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Carbohydrates are a ubiquitous constituent of organisms and contribute
significantly to sedimentary organic carbon pools. Yet, the factors that control
the degradation and long-term preservation of sedimentary carbohydrates are not
well understood. Here, we investigate carbohydrate pool sizes and chemical
compositions in high-altitude, meromictic Lake Cadagno (Switzerland) over a
13,500-year-old sedimentary succession that has recorded past changes from
oxic to anoxic conditions and consists mostly of intercalations of lacustrine
sediments and terrestrial-derived sediments. Analyses of the organic matter
chemical composition by pyrolysis gas chromatography/mass spectrometry
(Py-GC/MS) show that carbohydrates are selectively preserved over other
organic matter constituents over time. The carbohydrate pyrolysis products
levosugars (potentially cellulose-derived) and (alkyl)furans and furanones
(potentially pectin-derived) dominate both lacustrine and terrestrially derived
sediment layers, suggesting aquatic and terrestrial-derived sources of these
compounds. Carbohydrate monomer analyses indicate galactose and glucose
as dominant monomers and show no clear differences between aquatic and
terrestrial organic matter. No clear impacts of past changes in redox conditions on
carbohydrate compositions were observed. Our study shows that carbohydrates
are amajor contributor to sedimentary organic carbon burial in Lake Cadagno and
indicates the effective preservation of both aquatic and terrestrial derived
carbohydrates over millennia in lake sediments.
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Introduction

Sub-aqueous sediments are Earth’s biggest organic carbon (OC)
sink over geologic timescales (Hedges and Keil, 1995). Previous
studies suggest that carbohydrates contribute 1%–22% of total OC in
sediments (Burdige, 2007; Arnosti et al., 2021), with the highest
percentages in surface sediments with high rates of OC
sedimentation (Hamilton and Hedges, 1988; Wakeham et al.,
1997; Jensen et al., 2005). These percentages are likely to be
underestimations, given that a significant fraction of sedimentary
OC is molecularly uncharacterizable (Hedges et al., 2000; Burdige,
2007). Contributions of carbohydrates to total OC either decrease
with sediment depth, indicating selective degradation over bulk OC
(Hamilton and Hedges, 1988; Wakeham et al., 1997; Wang et al.,
1998) or show no depth-related trends (Miyajima et al., 2001;
Kerhervé et al., 2002; Jensen et al., 2005), including preservation
for >100,000 years (Wang et al., 1998; Burdige, 2007; Quijada et al.,
2015).

The preservation of sedimentary OC, including carbohydrates,
is controlled by many factors. One important factor is oxygen (O2)
exposure time (Hartnett et al., 1998; Zonneveld et al., 2010). This is
because O2 is the highest energy-yielding biological electron
acceptor (Canfield and Thamdrup, 2009) and in many cases
supports high OC degradation rates (Middelburg et al., 1993). In
addition, the chemical reactivity of OC strongly influences OC
degradation rates. As reactive OC fractions are selectively
removed with increasing time and sediment age, contributions of
structural compounds and fragments of cell walls, which are more
resistant to enzymatic hydrolysis, increase and lead to strong
decrease in OC degradation rates (De Leeuw and Largeau, 1993;
Hernes et al., 1996; Zhu et al., 2020). OC resistance to degradation
can also increase as a result of abiotic complexation of diverse
organic and inorganic components as “macromolecular matrices”
(Keil and Mayer, 2014; LaRowe et al., 2020). In addition, physical
shielding from enzyme attack by intact, degradation-resistant cell
walls (Han et al., 2022) or through sorption and chemical bonds with
minerals can enhance OC preservation (Keil and Mayer, 2014;
Hemingway et al., 2019).

Carbohydrates are synthesized by organisms to store energy and
provide structural support (Kennedy, 1988; Killops and Killops,
2013). Examples of energy storage carbohydrates are starch and
glycogen (De Leeuw and Largeau, 1993), whereas structural
carbohydrates include cellulose and chitin, the most abundant
biopolymers in the terrestrial and aquatic realm, respectively
(Gooday, 1990; Gupta, 2011; Wahlström et al., 2020). Owing to
their function as intermediary energy reservoirs, energy storage
carbohydrates are highly chemically reactive, whereas structural
carbohydrates, which evolved to resist enzymatic attack, tend to
be less chemically reactive. Nonetheless, knowledge on the controls
on sedimentary carbohydrate cycling is still limited (Burdige, 2007).
Experimental incubations with chemically pure carbohydrate
monomers (Veuger et al., 2012), polymers (Boyer, 1994; Kanzog
and Ramette, 2009), or polymer analogs (Wörner and Pester, 2019)
indicate degradation of all carbohydrates, including structural
polymers, over time scales of days to weeks, independent of
redox conditions. These experimental results contrast with
research indicating that, at least in certain marine sediments,
carbohydrate contents and monomer compositions are nearly

invariant over thousands of years (Miyajima et al., 2001; Quijada
et al., 2015; Arnosti et al., 2021). A possible explanation is that
chemically pure polymers used in experiments are more reactive
than chemically complexed or physically shielded carbohydrates in
marine sediments. Compared to marine sediments, even fewer
studies have investigated the fate of carbohydrates in lake
sediments (Handa and Mizuno, 1973; Ogier et al., 2001;
Hayakawa, 2004) and to our knowledge only one study has
investigated carbohydrate contents and compositions below the
upper meter (Klok et al., 1984). Moreover, comparisons across
studies are difficult due to the variety of carbohydrate extraction
and quantification protocols (Zhu et al., 2020).

The chemical compositions of sedimentary carbohydrates can
be characterized through analyses of elemental bonds and molecular
structures (e.g., NMR, FT-ICR, pyrolysis) and by quantitative
analyses of carbohydrate mono- and oligomer content (e.g.,
liquid- and gas chromatographic-based methods) (Bianchi and
Canuel, 2011; Arnosti et al., 2021). Aqueous extractions involving
chemical hydrolysis have been used to quantify total carbohydrate
contents based on monosaccharide yields (Zhu et al., 2020) and to
determine dominant carbohydrate sources based on monomer
compositions and ratios of monomers (Benner and Kaiser, 2003;
Carstens et al., 2012). In addition, pyrolysis-gas chromatography/
mass spectrometry (Py-GC/MS) approaches have been used. Besides
being a high-throughput method, Py-GC/MS has the benefit of
providing insights into the contributions of all organic compound
classes present in a sample (Tolu et al., 2017; 2015; Han et al., 2022),
including chemically resistant compound classes that resist harsh
chemical extraction methods (Zhu et al., 2020). In addition, Py-GC/
MS provides information on the macromolecular structure of
organic source compounds, e.g., polymer type, that is lost during
the chemical hydrolysis to monomers (Dauwe and Middelburg,
1998; Tolu et al., 2015). Yet, Py-GC/MS is limited in quantifying OC
compounds because in some cases the interpretation of pyrolysis
products can be ambiguous, e.g., 2.5-diketopiperazines can be
formed during pyrolysis of both protein and carbohydrates
(Stankiewicz et al., 1998). Due to the different strengths the
complementarity of information provided by each method, the
combined analysis by chemical hydrolysis and Py-GC/MS is
promising for the study of sedimentary carbohydrates.

