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Abstract

Despite the relevance of soil organic matter (SOM) for the global carbon cycle, many gaps

in knowledge persist regarding the sources of soil organic carbon (SOC), its preservation, and

its transformation. Studying individual compound classes of SOM, such as n-alkanes and fatty

acids, enables insight into the plant-soil carbon cycle. For this purpose, lipid distributions of

fresh plant samples representing the carbon source materials, the partially degraded organic

horizons, and the mineral topsoil were identified. Carbon (C) and nitrogen (N) concentrations,

and δ13C isotope values were also determined. The study took place in an alpine ecosystem

in Jaun, Switzerland, consisting of forest areas that are either 40-, 55-, or 130-years-old. C

concentrations showed a continuous decrease through the degradation stages from the fresh

plant materials via the organic horizons to the topsoil, on average ranging between 48.7 ± 0.8 %

and 6.7 ± 1.4 %. δ13C values show continuous 13C enrichment from the organic horizons to the

topsoil, on average ranging between -27.8 ± 0.4 ‰ and -26.4 ± 0.2 ‰. Depending on the forest

area, N concentrations reached maximum values either in the litter layer, Oi, or Oe horizon. A

substantial decrease in N concentration can be observed from the Oe horizon to the Oa horizon

and further to the topsoil. N concentrations range on average between 1.1 ± 0.3 % and 0.4 ± 0.1

%. The main findings of the lipid distributions were: (1) the importance of spruce needles which

are shown as the dominant source material for SOC regarding n-alkanes as a biomarker, as well

as the importance of spruce twigs to the soil carbon concerning fatty acids as a biomarker, (2) no

significant differences in vegetative influences between the investigated areas of different forest

ages regarding the molecular litter inputs, but significant differences in the lower organic horizons

and the topsoil, which might be explained with differences in preservation or decomposition, (3)

preferential degradation of short-chained components or preferential preservation of long-chained

molecules, (4) highest degradation rate of organic material in the lower organic horizons Oe and

Oa, and lower microbial turnover in the organic horizon Oi and the topsoil. However, further

research is needed. Besides the investigated plant samples in this thesis, other sample types, such

as spruce cones or fungi, might also contribute significantly to SOC. It would also be interesting

to investigate expected climate-related changes at the molecular lipid level to incorporate new

findings into future climate models.
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1 Introduction

The soil belongs to the second largest carbon sink after the ocean (Zhang et al., 2017), represents an

essential short- to long-term storage medium of carbon, and is significantly important in the global

carbon cycle (Thomas et al., 2021), and for climate change mitigation (Amelung et al., 2020). Soil

organic matter (SOM) consists of plant and animal detritus at different stages of decay, soil mi-

crobes, and the substances they synthesize (Baldock and Skjemstad, 2000). Soils contain more than

10 times as much carbon as the entire forest biomass, and more than the atmosphere and terrestrial

vegetation combined (Zhang et al., 2017). Therefore SOM dynamics and the ability of soils to store

carbon through SOM management have recently received considerable attention (Lal, 2016). De-

spite the importance of understanding processes related to SOM, many gaps in knowledge regarding

the formation, degradation and preservation of SOM persist (Schmidt et al., 2011). Investigating the

transformation and conservation of different compound classes in SOM, such as lipids, can improve

the general understanding of SOM dynamics (Thomas et al., 2021). Although controversial opinions

exist, it can be assumed that none of the lipid variations is significantly resistant to decomposition

(Schmidt et al., 2011). It is also shown that the turnover rate of SOM depends on the functional

complexity where the variation of the molecularly diverse group of SOM plays an important role

(Lehmann et al., 2020; Thomas et al., 2021). In recent decades, many studies have been conducted

using lipids in the soil as molecular proxies for various purposes, including paleoecology and pale-

oclimate reconstructions (Jansen and Wiesenberg, 2017; Thomas et al., 2021). Many of these lipid

compounds can be considered biomarkers because they have specific characteristics that indicate

their source organisms and might be preserved after decomposition in soils and sediments (Thomas

et al., 2021).

In Swiss alpine regions, pasture land is increasingly becoming abandoned for two reasons. First,

maintaining pasture land is no longer profitable for farmers. Second, afforestation can be used as

protection against avalanches (Hiltbrunner, 2012; García-Hernández et al., 2017). Land use change

is one of the most important factors that affects carbon fluxes between the atmosphere and the

terrestrial biosphere and determines whether an ecosystem is a net sink or source of atmospheric

CO2 (Hiltbrunner et al., 2013). While the deforestation of tropical rainforests increases the con-

centration of carbon dioxide in the atmosphere, the afforestation of abandoned pastures in the

northern hemisphere generally contributes to the increasing C sequestration (Houghton, 2003). It

can be assumed that after pasture land gets afforested, more carbon is accumulated and stored in

aboveground plant biomass such as living trees and litter depositions (Hiltbrunner et al., 2013).

