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Abstract

Even though lake sediments are globally important organic carbon (OC) sinks, the controls on long-term OC storage in these sedi-
ments are unclear. Using a multiproxy approach, we investigate changes in diatom, green algae, and vascular plant biomolecules in
sedimentary records from the past centuries across ve temperate lakes with different trophic histories. Despite past increases in the
input and burial of OC in sediments of eutrophic lakes, biomolecule quantities in sediments of all lakes are primarily controlled by
postburial microbial degradation over the time scales studied. We, moreover, observe major differences in biomolecule degradation
patterns across diatoms, green algae, and vascular plants. Degradation rates of labile diatorn DNA exceed those of chemically more
resistant diatom lipids, suggesting that chemical reactivity mainly controls diatom biomolecule degradation rates in the lakes stud-
ied. By contrast, degradation rates of green algal and vascular plant DNA are signi cantly lower than those of diatom DNA, and in
a similar range as corresponding, much less reactive lipid biomarkers and structural macromolecules, including lignin. We propose
that physical shielding by degradation-resistant cell wall components, such as algaenan in green algae and lignin in vascular plants,
contributes to the long-term preservation of labile biomolecules in both groups and signi cantly in uences the long-term burial of
OC in lake sediments.
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Signi cance Statement:

Lake sediments are globally important OC sinks, yet the factors controlling the contributions of different organisms and their
biomass components to sedimentary OC burial are not well-understood. We show that diatom, green algal, and vascular plant
biomolecules follow different trajectories over time scales of centuries in lake sediments. While the degradation of diatom biomass
follows the chemical reactivities of its biomolecules, the degradation of green algal and vascular plant biomolecules is much slower
and does not vary in relation to chemical reactivity. We propose that degradation-resistant cell walls in certain green algae and
vascular plants effectively protect biomass of these organisms from degradation and contribute signi cantly to the long-term
burial of OC in lake sediments.

Introduction 17% of annual global methane emissions to the atmosphere that

Even though lakes and reservoirs only account for 2% of the
Earth’s surface, the global annual burial of organic carbon (OC)
in lake and reservoir sediments (0.15 Pg C year™) is comparable
to that in ocean sediments (0.2 Pg C year™) (1, 2). A major frac-
tion of the OC that enters lake sediments is microbially respired
to the greenhouse gas methane. This methane from lake sedi-
ments contributes signi cantly tothe 32% of annual natural and

are released by freshwater sediments (3). Despite this worldwide
importance of lake sediments as OC sinks and greenhouse gas
sources, the factors controlling whether lake sedimentary OC re-
mains buried or is microbially converted to methane are not well
understood (1, 4).

Over the past century, the anthropogenic release of nutrients,
such as nitrogen (N) and phosphorus (P), from sewage, detergents,
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or agriculture has widely enhanced lake water column primary
production and OC loading and led to eutrophication (4-6). Re-
sulting increases in turbidity and decreases in dissolved oxygen
(O2) concentrations have altered lake ecosystems and negatively
impacted sheries (7), while increasing OC deposition and even
OC burial in lake sediments (4, 5). In addition, land-use changes,
e.g. deforestation or dam construction, have impacted lakes by al-
tering inputs of land-derived OC (8).

Sedimentary biomarker records are frequently used to study
past environmental changes in lakes and lake catchments (9-
11). Saturated short-chain n-alkanes (C;5+C;7+Cy9) and fatty
acids (C14+Cy6+Cig) provide insights into past microalgal primary
production (12) and contributions of microalgal groups. For in-
stance, diatoms have a characteristically higher content of the
polyunsaturated fatty acid Cyp:5n-3 than Cyz.6n-3 (10). Similarly, the
sterols brassicasterol and 24-methylenecholesterol originate pri-
marily from diatoms (13, 14). Green algae (Chlorophyta) have el-
evated contents of the C;g polyunsaturated fatty acids Cigon-s
and Cig3n-3 (10). Vascular plant-derived saturated long-chain n-
alkanes (C,7+Cy9+C3z1) and fatty acids (Co4+Cyos+Csg), and lignin
phenols serve as proxies for terrestrial plant inputs and land use
changes (15, 16). Challenges in the interpretation of biomarker
records arise from the fact that biomarkers differ in chemical re-
activity (17), and that many biomarkers are not unique to one or-
ganism group (10). Moreover, insights into environmental condi-
tions at the time of sediment deposition can be biased by input
of fossil biomarkers, e.g. from the erosion of much older soil se-
quences (18, 19).