Here we investigate the long-term controls on sedimentary
carbohydrate preservation based on carbohydrate pool sizes and
compositions across a 13,500-year-old continuous sedimentary
succession (across the geological epoch—Holocene) in
meromictic alpine Lake Cadagno (Wirth et al., 2013; Berg et al.,
2022a). We hypothesize that past fluctuations in water column O2

concentrations, carbohydrate inputs, and carbohydrate sources have
influenced sedimentary carbohydrate contents and composition
through time. We integrate data on (1) water column redox
history based on high-resolution scanning X-Ray-Fluorescence
(XRF) sedimentary element data (Br, S, Mo, Fe, Mn, Al, Si, K,
and Zr), (2) OC and carbohydrate macromolecule sources and
compositions based on Py-GC/MS (Tolu et al., 2015) and (3)
carbohydrate pool sizes and monomeric compositions extracted
by sequential chemical hydrolysis followed by gas
chromatographic analyses (Zhu et al., 2020). These data are
synthesized with published organic carbon, nitrogen, and
paleolimnological data (Camacho et al., 2001; Del Don et al.,
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2001; Wirth et al., 2013; Berg et al., 2022a) to better understand the
drivers of sedimentary carbohydrate cycling throughout the history
of Lake Cadagno. Our results show that—rather than monomer
compositions or past water column redox conditions—the
macromolecular structure and/or chemical matrices of the
original OM sources in overlying water or surrounding land are
the primary determinants of long-term carbohydrate preservation in
sediments of Lake Cadagno.

Materials and methods

Study site

Lake Cadagno is a meromictic alpine lake located at an
altitude of 1921 m above sea level in Ticino, southern
Switzerland (Figure 1). The lake has a maximal water depth of
21 m, a surface area of 0.26 km2, and a small catchment area of
only ~2.4 km2 (Niemann et al., 2012). Today’s lake emerged
following the last glacial period as indicated by uninterrupted
lacustrine sedimentation since 13.5 kyr before the present (BP).
Initially characterized by a well-oxygenated water column, Lake
Cadagno has since evolved through a brief hypoxic stage with
high dissolved manganese concentrations (“transition period”,
~10.9–12.9 kyr BP) to the persisting meromictic sulfidic
conditions (“euxinic period”, ~10.9 kyr BP to today; Berg
et al., 2022a; Wirth et al., 2013). Parallel to this evolution,
Lake Cadagno sediments have changed from organic-poor,
oxic glacial clays to organic-rich, anoxic sediments. The
transition from fully mixed, oxygenated waters to stratified,
permanently anoxic bottom waters was driven by the inflow of
saline sulfidic subaquatic springs since the end of the last glacial
stage (Del Don et al., 2001; Wirth et al., 2013). The presence of
anoxic sulfidic conditions, together with anoxygenic
photosynthesis, has made Lake Cadagno a famous analog for

oceanic conditions on the early Earth (Dahl et al., 2010; Wirth
et al., 2013; Xiong et al., 2019).

Besides OC produced by anoxygenic phototrophs in and below
the chemocline (Tonolla et al., 2017; Saini et al., 2022) and by
phyto- and zooplankton in the oxic epilimnion (Camacho et al.,
2001), Lake Cadagno receives input of terrestrial vegetation and
soil-derived OC from surrounding land. In addition, two types of
density-driven events deposits (“mass movement deposits” and
“flood deposits”) periodically transfer large volumes of sediments
to deeper parts of the lake and can transport oxygen to the
otherwise anoxic part of the lake (Wirth et al., 2013). Mass
movement deposits, which can reach thicknesses of 70 cm,
derive externally from steep slopes on the north side of the lake
or consist of re-located sedimentary deposits from shallow parts of
the lake. Mass movement deposits contain terrestrial sediments
with varying contributions of lacustrine sediments and often have
graded bedding, with coarse sands at the base and more silt and
clay near the top of the layer. By contrast, flood deposits from
snowmelt and avalanches, are thinner, are more uniformly
dominated by sand and silt, and almost exclusively contain
terrestrial OC (Niemann et al., 2012; Wirth et al., 2013). The
frequency of these “event deposits” has varied through time and
was lowest during the Holocene Thermal Maximum (~9—5 kyr
BP; Niemann et al., 2012; Figure 2). Flood deposits were most
frequent between 5—3 kyr BP, while mass movements dominated
between 8—5 kyr BP and within the last 2 kyr BP (Wirth et al.,
2013).

Sediment and soil samples

Three overlapping up to 9-m-long piston cores from the deepest
part of Lake Cadagno (Figure 1) were recovered in 2019 using a
Uwitec-Niederreiter coring platform (HELVETIA, Uwitec, AT), as
described in Berg et al. (2022a). The uppermost part of the

FIGURE 1
Map of Lake Cadagno study area in Southern Switzerland. The red dots indicate the location of lake sediments (sediment core) and soil (C1–C15)
samples.
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succession, including the sediment-water interface, was recovered
using a 90-mm diameter UWITEC gravity corer. One piston core
succession was used for sedimentological observations, including
XRF-scanning, while a second core was used for porewater sampling
using Rhizons (0.2 μm pore size, Rhizosphere). A third piston core
was used to collect sediment samples for measurements of solid
phases. In addition, in 2020, 15 soil samples were collected from the
lake surroundings (Figure 1), including a long water stream (C1, C8,
and C9), from the shallower lake shore (C15), and from the steeper
western (C12 and C13) and northern (C10 and C11) valley flanks.
Samples for analysis of solid phases were kept frozen at −20°C until
later analyses.

Age model

The age model is described in detail in Berg et al. (2022a) and its
corrigendum (Berg et al., 2022b). In brief, the age model consists of
9 radiocarbon points of wood and macrofossils across an entire Lake
Cadagno sediment core that were transferred from the study of Wirth
et al. (2013). The age-depth modeling was conducted using Bayesian
statistics (Blaauw and Christen, 2011). 14C calibrated ages were
determined by the IntCal13 calibration curve (Reimer et al., 2013).

XRF element analysis

Vertical distributions of major and trace elements were
determined at the University of Bern using the ITRAX μXRF
core scanner equipped with a chromium X-ray tube (Cr-tube) set

to 30 kV, 50 mA, 20 s integration time, and 0.5 mm resolution.
For comparison with other data with a lower resolution, we
applied an 11-point moving average to the XRF data. We
focused on S and Mo as aquatic redox indicators (Wirth et al.,
2013) and Br as a proxy for aquatic primary production
(Cartapanis et al., 2011). Fe and Mn are redox-sensitive, with
Fe (in combination with S) as an indicator for authigenic Fe-
sulfide and bottom water anoxia and Mn as an indicator for the
presence of Mn-oxides, which are only stable under oxic
conditions during sediment deposition (Wirth et al., 2013). K,
Si, Al, and Zr were used as indicators of terrestrial mineral input
(Wirth et al., 2013), with Zr specifically serving as a proxy for
coarse-grained igneous and metamorphic rock inputs owing to
its almost exclusive presence in the abrasion-resistant and high-
density mineral Zircon (density: 4.6–4.7 g/cm3) (Clift et al.,
2020).