Depending on different studies, soil carbon sequestration after afforestation of prior pasture lands

can show either an increase, a decrease or even no effect in carbon sequestration (Hiltbrunner, 2012;
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Post and Kwon, 2000; Thuille and Schulze, 2006). Carbon storage is affected by the amount of

foliage input (Bowden et al., 2014), the carbon pathways, and the vegetation type (Hiltbrunner,

2012). Nevertheless, more information is needed to fully understand this complex carbon distri-

bution and stabilization process to reconstruct the contribution of diverse plant types and plant

organs to the organic material (Mueller et al., 2012).

1.1 Carbon cycle

The absorption of atmospheric carbon through photosynthesizing mechanisms of plants is a major

process of terrestrial ecosystems (Van Veen et al., 1991) (Fig.1). Higher plants, such as trees and

shrubs, contribute to the C input. The contribution happens through the release of organic com-

pounds to the soil by plant root systems and the degradation of plant material, as well as by soil

organisms when they die (Kögel-Knabner, 2002). The plant-soil system is a dynamic system with

inputs, outputs, distributions, and storage of organic material like free extractable lipids, such as

n-alkanes and fatty acids. Essential nutrients for plant growth are released through a microbial

breakdown of organic matter (OM) (Kögel-Knabner, 2017). This process of decay releases a part of

the carbon as CO2 through soil respiration. Other carbon parts transform into organic compounds

of higher stability, which can persist in the soil over an extended period (Thomas et al., 2021).

How fast this process takes place depends on various factors, including temperature, soil moisture,

soil properties, vegetation, the quantity and quality of organic material falling on the ground, and

microbial and fungal activity (Kögel-Knabner, 2002; Hiltbrunner, 2012).

Prior to incorporation into the soil, plant residues can form a litter layer on the soil surface, especially

in forest ecosystems (Thomas et al., 2021). Materials of plant litter provide the primary source

for the formation of SOM (Kögel-Knabner, 2002). The amount of plant litter, composition and

soil properties are essential for SOM formation and the humification process (Swift et al., 1979).

However, microbial residues and exudates are also essential components for forming SOM (Kögel-

Knabner, 2002). Nevertheless, the relative amount of soil organism residue is small and therefore

plays a minor role as source material for SOM formation. A considerable amount of the organic

material is incorporated into the soil as root litter and rhizodeposition (Kögel-Knabner, 2002).

Because roots might contain a different wax lipid composition than the investigated plant residues

in this study, root inputs may disturb the chronology of reconstruction by overprinting signals

(Jansen and Wiesenberg, 2017; Lavrieux et al., 2012).
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Figure 1: Carbon cycle between the atmosphere and the biosphere

1.2 Lipids as molecular proxies

Lipids belong to a heterogeneous group of organic substances, which per definition, are insolu-

ble in water, but extractable with non-polar solvents, such as hexane (Wiesenberg et al., 2004).

They are found in plants, animals, and microorganisms. In soils, lipids originate almost exclusively

from plants and microorganisms, whereas soil animals play a minor role (Kögel-Knabner, 2002;

Wiesenberg et al., 2004). Under certain conditions, soil lipids can provide a relatively stable carbon

pool compared to other organic components such as carbohydrates, amino acids, lignin, or tannins

(Lichtfouse et al., 1995; Kögel-Knabner, 2002; Wiesenberg et al., 2004). Deposited in sediment

layers, molecular lipid distribution patterns can even survive millions of years because they can

be resistant to chemical and microbial degradation (Huang et al., 1995). Analyses of lipids are

performed frequently in plant tissues, soils, peat depositions, sediments, rocks, and oil to trace

the contribution of diverse biological sources of organic matter (OM), environmental changes, and

the fate of OM such as the degradation (Wiesenberg and Gocke, 2015). The implementation of

lipids in soil investigations as molecular proxies, often referred to as biomarkers, is promising as
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long as some constraining factors are considered, including i) variation of molecular compositions

in plant-derived OM both within and between plant species, ii) variability of input pathway into

the soil, and iii) the transformation and selective decomposition of some components in the soil

(Jansen and Wiesenberg, 2017). A way to understand the dynamics of SOM is the analysis of the

lipid distribution patterns between the living plants, the organic horizons, and the topsoil.

n-Alkanes

The primary sources of n-alkanes in soil are cuticular waxes of plants and their roots (Eglinton and

Eglinton, 2008; Thomas et al., 2021). n-Alkanes are straight-chain hydrocarbons with no functional

groups. Due to insolubility in water, they are more or less immobile (Marseille et al., 1999), and

sequentially deposit in soil. Alkanes are extensively used as lipid biomarkers because the extraction

and analysis are relatively easy compared to other compound classes. Further, they are ubiquitous in

the plant-soil system with a high potential for preservation (Diefendorf and Freimuth, 2017; Thomas

et al., 2021). Characteristics of plant-derived n-alkanes are long-chain carbon atoms between C25

and C35, and a strong predominance of molecules with an odd number of carbon atoms (Thomas

et al., 2021). Although n-alkanes only represent a small fraction of the total organic matter, their

conservative nature allows us to assume that the source of all the organic matter in soil can be

represented by n-alkane biomarkers (Cooper et al., 2015).

