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Abstract

Anthropogenic actions such as drainages and global warming jeopardize the carbon storage function of
peatlands that comprises up to 30% of the global soil organic carbon stock. To save this function,
peatlands are mainly rewetted. But microorganisms and typical peat vegetation play also a crucial role
in formation of peat and therefore in the sequestration of carbon. Some typical peat plants are expected
to be more resistant to microbial degradation. This is indicated by the relative accumulation of
recalcitrant chemical compounds such as aliphatic hydrocarbons with further degree of decomposition.
In this study, parts of these fraction have been analysed with lipid biomarker analysis for plant-specific
markers, degree of decomposition and microbial activity. Study sites are two alpine peat bogs in the
Enns valley. Plirgschachen Moor is considered nature-like, Pichlmeier Moor is partly restored. Both
emerged after the retreat of a glacier and share the same climate but differ in alteration history. Thus,
lipid biomarker analysis aimed to detect signatures of secondary decomposition. But the results of both
peat cores show no signs of secondary decomposition. Generally, both peat bogs show similar
biomarker distribution patterns. The relative abundance of Sphagnum mosses increases with depth,
while the contribution of vascular plants diminishes. In both bogs, degree of decomposition is highest
in 80cm, which is also supported by the high abundance of microbial biomarkers. Further, microbial
biomarkers in the uppermost layer indicate the presence of methanotrophic bacteria living in symbiosis
with Sphagnum. These results show dynamic processes especially between Sphagnum and

microorganisms.



Zusammenfassung

Die Kohlenstoffspeicherfunktion von Mooren, die bis zu 30% des globalen Gesamtkohlenstoffs umfasst,
ist durch Veranderungen im Wasserspiegel durch den anthropogenen Klimawandel oder Abtorfungen
und Drainagen gefahrdet. Um dem entgegenzuwirken, werden Moore wiedervernasst. Zusatzlich zum
Wasserspiegel spielen typische Torfvegetation und Mikroorganismen eine Rolle an der Bildung von Torf
und somit an der Sequestrierung von Kohlenstoff. Einige typische Moorpflanzen sollen robuster gegen
mikrobiellen Abbau sein. Ein Indikator dafiir ist die Anreicherung von widerstandsfahigen
Komponenten wie beispielweise den aliphatischen Kohlenwasserstoffen mit zunehmendem
Zersetzungsgrad. Mittels Lipidbiomarker-Analyse wurden Teile dieser Fraktion auf pflanzenspezifische
Marker, Dekompositionsgrad und mikrobielle Aktivitat untersucht. Untersuchungsgegenstand sind
zwei alpine Hochmoore im Ennstal, das naturnahe Purgschachen Moor und das teilweise renaturierte
Pichlmeier Moor. Sie sind beide durch den Riickzug eines Gletschers entstanden und den selben
klimatischen Bedingungen ausgesetzt. Da sie sich allerdings in ihrer Nutzungsgeschichte
unterscheiden, werden mittels Lipidbiomarker-Analyse auf potentielle Zeichen von sekundarer
Dekomposition untersucht. Die Ergebnisse der beiden Torfkerne zeigen keine Anzeichen von
sekundarer Dekomposition. Generell zeigen beide Moore gleiche Lipidbiomarker-Verteilungsmuster.
Der relative Anteil von Torfmoosen steigt mit der Tiefe, wahrend Marker hoherer Landpflanzen
schwinden. Die Anwendung von Indizes zeigt die starkste Dekomposition in der tiefsten Schicht in 80cm
Tiefe in beiden Mooren, was durch die Prasenz mikrobieller Biomarker unterstiitzt wird. Marker fir
Mikroorganismen weisen in der obersten Schicht auf methanotrophe Bakterien hin, die mit Sphagnum
in Symbiose leben. Die Ergebnisse zeigen dynamische Prozesse vor allem zwischen Sphagnum und

Mikroorganismen.



1. Introduction
Peatlands are semi-terrestrial or semi-aquatic ecosystems with a permanently high water table

and high accumulation of partially decomposed biomass that was produced sedentarily

(Lindsay et al., 2018).

Especially facing anthropogenic global warming, in the past years, peatlands gained scientific
but also public interest due to their role in biodiversity, water retention and storage, and their
nitrogen and carbon sink function (Rotherham, 2020). Of global impact is particularly the
carbon storage function. Although peatlands only cover about 3% of the global land, they are
estimated to store between 21 to 30% of the global total soil organic carbon stock (Yu et al.,

2010; Leifeld & Menichetti, 2018).

During plant growth, carbon derived from atmospheric carbon dioxide is fixated in the plant
structure. When biomass decomposes in an aerobic environment, the bound organic carbon is
remineralized as CO, into the atmosphere. But in intact peatlands, organic carbon remains in

the system and serves as a sink (Rotherham, 2020).

Peatlands can be categorized in minerotrophic and ombrotrophic. Whereas minerotrophic
peatlands, called fens, are nourished from mineral soil groundwater, ombrotrophic peatlands,
called bogs, are isolated from groundwater, supplied only by precipitation (Rydin et al., 2013).

This ‘study’ will be focusing on bogs.

In intact peat bogs, water supply exceeds evapotranspiration, leading to permanently
waterlogged and anaerobic conditions in the lower part, the catotelm. There, decomposition
of organic matter is decelerated due to lack of easily available oxygen for decomposers. With
slow mineralisation, the bound organic carbon is stored in the dead plant material. In the
uppermost part, the acrotelm, oxic and anoxic conditions change with the water table depth.
Under oxic conditions, vegetation grows and decomposes in this layer. Decomposition rates
differ greatly between the two layers. The decomposition rate within the catotelm is only
between 0.1 and 7% of the acrotelm. Thus, close to the lowest water table the alteration of peat

is highest (Drollinger et al., 2019; Drollinger et al., 2020).



This means that the decomposition rate is correlated with water table depth. Under dry and
warm conditions, the water table is low, and decomposition accelerates due to oxygen
availability. Whereas cold and moist conditions mean diminished decomposition as a result of
a high water level and low oxygen. In this way, the degree of plant decomposition in peat bogs
was often used to reconstruct past hydrological conditions at the interface between acrotelm

and catotelm (Drollinger et al., 2020; Drzymulska, 2016).

But the water table is also influenced by other factors apart from the naturally occurring
seasonal fluctuations (the hydroperiod) that can distort the hydrological reconstruction (Foti
et al., 2012; Borgmark & Schoning, 2006). The anthropogenic climate change influences
precipitation patterns and increases the frequency of droughts and heatwaves. Without
enough precipitation, ombrotrophic peatlands lose their only water supply and are threatened

to dry out (Glatzel et al., 2006; Glatzel, 2021).

Anthropogenic interventions like e.g., drainages, peat extractions, agricultural cultivation, or
afforestation as well as heats or droughts decrease the water level that much, that already
deposited peat in the catotelm is exposed to further fast aerobic decomposition (Rotherham,
2020; Borgmark & Schoning, 2006). This decaying process of already decomposed peat
resulting of water table change is called secondary decomposition (Borgmark & Schoning,
2006). With further aerobic degradation, labile carbon is lost as greenhouse gases to the
atmosphere (Drollinger et al., 2020). Instead of storing carbon, drained peatlands are becoming

a carbon source (Samaritani et al., 2011).

A common measure to mitigate those greenhouse gas emissions by drained peatlands is to
restore their former hydrological status by rewetting and to preserve still intact peatlands

(Evans et al., 2021).

Although hydrology conditions are a main contributor to peat decomposition rates, Drollinger
et al. (2020) and Drzymulska (2016) concluded that decomposition rate is controlled rather by
the interaction between biotic - quality of organic matter (plant species and molecular
composition) and quality and quantity of microorganisms (fungi, bacteria, invertebrates) - and

abiotic factors (e.g., oxygen availability, pH, or temperature) than by one single factor.



In several studies, the degree of peat decomposition in different layers was detected by the
application and combination of decomposition proxies such as C/N ratio, FTIR spectroscopy,
&1C and &N isotope signatures, bulk density, and further calculation of humification indices

(Drollinger et al., 2020; Biester et al., 2014; Wang Xinxin et al., 2016; Broder et al., 2012).

Using FTIR spectroscopy, Drollinger et al. (2020), Beer et al. (2008) and Niemeyer et al. (1992)
found that with increasing decomposition and depth, certain chemical compounds such as
carboxylics, aliphatics, aromatics, and phenolics are residually accumulating in the peat. Those
compounds are more recalcitrant to microbial decomposition, especially under energy-
deprived conditions within the catotelm. Simultaneously, carbohydrates like polysaccharide
decrease as they are easier digestible by microorganisms (Beer et al., 2008; Niemeyer et al.,

1992).

Although proxies like FTIR investigate the degree of decomposition, they neither deliver
information about plant species present in the peat layers nor about decomposer
microorganisms. With increasing depth and decomposition, vegetation composition can at

best be determined by the still visible remnants of dominant plants (Drollinger et al., 2020).