Grain size analyses

Sedimentary grain size distributions reveal changes from
lacustrine sediments to event deposits, as well as gradations
within event deposits. Pea-sized sediment amounts were
dispersed in 2—3 mL of sodium polyphosphate and shaken
overnight before analysis. Grain size distributions were then
measured using a LS 13 320, laser diffraction particle size
analyzer with polarization intensity differential scattering (PIDS,
Beckman Coulter, Indianapolis, Umited States), equipped with an
aqueous liquid module. Each sample was ultra-sonicated prior to
analysis and measured for roughly 10 min. The relative contribution

FIGURE 2
Trends in XRF-counts of nine major elements in relation to sediment depth [cm] and sediment age [yr BP].
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of the sediment fraction refers to the total sediment particle volume
per sample.

Bulk organic matter analyses

Total organic carbon (TOC), total nitrogen (TN), and stable
isotopic compositions of both (δ13C-TOC and δ15N-TN) were
analyzed in all soil samples and compared to sedimentary data
from Berg et al. (2022a). Samples were decalcified with 6 M HCl,
neutralized with sodium hydroxide (NaOH), lyophilized and
analyzed using an element analyzer (Flash-EA 1112,
ThermoFisher Scientific) coupled to an isotope ratio mass
spectrometer (IRMS, Delta V, ThermoFisher Scientific). The
isotopic ratios refer to N2 (air) for nitrogen and Vienna Pee Dee
Belemnite (V-PDB) notation for carbon. The reference standards
were IAEA-N1 (15N = +0.45), IAEAN3 (15N = +4.72), and IAEA-N2
(15N = +20.41) for nitrogen, and NBS22 (13C =-30.03) and IAEA
CH-6 (13C =-10.46) for carbon.

Chemical composition of major organic
molecules

We used pyrolysis-GC/MS to investigate how organic matter
chemical compositions change with age in sediments of Lake
Cadagno and to what extent these changes can be attributed to
differences in chemical reactivities (degradation rates),
macromolecular structures (e.g., polymer types), and sources
(e.g., lacustrine vs. terrestrial). Freeze-dried sediments
(100—500 µg) were weighed into autosampler containers (Eco-
cup SF, Frontier Laboratories, Japan) and pyrolyzed at 450°C and
650°C, according to Tolu et al. (2015). While 450°C delivered a
diverse range of products suitable for further analysis, 650°C
generated far fewer identifiable pyrolysis products that were not
further analyzed. In addition, we analyzed nine carbohydrate
standards (20–50 µg), including cellulose (microcrystalline,
powder 20 µm), starch (from potato), pectin (SLCL6291), chitin
(from shrimp shells), laminarin (from Laminaria digitata), alginic
acid (from Macrocystis pyrifera), peptidoglycan (from Bacilius
subtilis, all from Sigma Aldrich), mannan (from ivory nut), and
arabinoxylan (both from Carbosynth Ltd., and were used as proxies
for hemicellulose) at 450°C.

The pyrolyzer was connected to an autosampler (PY-2020iD
and AS-1020E, FrontierLabs, Japan) and to a GC/MS system
(Trace 1310, Thermo Scientific and ISQ 7000, Thermo Scientific)
equipped with a DB-5MS capillary column (30 m x 0.25 mm i. d.,
0.25 mm film thickness; J&W, Agilent Technologies AB,
Sweden). Chromatograms were analyzed using R (version
2.15.2, 64 bits; http://www.R-project.org) based on a pipeline
that identifies common mass fragments (Tolu et al., 2015). The
mass spectra library software ‘NIST MS Search 2.0’ was used to
determine pyrolysis products from mass fragment patterns, as
described in Tolu et al. (2015). Pyrolysis products were then
classified and annotated to OM constituents according to Tolu
et al. (2015, 2017). In each sample, contributions of individual
pyrolysis compound groups to total OC were expressed in
percent of compound group peak area relative to total

characterizable Py-GC/MS peak area ((total peak area of
compound group/total characterizable Py-GC/MS peak area) ×
100), as done previously (Tolu et al., 2015). The total
characterizable Py-GC/MS peak area correlated positively with
TOC across the analyzed sediments (R = 0.67; Supplementary
Information (SI) - Supplementary Figure S8). Py-GC/MS data
was produced to a depth of 727 cm, below which measurements
were not possible, presumably due to the low TOC
content (<1%).

Total hydrolyzable carbohydrates

We analyzed total hydrolyzable carbohydrates (THCHO) to
determine how total carbohydrate contents and monomer
compositions change over time in Lake Cadagno sediments.
Freeze-dried samples were analyzed in duplicates
(0.001 g–0.5 g) using the sequential extraction method of Zhu
et al. (2020). The method involves a four-step extraction protocol
with increasing HCl strength and temperature treatment: Step I
(1 M HCl at room temperature for 2 h), Step II (1 M HCl at 50°C
for 2 h), Step III (1 M HCl, at 105°C for 2 h), and Step IV (6 MHCl
at 105°C for 8 h). This approach recovers, on average, ~60% higher
carbohydrate yields than one-step protocols and includes the
separation of labile and more chemically resistant
carbohydrates based on acid strength and temperature strength
(Zhu et al., 2020). Fractions from each extraction step were
individually, neutralized, purified, derivatized to aldononitrile
acetate (Guerrant and Moss, 1984), and evaporated with a
continuous N2 stream. Subsequently, all extracts were
redissolved in 1 mL of ethyl acetate.1 µl of the extract was then
injected into a gas chromatograph with a flame-ionization
detector (GC-FID; Trace GC Ultra, Thermo-Finnigan equipped
with a MEGA-5 MS Plus column - 60m x 0.25mm x 0.25um),
using a modification of the protocol of Zhu et al. (2020). The
program starts with an injector temperature of 250°C and an oven
temperature of 70°C. The initial oven temperature is kept for
1 min, increased to 180°C at 4°C/min, held for 2 min, raised to
230°C at 4°C/min, kept for 15 min, and increased to 300°C at a
gradient of 20°C/min and finally held for 1 min. The slower
temperature gradient between 70°C and 180°C (4°C/min)
compared to Zhu et al. (2020; 20°C/min) enabled a better
separation between fucose and xylose.

Data visualization and statistical analyses

We determined the statistical relationship between lithological
categories and organic and carbohydrate macromolecules with a non-
parametric rank-based Kruskal-Wallis test. This followed by a Dunn’s
Bonferroni test to compare the statistic significancy across the
lithological classes of soil, surface sediment, subsurface event deposits
and subsurface event deposits. All tests were performed in R. We also
investigated relationships between organic macromolecules and
carbohydrate compositions and other environmental variables, such
as sediment age, bulk organic matter properties element distributions,
and grain size data based on principal component analyses (PCA) and
Spearman’s Rank Correlation Coefficient (ρ). PCAwere calculated using
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the prcomp function, and visualized by autoplot using the ggplot2
package (Wickham, 2016). The Spearman correlation coefficients
were calculated using the heatmap function and visualized using the
heatmap.2 within the gplots package (Warnes et al., 2016).