Fatty acids

Fatty acids are carboxylic acids with an aliphatic chain. They are an essential structural component

of plant and animal cells and belong to a major component of the lipids of up to 70 % by weight

in some microalgae species (Chen et al., 2012). Input from terrestrial higher plants is characterized

by an even-over-odd carbon chain length preference from C22 to C32, with dominant peaks of C26,

C28, and C30 (Jansen et al., 2006).

1.3 Aim and research goal

This master’s thesis aims to identify soil organic carbon’s origin during afforestation and determine

free extractable lipids composition, including n-alkanes and fatty acids of spruce needles, spruce

twigs, bark, mosses, lichens, the organic horizons, and the topsoil. In addition, different forest ages

of 40, 55, and 130 years are considered to determine differences in the lipid distribution patterns.

Thereby the following research questions and hypotheses can be formulated.
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• What contributes the most to soil organic carbon (SOC)?

SOC derives from organic components that fall to the ground in the forest ecosystem,

such as spruce needles and spruce twigs, bark, wood, spruce cones, mosses, lichens,

grasses, and others. Therefore, it can be expected that the forest floor’s most abundant

component contributes the most to SOC. Because litter fall in spruce stands is mainly

dominated by needles (Hågvar, 2016; Berg and Meentemeyer, 2001), spruce needles are

expected to contribute the most to SOC.

• What is the role of aboveground vegetation in relation to different forest ages on SOC?

Depending on the forest’s age, the vegetation’s composition changes. The same applies

to the constitution of the organic components that fall to the ground and later serve

as a source of SOC (Clarke et al., 2007). It can be assumed that young forests are

generally composed of smaller trees, which grow closer together and thus form a denser

canopy. The sunlight can barely penetrate the forest canopy, which does not favors the

growth of plants on the forest floor, such as grasses and shrubs. However, moss growth

could potentially be favoured under these shady conditions. In an old forest with a

less dense canopy, more sunlight can reach the ground, whereby additional plant growth

can be assumed on the forest floor. In addition, older spruce trees produce more spruce

cones, which then might contribute as a significant source of SOC (Hågvar, 2016; Hagner,

1965). Thus, different lipid distribution patterns are expected between the forest areas

of different ages due to changes in vegetation. Furthermore, stronger lipid moss signals

are expected in the youngest forest area compared to the two older forest areas.

• What is the role of molecular resistance and degradation to SOC?

Some lipid compounds, particularly long-chained n-alkanes, are relatively resistant to

degradation. Although, organic matter (OM) and its lipid compounds begin to degrade

in the litter layer. Degradation will then continue in the different organic horizons and

the topsoil with the aid of soil microbiota and soil organisms (Thomas et al., 2021). A

proportionally stronger incidence of longer-chain components is expected with increasing

decomposition stages from the organic horizons to the topsoil. Consequently, the highest

SOM degradation is expected in the organic horizons, as well as a subsequent decrease

of decomposition in the topsoil.
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2 Materials and methods

The study site is located in a sub-alpine region in Jaun, canton of Fribourg, Switzerland (Fig.2).

The entire slope area was used as pasture for at least 150 years. However, this area was proba-

bly used for cattle grazing for several hundred years (Hiltbrunner et al., 2013). After the village

of Jaun was threatened by severe avalanches in 1956, the eastern side of the slope was partially

afforested with Norway spruce (Picea abies L.). Since the reforestation proceeded gradually over

some decades, different forest areas were formed. Three sites are of interest for this thesis, a 40-,

55-, and 130-year-old forest section. The 130-year-old forest section can be considered as mature

in a climax vegetation state, representing a stable forest ecosystem, whereby the 40-, and 55-year

old forest sections are still developing. The different forest sections were determined by David Hilt-

brunner in 2009, based on the forest management plan, forest properties observed in the field, and

by identifying the precise tree stand ages with dendrochronology (Hiltbrunner et al., 2013).

Figure 2: Study site in Jaun, Switzerland.

The investigated forest consists of a 40- 55- and 140-year old forest sec-
tion (marked in yellow), drone picture provided by Guido L.B. Wiesenberg,
earth.google.com acessed on 13.02.2023.

The investigated forest areas (7°15’54E; 46°37’17N) are located at an altitude from 1’450 to 1’800

m a.s.l. On average, summer and winter temperatures are 11.4°C and 0.6°C, and the mean annual

precipitation is 1’250 mm. Soils in the entire study area are Eutric Cambisoils with a mean thickness

of 0.8m, sitting on calcareous bedrock (Hiltbrunner et al., 2013). In the organic horizon an Oi-,
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Oe-, and Oa horizon can be distinguished. The entire forest is used for forestry purposes, where a

part of the produced biomass is removed from the ecosystem in the form of wood.