1. Research questions
As described above, knowledge about the effects of secondary decomposition on peat and peat

parent vegetation in an altered bog can be used to assess the conditions of other peat bogs.

Using lipid biomarker analysis, this study will examine the aliphatic hydrocarbon content of
peat in two Alpine peat bogs sharing the same genesis and climate but differing in land use
history to investigate the effects of secondary decomposition on the degradation processes.
They serve as both indicators for peat composition but can also determine the degree of

decomposition (Schellekens et al., 2015). Considering this, the research questions will be:

e Isthere adetectable difference in the peat decomposition along a degradation gradient
pattern due to secondary decomposition comparing Plirgschachen Moor with

Pichlmaier Moor using lipid biomarker analysis?

e Are plant species-specific biomarkers detectable? Can species composition be

reconstructed? Is there a species-specific decomposition gradient?

e Canmicrobial activity be detected by lipid biomarker analysis? Does it occur with higher

degrees in decomposition?

Both bogs, Purgschachen Moor and Pichlmeier Moor have already been subject to research,
also about decomposition and secondary decomposition. By FTIR spectroscopy and other
decomposition proxies, Drollinger et al. (2020) found that both bogs showed signs of secondary
decomposition due to anthropogenic or climatic water table changes. Although,

decomposition in Pichlmeier Moor was much more pronounced than in Purgschachen Moor.



1.1. Background

Lipids such as aliphatics, phenolics and carboxylic acids are already established biomarkers for
the detection of peat composition, decomposition, and microbial contributions (Lehtonen &
Ketola, 1993; Naafs et al., 2019). Research on aliphatic hydrocarbons has first been applied in
petrology but has abundantly been conducted in organism like bacteria and plants for a long

time (Killops and Frewin, 1985).

Aliphatic hydrocarbons are specifically suited for investigations of organic matter because they
are a main constituent of cellular membranes of eucaryotes, prokaryotes and archaea where

they often rigidify the cell wall (Peters et al., 2004).

The presence of specific compound classes (like n-alkanes, n-alkanols, or terpenoids) and
single molecules of aliphatic hydrocarbons often provide information about the source
organism. Structural characteristics like the position of a functional group or side chain on the
hydrocarbon skeleton or unsaturation gives insight into processes or chemical conditions

within the systems.

In the following sections, aliphatic compound classes commonly identified in peatlands will
shortly be introduced (e.g., Bhattacharya et al., 2021; Serebrennikova et al., 2018; Ortiz et al.,
2011).

1.1.1. n-alkanes
n-alkanes are saturated hydrocarbons. They consist of chains of C,Han, with n=1, 2, ..., x and

build series of homologues (Fig. 1). CH. is the simplest n-alkane. The prefix ‘n’ indicates ‘normal’

meaning unbranched (Mortimer and Miller, 2010).

n-Butane

I
IrI—O—I
IrI—O—I
I—0O—I
II—0O—I

T

Figure 1 The homologue n-butane with C4H10 as example for unbranched alkanes (Peters et al., 2004)



Long hydrocarbon chains with 27 to 35 carbon atoms are mainly produced by higher plants,
mid length hydrocarbon chains of 23 to 25 carbons by mosses and aquatic macrophytes. A few
microorganisms can also synthesize long-chain n-alkanes, but they predominantly synthesize

short chain homologues with Cys to Cy; (Bhattacharya et al., 2021; Peters et al., 2004).

Due to their shortage of functional groups and their insolubility in water they are relatively
resistant to microbial degradation (Lehtonen & Ketola, 1993; Naafs et al., 2019; Peters et al.,,

2004).

1.1.2. n-alkanols
n-alkanols are produced through reduction of n-Ci fatty acids and form homologues of

CnH2n+1OH (Fig. 2).

T T e T e N T

Figure 2 The homologue nonadecan-1-ol C19H400. Each tooth indicates a CH, group, the left end is substituted with a methylene
group (-CHs) (NIST Chemistry WebBook)

Like n-alkanes, different homologues of n-alkanols are produced by different organisms,
although distribution between source species overlap greatly. Short-chain n-alkanols between
Ci2 and Cy are dominant in algae and bacteria, mid-chain n-alkanols between Cx and Cy are
abundant in submerged plant species, and long chain homologues from C,, to Cys are formed
by vascular plants or lichens. n-alkanols of plants typically have a strong even-over-odd

predominance in contrast to n-alkanes (Zhou et al., 2010; Naafs et al., 2019).



1.1.3. Triterpenes
Triterpenes are structurally diverse lipids that consist of six isoprene units. Their parent

molecule is the acyclic squalene (Fig. 3). In bacteria, plants and animals that are expected in a
peatland environment, especially tetracyclic and pentacyclic triterpenes are abundant (Naafs,

etal., 2019; Pancost et al., 2002; Pancost et al., 2003).

Triterpanes (C,,)

Isoprene (C;)
"Tail"
= =
"Head"

4 6

squalene
24-n-Propylicholestane (C3oHs,)

Figure 3 Isoprene (left) as the precursor molecule of squalane (middle). In the biosynthetic pathway,
triterpenoids (right) derive from squalene (Peters et al., 2004; Mortimer and Miiller, 2010).

Eukaryotes predominantly synthesize tetracyclic triterpenes called steroids. Pentacyclic
triterpenoids can be produced by plants and bacteria but can be easily distinguished due to
their structural characteristics (Naafs et al., 2019).

1.1.3.1. Tetracyclic triterpenes - Sterols

Sterols are tetracyclic triterpenes that are commonly synthesized in eukaryotes. In plants, they
are often contained in hormones, or membrane compartments, orin the epicuticular leaf waxes

of higher plants.

HO Brassicasterol
Figure 4 Chemical structure of the C,s-steroid brassicasterol. This molecule is especially abundant in plants (Peters et al., 2004).
The most abundant sterols in plants named phytosterols are built of 27 to 30 carbon atoms,
where the most abundant is C,s (Fig. 4). Despite the presence of steroids in peat-forming plants,

species specific sterol signatures were not discovered yet, because phytosterols are abundant



in every plant. Sterol composition varies greatly even within in single plant parts (Naafs et al.,

2019; Wostmann, 2007).

1.1.3.2. Pentacyclic triterpenes
Pentacyclic triterpenoids are structurally characterized by five rings. In peat, they derive mainly

from vascular plants and bacterial input (hopanoids) (Naafs et al., 2019).

1.1.3.3. Plant derived pentacyclic triterpenes
Similar to steroids, pentacyclic triterpenoids serve as cell wall rigidifiers but are mainly present

in epicuticular plant leaf waxes of vascular plants (Fig. 5) (Lehtonen and Ketola, 1993; Philp,

1985).

Figure 5 The pentacyclic 3-amyrin is found in many angiosperms such as the dandelion (Peters et al., 2004).

Their abundance and variety have no species-specific trend. Therefore, they serve as indicator

of the presence of higher terrestrial plants in general (Wostmann, 2007).

1.1.3.4. Bacterial pentacyclic triterpenes - Hopanoids
Hopanoids are pentacyclic triterpenes produced exclusively by bacteria. As they predominantly

appear in the upper peat layers, they are expected to be produced by aerobic bacteria, among
them methanotrophs (Op den Camp et al., 2010; Naafs et al., 2019). Therefore, they indicate

microbial activity and oxic conditions.

N
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Figure 6 Production of hopane (right) by diagenetic alterations of the bacterially produced bacteriohopanetetrol
(Peters et al., 2004)



Hopanoids can be divided into simple hopanoids with a ring system consisting of 30 carbon
atoms, and more complex ones called bacteriohopanepolyols (BHP) (Inglis et al., 2018). After
production, BHP is diagenetically degraded, meaning chemical and physical alterations of
buried organic or inorganic matter, and results in hopane (Fig. 6) (Peters et al., 2004). Many

studies focus only on hopanes, as for BHPs additional laboratory analysis is necessary.

2. Methods

2.1. Study sites

The Purgschachen Moor and the Pichlmeier Moor are two peat bogs that lie in the inner Enns
valley in Austria on about 632m a.s.l. (Drollinger et al., 2019). Surrounded by the mountains of
the Gesause, they are the remnants of a series of valley floor bogs. They started to grow almost
10,000 years ago in the basin of a postglacial lake on impermeable clay after the retreat of the
Enns glacier (Moorschutzverein Pilirgschachen; Amt der steiermarkischen Landesregierung).
Located in the same valley, they also share the same climate with a mean air temperature of
7,27+-0,71°C and an average annual precipitation of 1248+-158mm (1987-2016) (Drollinger et
al., 2020). Peat accumulation rate in both mires is on average 0,69 mm per year (Drollinger et

al., 2019; Amt der steiermarkischen Landesregierung).

Purgschachen Moor is the only of the valley mires that is considered as an intact peat bog. All
the others have been degraded by peat cutting, agriculture, or forestation (Amt der
steiermarkischen Landesregierung). Human intervention on the peatlands started in 1908,
when the Enns River was regulated resultingin a lowering in the water level. This was continued

by agricultural cultivation, drainage, and peat extraction (Winterer, 2019).