Results

Sedimentation and redox history of Lake
Cadagno based on XRF counts

XRF-based element distributions reflect how sediment sources
and redox regimes have changed throughout the past 13.5 kyr. We
differentiate between sediment layers that derive from lacustrine
sedimentation and events deposits (flood and mass movement
deposits) of the euxinic period (<10.9 kyr BP), the transition
period (~10.9–12.9 kyr BP) and glacial deposits (>12.9 kyr BP).
The aquatic proxies, Br, S, and Mo, show higher elemental counts in
euxinic lacustrine layers compared to event deposits and sediments
deposited before euxinic times (Figure 2). The difference is most
striking for S, which, moreover, in several cases, shows distinct peaks
(5794 and 1603 yr BP) between lacustrine layers and event deposits.
In glacial sediments, Br, S, andMo show low elemental counts. S and
Mo, but not Br, strongly increase during the transition from oxic to
euxinic conditions.

The redox proxies Fe and Mn differ greatly in abundance
(counts, cts) through time. Distinct peaks (Fe: >400,000 cts; Mn:
>50,000 cts) at transitions from thick event deposits to lacustrine
sediments are consistent with the formation of Fe-sulfides after
mass movement-related oxidation events (Wirth et al., 2013; Berg
et al., 2022a). Fe generally has lower counts in lacustrine-
dominated layers than in event deposits and shows a clear
decrease toward the sediment surface in the upper 20 cm. The
highest Mn counts are found in sediments from the transition
period (10.9–12.9 kyr BP), consistent with past research (Wirth
et al., 2013; Berg et al., 2022a) and following specific events
(5.8 and 3.3 kyr BP, Figure 2).

Lithogenic elements K, Si, Al, and Zr, are indicators of detrital
clastic input and remain essentially unaltered by redox processes.
These elements show the highest relative abundances in sediments
deposited under oxic conditions (>12.5 yr BP) and decrease
throughout the transition period and the onset of euxinic
conditions (12.5 kyr BP; Figure 2), after which counts remain
low (Figure 2A). Minor fluctuations occur at transitions between
event deposit and lacustrine layers. All four elements decrease
further toward the surface in the upper 40 cm as a result of
increasing sediment pore water content.

Grain size distributions, bulk organic matter
signatures, and carbohydrate pool sizes in
sediments and soils

Sediment grain size distributions indicate that silt is the
dominant fraction and accounts for 35%–83% of the sediment
particle volume (Figure 3A). The sand fraction varies between
2% and 65%, with the highest percentages in event deposits and
the lowest percentages in surface lacustrine and glacial deposits. The

clay fraction ranges from 2% to 12%, with the highest abundances in
glacial sediments. Soils from the lake catchment consistently have
low clay contents (<5%) but vary in silt and sand contents between
the different stations and generally have higher sand and lower silt
and clay contents than lake sediments.

TOC and δ13C-TOC (from Berg et al., 2022a) show opposite
trends and suggest changes in OC inputs and sources throughout
the Holocene (Figure 3A). TOC values are highest in soils (13% ±
9%; range 5%–40%; Figure 3B) and surface sediments (12% ±
5%), followed by subsurface lacustrine samples (8% ± 5%) and are
clearly lower in subsurface event deposits (3% ± 2%) and glacial
deposits (0.4% ± 0.3%; all Figure 3A). Sharp decreases in TOC
occur between 20 and 30 cm and across the transition from deep
euxinic to glacial sediments, whereas local increases to surface
sedimentary values (~15%, at 9 kyr BP) occur in sediments from
the Holocene Thermal Optimum. δ13C-TOC is lowest in surface
sediments (0–20 cm; −36‰; Figure 3A) but increases to −28‰
from 20 to 30 cm and remains between −30 and −28‰ in
underlying euxinic and glacial sediments. The only exception
is lacustrine-dominated layers from 9 to 5 kyr BP, where
δ13C-TOC locally decreases to values as low as −36‰. In soils,
δ13C-TOC is less negative than in lake sediments and varies
between −28.5 and −25.5‰ (Figure 3B).

The THCHO distribution shows a depth trend similar to TOC
(Figure 3A). Within the top 20 cm, THCHO decreases from 50 to
5 mg/g dry weight (wt.; Figure 3A) and remains below 10 mg/g dry
wt. throughout the remainder of the core. Exceptions include
samples with 60 mg/g dry wt. from ~2.8 kyr BP and 30 mg/g dry
wt. from ~9 kyr BP, both from lacustrine-dominated layers. The
lowest THCHO concentrations (<1 mg/g dry wt.) are found in
glacial sediments (>11,500 yr BP). Contributions of THCHO to
TOC (THCHO/TOC) drop from ~15% in surface sediments to 5%
at 30 cm. Throughout the remainder of the euxinic interval, values
fluctuate from 4% to 24%, showing no clear differences between
lacustrine-dominated layers and event deposits before dropping
below 1% in deep glacial sediments. THCHO/TOC values in soils
are in the same range and show similar variations as in sediments
(1%–20%).

Compositions of macromolecular organic
compounds in sediments and soils

Compositions of organic macromolecules differ clearly
between Lake Cadagno sediments and catchment area soils
and, in some cases, show clear depth-related trends in lake
sediments (Figures 4A, B). All macromolecular organic
compound groups except n-alkanes (C15-17-19) and n-alkenes
(C16:1-18:1-20:1) show statistically significant variation across
soils and sediment categories (surface sediments [0–20 cm],
subsurface event deposits, subsurface lacustrine sediments
[both below 20 cm]; note: crotonic acid was exclusively
detected in soil and not part of this statistical comparison).
Chlorophyll, sulfur compounds (S-compounds), and phenol
values are always low in soils. Similarly, nitrogen-containing
compounds (N-compounds), fatty acids, hopanoids, long-
chain n-alkenes, and sterols are on average more abundant in
lake sediments. In contrast, carbohydrates are always higher in
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soils, and short-chain n-alkenes, short- and long-chain
n-alkanes, (poly)aromatic hydrocarbons (PAHs), and lignin do
not show consistent differences between soils and sediments.

Carbohydrate contributions to are generally higher in soils
(~40–60% of total characterizable Py-GC/MS peak area; also see
Materials and Methods) than in sediments (~18–40%; both
Figure 4), and moreover show clear depth-related trends in
sediments. Within the top layer of sediments, carbohydrate
contributions nearly double, from ~16% at the sediment surface to
~30% at 30 cm depth. Below 30 cm, the contribution of carbohydrates
fluctuates between ~20 and 40%, showing no systematic differences
between lacustrine sediments and event deposits.

The observed increase in carbohydrate contents with sediment
depth is accompanied by a decrease in the contributions of
N-compounds from ~10 to 20% in surface sediments to ~5–10%
in deeper layers. This is consistent with increases in C/N ratios
reported previously (Berg et al., 2022a). In addition, fatty acids (C14-
C16-C18) decrease with depth from ~40% at the sediment surface
to <5% below 6 cm. In soils, fatty acids represent around ~5–15%,
and N-compounds account for <5% of the total identified py-GC/
MS peak area per sample. All other major compound groups are
stable in the content below the sediment surface. Remarkably,
chlorophyll, which is a suitable proxy for labile organic carbon in
bioturbated surface sediments (e.g., Deng et al., 2020), has stable
values of ~5–10% throughout the entire sediment column of Lake

Cadagno and is almost absent from soils. Furthermore, aromatic
components, such as phenols, PAHs, and lignin together represent
~20% of identifiable OM in most sediments and increase to ~39% in
the event at 282 cm and to ~25% in events at 512 and 622 cm.