2.1 Sampling

For this thesis, 102 forest samples of the vegetation, the organic horizons, and the topsoil of the

afforestation sequence in Jaun were investigated. The samples were collected in advance by Tatjana

Carina Speckert in June 2020. Thereby, samples were taken from three different forest areas with

forest ages of either 40, 55, or 130 years. Furthermore, samples were taken at three locations for

each forest section to detect measurement errors and anomalies in samples or forest sections.

The vegetation is represented by aboveground plant biomass samples consisting of spruce needles,

spruce twigs, bark, mosses and lichens. Spruce needles and twigs were further divided into subsam-

ples: newly grown (less than 1-year-old), 3-years-old, and 5-years-old. Bark samples were collected

on the forest ground, showing first signs of degradation, but were still considered fresh samples.

Furthermore, samples were collected from the litter layer and the three organic horizons (Oi, Oe,

and Oa). O horizons are layers on top of the soil with a high percentage of OM. Generally, within

a forest ecosystem, three distinct organic horizons can be found. The first horizon (Oi) comprises

relatively fresh and undecomposed leaves, needles, and twigs. This horizon is underlain by partially

decomposed (still recognizable) plant residues (Oe), and a darker horizon of highly decomposed

(unrecognizable OM) sub-horizon (Oa) (Fine et al., 2018). Although, the Oi horizon and the litter

layer describe the same horizon, they where described and analyzed separately in this thesis to de-

termine deviations due to different sampling. The material for the litter layer samples was collected

over a larger area, whereas the organic horizons were sampled punctually. In addition, one topsoil

sample was collected in each forest section at a soil depth of 5 cm. Mosses and lichens were collected

during field work on May 26, 2022. The collected moss and lichen samples were each combined as

a mixed sample regardless of the forest age and the forest area to get a small insight into the lipid

distributions.

The spruce needles had to be separated from the twigs, and impurities such as rocks and mineral

soil debris had to be removed from the litter layer. Some samples still had to be freeze-dried and

milled using the Retsch MM 400 horizontal mill. The organic horizon and topsoil samples were

already freeze-dried and milled in advance.
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2.2 Elemental analysis

Small amounts of the sample material were weighed into tin capsules using the Mettler Tolero

XS2015 Dual Range. These tin capsules were further analyzed using a Thermo Fisher Scientific

Elemental Analyser coupled to a Delta V isotope mass spectrometer. Each sample was measured

in duplicate to avoid measurement errors. The following values were evaluated: Total organic

carbon (TOC), total nitrogen (TN), δ13C, and δ15N.

2.3 Lipid extraction and separation

After the freeze-drying and milling process, total lipids were extracted using the ultrasonic extraction

method (Fig.3). Afterwards, two separation steps were applied. (1) Lipid separation into fatty

acids (FA) and low polarity lipid fractions, (2) separation into aliphatic, aromatic hydrocarbons,

and heterofunctionalized organic compounds. Additionally, fatty acids need to be methylated. The

methods used and described in this chapter follow the detailed guideline for lipid analysis described

by Wiesenberg and Gocke (Wiesenberg and Gocke, 2017).

Figure 3: Schematic overview of the lipid extraction and separation methods.

Green colored boxes indicate applied methods, blue boxes indicate separated fractions
further used in this work, and marked in grey boxes are the fractions which were not
further used, twig photographed by N. Güntert.
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2.3.1 Ultrasonic extraction

Ultrasonic extraction is a total lipid extraction method well suited for low sample quantities (Fig.4).

It can be used for high-density samples, such as soils, sediments, and rocks, whereby less than 2g

of sample material is required. For the extraction of plant tissues, only 0.1g of material is needed

(Zink et al., 2001). Furthermore, it allows large numbers of samples to be extracted in a short

period (Wiesenberg and Gocke, 2017).

With this method, the lipids contained in the finely powdered plant and soil samples were extracted.

Then, the lipids were dissolved from the samples by repeated dissolution with a solvent mixture of

dichloromethane (DCM) and methanol (93:7, v:v) and by subsequent ultrasonic treatment.

Figure 4: Lipid extraction setup.

Syringes equipped with glass filters to remove residual suspended solids from total
lipid extracts (left), final total lipid extracts (right), photographed by N. Güntert.

After each run, samples were centrifuged for 2 minutes at 800g. Finally, the suspended solids settled,

and the solvent containing the lipids could be removed. The procedure was repeated eight times.

2.3.2 Lipid separation into fatty acids and low polarity lipid fractions

For gas chromatography (GC) analysis, lipid extracts must be separated into fractions of different

polarities. The applied method is optimized for less than 30 mg of lipid extracts obtained from

plants, soils, sediments, rocks, and similar samples (Wiesenberg and Gocke, 2017).