In Piirgschachen Moor, peat extraction was only conducted for a short time in a small area on
the southern edge of the bog. Piirgschachen Moor is under conversation since 1976, protected
by Ramsar since 1991, and declared as a bird reserve and FFH- habitat since 2006 (BMLRT, 2022;

Amt der steiermarkischen Landesregierung).



The bog has an extent of 62ha, is covered by natural pine bog vegetation and considered the
“biggest largely intact valley peat bog in Austria with a closed peat moss cover” (Drollinger et
al., 2019). The peat thickness is expected to be 7-8m. The average water table depth is about
12cminthe centre and about 21cm on the edge area. Minimum water level is 29cm in the centre

and 28cm on the edge (table 1) (ibidem).

Pichlmeier Moor lies about 5km to the east of Plirgschachen Moor. Its peat thickness is about
2-3m. This bog was influenced by extensive alteration with peat cutting, afforestation, and
cultivation and shows varying drainage depths and ditches (Winterer, 2019). The maintenance
of the drainage system stopped in the 1990s, but it is still draining the east side of the bog. The
western section of the bog including former drainage pools is considered as the modern peat
cutting site and currently flooded and overgrown by natural vegetation succession (Drollinger
et al., 2020). Due to its heterogeneity, Pichlmeier Moor is categorized in various biotope types
with differing conditions. According to the “Fachbericht Moore”, eight FFH-biotope types are
found on the bog. The area where the sample for this study originates, is considered as still

capable of renaturation. (Moorschutzverein Plirgschachen, 2005).

Water table depth varies greatly all over the peat bog. Unfortunately, there is no data available
for the exact spot where the samples were taken. But in Drollinger et al. (2019) and
Moorschutzverein Purgschachen (2005), the water table depth was measured in the younger

formerly peat cutting site close by (table 1)

Table 1 Water table depth in PM and Pl according to Drollinger et al., (2019) and Moorschutzverein Piirgschachen (2005)

Water table depth [cm] below surface
Location Minimum Maximum Average Median
PM 28 - 28,5 4 11,8 -
Pl 43 -56,5 24,5-28,5 - 29-32,5

The average water table depth at the younger formerly peat cutting site is 40cm with a
minimum of 53cm and on the older peat cutting sites the average is around 35 the minimum

around 53cm (Drollinger et al., 2019). Figure 7 shows the sampling locations.

10



Figure 7 Sampling locations encircled in pink in Piirgschachen Moor (left) and Pichlmeier Moor (right) (Maps Data: Google, ©2023
Maxar Technologies, ©2023 CNES/Airbus, GeoContent, Geoimage Austria, Maxar Technologies)

2.2. Sampling

In total, two peat cores were taken with a Russian peat corer. One core originates from the very
centre of the Piirgschachen Moor (PM1) which is treeless and inhabited by natural peat bog
vegetation such as Sphagnum sp., Eriophorum vaginatum, Rhynchospora alba, Pinus mugo, but
also Calluna vulgaris. The second core was taken in the north-western part of Pichlmeier Moor,
a former peat cutting site with natural succession with Calluna vulgaris, Vaccinium vitis-idaea,
Betula pubescens, Pinus sylvestris, and Sphagnum sp. (Drollinger et al., 2019). As mentioned

above, the core originates from thick peat in a revitalization stage.

The cores were cut into sections at the depths of 10cm - representing the acrotelm, 30cm -
representing the interface between acrotelm and catotelm that is influenced by a fluctuating
water table, and 80cm - representing the permanently waterlogged catotelm, for PM and PI. As
the extracted cores are thin and peat contains large amounts of water, several cores needed to

be taken.

Further, fresh biomass of the main peat-constituting plant Sphagnum ssp. and of Calluna
vulgaris and Pinus mugo representing the dominant vascular plants was sampled at

Purgschachen Moor to compare the lipid distribution pattern of fresh with decayed material.
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2.3. Laboratory

In the laboratory, the samples were frozen, freeze-dried, grinded, and homogenized (Fig. 8).

Subsequently, they were analytically prepared for measuring in the GC-FID and further GC/MS.

Figure 8 Freeze-dried peat samples (left) and in jars (right) Calluna vulgaris, Pinus mugo and Sphagnum ssp.

2.3.1. Lipid extraction
The samples needed to weigh approximately 2g freeze-dried. For later interpretation of the

results, following standards were added (100ul each): squalane (99 ug/ml) for the hydrocarbons
and 1-nonadecanol (101 pg/ml) for the alcohols. To extract the volatile and bound fatty acids,
the samples were saponified with 50ml of potassium hydroxide (6% in methanol) for two hours
at 70°C in the oven and centrifuged several times and then decanted into a separation funnel
afterwards. To extract as much organic molecules as possible, the remaining sediment was
diluted with a 3:1 mixture of dichloromethane and methanol, put in an ultrasonic bath for 15
minutes, centrifuged, and the resulting solution was poured into the separation funnel. This
process was repeated until the solution became clear. To fully extract the organic matter, the
pH value had to be changed. Therefore, pure water and hydrogen chloride were added, the
separation funnel was shaken very carefully. After at least one hour, two phases become clearly

distinguishable. The lower phase is the organic matter within the solvents (Fig. 9).
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Figure 9 Extraction of organic matter of a peat sample. The upper phase contains inorganic or unsoluble compounds. The upper
one the extractable organic matter.

To ensure that no water is bound to the organic molecules, the organic fraction was cleaned by
running through a filter with glass wool and NaSO.. Afterwards, the solvents were vaporized in
arotary evaporator, so that only the extracted organic molecules remained. As the samples still
contained asphaltenes which would damage the GC, they were diluted with hexane and filtered
again through a glass wool and NaSO, filter several times. In this step, the maltenes were

separated from the asphaltenes.

The maltenes were further separated into the final fractions of hydrocarbons, ketones,
alcohols, and carboxyl acids by liquid chromatography. Although the result of the extraction of
organic compounds were four fractions, in this thesis, only two of them - the hydrocarbon and

the alcohol fraction - were used for further interpretation.

The maltene-fraction as mobile phase was applied on an aminopropyl column as stationary
phase (Fig. 10). The fractions were eluted with hexane for the alkanes and with

dichloromethane and acetone (9:1) for the alcohol fraction.
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Figure 10 Extracted organic matter (coloured part in the column) in the aminopropyl column
Due to the polarity and low volatility of alcohols, they need to be derivatised with N,O-
bis(trimethylsilyl)trifluoroacetamide. The hydrogen atom in the OH-group of the alcohol is
being replaced by a trimethylsilyl group. After putting the sample in the oven for one hour at

70°C it ready to be measured in the GC-FID and GC/MS (Fig. 11).

Figure 11 Results of lipid extraction from left to right: asphaltenes, hydrocarbons, ketones, alcohols and fatty acids.
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2.3.2. Analysis in GC-FID and GC/MS
For being measured in a gas chromatograph (GC), the analytes need to be volatile. Therefore, it

is first led through a column, where the volatile components are being evaporated. This
gaseous phase is then led through an inert carrier gas - the stationary phase. There, the
compounds are being separated by their molecular mass. After passing the column, the carbon
containing components come into a flame-ionization chamber, where they are oxidized and
ionized to cations, and then accelerated to a negatively charged collector plate. The measured
electric current is coupled with the carbon atoms that are oxidized in the flame (Sparkman et

al., 2011; McMaster et al., 2008; measurelabs: GC-FID).

GC-FID detects the relative abundance of all molecules in the extract of a sample which is
depicted by peaks in a chromatogram. The heavier a molecule, the longer it takes to reach the
detector. While the GC-FID is used for quantification of the molecules inside a sample, it doesn’t

provide information about the quality of the organic matter.

Identification of the molecules that lie behind each peak of the chromatogram is done by

measuring the same sample in the GC/MS.

In a GC/MS, the sample first runs through a gas chromatograph and is being separated in a
column with an inert carrier gas just like in the GC above mentioned. Instead of a FID, the
molecules are led to a mass spectrometer after passing the GC (Schwedt, 1996; McMaster et al.,

2008).