Sedimentary macromolecule structures, analyzed by pyroly-
sis gas chromatography-mass spectrometry (Py-GC/MS), are also
used to study past changes in lake ecosystems (20, 21). By ther-
mally breaking or volatilizing organic macromolecules, dominant
compound classes, e.g. carbohydrates, proteins, and lipids, can
be identi ed in a single measurement (21, 22). This, combined
with the ability to extract and analyze compounds that are re-
sistant to extraction by chemical hydrolysis methods (23), makes
Py-GC/MS a powerful and high-throughput tool to characterize
organic macromolecules in complex soil or sedimentary matri-
ces. Limitations include lower source speci city than biomarkers,
and that the same products can be generated from different com-
pounds, e.g. pyrrole can be released during the pyrolysis of both
proteins and chlorophyll (24).

In addition to biomarkers and Py-GC/MS, sedimentary DNA has
in recent years increasingly been used to study past environmen-
tal changes (25, 26). DNA sequences have the distinct advantage
over the other analyses that they can reveal the precise phyloge-
netic identities of the source organisms (27). Genetic records of ter-
restrial plants and certain algae (e.g. diatoms, dino agellates, and
green algae) can be preserved for 10,000 years in lake sediments
(28-30). By contrast, DNA of most Bacteria and Archaea and cer-
tain eukaryotic phytoplankton groups is more rapidly mineralized
after death (31, 32).

The factors that determine biomolecule degradation in sedi-
ments are diverse and vary as a function of time (33-35). Adsorp-
tion by electrostatic interactions with mineral surfaces (36, 37)
and complexation or aggregation with other organic compounds,
e.g. humic substances or proteins, slows DNA degradation by re-
stricting enzymatic access (38), though neither may support the
long-term preservation of DNA polymers (31). Inherent variations
in chemical reactivities, e.g. due to structural differences between
membrane lipids, can also in some cases explain variations in
biomolecule compositions through time (17, 39). Biotic exclusion,

whereby microbial or enzymatic access to biomolecules is ef-
fectively blocked, may also in uence biomolecule degradation
and even preserve labile organic compounds over geologic time
scales (40, 41). Mineral protection, e.g. within enzymatically in-
accessible pore space or via covalent formation or chelation
to solid-phase mineral elements, are potential key biotic ex-
clusion mechanisms (35, 41). In addition, shielding (encapsula-
tion) by enzymatically resistant cell wall structures may result
in long-term preservation of labile organic compounds long af-
ter death in certain organisms (31, 42). However, little is known
about how OC preservation mechanisms compare across differ-
ent organisms and biomolecule groups, and how these differ-
ences in preservation mechanisms in uence the long-term con-
tributions of different organisms to sedimentary OC sinks. To
address these questions, comparisons of biomolecule invento-
ries within and between organism groups through time provide
useful insights.