In the first step, a glass column filled with 5 cm of KOH-coated (5%) silica gel was prepared and

washed with DCM. Subsequently, the lipid extracts produced in the previous step were dissolved

with pure DCM and added to the column. After repeated washing out of the column with DCM,

the N-fraction (neutral components) was obtained.
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In a later step, the H-fraction (carboxylic acids) is obtained. Further components of the total lipid

extracts (TLE) were dissolved by adding a solvent mixture of DCM and formic acid (99:1, v:v).

After a colored band has passed through the column, rinsing was performed three more times to

ensure that all desired components were transferred.

The remaining P-fraction (high polar and high molecular weight components) was separated and

recovered from the column by adding DCM and methanol (1:1, v:v).

2.3.3 Separation into aliphatic, aromatic hydrocarbons, and heterofunctionalized or-

ganic compounds

This method is used for the separation of aliphatic and aromatic hydrocarbons as well as other

lipids. Separation of lipid extracts into fatty acid and low-polarity lipid fractions from the previ-

ously described method is recommended before splitting the hydrocarbons to avoid column overload.

The sample to be separated should not exceed 20mg (Wiesenberg and Gocke, 2017).

For gas chromatography (GC) analysis, the N-fraction needs to be further separated. First, a glass

column filled with 5 cm of activated silica gel was conditioned with n-hexane. The sample was

then dissolved with a small amount (approximately 200µL) of n-hexane using a vortex mixer. Af-

terwards, the sample was transferred into the column. This step was repeated eight times. The

column was then rinsed several times with n-hexane until the resulting A-fraction consisting of

aliphatic hydrocarbons like alkanes and alkenes had been separated.

For the B-fraction (aromatic fraction), remaining residues from the N-fraction were dissolved as

described for the A-fraction using a solvent mixture consisting of n-hexane and DCM (1:1, v:v).

Last, the C-fraction was separated. The procedure was the same as described above, but a mixture

of DCM and methanol (93:7, v:v) was used.

2.3.4 Methylation of fatty acids

A critical step in gas chromatography (GC) analysis of polar lipid fractions such as fatty acids is

the required methylation to obtain fatty acid methyl esters (Wang et al., 2015). Various methods

exist for the derivatization of fatty acids. Silylation and methylation are widely used. However,

methylated compounds are more stable and enable longer storage of the fraction (Wiesenberg and

Gocke, 2017).
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First, the H-fraction was dissolved in DCM using a vortex mixer. Then 50µL of internal standard

(D39C20 acid) was added. Next, the samples were supplied 500µL of boron trifluide/methanol (10%,

FLUKA 15716) to start the reaction. The samples were then heated for 15 minutes at 60°C. After

cooling to room temperature, 500µL of millipore quality water was added, mixed with a vortex

mixer, and centrifuged at 300g for 1 minute. After preparing a syringe with a glass wool filter and

a 1 cm sodium sulfate layer, conditioning was performed with DCM. Then, approximately 50% of

the lower organic phase of the solution was removed from the H-fraction vial and transferred to the

syringe. The H-fraction was then refilled with DCM, and the process started from the beginning.

This procedure was repeated 5-8 times.

2.3.5 Color measurement

The TLE from the ultrasonic extraction were differently colored (Fig.5). To conclude a possible cor-

relation between color and sample type, the colors were measured in the L*a*b coordinate system.

Since the colors of some sample types seem unique, measured total lipid L*a*b values potentially

show sample type specific characteristics.

Figure 5: Total lipid extracts

Color variation of total lipid extracts obtained after ultrasonic extraction.
From left to right: spruce twigs 5-years-old, spruce needles 3-years-old,
spruce twigs 3-years-old, organic horizons-Oe, -Oa, -Oi, -Oe, -Oa, -Oe, -Oi,
-Oi, -Oe, photographed by N. Güntert.

The L*a*b coordinate system consists of three axes. First, axis (L) represents the darkness to

lightness on a scale from 0 to 100. Axis (a) represents greenness to redness, scaled from -128 to

+127, and axis (b) represents blueness to yellowness, also scaled from -128 to +127 (Murali and

Govindan, 2013).

The TLE were evaporated after the ultrasonic extraction and dissolved again with a vortex mixer and

a small amount of DCM. This method was used to obtain complete and comparable concentrations

for color measurement. The portable spectrophotometer (spectro-color by Dr. Lange) was used.
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2.4 Gas chromatography and mass spectrometry

The extracted n-alkanes and fatty acids were analyzed by gas chromatography with flame ionization

detection (GC-FID) (Agilent Technologies 7890B GC-FID system) and gas chromatography-mass

spectrometry (GC-MS) (Agilent Technologies 6890N Network GC-MSD system). In this process,

the mixtures of substances consisting of components with carbon chains of different chain lengths

were separated chromatographically, quantified, and identified via the mass spectrometer (MS). GC

analyses were performed for the A-fraction and the methylated H-fraction, following the guideline

for lipid analyses by Wiesenberg and Gocke (Wiesenberg and Gocke, 2017).