A mass spectrometer detects the molecular weight and structure of unknown particles. It
measures the mass-to-charge ratio of charged fragments, that have been ionised before in the
MS (Sparkman et al., 2011). This provides three-dimensional data including a chromatogram
and mass spectra, combining the results of GC and MS (McMaster et al., 2008). More precisely,
it reveals how many ions of a certain mass-to-charge ratio (m/z) were detected after what time.
By interpreting these ion-peaks, the types and structures of the molecular components can be

determined.
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Samples were measured at the laboratory of the Institute of Geology in Hamburg with a GC-FID
Thermo Scientific Trace GC 1310 with flame ionisation detector for quantification and a GC-MS

Thermo Scientific Trace GC Ultra coupled to a Thermo Scientific DSQIl mass spectrometer.
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identification. The chromatogram above shows all molecules of a sample represented each by a

peak. Behind each peak lies a mass spectrum (below) that shows the fragmentation pattern of the molecule(s). In this picture,
the typical fragmentation pattern of stigmasterol-TMSO (derivatized) is shown. (Source: Screenshot from own analysis (Xcalibur

To identify molecules th

DAIS), chemical structure of stigmasterol: Peters et al., 2004)

rough the mass spectrum, the molecular ion peak or parent peak (M*)

with the highest m/z needs to be determined (Fig. 12). M* represents the molecular weight of

the whole molecule. During fragmentation in the MS, each molecule breaks in characteristic
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ways, enabling a differentiation between isomers (Peters et al., 2005). The most abundant
fragment ion is called base peak. Some groups of chemical components fragment in the same

way and can also be identified by the base peak.

N-alkane homologues for example break along their CH,-groups, producing a characteristic
fragmentation pattern by differing only by 14amu and exponential decrease in abundance with
increasing mass. N-alkanes usually have their base peaks at m/z 71, m/z 57, or m/z 99 (Philp,
1985). Hopanoids can be identified by the base peak at m/z 191 (Bhattacharya et al., 2021, Philp,
1985). All other components are identified with help of literature and of the library NIST
Chemistry WebBook. Identification of the alcoholic compounds were difficult. Through
derivatisation, the components gained extra m/z 73 and fragmentation patterns changed. NIST

entries of those compounds were very scarce.

For interpreting mass spectra, Xcalibur Data Acquisition and Interpretation Software by

Thermo Fisher was used. For quantification OpenChrom by Lablicate.

2.5. Calculation of indices
Several values and indices based on n-alkanes can give insight into peat composition. Whether

source of organic matter derives mainly from microorganisms, mosses, or higher terrestrial
plants can be determined with CPl. The ACL detects changes in species composition and
distinguishes between plants thriving in either drier or wetter conditions. P.q and the n-Cy3/n-
Cas and n-Cys/n-Cys ratios reflect the input of aquatic/submerged versus vascular plants.

(Bhattacharya et al., 2021).

All these indices are based on the specific n-alkane distribution pattern of certain species as

described above.

It is important to mention that these indices are only relative measures and that none of them
is standardized. Variables and even formula vary greatly between studies depending on e.g.,
ecosystem, dominant vegetation, climate (Ficken et al., 1998; Andersson et al., 2012;
Serebrennikova). Therefore, interpretation of the indices should be handled with care and only

used together with other markers (Andersson et al., 2012; Naafs et al., 2019).
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2.5.1. Carbon Preference Index
The Carbon-Preference-Index (CPl) measures odd-over-even predominance of n-alkanes. As

described above, indicate odd carbon chains input of fresh organic matter, whereas even n-

alkanes are degradation products.

Therefore, it applied for assessing the degree of post depositional alteration in organic matter.
CPI values are higher when the contribution of plants is high hence organic matter is well
preserved. In contrast, alower CPlindicates either high abundance of microorganisms or higher

degradation (He et al., 2019; Bhattacharya et al., 2021).

In this study, CPl was calculated according to Ficken et al. (1998) (formula 1) as they investigate

also in the lipid signature of ombrotrophic peat bogs with similar vegetation.

2X(C3+C25+Cy7+Co9+C31)
(Ca2+C24+Cr6+Cog+C30)+(CostCatCrg+C30+C32)

CPL_qikane = (1)

(Fickenet al.,1998)

According to Naafs et al. (2019), fresh biomass has a CPI from 4-40. It varies greatly depending
on species composition. CPI values of peats dominated by Sphagnum range from 10-35, while
those dominated by woody species or graminoids lie between 5 and 15. Values below are
attributed to microbial degradation and diagenetic effects (Naafs et al., 2019; Andersson et al.,

2012).

2.5.2. ACL
The Average Chain Length of n-alkanes (ACL) can determine the source of the organic matter by

calculating the most abundant chain-length of mid- to long-chain n-alkanes (Li et al., 2018).

The ACL is used for reconstruction of climatic changes (Naafs et al., 2019). The distribution of n-
alkanes would reflect the response of vegetation to changing climatic conditions. In drier
climate, predominantly vascular plants from n-C,; to n-Css would be present. In contrast, in
colder and more humid climates, submerged plants like mosses with distributions of n-Cx; to n-

C,s would thrive. Nevertheless, the ACL cannot provide information about which climatic
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changes occurred. As with the CPI, the n-alkane homologues added to this equation are

selected by the expected dominant species.

Although ACL was also adapted to typical ombrotrophic peat bog vegetation, it did neither
include n-Cy; nor n-Cys (WOstmann, 2007). The two peat bogs examined in this thesis are

Sphagnum dominated bogs. Therefore, here, ACL is calculated as in Ficken et al. (1998) (2).

23XCp3+25XCa5+27XCa7+29%XCag+31XC31+33%XC33
C23+C5+C7+C9+C31+C33

ACL =

(2)

(Ficken et al.,1998)

2.5.3. Pag and others
Similar to the ACL, the P,q investigates in plant species distribution but is specifically designed

for aquatic environments (Ficken et al., 2000). As peatlands are semiaquatic ecosystems and
many submerged plants also occur there, it has been widely applied to wetlands. The higher

the P.q value, the wetter conditions are expected to be (Bhattacharya et al., 2021).

p = (C23+C35) (3)
aq (C23+C25+C29+C31)

Ficken et al.,(2000)

Although higher plants can synthesize long chain n-alkanes up to n-Css, they often have their
maxima at n-Cy;, n-C and n-Cs; and barely synthesize n-C,; and n-C,s. Whereas in most

Sphagnum species, the n-alkanes Cy; and C,;s dominate (Zhang et al., 2016).

Nevertheless, some Sphagnum species exhibit maxima n-Cs; but most of them lack the n-Cy
(Bingham et al., 2010; Baas et al., 2000; Pancost et al., 2002). Therefore, for a direct comparison
of Sphagnum species vs. higher terrestrial plants, P.q can be supplemented by the ratio of n-

C23/n'C29 and n'C25/n'C29.

Further, Sphagnum species that prefer drier and aerated conditions are found to exhibit a peak
at n-Cus, whereas Sphagnum species favouring humid and submerged conditions maximize at
n-Cy; (Zhang et al., 2016). Calculating the ratio of n-Cs/n-Cys can therefore also infer species

composition of Sphagnum and redox conditions in peat.
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3. Results

The results for all identified molecules and calculated indices in this study are described in the
following. Molecules are grouped in the chemical compound classes discussed in the

introductory section.

As mentioned above, each peatland is represented by three samples at the depths 10cm, 30cm
and 80cm. Therefore, the sampling code consists of the abbreviation for the bog (PM for
Purgschachen Moor and PI for Pichlmeier Moor) and the number of the according depth (10, 30,
80). Further, the biomarker distribution of the two plant samples Calluna vulgaris and
Sphagnum ssp. will be discussed. Biomarkers of Pinus mugo were also extracted and measured

but could not be interpreted due to contamination and/or co-elution.

3.1. Distribution of compound classes
The organic compounds detected in the samples were n-alkanes, n-alkanols, and the

terpenoids steroids, pentacyclic triterpenoids and hopanoids (table 2).

Generally, both peat bogs exhibit similar depth trends in all compound classes except for
hopanoids. PM30 and PI30 contain the smallest amount of lipids (79ug/g and 415ug/g),
although lipid concentration in Pl is five times higher. The highest total lipid concentrations are
found in PM80 and PI80 (2142ug/g and 2012pg/g). In both bogs, steroids and hopanoids peak

in 80cm depth, while pentacyclic triterpenoids have their minimum in this depth.

n-alkanes exhibit a clear maximum in 30cm depth in PM and PI (11ug/gin PM, 88ug/gin Pl). In

PM, n-alkanols are highest in 10cm depth. In PI, their concentration equals n PI10 and PI30.

Concerning total compound concentrations, steroids are by far the most abundant group in
both bogs (2310ug/g in PM and 1862ug/g in Pl), followed by n-alkanols (1281ug/g in PM and
1049ug/gin Pl). n-alkanes are the compound classes with lowest concentrations, although they

are considerably lower in PM (in total 28ug/g) than in PI (in total 109ug/g).
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PM contained more hopanoids than PI. Distributions differ between the peatlands. Whereas in

PM, concentration and relative abundance are lowest at 30cm, they gradually increase

downcorein

PI.

Archaeol was also detected and is further added to the group of hopanoids as it is also a

terpenoid synthesized by microorganisms.

Table 2 Abundances of chemical compound classes in ug/g and % in all peat samples and in Calluna and Sphagnum. The column
furthest to the rights shows the sum of identified biomarkers per sample in ug/g. The total abundance of each compound class
over all peat samples is presented in the last row.