Here, we use a multiproxy approach targeting DNA, biomark-
ers, and OC macromolecular structures of three dominant pho-
totrophic organism groups to explore the controls on organic
biomolecule degradation in lake sediments. We study sedimen-
tary records of ve lakes in central Switzerland that have well-
established trophic histories (for details see “Background and en-
vironmental context” in Materials and Methods), including past
increases in sedimentary OC burial in response to eutrophication
(4). The ve lakes include the currently oligotrophic Lake Lucerne,
the mesotrophic Lake Zurich, and the eutrophic Lake Greifen,
Lake Baldegg, and Lake Zug. Based on DNA, lipid biomarker, and
organic macromolecule records from the past centuries, we inves-
tigate the impact of historic changes in trophic state on sedimen-
tary biomolecule inventories of diatoms (Bacillariophyta), green
algae (Chlorophyta), and vascular plants (Tracheophyta). These or-
ganism groups share labile intracellular biomolecules (e.g. DNA)
but differ in compositions of chemically less reactive cell mem-
brane and cell wall molecules (e.g. lipids, algaenan, and lignin).
In addition, we explore rst-order relationships between organic
matter content and sediment age (43) to estimate degradation
rates and degradation controls of diatom, green algal, and vascu-
lar plant DNA, lipids and macromolecules through time. We hy-
pothesize that DNA protection by electrostatic adsorption and/or
complexation results in similar degradation rates of DNA across
different organisms due to the universal chemical structure of
DNA (Fig. 1a). We, moreover, postulate that, if differences in
chemical reactivity drive biomolecule degradation rates, then
biomolecule inventories through time should re ect these dif-
ferences (Fig. 1b). Finally, if biotic exclusion (physical shielding)
is a key driver of biomolecule degradation, then degradation
rates of physically protected labile biomolecules, such as DNA,
should resemble those of more degradation-resistant biomass
components (Fig. 1c).

We examine diatom, green algae, and vascular plant
biomolecule contents through time based on quantitative poly-
merase chain reaction (qPCR) and next-generation sequencing
of chloroplast genes encoding the large subunit of ribulose-1,5-
bisphosphate carboxylase (rbcL), and nuclear genes encoding
eukaryotic 18S rRNA. We then compare DNA data to inventories
and degradation rates of biomarkers (short- and long-chain fatty
acids and n-alkanes, algal group-speci c fatty acids and sterols,
and lignin), as well as organic macromolecules determined by
Py-GC/MS. Our multiproxy approach produces novel insights into
the source-speci ¢ controls and time scales over which OC is
degraded in lake sediments.
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Fig. 1. Conceptual sketch showing three scenarios to explain biomolecule degradation trends in lake sediments through time. (a) Electrostatic
adsorption to minerals (top) or complexation (aggregation) with minerals or organic compounds (bottom) control DNA degradation rates. (b) Chemical
reactivities at the compound-level determine degradation rates, and vary between organisms based on their chemical building blocks. (c) Biotic
exclusion causes chemically reactive (labile) compounds to have similar degradation rates as chemically resistant compounds. Degradation rates can
vary between organisms, e.g. if biotic exclusion is driven by chemically resistant cell walls which differ between organisms, or if mineral protection
was initiated in physicochemically different habitats, such as soils vs. sediments.

Results

Postdepositional trends in biomolecule
inventories across trophic states

Depth- and age-related trends in rbcL copy numbers of diatoms,
green algae, and vascular plants, and total eukaryotic 18S rRNA
gene copy numbers differ from each other but are remarkably
similar, i.e. strongly overlapping, within and across the ve lakes,
despite strong differences in lake trophic histories (deep station:
Fig. 2a; all three stations: Figures S2 and S3, Supplementary Mate-
rial). Matching their present-day conditions, eu- and mesotrophic
lakes have the highest diatom and green algal rbcL copy numbers
at the sediment surface. Yet, this trend does not hold downcore,
e.g. deep layers of Lakes Greifen and Baldegg that were deposited
under already eutrophic conditions have the lowest diatom rbcL
copy numbers of all lakes.

Diatom rbcL copy numbers decrease strongly with depth, from,
onaverage, 10° atthetopto 10%g™" atthe bottom of cores, with
the steepest decrease ( 10%-fold) in the top 10 cm. Copy numbers
of green algal rbcL, which are more scattered than those of di-
atoms, also decrease with depth and age, though more gradually,
and thus generally exceed those of diatoms below 5 cm. Subsur-
face peaks in green algal, but not diatom, rbcL copy numbers are
present in sediment layers deposited around or shortly after the
period of peak eutrophication in Lake Greifen and Lake Zug, and
in a layer of Lake Lucerne from 16 cm that was deposited dur-
ing the latter half of the 18th century. rbcL copy numbers of green
algae are, moreover, stable in thetop 20 cm of Lake Zurich, corre-
sponding approximately to the time since which bottom water at
this station has been hypoxic. By comparison, rbcL copy numbers
of vascular plants vary less between lakes and are remarkably sta-
ble throughout all sediment cores ( 10°to 10° g~! dry sediment),

even going back 600 years in Lake Lucerne. Gene copy nhumbers
of 18S rRNA genes generally exceed those of rbcL and show an in-
termediate trend compared to the three rbcL targets, declining by

