence of A- and
C-family oxygen reductases in their respiratory mech-
anisms (Soo et al. 2017). The Melainabacteria have
been predicted to adapt to low oxygen and anoxic
zones because they possess C-family oxygen reduc-
tase and cytochrome bd oxidases (i.e. terminal
oxidases that reduces dioxygen to water to avoid the
production of reactive oxygen species) in their
genomes (Di Rienzi et al. 2013; Soo et al.
2014, 2017). Since lack of knowledge of their
metabolism so far hindered the laboratory growth of
the non-photosynthetic sister clades of cyanobacteria
and thus also research on their physiology (Wrighton
etal. 2014), the current knowledge of their metabolism
is so far gained largely from culture-independent
metagenome reconstructions from environmental
samples (Di Rienzi et al. 2013; Soo et al.
2014, 2017). Nevertheless, our observations showing
a distinct separation of the NCY from the photosyn-
thetic cyanobacteria clades as well as no increasing
trend in their richness over the last three centuries
covered in this study concur with similar findings from
other temperate lake ecosystems (Monchamp et al.
2019). However, the relationship between oxic/anoxic
conditions and the dynamics of the NCY clades which
we show here for the first time, emphasizes the need
for investigations over longer time scales that
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encompass more intervals of variations in oxic/anoxic
conditions at the lake bottom. Furthermore, since
Melainabacteria and Sericytochromatia have been
predicted to potentially inhabit a variety of environ-
ments like photic and aphotic habitats (Soo et al.
2014, 2017), an in-depth spatio-temporal survey of the
water column of Lake Tiefer See would be crucial for
evidencing their occurrence in this ecosystem, thus,
providing more clarity about their existence.

It has been further shown that agricultural practices
in the catchment influenced Lake Tiefer See (Kienel
et al. 2013, 2017). Farming in the catchment became
intensified with extensive fertilizer application and
enhanced transportation of agricultural products after
a railway track construction between ca. CE 1884 and
1886. It peaked in the 1970s when pig farming reached
15,000 animals with the resulting manure ending up in
the lake (Kienel et al. 2017). Typically, runoffs from
agricultural wastes ending up in lakes carry nutrients
like nitrogen and phosphorus beneficial to cyanobac-
teria, in worst cases tipping the scale in favor of
eutrophication-associated and potential toxin produc-
ing taxa like Aphanizomenon and Microcystis (Preuf3el
et al. 2006; Sukenik et al. 2012). Our reconstruction
data show that OTUs assigned to Microcystis and
Aphanizomenon, after only a brief occurrence in the
early eighteenth century, reappear about CE 1920
(Aphanizomenon) and CE 1977 (Microcystis) and
remained part of the lake ecosystem since then
(Fig. 4). The permanent occurrence of these potential
toxins producing taxa is likely a delayed consequence
of the intensification of farming within Lake Tiefer
See catchment since ca. CE 1880 with the introduction
of mechanized farming, mineral fertilizers (organic
human and animal manure) and livestock farming
(Kienel et al. 2013). This premise is further supported
statistically by dbRDA and VPA (Fig. 6a, b; ESM6),
which show that TN was the best predictor for the
cluster of OTUs assigned to Microcystis and Aphani-
zomenon and alone explains 11.9% (VPA) of the
variability in cyanobacterial community composition.
We therefore suggest that anthropogenic farming
practices at least partly caused the observed cyanobac-
teria dynamics reconstructed from recent-varved sed-
iments in Lake Tiefer See. Increased TN values in the
sediments (Fig. 3) were also related to an increase in
livestock farming and field drainage in the catchment
(Kienel et al. 2013, 2017). Our data revealed signif-
icant differences in cyanobacteria community

@ Springer

composition between the subrecent (ca. CE
1720-1735) and recent (CE 1924-2005) varved
sediments (P < 0.05; ESM4). We therefore further
posit that while anoxic conditions are partly the reason
for higher diversity in subrecent and recent varved
sediments, additional intensive farming led to a
significantly stronger change in the temporal variation
of cyanobacteria communities in recent varved sedi-
ments. From CE 1990, following privatization, live-
stock farming within the catchment of Lake Tiefer See
strongly reduced in line with restoration efforts
according to EU agricultural policies resulting in
decreased nutrient input into the lake (Theuerkauf
et al. 2015; Kienel et al. 2017). Studies have shown
that eutrophied lake ecosystems tend to recover when
subjected to restoration processes (Jeppesen et al.
2005). However, re-establishing the microbial assem-
blages that existed pre-fertilization is rarely attained
(Bennion et al. 2011). This is what we observe here,
namely, the persistence of eutrophication associated
cyanobacterial OTUs in Lake Tiefer See almost three
decades after human farming practices reduced. Our
results therefore suggest that cyanobacterial sedaDNA
serves as a potential proxy for lake eutrophication in
the past.