. Pentacyclic |Hopanoids +| Sum lipids
n-alkanes n-alkanols Steroids . &y . P P
Sample triterpenoids Archaeol | persample
ug/s % Hug/g % Hug/g % ug/g % ug/s % [ue/g]
PM10 7  040% | 702  39,60% 947 53,5% 44 2,5% 69  3,60% 1763
PM30 11  14,00%| 30  37,60% 24 30,4% 12 15,5% 3 1,30% 79
PM80 10 0,40% | 549  2540% | 1339 61,9% 30 1,4% | 214 9,90% 2142
Sum per
compound in| 28 1281 2310 86 279
PM [ug/g]
Pl10 10  1,10% | 485  54,10% 370 41,3% 26 2,9% 3 0,40% 894
PI30 88 20,70%| 77  20,86% 126 34,0% 120 32,3% 4 0,90% 415
PI8o 11  0,50% | 487 23,80% | 1366 66,7% 16 0,8% 131 6,40% 2012
Sum per
compound in| 109 1049 1862 162 138
Pl [ug/g]
Calluna 91 5,00% | 922 51,00% 675 37,3% 106 5,9% 2 0% 1796
Sphagnum | 15 0,30% | 1161 19,80% | 4617 78,5% 0 0,0% 0 0% 5793

22



The two classes predominantly produced by plants, pentacyclic triterpenoids and steroids,
show inverse depth trends. While steroid concentration drastically increases from 30cm to 80
cm, whereas pentacyclic triterpenoid contribution decreases. While the triterpenoids account
only for 1,4% and for 0,8% of the peat in 80cm at PM and PI, the contribution of sterols increase

t0 62% and 67% in 80cm depth at PM and PI.

Calluna vulgaris total lipid concentration with 1796ug/g is similar to PM10. In contrast to the
peat samples, exhibits Calluna strong maximum in n-alkanols (comprising 51% of the identified

lipids). n-alkane concentrations of 91ug/g are the smallest class besides hopanoids with 2ug/g.

Of all measured samples, Sphagnum is richest in identified components with 5793ug/g. Almost
80% of the identified lipids in Sphagnum are steroids. There were neither pentacyclic

triterpenoids nor hopanoids detected.
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3.2. n-alkanes

a) n-alkanes Purgschachen Moor b) n-alkanes Pichimeier Moor
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Figure 13 (a) distribution of n-alkanes per carbon chain number [ug/g dw] in peat samples of Piirgschachen Moor, (b)

Pichlmeier Moor, and (c) Calluna vulgaris and Sphagnum

In peat samples, n-alkanes ranged from C;s to Cs; with a strong odd over even predominance
between Cy; and Cs; (Fig. 13a, b, c). Plants contained n-alkanes between Cis to Css. Almost all

samples, including plants, have their highest peak at n-Cs..

Both peatlands share the same n-alkane distribution pattern (Fig. 13a and b). The most
abundant n-alkanes are odd mid- and long-chain n-alkanes from Cx; to Cs;. PM10, P110, PM30
and PI30 have their maxima at n-Csi, ranging from 2ug/gin PM10 to 42ug/gin P130. n-Cs; exhibits
the second highest peaks with values from 1lug/g in PM10 to 20ug/g P130. In contrast, two
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deepest samples at 80cm show highest abundances at n-Cs; (with 2pg/g in PM80 and 3ug/gin
P180), followed by n-Cys (1,5ug/g in PM80 and 1ug/g in PI80).

In all peat samples of PM and PI, the mid-chain n-alkanes n-C; and n-Cys that are typical for
Sphagnum mosses have also pronounced peaks up to 5ug/g of n-C,; and 6ug/g of n-Cys (PI130).
Short chain n-alkanes from n-Cis to n-Cy are present in relatively low concentrations with

maximum 0,5ug/g (n-Cys in PI30).

The n-alkane distribution in Sphagnum biomass sample (Fig. 13c) exhibits most abundant

peaks at n-Cs; (3pg/g) and n-Cs; (2pg/g), and second maxima at n-Cys (2ug/g) and n-Cy; (1pug/g).

Calluna vulgaris shows distinctively high concentrations of n-Cs; (36ug/g) and n-Cs; (31ug/g)
(Fig. 13c). Only marginal amounts of n-C,; and n-Cys were detected, but comparably high values

of n-Cy (7,71g/g).
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3.3. n-alkanols

Concentration [pg/g]

a) n-alkanols in Pirgschachen Moor b) n-alkanols in Pichimeier Moor
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Figure 14 (a) distribution of n-alkanols per carbon chain number [ug/g dw] in peat samples of Piirgschachen Moor, (b) Pichimeier

Moor, and (c) Calluna vulgaris and Sphagnum

Overall, n-alkanols ranged from n-Ci4 to n-Cs4 with a strong even over odd predominance (Fig.

14a, b, ¢). In P, also n-Cy, was found in P10 an PI80, and n-Cs4 in PI130.

n-alkanol distribution patterns are similar in both bogs. The mid-chain lengths from n-Cy to n-

C are dominant. Nevertheless, all samples in PM have their maximum at n-C,,, whereas in PI,

all samples climax in n-C,4. The second peak in PM10 and PM30 is at n-Cy, in PM80 it is n-Cy.

This pattern is similar in PI. PI10 and PI130 have their second maxima at n-C,s and PI80 at n-Ca.
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Short-chain n-alkanols from n-Cisto n-Cis are more abundant than long-chain n-alkanols from
n-Cysto n-Cssin both bogs. n-Cs;is completely absentin peat and plants, and n-Cy is only present
in PM80. As already discussed above, encompass PM30 and PI30 only small amounts of n-

alkanols, whereas peat samples in 10cm and 80cm show similar concentrations.

n-alkanols in Calluna vulgaris and Sphagnum ssp. range from n-Cy to n-Cs.. Sphagnum has its

first maximum at n-Cys and its second at n-Cu. Calluna peaks at n-C,, and at n-Cya.

3.4. Terpenoids

3.4.1. Tetracyclic triterpenoids: Steroids

a) Steroids in peat samples b) Steroids in plants
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Figure 15 Relative abundance [ug/q] of each steroid molecule (lanosterol, ergosterol, sitosterol, stigmastanol, stigmasterol,
brassicasterol, campesterol and campestanol) detected in (a) the peat samples of PM and Pl and (b) the plant samples Calluna and
Sphagnum. Legend below the graphs.

Figure 15a and b depicts the distribution of steroids detected in the peat samples (a) and plant

samples (b).

In peat samples, the by far most abundant molecule identified is sitosterol, followed by
stigmasterol and its degradation product stigmastanol and brassicasterol. PM shows higher
values in 10cm depth (462pg/g) than P110 (152pg/g), whereas concentration is slightly higher in
PI30 than in PM30 (64pg/g and 12ug/g).
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Campestanol is abundant in PM, namely in PM10 (15ug/g) and PM30 (35ug/g). Ergosterol is
present in all samples of PM. It decreases from 10cm to 30cm from 8ug/g to 0,3ug/g until the
concentration increases again in PM80 to 7pg/g. In PI, ergosterol was only found in the upper

two samples. It also decreases from 10cm to 30cm. P110 contained 17ug/g, P130 just 0,2ug/g.

Steroid variety is low in Calluna vulgaris. Sitosterol is the most abundant steroid (443ug/g),
followed by 204ug/g of 24-methylcycloartenol. Further, the sample contained 14pg/g of
cycloartenol and 13ug/g of campesterol (Fig. 15b).

Instead of sitosterol, the by far most abundant molecule in the Sphagnum biomass sample is
lanosterol with 2178ug/g, followed by cycloartenol 670ug/g, stigmasterol with 501,7ug/g,
campesterol with 452,3ug/g, ergosterol with 341,3ug/g, 24-methylcycloartenol with 285ug/g,
and finally brassicasterol 187,2ug/g (Fig. 15b). Among the peat samples, lanosterol was solely
detected in PM in 10cm depth.

3.4.2. Pentacyclic Triterpenoids

a) Pentacyclic triterpenoids in peat b) Pentacyclic triterpenoids in Calluna vulgaris and Sphagnum ssp.
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Figure 16 Relative abundance [ug/g] of each pentacyclic triterpenoid molecule (Taraxerol, Taraxera-XX-ene, etc.) detected in (a)
the peat samples of PM and Pl and (b) the plant samples Calluna and Sphagnum. Legend of the molecules below the graph.

The identified pentacyclic triterpenoids include the two alcohols B-amyrin and taraxerol, as
well as the chiefly unsaturated molecules that are typically found in vascular plants, such as

taraxera-14-ene, taraxera-XX-ene (tentatively identified), olean-12-ene, stigmastane,
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frideoolean-17-ene, and gammacerene (Fig. 16a). Each sample contained pentacyclic
triterpenoids that could not be clearly assigned to a molecule. They all showed characteristic

peaks at m/z 191, but no corresponding molecule was found in literature or in NIST.

The distribution of the individual triterpenoids in peat varies greatly between the samples and
through each peat core. Although PI30 contains the highest amount of pentacyclic
triterpenoids and PM30 the least (Fig. 16a), the relative abundance (table 2) exhibits the same
depth trend.