2 orders in the top 5 cm, and by 1 order of magnitude in the
remainder of cores (from 10° to 10° copies g dry sediment).
Local subsurface peaks in 18S rRNA gene copy numbers were ob-
served in the same layers as for green algae. Also, as was observed
for green algal rcbL copy numbers, 18S rRNA gene copy humbers
have remained stable at the deep station in Lake Zurich since the
early 20th century.

Similar to microalgal rbcL copy numbers, contents of the mainly
diatom-derived Cysn.3 fatty acid and ‘diatom sterols’, and of
the green algal biomarker Cig.,n.6 fatty acid decrease with sed-
iment depth and time (Fig. 2b). This is also the case for to-
tal chlorophyll and proteins (Fig. 2c), identi ed from the py-
rolysis products “phytadienes+phytenes+pristenes” (chlorophyll
and its degradation products) and “diketopiperazines” (proteins
plus nonprotein amino acids), which mainly derive from microal-
gae (44, 45). By contrast, as with vascular plant rbcL, the con-
tents of mainly terrestrial plant-derived long chain n-alkanes
(Ca7+Cyo9+C31), lignin, and (poly)aromatics (dihydro-indenone and
9-methylene- uorene) are stable with sediment depth and age
(Fig. 2b and c). Other, less group-speci ¢ biomarkers, such as
the mainly microalgae-derived chlorophyll a, short-chain n-
alkanes (C;5+C;7+C;9) and short-chain fatty acids (C14+Cy6+Cys),
and the mainly vascular plant-derived long chain fatty acids
(Co4+Cyos+Cypg; Figure S4, Supplementary Material), show trends
comparable to microalgal and vascular plant biomarkers in Fig. 2.

As with different DNA targets, biomarkers and organic macro-
molecules differ greatly between each other in vertical pro-

les. Yet, within each biomarker or macromolecule group ver-
tical pro les between lakes are similar, independent of trophic
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Fig. 2. Sediment depth and age pro les of (a) group-speci c rbcL copy numbers, and total 18S rRNA gene copy numbers, (b) lipid biomarker and lignin
contents, (c) organic macromolecule contents determined by Py-GC/MS, all for the deepest station in each of the ve lakes. Lakes are listed in order of
present-day trophic state, from most eutrophic (Lake Greifen) to oligotrophic (Lake Lucerne). The onset of eutrophication is indicated by the red lines

(Lake Greifen: 1920; Lake Baldegg: 1890; Lake Zug: 1930; and Lake Zurich:

1890). The time period of peak eutrophication from 1950 to 1980 is

indicated as a blue-shaded area. The transition from eutrophic to mesotrophic in Lake Zurich took place around 1980 (green line; note: the increased
sedimentation rates in Lake Zurich below 19 cm ( 1920), which are the result of several large turbidites.). Sediment age models of all sites based on
extrapolated radionuclide (Pb-210ynsupported @Nd Cs-137) measurements were previously published (4). rbcL and 18S rRNA gene copy numbers were also
produced for the shallow and medium water depth stations in each lake (Figures S2 and S3, Supplementary Material).

state. Hereby, microalgae-derived compounds show their biggest
changes (decreases) with sediment age, consistent with known
rst-order relationships between OC content and sediment age
(43, 46). In the following, we explore sediment age as a unify-
ing variable that enables general inferences regarding the degra-
dation rates and degradation controls of chemically diverse
biomolecules across lakes that differ in trophic state.

Degradation rates of DNA, biomarkers, and
macromolecules through time

Combining data from all lakes con rms the existence of gen-
eral trends in rbcL copies of diatoms, green algae, and vascu-
lar plants and corresponding biomarkers and organic macro-
molecules through time (Fig. 3). Within each OC source organism
or biomolecule group, trends in relation to time overlap strongly
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