Carbohydratemacromolecule compositions
in sediments and soils

Relative contributions of carbohydrates to TOC based on
pyrolysis (based on peak areas) were higher than contributions of
carbohydrates to TOC based on chemical extraction (based on
C-content per g dry sediment; Table 1). This difference was the
smallest for surface sediments and highest for subsurface sediments.
Herein, the estimated contribution of carbohydrates based on
chemical hydrolysis decrease from surface sediments to deeper
sediments layers but shows the opposite trend based on
pyrolysis data.

Carbohydrate pyrolysis products differ between Lake Cadagno
sediments and soils and change with depth and age in sediments
(Figures 5A, B). Across the four lithological classes all major
carbohydrate pyrolysis products except pyrans and crotonic acid
vary significantly (Kruskal-Wallis test; for more information on the
chemical structures of carbohydrate pyrolysis products, see
SI—Supplementary Figure S9). While crotonic acid occurred

FIGURE 3
Profiles of grain size fractions, δ13C-TOC, TOC, THCHO, and THCHO/TOC versus sediment depth and age in lake sediments (A) and soils (B).
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exclusively in soils (Figure 5B), all other carbohydrate pyrolysis
products were found throughout soil samples and lake sediments. A
clear increase in average contribution with sediment depth was
observed in levoglucosan (Figures 5A, B). Levoglucosan, which
generally derive from glucose polymers (Schellekens et al., 2009;

Tolu et al., 2015), collectively account for ~30% of carbohydrates at
the sediment surface, then decrease strongly, even going below
detection at 6 and 12 cm before gradually increasing to ~40% in
the deepest sample (727 cm). In soils, Levoglucosan represent 20%—
45% of the carbohydrate pyrolysis products and are the dominant

FIGURE 4
(A) Relative abundances of OMmacromolecular compound classes are shown over sediment depth and sediment age for four different lithologies:
soils as well as surface lacustrine sediments (<255 yr BP), event deposits, and deep lacustrine sediments (>255 yr BP). (B) Averaged relative abundance of
each OM macromolecular compound class regarding the four lithologies. Kruskal-Wallis tests were performed with Dunn’s Bonferroni posthoc
comparisons. Lithologies that differ significantly from each other in OM macromolecular content are connected by lines (solid: p<0.001; dashed:
p<0.01; dotted: p<0.05). Note: TheOC content of deep sediment samples of the transition and glacial period was below the detection limit of Py-GC/MS.

TABLE 1 Comparison of average carbohydrate contributions to TOC (%) across dominant lithologies based on Py-GC/MS (2nd column), chemical hydrolysis (3rd

column), and ratios of both (4th column). [Note: carbohydrate contributions based on Py-GC/MS were calculated based on ratios of carbohydrate pyrolysis
products to total characterizable carbohydrate pyrolysis products.].

Lithology Pyrolysis-GC/MS Chemical hydrolysis Pyrolysis-GC/MS/Chemical hydrolysis

Soils 52.6 ± 5.6 11.6 ± 8.0 4.5 ± 0.7

Surface sediments (0—20 cm) 25.1 ± 4.3 9.3 ± 2.1 2.7 ± 2.1

Subsurface event deposits 33.1 ± 4.9 8.8 ± 5.5 3.8 ± 0.9

Subsurface lacustrine 38.3 ± 3.9 6.7 ± 2.9 5.7 ± 1.3
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carbohydrate fraction in most samples. The trends observed for
levoglucosan also apply to quantitatively less important
levoglucosenone.

(Alkyl)furans and furanones, which potentially derive from
hemicellulose, pectins and/or alginic acids (Anastasakis et al.,
2011; Patwardhan et al., 2011), are the dominant carbohydrate
pyrolysis products in most lake sediment samples, increasing
from ~25% at the sediment surface to ~60% at 5 cm sediment
depth. Below 6 cm, (alkyl)furans and furanones remain the
dominant carbohydrate pyrolysis product across lacustrine
layers and event deposits, only being surpassed by levosugars
in two deep samples. By contrast, (alkyl)furans and furanones
only represent 15%–20% of soil carbohydrate pyrolysis
products.

Pyrans and dianhydrorhamnose, which likely derive from
lignocellulose (Kaal and Mailänder, 2019), chitin derived
compounds and cyclopentanes and cyclopentenes, e.g., previously
found in hemicelluloses and laminarin (Anastasakis et al., 2011;
Patwardhan et al., 2011), account for on average from 5% to 10% of
carbohydrate pyrolysis products across all sample types. While

chitin derivatives and cyclopentanes and cyclopentenes decrease
with sediment depth, pyrans or dianhydrorhamnose show no clear
depth- or lithology-related trends.

Changes in carbohydrate monomeric
composition

We found no clear compositional differences in carbohydrate
monomers between lake sediments and soil samples. Galactose and
glucose are the dominant monomers in sediments (average: ~19± 5%)
and soils (average: ~20 ± 5%) (Figure 6A). Yet, certain event deposits
(14 cm, 566 cm, 840 cm) have distinct monomer compositions,
including elevated contributions of fucose. Moreover, the upper
portion of glacial sediments contains higher relative contributions
of the amino sugars glucosamine and galactosamine. In soil
(Figure 6A), samples C1, C8, C9, and C15, along a stream
(Figure 1) have similar monomeric compositions to lake sediments,
whereas samples C10, C11, C12, and C13 from the northern slope side
of Lake Cadagno contained an elevated percentage of amino sugars.

FIGURE 5
(A) The relative abundances of carbohydrate pyrolysis products are shown over depth and age for Lake Cadagno sediments at the top and for
different soil sample sites surrounding the lake at the bottom. (B) Averaged relative abundance of each carbohydrate pyrolysis product regarding soils,
surface lacustrine sediments (<255 yr BP), event deposits, and deep lacustrine sediments (>255 yr BP). Kruskal-Wallis tests were performed with Dunn’s
Bonferroni posthoc comparisons. Lithologies that differ significantly from each other in OMmacromolecular content are connected by lines (solid:
p<0.001; dashed: p<0.01; dotted: p<0.05). Note: The OC content of deep sediment samples of the transition and glacial period was below the detection
limit of Py-GC/MS.
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Additional analyses on the four different carbohydrate
hydrolysis fractions (Figure 6B) reveal that Fraction III makes
up 60%–90% of the chemically extracted monomers. All samples
also have significant contributions of Fraction IV with an average
of 5%–25% in sediments and contributions of up to ~40% in two
soil samples (C10 and C12). In addition, surface sediments and
Younger Dryas sediments contain elevated contributions of
Fractions I and II. Hydrolysis fractions varied in monomer
compositions, i.e., neutrals sugars were predominantly
extracted at low temperatures and acid strengths (Fractions
I-III), while amino sugars were primarily extracted in Fraction
IV, which had the highest temperature and strongest acid
treatment (Supplementary Figure S4).