Taraxera-14-ene and taraxerol are the most abundant components in PM10 (4pug/g and 35ug/g)

and PM80 (10ug/g and 8ug/g). In PM30, B-amyrin and taraxera-14-ene values are highest
(1,2ug/g and 0,2pg/g).

PI10 exhibits maxima at taraxera-14-ene, taraxerol, and gammacerene (5ug/g, 7ug/g and
9ug/g). In PI30, 50ug/g of gammacerene were detected, followed by 33ug/g taraxera-14-ene,
and 14ug/g olean-12-ene. PI80 was dominated by 5ug/g of taraxera-14-ene. Taraxera-XX-ene
and olean-12-ene could be detected in every peat sample but in comparably low
concentrations. Friedeoolean-17-eneis also found in every peat sample but PM80. Stigmastane

is only present in PM30 and PM80 in very small concentrations of 0,2ug/g and 0,7ug/g.

Apart from PM30, 3-amyrin was only detected in Calluna with 20,7ug/g. a-amyrin is completely

missing in all peat samples but comprises 83ug/gin Calluna (Fig. 16b).

Sphagnum did not contain any pentacyclic triterpenoids.
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3.4.3. Hopanoids + Archaeol
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Figure 17 Concentrations [ug/g] of hopanoids and archaeol detected in peat samples in 10cm, 30cm and 80cm depth in
Piirgschachen Moor (left) and Pichlmeier Moor (right).

Figure 17 displays the distribution patterns of hopanoids and archaeol found in the peat cores.
Besides diploptene, the two stereoisomers of Cs-hopanol and those of Cii-hopane were

identified.

All hopanoids and archaeol, except diploptene, exhibit a clear maximum at 80cm depth in both

PM and PI. Diploptene in contrast is most abundant with 1,49ug/g and 1,85ug/gin Pl and PM.

Concerning concentrations, the overall most abundant component is 173(H),213(H)-32-
hopanol. It is present in all layers in PM. In 10cm 37,6pg/g are found, in 30cm it decreases to
0,2pg/g until it increases strongly to 164,1ug/g in 80cm depth. In PI; only in 80cm a

concentration of 92,8ug/g was identified.
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The concentrations of its isomer 17a(H),213(H)-32-hopanol are 41,7ug/g and 31,7ug/g in PM80
and PI80, 25,3ug/g and 3,1ug/g in PM10 and PI110. PM30 and PI30 contained 0,3ug/g and

1,9ug/g.

17B(H),21B(H)-31-hopane was not presentin 10cm depth. Values are increasing from PM30 and
PI30 (0,1pg/g and 0,4ug/g) to PM80 and PI80 (0,9ug/g and 0,7ug/g).

17a(H),213(H)-homohopane was observed in all samples. In PM80 and PI80 7,4ug/g and
6,1ug/g, in PM10 and P110 0,5ug/g and 0,2ug/g. PM30 and P130 contain 0,4ug/g and 1,3ug/g. af3-
C32 hopanol exhibits notable variations in concentration, with the highest levels observed in
PM80 (41.7 pg/g) and PI80 (31.7 ug/g). Smaller quantities are also detected at other depths,

indicating a wider distribution.

The terpenoid archaeol is present in all samples of PM. It shows high abundances in PM10 and
PM80 (5pg/g and 6pg/g), but only marginal amounts in PM30 (0,1ug/g). In Pl, archaeol was only
detectable in 80cm depth with 7,9ug/g.

In Calluna, no pentacyclic terpenoids nor archaeol were identified. Sphagnum contained only

0,12pg/g diploptene.
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3.5. Indices

3.5.1. Carbon Preference Index and Average Chain Length
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Figure 18 Carbon Preference Index and Average Chain Length results for each peat sample in PM and P! (for CPl and ACL formula,
see section 2.5)

As all indices based on n-alkanes reflect the source and degree of decomposition of organic

matter, they were only calculated for the peat samples (Figures 18).

The CPI patterns show the same trends in both bogs. Values increase from 10cm (11 in PM and
Pl) to 30cm (13 in PM and 18 in PI) until they strongly decrease in 80cm depth (6 in PM and 4 in
PI) (Fig. 2).

As with the CPI, both bogs exhibit a downwards trend of ACL values. The highest ACL is found
in 10cm depth (30 in PM and 31 in Pl), in Pl the value decreases in 31cm to 30, whereas in PM
the value remains at 30. The lowest values were calculated for 80cm depth. In PM, ACL is 28 and

in Plitis at29.
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3.5.2. Pag and vegetation ratios
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Figure 19 Results of the calculated Paqindex, and n-Css/n-Cae, n-Cas/n-Cag, and n-Cos/n-Cys ratios of each peat sample of PM and Pl
Figure 19 shows the calculated values for the P.q index and the ratios of n-Cy3/n-Css, Nn-Cas/n-Css,
and n-Cy3/n-Cys. As described above, n-Cy; represents a common chain length in Sphagnum
species favouring humid conditions, and n-Cys Sphagnum species in drier environments. n-Cx
is used as an indicator for vascular plants. The ratios provide insights into the relative

proportions of specific n-alkane chain lengths.
Except for the n-Cy3/n-Cys ratio, are all values increasing with depth in both PM and PI.

The P.q values augment from 0,3 to 0,4 and to 0,8 in PM and from 0,3 to 0,4 and to 1,2 in PI. n-
Cas/n-Cysratio. The Sphagnum vs. vascular plant ratios n-Cas/n-Cas and n-Cys/n-Cys range from 0,3
to 0,8 in PM and from 0,5 to 1,1 in PI for the first ratio. The latter also increases from 0,5 to 0,9

andto 1,1in PM, and from 0,6 to 0,9 and to 1,3.

Only the Sphagnum species ratio n-C,3/n-Cys develops differently in the two bogs. Overall, they
both increase with depth, but in PM30 the value decreases from 0,5 (PM10) to 0,4 (PM30) until
it increases up to 0,9 (PM80). In PI, the ratio steadily increases 0,5 (PI10) to 0,8 (PI30) and 0,9

(P180) from a more n-C,s dominated peat to a bigger contribution of n-Cys.
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4. Discussion

In this section, the previously presented results will be discussed in order to answer the

research questions.

4.1. Plant biomarkers

4.1.1. n-alkanes
Generally, total n-alkane concentrations in peat samples are relatively low (He et al., 2019;

Ficken et al., 1998), but similar amounts were found in peatlands from lower mean annual
temperature like tundra or taiga (Serebrennikova et al., 2018). n-alkane distribution in all peat
samples ranged from C;s to Cs3 with a strong odd over even predominance between C,; and Css.
The most abundant n-alkanes are odd mid- and long-chain n-alkanes from Cy; to Css. The

distribution clearly shows a dominant input of vascular plants and Sphagnum mosses.

This distribution pattern in peat aligns with the dominating n-alkanes found in species
inhabiting both peat bogs. For example, Rhynchospora alba and the leaves of Calluna vulgaris
synthesize high amounts of n-Cs;, Molinia caerulea or the stem of Calluna exhibit peaks at n-C,s,
or Drosera sp. at n-Cy7 (Ortiz et al., 2011). As mentioned above, Sphagnum species have high
concentrations at n-C,3 and n-Cs, but also at n-Cs; or n-Cs3 (Baas et al., 2000). Also, the Calluna

biomass sample shows characteristics n-alkane peaks for vascular plants at Cy, C3; and Cs.

n-alkane concentrations in the Sphagnum biomass sample are relatively low compared to
Pancost et al. (2002) and Ficken et al. (1998). The n-alkane distribution in Sphagnum biomass
sample exhibits most abundant peaks at n-Cs; and n-Cs; with high concentrations at n-Cys and
n-C,s. The dominance of four peaks indicates that the Sphagnum sample consists of several

Sphagnum species.

The results of the n-Cy3/n-Cys ratio indicate a higher contribution of Sphagna preferring drier
conditions in PM10, PM30, and PI10. According to Bingham et al. (2010), S. magellanicum, S.
fuscum, S. rubellum peak at n-C,s and favour more aerated sites. Downcore, there is no clear

predominance of either n-Cy; or n-Cis. This suggests that the contribution of the humid-
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favouring species increases with depth. Species with dominant n-C,; concentrations are S.
angustifolium and S. cupsidatum (Bingham et al., 2000; Pancost et al., 2002). All of these species

are presentin PM and PI.

4.1.2. ACL, Pag and plant ratios
The downcore decrease of the ACL in both PM and Pl would suggest a change in species

composition (table 2). The higher ACL in the upper layers index accounts for drier conditions,
whereas the lower values downcore indicate a slightly wetter environment (Bhattacharya et al.,
2021). Still, itisimportant to again emphasize that the ACL is no standardized index and merely

suggests trends.