Analysis of GC-FID of the aliphatic hydrocarbon fraction (N-fraction) requires adding an internal

standard such as the one used here, D50C24 n-alkane (tetracosane, Cambridge Isotope Laboratories

Inc. DLM-2209-0.5). The measurement is conducted at a concentration between 10-20µg/µL with

1µL injection at 70°C in splitless mode. Further, the injection and detection temperatures are set

to 320°C. The injection temperature is kept constant for 2 min. For the oven, the temperature in-

creases at 10°C/min until 120°C is reached and then at 5°C/min until 320°C. The final temperature

remains constant for 20 min. (Wiesenberg and Gocke, 2017).

GC-FID analyses of fatty acids requires a different setting. The measurement was conducted at

a concentration between 10-20µg/µL with 1µL injection at 50°C in splitless mode. Injection and

detection temperatures were set to 320°C. The injection temperature was kept constant for 2 min.

Oven temperature increased at 5°C/min until 120°C was reached and then at 2°C/min until 210°C

and further with 3°C/min until 320°C. The final temperature remains constant for 20 min. (Wiesen-

berg and Gocke, 2017).

2.5 Index measurements

In geochemistry, δ13C is the ratio of the stable carbon isotopes 13C and 12C with respect to a

standard (PDB) (Eq.1). δ13C values measured in plant and soil samples change over time. They

depend on the primary production and the sequestration of CO2 as the plant grows, the deposition

of organic carbon, and the vegetation type. Through kinetic fractionation, biological processes such

as photosynthesis preferentially take up the lighter 12C isotope. However, since the lighter isotope

reacts faster and is converted enzymatically more quickly, the heavier isotope 13C accumulates in

the organism and with increasing decomposition of organic material in the soil, causing an increase

in δ13C (Ladd et al., 2014).
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δ13C =


(

13C
12C

)
sample(

13C
12C

)
standard

− 1

 ∗ 1000h (1)

The average chain length (ACL) of n-alkanes (Alk)(Eq.2) and fatty acids (FA)(Eq.3) is the weighted

average of the different carbon chain lengths. These formulas have been adapted to component

availability (Trigui et al., 2019).

ACLAlk =
21(nC21) + 23(nC23) + 25(nC25) + 27(nC27) + 29(nC29) + 31(nC31) + 33(nC33)

nC21 + nC23 + nC25 + nC27 + nC29 + nC31 + nC33
(2)

ACLFA =
22(nC22) + 24(nC24) + 26(nC26) + 28(nC28) + 30(nC30) + 32(nC32)

nC22 + nC24 + nC26 + nC28 + nC30 + nC32
(3)

The carbon preference index (CPI) reflects the odd-over-even and the even-over-odd predominance

of lipid compositions (Eq.4). It can be used as an indicator of degradation, as the decay of organic

material leads to a decreasing abundance of odd-numbered compounds. High values of CPI (>10)

indicate input of fresh SOC, and low values of CPI reflect degradation of SOC (Angst et al., 2016;

Cranwell, 1981). The formula has been adapted to component availability.

CPIAlk =
1

2

(
nC21 + nC23 + ...+ nC33

nC20 + nC22 + ...+ nC32
+

nC21 + nC23 + ...+ nC33

nC22 + nC24 + ...+ nC34

)
(4)

Odd-over-even predominance (OEP) can also be used as a proxy for degradation (Eq.5). Values

below 5 are indicative of an enhanced state of degradation (Trigui et al., 2019; Buggle et al., 2010).

OEPAlk =
nC27 + nC29 + nC31 + nC33

nC26 + nC28 + nC30 + nC32
(5)

2.6 Statistical analysis

Fresh plant samples, organic horizon samples, and topsoil samples were collected from three areas

of different forest ages and investigated for C and N concentration, δ13C values, and lipid com-

pound compositions (n-alkanes and fatty acids). Significant differences between sample types and

forest ages were tested using one-way ANOVA (p < 0.05). Measurements were normalized to dry

sample weight (µg g−1), and values in figures and tables were given as average values ± SE of the
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respective sample types in the different forest areas. The elemental analysis consisting of the C

and N concentrations, and δ13C values were measured in duplicates to detect measurement errors.

Only one outlier (n-alkane compound C21 spot 40) was considered and omitted. Visualizations and

statistical analysis were performed with RStudio (R Core Team, 2021).

3 Results

3.1 Elemental analysis

Carbon concentration:

Organic carbon concentrations show no significant difference between the needle, twig, and bark

samples (p = 0.72), averaging 48.7 ± 0.8 % for spruce needles (needle 0 + needle 3 + needle 5),

49.0 ± 2.1 % for spruce twigs (twigs 0 + twigs 3 + twigs 5), and 48.9 ± 2.8 % for bark (Fig.6).