Environmental clustering of organic
macromolecules, carbohydrate macromolecules,
and carbohydrate monomers

PCA on Py-GC/MS-based organic macromolecule and
carbohydrate compositions confirms observations from Figures 4,
5 that OC molecular compositions differ systematically between
soils and sediments and change with sediment age (Figures 7A, B).
Similarly, as suggested by Figure 6, carbohydrate monomer

compositions do not cluster in relation to lithology or sediment
age (Figure 7C).

Discussion

We provide the first continuous lacustrine carbohydrate record
from the entire Holocene epoch, to our knowledge, and show that
carbohydrates account for a major portion of OC throughout
sedimentary deposits from the past 13,500 years in meromictic
alpine Lake Cadagno. Chemical hydrolysis data indicate
carbohydrate contributions to TOC of 18% in surface
sediments—percentages that are similar to those in other lake
water column and surface sediment studies (Ogier et al., 2001;
Zhu et al., 2020), and, on average, 7% in over 2000-year-old,
deeper sediment layers (Table 1; Supplementary Table S1–S3). In
contrast, While carbohydrate contents measured based on Py-GC/
MS spectra are similar to those measured based on chemical
hydrolysis at the sediment surface (17%), we observe an increase
to carbohydrate contributions of 25%–38% in deeper layers based on
Py-GC/MS (Table 1). The observed strong discrepancies between
hydrolytic and pyrolytic methods in older sediments imply that even

FIGURE 6
(A) Relative abundances of carbohydrate monomers from the total contribution of all extracted fractions. (B) Relative contributions of individual
fractions for each sample. Lithologies refer to surface lacustrine sediments (<255 yr BP), event deposits, and deep lacustrine sediments (>255 yr BP). The
bottom shows different Lake Cadagno soil sites.
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optimized chemical extraction methods with harsh final hydrolysis
steps (6M HCl, 105°C) fail to extract a major fraction of
carbohydrates in sediments that are thousands of years old
(Table 1). This could be due to persistent physical protection
(shielding) of residual carbohydrate pools, or chemical resistance
of these residual pools, even to the harshest chemical hydrolysis
conditions. Instead, the much higher temperature during pyrolysis
(450°C) appears crucial in breaking resistant biological, chemical,
and/or physical matrices and extracting residual carbohydrate pools.
If the same principle applies to other settings, then chemical
extraction methods can be expected to result in significant
underestimations of carbohydrate pool sizes in older sediments.

Notably, carbohydrate macromolecule compositions show
clear trends in relation to sediment age but overlap strongly
between lacustrine and terrestrially dominated sediment layers
and do not correlate with aquatic-terrestrial OM proxies, such as
C/N ratios or δ13C-TOC (Supplementary Figure S2). This is
different for well-established terrestrial biomarkers, such as
phenols, PAHs, and lignin, which correlate positively with C/N
and δ13C-TOC and are enriched in terrestrial layers
(Supplementary Figure S5). A potential explanation is that the
dominant carbohydrates in Lake Cadagno are of both aquatic and
terrestrial origin.

Unlike previous environmental studies, in which carbohydrate
monomer compositions were used as proxies for carbohydrate
sources (Benner and Kaiser, 2003; Carstens et al., 2012), monomer

compositions in Lake Cadagno do not differ significantly between
soils, terrestrial-dominated sediments, and lacustrine sediments
(Figure 7C). The only exception is deep glacial sediments, in
which elevated contributions of muramic acid, a bacterial cell wall
constituent (Moriarty, 1975; Carstens et al., 2012), indicate an
elevated contribution of bacterial biomass. Similarly, past redox
disruptions by event deposits, which are evident from depth
profiles in S, Mo, Fe, and Mn (Figure 2), do not seem to have
affected the compositions of carbohydrate macromolecules or
monomers (Figures 5, 6; Supplementary Figure S6). In the
following sections, we further analyze trends in OC and
carbohydrate compositions and pool sizes in Lake Cadagno
sediments, propose likely source molecules of dominant
carbohydrate pyrolysis products, and discuss potential drivers
of long-term carbohydrate preservation in the lake.

Lake Cadagno sediments as long-term OC
and carbohydrate sinks

Surface sediments of Lake Cadagno have significantly higher
TOC contents (18 wt%) compared to the average of other
European lakes (~2.8 ± 1.5 wt%) and relative to perialpine
lakes at lower altitudes in Switzerland and bordering countries
(~3.1 ± 1.6 wt%; SI, Supplementary Table S2). Lakes with
comparable TOC contents to Lake Cadagno include alpine lake

FIGURE 7
Principal component analyses of (A) all observedOMmacromolecular compound classes in pyrolysis-gas chromatography/mass spectrometry (Py-
GC/MS) (Figure 4) (B) all carbohydrate Py-GC/MS products (Figure 5) and (C) the total relative amounts of the 12 analyzed hydrolyzable carbohydrate
monomers (Figure 6).
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Meidsee (TOC ~12 wt%, Thevenon et al., 2012), perialpine lakes
in the Tatra mountains (TOC ~40 wt%, Gąsiorowski and
Sienkiewicz, 2013), boreal lakes in Sweden (~26.3 ± 5.0 wt%;
Sobek et al., 2009) and arctic lakes in Greenland (e.g., SISI,
AT; ~9.8 ± 2.9 wt%; Anderson et al., 2018; Supplementary
Table S2). The combination of seasonally high primary
production, low temperature, short O2 exposure times due to
shallow water depth, and permanent or seasonal bottom water
anoxia, which excludes or greatly reduces macrofaunal
bioturbation, may explain the high surface sedimentary OC
contents in Lake Cadagno and these other lakes.

In contrast to surface OC contents, the preservation of OC over
the last 12.5 kyr has so far only been investigated in a few lakes.
During the Holocene Thermal Optimum, which ranged from
roughly 9 to 5 kyr in Central Europe, specific accumulations of
OC are found across different lakes. Lakes Cadagno contains TOC
contents 15 wt% in sediments from ~9.3 kyr BP and ~8% on average
between 9 and 5 kyr (Figure 3). Similar OC accumulations are
observed in sediments of alpine Meidsee (~20 wt%, 7.9 kyr;
Thevenon et al., 2012; Supplementary Table S2) in arctic lakes in
Greenland (on average 15 ± 5 wt%; 8—9 kyr BP; Anderson et al.,
2018; Supplementary Table S2). In contrast, alpine Lake St. Moritz
(~6 wt%, 7 kyr; Ariztegui et al., 1996; Supplementary Table S2) and
perialpine Lake Albano (~7 wt%, 9 kyr; Ariztegui et al., 2001;
Supplementary Table S2) have lower OC contents than Lake
Cadagno between 9 and 5 kyr BP.

Carbohydrate contributions to TOC in Lake Cadagno sediments
are in a similar range for perialpine Swiss lakes (e.g., Lake Lucerne:
21%—24% THCHO/TOC; 6–19 mg/g dry wt.; and Lake Greifen:
19%–27% THCHO/TOC; 8–13 mg/g dry wt.; Zhu et al., 2020).
These contributions of >20%, which were all measured using the
sequential extraction method of Zhu et al. (2020), exceed estimates
obtained with one-step extraction protocols (Ogier et al., 2001; Zhu
et al., 2020) and are only matched by carbohydrate contributions in
coastal marine sediments after one-step extraction (Wang et al.,
1998; Arnosti et al., 2021). To our knowledge, no data on higher-
yielding carbohydrate measurements exist for sediments older than
2 kyr, aside from our study.