Nevertheless, increasing P.q value, and n-Cy/n-Cy, and n-Cys/n-Cye ratios also indicate an
elevated contribution of wetland plants compared to vascular plants with depth. This suggests
wetter conditions downcore in both bogs. n-C,3/n-Cys, and n-Cus/n-Cys ratios show that at 80cm

depth, the input of mosses even dominates over vascular plant input.

4.1.3. Steroids and plant derived pentacyclic triterpenoids
The relative distribution of steroids and plant derived pentacyclic triterpenoids changes with

depth. Steroid abundance is highest in 10cm and 80cm in both bogs. Pentacyclic triterpenoids

are highest in 30cm depth, where steroids show lower concentrations.

Although steroids can be found in both vascular plants and Sphagnum, the prevalence of
pentacyclic triterpenoids in Sphagnum mosses is scarce as they don’t need epicuticular leaf

waxes. The Calluna and Sphagnum biomass samples confirm this.

The steroid variety in Calluna is low, only sitosterol is found in small concentrations, whereas
the sample is rich in pentacyclic steroids. In contrast, Sphagnum exhibits no pentacyclic

triterpenoids but is very rich in steroid content and variety.

This distribution would indicate a generally higher contribution of Sphagnum to the peat body
of 10cm and 80cm depth in both bogs. Only in 30cm vascular plant species contribution seems

to be elevated.
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Nevertheless, the Sphagnum biomass sample shows some peculiarities. Although sitosterol is
described to be the dominant sterols in Sphagnum (Baas et al., 2000), the by far most abundant
molecule identified in the Sphagnum biomass sample is lanosterol, while sitosterol is missing
completely. Lanosterol was also detected in PM in 10cm depth. The Sphagnum biomass sample

was extracted in the same area where the peat core PM was sampled.

Lanosterol and cycloartenol are two precursor molecules of sterols. While cycloartenol is
mainly synthesized by plants or algae, lanosterol is produced by fungi or animals (Peters et al.,
2004). In fungi, lanosterol is commonly degraded to ergosterol. As ergosterol was identified in

both Sphagnum and PM10, the detected lanosterol might derive from fungi.

4.1.4. Peat composition
In the upper two layers, n-alkane distributions, ACL, P.q, n-Cy3/n-Cas, n-Cys/n-Cxs ratios and the relative

contribution of steroids to pentacyclic triterpenoids suggest a slightly higher contribution of higher
terrestrial plants to the lipids of the peat body. Further down, species composition seems to shift
towards a greater input of Sphagnum ssp. compared to vascular plants with depth. Both bogs exhibit

the same trends.

Furthermore, the contributing Sphagnum species seem to change according to n-C,3/n-Cys ratio. In the
upper layers, Sphagnum species favouring drier conditions are dominating. Further down, the
abundance of species preferring humid environments increases and both groups contribute almost

equally to the peat body.

These findings are in line with Drollinger et al. (2020) and Moorschutzverein Plirgschachen (2005). They
observed that the main peat-forming species in PM and Pl down 5,5m is Sphagnum moss with
minor inputs of Eriophorum tissue. Thus, a change between emergent and submerged plant

input should not be expected.

4.2. n-alkanols
The n-alkanol distribution found in this study from predominantly n-Cy, to n-C,s would align with

n-alkanols observed in Sphagnum mosses by Baas et al. (2000).

Further, the n-alkanol distributions are similar to the Hani peatin He et al. (2010). Nevertheless,
He et al. (2019) found no correlation with vegetation. As n-alkanols can be of biochemical or
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geochemical origin, source organisms are difficult to identify. For example, n-Cis to n-Cy4 can
originate from algae or bacteria, n-C,, to n-C,4 from submerged plants and n-Cx, to n-Cys from
submerged plants emergent or higher plants. But Naafs et al. (2019) suggest that n-alkanol
distribution varies greatly within single plant individuals. Further, n-alkanols are less
recalcitrant than n-alkanols and therefore preferentially degraded by microorganisms (Zhou et

al., 2010).

Due to these manifold sources of n-alkanol homologues interpretations of their origin are vague

(Andersson et al., 2012).

4.3. Microbial biomarkers

4.3.1. Archaeol
Archaeol is a biomarker for many archaea, but especially anaerobic methanogenic archaea are

known to produce significant amounts of archaeol. Methanogenic archaea require anoxic
conditions, which are abundant below the water surface. In all peatlands examined by Pancost
et al. (2011), archaeol was lacking in the surface layer, but emerged somewhere between the

maximum and minimum of the summer water table depth and further down.

Unfortunately, WTD data with seasonal resolution are missing for both Pl and PM. As data for
maximum and minimum annual WTD are available for both bogs, archaeol abundance will be

compared with this data.

In PM, archaeol is abundant in moderate amounts at 10cm and 80cm depth (concentrations
compared to peat bogs in Finland, Germany, Ireland, and Great Britian analysed by Pancost et
al., 2011). The maximum WTD in PM lies by approximately 4cm (Drollinger et al., 2019) which
creates the anoxic conditions for archaea. Surprisingly, at 30cm depth, only 0,1pug/g of archaeol

were detected which is considered below detection limit at Pancost et al. (2011).

In Pl, archaeol was only detectable in 80cm depth with 7,9ug/g. The maximum WTD lies around
25cm and the minimum WTD at 43cm to 56cm (Moorschutzverein Purgschachen, 2005;

Drollinger et al., 2019). The extended acrotelm in Pl compared to PM doesn’t provide the
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anaerobic condition where archaea can thrive. The abundances of archaeol are thereforein line

with the oxic and anoxic conditions of each bog.

Still, the water table does not explain why archaeol is absent at 30cm depth in PM. In both
peatlands, the peat layer in 30cm depth shows extremely low concentrations of all analysed

lipids compared to 10cm and 80cm.

4.3.2. Biohopanoids
The high abundance of 17(3,213(H)-Cs;-hopane in the 10cm layers in both peatlands could be

linked to the presence of aerobic methanotrophic bacteria.

In a study of Raghoebarsing et al. (2005), one of their precursor molecules bishomohopanoic
acid was present in the Sphagnum samples. They assign this molecule to the presence of
aerobic methanotrophs as they are known to live in symbiosis with the mosses. The bacteria
recycle CH, that was produced in the anoxic catotelm and in turn provide Sphagnum with
carbon. As they are dependent on the presence of CH,, they prefer wetter conditions (Op den

Camp et al., 2010).

Especially S. cupsidatum and to a lower extent S. magellanicum and S. papillosum which are
found on PM and PI (Moorschutzverein Plirgschachen, 2005) seem to be inhabited by those
bacteria. Therefore, the abundance of the 17(3,213(H)-Cs:-hopane in the upper layers could
indicate the presence of aerobic methanotrophs. Even so, 173,213(H)-Cs;-hopane is produced

by many bacteria.

Further, concentrations of the biogenic hopanoids 17(3(H),213(H)-32-hopanol and 17(3,213(H)-
Csi-hopane are by far highest in 80cm depth in the anoxic catotelm in both bogs. are
predominantly produced by aerobic bacteria. To resolve this, further investigation in the

precursor molecule BHP would be advisable.

4.4. Geohopanoids
Surprisingly, the geological isomer 17a(H),213(H)-homohopane is abundant already at 10cm

depth in both PM and PI and increases with depth, suggesting an early isomerisation of the

biologically derived 17(3,213(H)-homohopane by diagenesis (Inglis et al., 2018). The
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concentration of 17a(H),213(H)-homohopane in all peat samples even exceeds the one of

17B,213(H)-homohopane by far.

This trend has been observed in ombrotrophic peatlands in all climatic zones (e.g., Pancost et
al., 2003; Inglis et al., 2018; Naafs et al., 2019). The dominance of the af-isomer seems to
correlate strongly in acidic peat bogs with a pH<6 (Inglis et al., 2018; Naafs et al., 2019).
Furthermore, the presence of Sphagnum mosses appears to enhance the isomerisation of the
af3-Cs; hopane where it was found to be synthesized in higher abundances. Nevertheless,
acidity seems to be the major control of the catalysation as it is also abundant in peatlands,

where Sphagnum is lacking (Inglis et al., 2018).

4.5. CPI
The results of the CPI are similar in both bogs. They suggest the highest decomposition of peat

in 80cm depth, well-preserved organic matterin 30cm and slightly altered organic matter in the

top 10cm.

Though the CPI patterns are similar in both bogs, they have a different hydrology (table 1).
Whereas PM10 is expected to reflect the boundary of acrotelm and catotelm, PM30 and PM80
should already be in the catotelm. Sample PI10 derives from the aerobic acrotelm, P30
represents the acrotelm/catotelm interface and only PI80 is permanently waterlogged. Thus,
since both CPI values are similar, they seem to be decoupled from the water table depth. This
finding and decomposition trend is surprising when comparing it to the conclusions of

Drollinger et al. (2020). But this will be discussed in detail below.

With less available energy sources for decomposers, degree of degradation would be expected
to be low in the catotelm and high in the acrotelm/catotelm boundary, where oxygen and labile

carbon is abundant (Reddy and DeLaune, 2008).