Taken together, oxic/anoxic conditions and human-
induced eutrophication are important factors driving
cyanobacteria dynamics (abundance and community
structure) in Lake Tiefer See although most of the
variation in cyanobacteria community structure from
our study remains unexplained (Fig. 6b). While
eutrophication influences the abundance and diversity
of the water column cyanobacteria communities,
anoxic conditions in the sediment determine how
much of the previous communities gets preserved
(Domaizon et al. 2017). This means that the sedaDNA
archive deposited under oxic conditions most likely
does not reflect the entire spectrum of previous water
column cyanobacteria communities. Therefore,
cyanobacterial sedaDNA is influenced by both the
abundance as well as diversity at a given time in the
past and by the preservation conditions in the
sediment. Furthermore, our study shows that it is
difficult to disentangle between both factors in recent
varves because eutrophication in part contributes to
anoxia in freshwater systems (Schertzer and Sawchuk
1990). The occurrence of higher cyanobacteria diver-
sity in varved sediments at times without intensive
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agriculture points to the preservation of cyanobacteria
sedaDNA as a crucial factor in sediments.

Our sedaDNA data is further supported by lipid
biomarkers. In detail, 6- and 7-methylheptadecane are
considered as cyanobacterial specific biomarkers
predominantly observed in clades including hetero-
cystous, ramified, and some filamentous cyanobacte-
ria, and rarely in unicellular cyanobacteria (Liu et al.
2013; Coates et al. 2014). Since Microcystaceae
hydrocarbon branched alkanes profile are absent (Liu
etal. 2013), it is very likely not the source organism of
6 + 7Me-C,7.9. The hydrocarbon profile of Cyano-
bium sp. has not been published to the best of our
knowledge, but this unicellular picoplankton
cyanobacterium most likely does not produce
branched alkanes. Recently, Bauersachs et al. (2017)
published the hydrocarbon composition of one strain
of the genus Aphanizomenon isolated from Baltic
Seawater. This strain indeed contained 7Me-C;7.q, but
in small relative amount (ca. 3%). However, it is
possible that other lacustrine strains produce relatively
more 7Me-C,7.9, and maybe 6Me-C;7.o as well. As
records of the TOC normalized content of 6 + 7Me-
Cj7.0 and the relative abundance of OTUs assigned to
Aphanizomenon present a similar variability over time
(Fig. 7), we suggest that they may quantitatively
reflect the presence of filamentous cyanobacteria such
as Aphanizomenon sp. in Lake Tiefer See.

Conclusions

Our study provides the first insights into the commu-
nity structures of cyanobacteria and their non-photo-
synthetic sister lineages in Lake Tiefer See as archived
in sediments that span the last 350 years. We show that
lake circulation, anoxic conditions as indicated by
varve presence and human-induced eutrophication are
the main factors explaining variations in the cyanobac-
terial community in Lake Tiefer See. A relationship
between environmental change and cyanobacterial
dynamics (e.g. Sericytochromatia and Melainabacte-
ria) is suggested, thus adding to the cohort of studies
making a strong argument for the use of cyanobacte-
rial sedaDNA as a paleo proxy. More importantly, the
results from this study add to the growing list of
lacustrine ecosystem investigations shedding light on
anthropogenic impact on cyanobacterial diversity
changes across time and space. We show that

eutrophication-associated OTUs were introduced into
the lake system mostly as a result of anthropogenic
agricultural practices and have since persisted despite
restoration efforts. Future investigations will need to
focus on exploring the parallels in the dynamics
between current water column cyanobacterial com-
munities and those of the sedimentary archive. In
addition, reconstructing longer time scales that addi-
tionally investigate periods without human influences
needs to be done to decipher the role of natural climate
variability from anthropogenic effects on cyanobac-
terial communities.
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