Shifts in OC pools through time provide
insights into the reactivities of organic
compound groups

The ~80% decrease in TOC within the top 20 cm of sediment is
mainly driven by high degradation rates of fatty acids (from 40% at
the sediment surface down to 5% at 6 cm), as well as N-compounds
(Figure 4). The concomitant steep increase in δ13C-TOC from - 35‰
at the sediment surface to - 29‰ at 20 cm indicates the selective
depletion of carbon isotopically depleted bacterial biomass from
below the chemocline in surface sediments. This bacterial biomass
from below the chemocline has isotopic values of −42 to −31‰
(Posth et al., 2017) and largely consists of phototrophic purple and
green sulfur bacterial OC (Putschew et al., 1995; Camacho et al.,
2001; Saini et al., 2022). In addition, a significant fraction of OC
from phytoplankton is mainly present above the chemocline where
it has an average 13C isotopic composition of −25‰ (Posth et al.,
2017). The debris of phytoplankton OC is degraded in surface

sediments as evidenced by strong decreases in copy numbers of
the gene encoding the large subunit of ribulose bisphosphate
carboxylase (rbcL) of the two dominant phytoplankton groups in
Lake Cadagno, Chlorophyta and Ochrophyta (Supplementary Figure
S5; see Supplementary Text for DNA Methods).

The remaining TOC below 20 cm (mainly <5 wt%) is
increasingly dominated by apparently more degradation-resistant
carbohydrates (on average >30% of TOC; Figure 4) and aromatic
compounds, such as PAHs, lignin, and phenol (Figure 4). Significant
correlations of aromatic compounds with sand, Zr, and vascular
plant (Tracheophyta) rbcL gene copy numbers (SI - Supplementary
Figures S5, S6), and elevated contributions of aromatic compounds
in specific, terrestrial-dominated event deposits (282, 512, and
612 cm; Figure 4), are consistent with mainly terrestrial sources.
In contrast, carbohydrate sources are likely more diverse as no
correlations were observed with δ13C-TOC or lithogenic elements,
and only a weak correlation with Ochrophyta occurred
(Supplementary Figure S6).

Cellulose and pectin as potential source
molecules of dominant carbohydrates in
Lake Cadagno sediments

(Alkyl)furans and furanones are the most abundant pyrolysis
compound class among carbohydrates in sediments of Lake
Cadagno (Figure 5). The absence of clear correlation patterns
with terrestrial and lacustrine source indicators (Supplementary
Figure S6) and the similar average contributions of (alkyl)furans
and furanones across lacustrine sediments and event deposits
(Figure 5) argues against a uniquely lacustrine or terrestrial
provenance. Previously, hemicellulose was proposed as a source
of (alkyl)furans and furanones in soils (Patwardhan et al., 2011),
whereas alginic acids, fucoidan, and laminarin from brown algae
(Phaeophyta), which are absent from freshwater habitats, were
proposed as aquatic sources (Anastasakis et al., 2011). To shed
additional light on the potential sources of pyrolysis products in
Lake Cadagno, we performed Py-GC/MS measurements on a set of
carbohydrates that are ubiquitous in nature (Figure 8). These tests
reveal that pyrolysis of pectin also produces high amounts of (alkyl)
furans and furanones, even higher amounts than the tested
hemicelluloses arabinoxylan and mannan. Thus pectin, which is
present as a structural carbohydrate in terrestrial plants, macroalgae,
and certain microalgal Chlorophyta (Zanchetta et al., 2021), could be
the main source of (alkyl)furans and furanones in Lake Cadagno
sediments and soils. Microalgal Chlorophyta dominate microalgal
communities above the chemocline (Camacho et al., 2001) and
could thus represent a significant source of pectin to lacustrine OC-
dominated sediment layers of Lake Cadagno. However, more
research is needed to confirm this hypothesis.

The levosugars represented mainly in levoglucosan and
levoglucosenone are the second largest group of carbohydrate
pyrolysis products in Lake Cadagno sediments and increase in
carbohydrate contributions with sediment age independent of
sediment origin. These pyrolysis products originate from a range
of polyglucoses, including cellulose (Kuzhiyil et al., 2012;
Kebelmann et al., 2013; Raghavendran et al., 2020; Zanchetta
et al., 2021), glycan (Sanders et al., 2003), and starch (Figure 8).
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In addition, hemicelluloses are potential sources of levosugars (Zong
et al., 2020), as supported by the hemicellulose standards mannan
and arabinoxylan (Figure 8). While levosugars are produced
naturally through the burning of biomass, e.g., forest fires
(Schreuder et al., 2018), the uniformly high levosugar content
throughout the sediment column and absence of observable ash
layers suggest this is an unlikely main origin of levosugars in Lake
Cadagno. Instead, it is more likely that these levosugars were
produced during the pyrolysis of sedimentary polyglucose
components. High contents of cellulose and/or hemicellulose
from terrestrial vegetation could explain the high relative
abundances of levosugars and levoglucosenone in watershed soils
and terrestrial-dominated event deposits within the sediment
column.

The high levosugar contents in lacustrine sediment layers are
less straight forward to explain. In line with the other available data
from this and previous studies, we propose a labile source of
pyrolytic levosugar in surface sediments (Figure 5) that derives
mainly from purple and green sulfur bacteria (Chromatium
okenii and Chlorobium, respectively). These phototrophic bacteria
account for most bacterial biomass in the lake (Camacho et al., 2001;
Danza et al., 2017; Posth et al., 2017) and were previously shown to
harbor large amounts of polyglucoses, such as glycogen, for energy
storage (Del Don et al., 1994). The strong decrease in levosugar
contribution in surface sediments could result from the rapid
degradation of labile polyglucoses used for energy storage, both
during starvation by phototrophic cells and as decaying
phototrophic cells are being turned over by sedimentary
organoheterotrophic microorganisms (Danza et al., 2017). The
source of levosugars in deeper lacustrine OC-dominated sediment
layers is even less clear. We propose that a significant fraction of

these deep levosugars derive from degradation-resistant microalgal
biomass. Chlorophyta and, to a lesser degree Ochrophyta, dominate
microalgal communities above the chemocline in Lake Cadagno
(Camacho et al., 2001). Both groups include cellulose- and
hemicellulose-producing taxa (Zanchetta et al., 2021) and DNA
of both groups was detected throughout the sediment column of
Lake Cadagno (this study; SI - Supplementary Figure S5). Since
structural carbohydrates from cell walls are generally more
degradation resistant than energy storage carbohydrates (De
Leeuw and Largeau, 1993; Wakeham et al., 1997), microalgal
cellulose- and hemicellulose-containing cell walls could explain
the high contributions of levoglucose and levoglucosenone in
older lacustrine layers, including those deposited during the
Holocene Thermal Optimum during which event deposits to the
lake were minimal (Figure 5).