The measured carbon concentrations decreases significantly (p = 3.76 * 10−24) from the litter layer

to the topsoil. Compared to the litter layer, a decreasing C concentration of 7.9 % in the Oi-, 36.6

% in the Oe-, 70.9 % in the Oa horizon, and 85.6 % in the topsoil layer can be observed. At first,

only a slight decrease in C concentration in the litter layer and the Oi horizon can be observed. The

measured average values are 46.8 ± 3.9 % for the litter layer and 43.1 ± 5.0 % for the Oi horizon.

After that, the values drop rapidly. The average values for the C concentrations are 29.7 ± 10.2

% for the Oe horizon, 13.6 ± 10.2 % for the Oa horizon, and 6.7 ± 1.4 % for the topsoil. The C

concentration in the mixed sample of moss and lichens is lower than in samples of needles, twigs,

and bark and amounts to 42.9 ± 0.7 % for the moss sample, and 43.7 ± 0.03 % for the lichen sample.

The differences in the measured C values between the 40-, 55-, and 130-year-old forest sections are

significant for the samples of 5-year-old needles (p = 0.02), 3-year-old-twigs (p = 0.03), Oa (p =

0.03), and topsoil (p = 0.02), marked in red (Tab.1).

Nitrogen concentration:

Nitrogen concentrations show significant differences between the needle, twig, and bark samples (p

= 1.15 * 10−20), averaging 1.0 ± 0.2 % for spruce needles (needle 0 + needle 3 + needle 5), 0.6

± 0.2 % for spruce twigs (twigs 0 + twigs 3 + twigs 5), and 0.8 ± 0.2 % for bark. Therefore, a

decrease in N concentration can be observed from needle year 0, to needle year 3, needle year 5,

branch year 0, and branch year 3 (Fig.6). The most substantial decrease of -45.1 % can be seen

between newly grown twigs and the 3-year-old twigs. Between newly grown needles and 3-year-old

needles a decrease in N concentration of -18.6 % can be observed. The N values in the mixed

samples amounts to 1.7 ± 0.01 % for the moss sample and 1.5 ± 0.02 % for the lichen sample.
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Carbon (C) concentrations in different forest areas [%]
Sample type 40 year old forest 55 year old forest 130 year old forest p
Spruce needle year 0 48.3 ± 0.6 48.5 ± 0.6 40.1 ± 0.6 0.45
Spruce needle year 3 48.9 ± 0.8 49.1 ± 0.5 49.2 ± 0.4 0.70
Spruce needle year 5 49.5 ± 0.8 48.3 ± 0.6 48.4 ± 0.7 0.02
Spruce twig year 0 49.2 ± 1.5 50.7 ± 1.0 49.8 ± 0.6 0.10
Spruce twig year 3 49.9 ± 0.3 49.3 ± 0.8 48.9 ± 0.5 0.03
Spruce twig year 5 48.9 ± 0.7 48.1 ± 0.8 46.0 ± 4.9 0.23
Bark 49.2 ± 0.9 49.9 ± 4.5 47.6 ± 1.4 0.36
Litter layer 48.4 ± 0.2 47.9 ± 3.3 44.1 ± 5.4 0.11
Oi 42.3 ± 7.1 46.4 ± 3.2 40.6 ± 1.7 0.12
Oe 36.1 ± 10.3 30.1 ± 6.6 22.9 ± 9.8 0.07
Oa 13.3 ± 8.4 6.3 ± 2.9 21.2 ± 11.9 0.03
Topsoil 8.5 5.8 6.0 0.02

Table 1: Carbon concentrations in forest sections of different ages.

From the litter layer to the topsoil, N concentrations decrease significantly (p = 5.83 * 10−9). The

average N concentrations are 1.1 ± 0.2 % for the litter layer, 1.0 ± 0.3 % for the Oi-, 1.1 ± 0.3 %

for the Oe-, 0.6 ± 0.4 % for the Oa horizon, and 0.4 ± 0.1 % for the topsoil. Compared to the litter

layer, a decrease in N concentration of 5.6 % in the Oi-, 43.2 % in the Oa horizon, 63.3 % in the

topsoil, and an increase of 0.5 % in the Oe horizon can be observed. Maximum average N values

have reached either in the litter layer (130-year-old forest), in the Oi horizon (55-year-old forest), or

in the Oe horizon (40-year-old forest). The differences in the measured N values between the 40-,

55-, and 130-year-old forest sections are significant for Oi (p = 0.005), Oe (p = 0.003), and topsoil

(p = 0.001), marked in red (Tab.2).