Unfortunately, no similar data has been found in literature. For example, the fen and peat bog
examined by Lehtonen and Ketola (1993) showed an increase of CPIl with depth, hence better
preservation. Although, it must be noted that they did not declare which CPI formula they used.

Andersson et al. (2012) obtained a similar pattern for CPI of the n-alkanes with lowest CPl values
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in depth from a peat bog in the Siberian tundra and taiga but with completely different
vegetation and high fen deposit.

4.6. Decomposition
The low downcore CPI values suggest high microbial activity.

In this study, all microbial lipid biomarkers exhibit highest concentrations in 80cm depth in

both PM and PI (table 6), only diploptene was not following this trend.

In contrast, concentrations of the microbial biomarkers are either lowest, or the compounds

entirely absent in 10cm and 30cm depth. This supports the results of the CPI.

The high CPlin 30cm is suggesting well preserved organic matter. Diploptene is most abundant
in 30cm in Pl and PM (Fig. 17). According to Bhattacharya et al. (2021), the presence of
diploptene implies a low degree of decomposition. Diploptene can be synthesized directly by
both anaerobic and aerobic bacteria (Lopez-Dias et al., 2010; Inglis et al., 2018). Although high
concentrations of bacterial products could indicate high microbial activity in this peat layer,
Bhattacharya et al. (2021) propose that diploptene reflects rather anoxic conditions during

deposition. To identify the species producing diploptene, further analysis would be necessary.

4.6.1. Comparison of decomposition trends
Although the results of vegetation and peat composition align with the findings of Drollinger et

al. (2019) and Drollinger et al. (2020), CPI values and the abundance of microbial biomarkers

show a differing trend in post-depositional alteration.

In their paper, Drollinger et al. (2020) apply several proxies that show signs of secondary
decomposition in both PM and PI. The found that degree of degradation increases downcore
from the surface until it reaches its highest values between 40-60cm depth. After 60cm,
decomposition decreases strongly. This is in strong contrast to CPl which shows an inverse
trend where degradation is highest at 80cm depth and lowest in 30cm, and slightly higher in
10cm (Fig. 18).

For their analysis, Drollinger et al. (2020) took several peat coresin each PM and Pl and grouped

them to classes of expected degradation status. Four samples were extracted in the same area
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of the open peat bog in PM, where also the core for this study originates from. In PI, the

sampling sites differed from the one of this study. Thus, values can only be compared for PM.

After analysing amongst others C/N ratio and bulk density, Drollinger et al. (2020) calculated
the mean values of each parameter for these four samples, resulting in the decomposition

pattern described above.

Nevertheless, when looking into the data in the appendix, two of these four samples exhibit the
same decomposition trend as examined in this study. Although all four share almost identical
hydrological conditions and chemical composition, dominant vascular plant species cover

diverged completely.

The two sampling sites where the decomposition pattern is in line with this study are covered
with either Rhynchospora alba and Eriophorum vaginatum or Calluna vulgaris. But the other two

sites are dominated by Pinus mugo.

As water table depth does not differ between these sites, secondary decomposition or re-
exposition of the catotelm to air caused by alterations of the WTD might not explain this depth

trend in PM.

This similar depth trend at the Calluna and graminoid sites would support the finding of the CPI
degradation pattern. Also, Zeh et al. (2020) recently proposed that the degree of peat
decomposition in their study was more affected by vascular plants growth than by hydrological
changes and temperature. Therefore, the vegetation cover, especially the recent vascular input

might be a major driver of this degradation depth trend of the sample PM.
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4.7. Peculiarities in 30cm depth
In both, PM and PI, the lipids in 30cm depth display some peculiarities compared with those in

10cm and 80cm. Measured steroids, pentacyclic terpenoids, hopanoids, and n-alkanols show
distinctively lower concentrations in 30cm depth compared to the other two layers. The only
exception are the n-alkane concentrations, which are marginally higher in 30cm, although n-

alkane concentrations are generally low.

Considering n-alkane CPI values, peat seems to be freshest and least altered in 30cm. Aerobic
bacterial biomarkers 17f3,21(3(H)-bishomohopanol and 17a(H),213(H)-bishomohopanol values

are as well lowest, such as the anaerobic archaeal marker archaeol. Diploptene is highest.

Only 17(3(H),21B(H)-homohopane content is intermediately high in 30cm in both bogs,
17a(H),213(H)-homohopane only in PI. At the same time, vegetation markers such as ACL or Pq
are developing gradually with depth, species composition seems to be consistent. Also, there

was no visually noticeable root input in 30cm depth.

As this trend appears in both bogs, recent hydrological conditions might not explain this

phenomenon, as well as vegetation composition might not.

Ficken et al. (1998) describe a similar trend in their peat samples. Between 20-40cm, n-alkanols
but also n-alkanes suddenly decrease, whereas n-alkanoic acids increase strongly. They

conjecture either a change in dominant plant input or changing level of diagenesis.

As a change in species composition is not observed in this study, diagenetic processes might
occur. Butsince this trend appears in both bogs which have different water table levels, it might

be rather related to conditions during deposition, which are preserved in this specific layer.

With an average peat accumulation rate of 0,69mm yr-1 (Drollinger et al., 2020), the samples
would then be approximately 70 years old in 10cm depth, 210 years in 30cm, and around 550
years in 80cm. The peat in 30cm might therefore be deposited at the end of the little Ice Age
that had is last minimum (Dalton-Minimum) between 1790 and 1830 BP (International

Astronomical Union, n.d.a.; Biintgen et al., 2011).
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5. Conclusion

This study conducted lipid biomarker analysis on cores of two different peatlands with
diverging degradation history to infer species composition and signs of secondary

decomposition.

Overall, biomarker distribution was similar in both peatlands. The same species plant species

composition was detected but also decomposition patterns and similar microbial activity.

n-alkane distribution provides insight into peat species composition. Various indices based on
n-alkanes like the ACL or the P.q and steroid/pentacyclic triterpenoid contributions indicated
input of vascular plants and Sphagnum in all peat layers which is in line with vegetation surveys
of both peatlands. The species composition seems to change downcore to a more Sphagnum

dominated peat body which also aligns with Drollinger et al. (2020).

It is important to emphasise that plant biomarkers are often interpreted as indicators of rather
depositional conditions than post depositional alterations. Even so, they merely provide
information about the current constitution of biomarkers. The question remains open whether
Sphagnum species are dominant downcore due to different past climatic conditions, meaning
that there was no or only little vascular plant growth, or due to better recalcitrance of
Sphagnum to microbial degradation. Latter was already indicated by Karunen and Ekman

(1982), Broder et al. (2012) and Andersson et al., (2012a).

CPI showed no clear signs of secondary decomposition in neither bog and could therefore not
confirm the findings of Drollinger et al. (2020) and Drollinger et al. (2019). In contrast, the results
suggested an inverse decomposition trend, where the degree of decomposition is highest in
80cm depth and organic matter is best preserved in 30cm depth. As this trend is observed in

both bogs with differing water table depth, hydrology might not exert the major control.

The results of CPl were supported by high abundance of microbial biomarkers in 80cm and their
absence in 30cm depth. The only microbial biomarker detected in 30cm depth was diploptene.

Although diploptene can be synthesized by various aerobic and anaerobic bacteria,
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Bhattacharya et al. (2021) found diploptene in peat to be assigned with fresh plant material. In

all layers on the other hand, diploptene was identified only in small amounts.

The presence of archaeol in 80cm depth is attributed to the activity of anaerobic methanogenic
archaea below the water table. Also, in PM10 high concentrations of archaeol were detected,
indicating a high water table. Nevertheless, it is curious that archaeol is completely missing in

PM30. In PI, the presence of archaeol aligns with the water table depth.

Biogenic hopanoids in the upper layers in PM and Pl imply the activity of aerobic
methanotrophic bacteria living in symbiosis with Sphagnum mosses. They are found to inhabit

S. cupsidatum and S. magellanicum that are also present in both bogs.

In both peatlands, the sample at 30cm showed some peculiarities, for example relatively low
concentrations in lipids but well preserved organic matter (high CPI) or low microbial activity.
As this occurs in both bogs, this might either be a coincidence or due to climatic circumstances.
A higher sampling resolution and further analysis such as characterization of BHPs or isotopic

biomarker signature could get a more comprehensive insight into recent and past processes.

While some differences in molecular distributions occur between the bogs, there are no distinct
differences in general trends of peat composition, degree of decomposition and microbial
activity. The findings were quite in line with water table data. This resemblance might source

in the fact that the sample in Pl was extracted at a site considered as capable for regeneration.

Although no distinctive plant specific biomarkers exist, Sphagnum ssp. seems to play a crucial
role in lipid biomarker distribution in all depths and in (methanotrophic) microbial activity.
Even in 80cm depth, n-alkanes assigned to Sphagnum could be determined. These findings
indicate that the re-establishment of typical peat bog vegetation is crucial for restoring the

carbon sink function.
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