In addition, low percentages of pyrans and dianhydrorhamnose,
chitin-derived compounds, and cyclopentane and cyclopentene
were detected across all samples. Correlations of pyran and
dianhydrorhamnose with lignin, Zr, and the size of the
sedimentary sand fraction (SI - Supplementary Figure S6),
suggest a predominantly terrestrial origin. This interpretation is
consistent with previous research implicating lignocellulosic
macromolecules from organic terrestrial debris as sources of
these pyrolysis products (Kaal and Mailänder, 2019). At least for
pyrans, this interpretation was supported by our standard tests,
which indicated pyrans as major pyrolysis products of the
hemicellulose arabinoxylan (Figure 8). By contrast, chitin-derived
compounds and cyclopentane and cyclopentenes decrease
significantly with sediment age, indicating selective degradation
over other carbohydrate components (Figures 5B, 8). While the
main organismal sources of chitin can presumably be narrowed

FIGURE 8
Relative abundances of carbohydrate pyrolysis products within nine different carbohydrate standards measured as replicates. Potential
carbohydrate sources—cellulose: structural carbohydrate in vascular plants, aquatic algae, and bacteria (De Leeuw and Largeau, 1993; Patwardhan et al.,
2009; Raghavendran et al., 2020; Zanchetta et al., 2021); starch: storage carbohydrates in vascular plants (De Leeuw and Largeau, 1993; Killops and
Killops, 2013); mannan—structural carbohydrate in vascular plants and algae (De Leeuw and Largeau, 1993; Zanchetta et al., 2021);
arabinoxylan—structural carbohydrate in vascular plants and algae (De Leeuw and Largeau, 1993); laminarin—storage carbohydrate in brown algae
(Becker et al., 2020); alginic acid—structural carbohydrate in (brown) algae (Anastasakis et al., 2011); pectin—structural carbohydrate in vascular plants
and green algae (De Leeuw and Largeau, 1993; Zanchetta et al., 2021); chitin—structural carbohydrate in arthropods, fungi, and algae (Gupta, 2011);
peptidoglycan—structural carbohydrate in bacteria (Moriarty, 1975).
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down to fungi and zooplankton (Gooday, 1994; Gupta, 2011), the
carbohydrate compound origins or organismal sources of
cyclopentane and cyclopentenes remain enigmatic.

Potential drivers of long-term carbohydrate
preservation in lake sediments

The efficient preservation of OC in sediments of Lake Cadagno
could be related to the combination of short O2 exposure time and
low temperatures (Sobek et al., 2009; Gudasz et al., 2010; Thevenon
et al., 2012; Anderson et al., 2018). Previous research on boreal
lakes has revealed a clear, positive relationship between
temperature and OC mineralization rates (Gudasz et al., 2010).
That said, even low-temperature sediments can have significant
OC mineralization rates (Arnosti et al., 1998), and thus
temperature alone may not be the main driver. Instead, short or
no O2 exposure related to the meromixis and shallow water
column of Lake Cadagno could result in minimal aerobic OC
mineralization and be a key driver behind the high OC burial rates.
Sinking OC that is produced above the chemocline or introduced
to surface water from land is most likely rapidly exported to the
underlying anoxic zone, and, moreover, a significant fraction of the
OC within the lake is produced under permanently suboxic or
anoxic conditions below the chemocline. The absence of O2 in
bottom water and sediments could substantially slow microbial
respiration rates. In addition, sedimentary macrofauna, which
otherwise accelerate the breakdown of organic matter (Deng
et al., 2020; Deng et al., 2022), are absent, and the prevailing
sulfidic conditions could increase OC stability by OC sulfurization
(Hebting et al., 2006).

In the absence of O2 and mechanical breakdown of OC matrices
by macrofauna, physicochemical protection mechanisms could
become more important. Mineral protection, e.g., due to
chelation or ligand exchanges of organic compounds with clay
minerals or inclusion of OC within enzymatically inaccessible
clay matrices, could be an important factor in the long-term
preservation of terrestrial (and lacustrine) organic matter (e.g.,
Keil and Mayer, 2014; Hemingway et al., 2019). Yet, in Lake
Cadagno, recalcitrant carbohydrate pyrolysis products mostly
correlate negatively with clay content (Supplementary Figure S6),
suggesting that protection by clay minerals may not play a central
role, at least not in the long-term preservation of carbohydrates.
Instead, the long-term preservation of labile, intact (and therefore
PCR-amplifiable) DNA of vascular plants, Chlorophyta, and
Ochrophyta (Supplementary Figure S5) suggest that physical
shielding of biomolecules by degradation-resistant cell wall
structures could play an important role, similar to recent
evidence from nearby perialpine lakes (Han et al., 2022). This
would match the inferred dominance of the cell wall-derived
structural carbohydrates cellulose and pectin in deep sediments
of Lake Cadagno.

Further support for the important role of O2 exposure time and
absence of macrofauna in driving carbohydrate preservation comes
from perialpine Swiss lakes with deeper, oxygenated water columns
and bioturbated surface sediments (Han, 2020). Surface sediments
within these lakes, all of which have annually mixed water columns,
invariably have >50% lower TOC-contributions of total

hydrolysable carbohydrate contents than observed in meromictic
Lake Cadagno in this study. If these differences are representative of
a general trend, then one would expect meromictic lakes with
oxygen-deficient bottom water to not only favor long-term OC
burial, but to also disproportionately promote the long-term
preservation of carbohydrates.

Summary

Our study indicates a major contribution of carbohydrates to
total OC throughout the ~13.5 kyr sediment sequence of Lake
Cadagno—independent of lithology, age, and past redox
conditions. High seasonal rates of primary production and
(episodically) high terrestrial OC inputs combined with low
water temperature, shallow water depth, and permanent bottom
water anoxia are likely drivers of these high OC and carbohydrate
contents. With increasing sediment age, microbial degradation-
resistant carbohydrate macromolecule matrices that likely contain
pectin and cellulose from aquatic and terrestrial phototrophs are
selectively preserved over labile storage carbohydrates and chitinous
components (Figure 5). Remarkably, despite these changes in
dominant carbohydrate macromolecules with sediment age, no
changes in carbohydrate monomer compositions were observed
over time (Figure 6).

Our study underscores the fact that even optimized chemical
hydrolysis methods fail to extract major portions of sedimentary OC
compounds, especially for sediments that are thousands of years old
and dominated by diagenetically altered and degradation-resistant
organic matrices. In these sediments, average measured
carbohydrate contributions to OC based on chemical hydrolysis
were rather minor (<10%; Table 1), while Py-GC/MS measurements
indicated carbohydrates as the dominant component of sedimentary
OC (on average >30% of TOC; Table 1). The chemical mechanisms
behind these yield differences are unclear. We propose that
macromolecular matrices that include OC compounds and
minerals with high resistance to the temperatures and acid
strength of chemical hydrolysis prevent the release and extraction
of most sedimentary carbohydrates by chemical hydrolysis. This
challenge is overcome using the thermally harsher Py-GC/MS
method, which may more effectively break these macromolecular
matrices into their various components and thereby makes these
detectable. By the same line of reasoning, the high temperatures used
during pyrolysis may be necessary to break recalcitrant cell
walls and release intracellular or macromolecular matrix-bound
to make these measurable. In future studies, the chemical analysis
of these structurally protected carbohydrates requires
improvement to link monomeric contents to carbohydrate
macromolecules across sediment age and to verify the sources
of carbohydrate macromolecules such as pectin and (hemi)
celluloses.
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