Nitrogen (N) concentrations in different forest areas [%]
Sample type 40 year old forest 55 year old forest 130 year old forest p
Spruce needle year 0 1.1 ± 0.1 1.1 ± 0.2 1.1 ± 0.1 0.99
Spruce needle year 3 1.0 ± 0.2 1.0 ± 0.2 1.1 ± 0.1 0.69
Spruce needle year 5 0.9 ± 0.2 0.9 ± 0.1 0.9 ± 0.1 0.83
Spruce twig year 0 0.9 ± 0.1 0.8 ± 0.1 0.8 ± 0.1 0.06
Spruce twig year 3 0.5 ± 0.1 0.5 ± 0.1 0.4 ± 0.1 0.42
Spruce twig year 5 0.3 ± 0.1 0.5 ± 0.1 0.5 ± 0.3 0.13
Bark 0.7 ± 0.2 0.7 ± 0.2 0.9 ± 0.3 0.36
Litter layer 1.1 ± 0.1 1.2 ± 0.1 0.9 ± 0.2 0.05
Oi 1.0 ± 0.2 1.2 ± 0.1 0.8 ± 0.2 0.005
Oe 1.3 ± 0.2 1.1 ± 0.2 0.8 ± 0.2 0.003
Oa 0.7 ± 0.4 0.4 ± 0.2 0.8 ± 0.3 0.17
Topsoil 0.6 0.3 0.3 0.001

Table 2: Nitrogen concentrations in forest sections of different ages.
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C/N Ratio:

The C/N ratios show significant differences between the needle, twig, and bark samples (p = 3.41

* 10−8), averaging 48.8 ± 8.7 for spruce needles (needle 0 + needle 3 + needle 5), 104.9 ± 69.2 for

spruce twigs (twigs 0 + twigs 3 + twigs 5), and 69.1 ± 21.5 for bark. The C/N ratio in the mixed

samples is 25.0 ± 0.5 for the moss sample, and 28.3 ± 0.4 for the lichen sample. From the litter

layer to the topsoil, the measured C/N ratio decreases significantly (p = 5.25 * 10−19). Average

C/N ratios are 44.7 ± 5.5 for the litter layer, 44.8 ± 10.0 for the Oi horizon, 27.5 ± 6.2 for the Oe

horizon, 21.5 ± 7.1 for the Oa horizon, and 17.9 ± 2.5 for the topsoil. Compared to the litter layer,

the C/N ratio increases by 2.7 % in the Oi horizon, and decreases by 37.1 % in the Oe horizon, 50.8

% in the Oa horizon, and 59.0 % in the topsoil. The differences in the measured C/N ratio between

the 40-, 55-, and 130-year-old forest sections are significant for the samples of twigs 0 (p = 0.04),

Oi horizon (p = 0.01), Oa horizon (p = 0.02), and the topsoil (p = 0.02), marked in red (Tab.3).

C:N ratio in different forest areas [-]
Sample type 40 year old forest 55 year old forest 130 year old forest p
Spruce needle year 0 42.8 ± 5.0 44.4 ± 9.1 42.8 ± 2.8 0.87
Spruce needle year 3 50.0 ± 11.2 51.5 ± 9.9 46.0 ± 2.8 0.55
Spruce needle year 5 57.6 ± 13.9 51.4 ± 3.0 53.0 ± 1.5 0.42
Spruce twig year 0 55.7 ± 3.2 68.3 ± 11.3 62.4 ± 6.0 0.04
Spruce twig year 3 109.8 ± 25.6 101.4 ± 27.4 123.0 ± 42.5 0.53
Spruce twig year 5 151.0 ± 23.6 91.6 ± 15.6 180.8 ± 172.7 0.33
Bark 75.6 ± 27.0 72.3 ± 11.9 59.4 ± 23.1 0.41
Litter layer 45.5 ± 5.4 40.6 ± 1.2 48.0 ± 6.3 0.06
Oi 42.7 ± 4.2 38.2 ± 3.3 53.7 ± 12.7 0.01
Oe 26.9 ± 3.8 27.2 ± 2.5 28.2 ± 10.4 0.94
Oa 20.0 ± 1.9 16.9 ± 2.4 27.5 ± 9.6 0.02
Topsoil 14.9 18.6 20.2 0.02

Table 3: C/N ratios in forest sections of different ages.

δ13C:

δ13C values show significant differences between the needle, twig, and bark samples (p = 1.62 *

10−13). The samples average -29.6 ± 1.2 ‰ for spruce needles (needle 0 + needle 3 + needle 5),

-28.3 ± 1.1 ‰ for spruce twigs (twigs 0 + twigs 3 + twigs 5), and -26.6 ± 2.1 ‰ for bark (Fig.6).

From the litter layer to the topsoil, the measured δ13C values increase significantly (p = 1.04 *

10−9). Compared to the litter layer, δ13C values increase by 0.3 ‰ in the Oi horizon, 0.4 ‰ in

the Oe horizon, 1.0 ‰ in the Oa horizon, and 1.4 ‰ in the topsoil. The measured average values

are -27.8 ± 0.4 ‰ for the litter layer, -27.6 ± 0.4 ‰ for the Oi horizon, -27.4 ± 0.5 ‰ for the Oe

horizon, -26.9 ± 0.6 ‰ for the Oa horizon, and -26.4 ± 0.2 ‰ for topsoil. The δ13C values in the

mixed samples amounts to -29.4 ± 0.01 ‰ for the moss sample and -25.7 ± 0.04 ‰ for the lichen

sample.
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Measured δ13C values of the different forest areas differ more in fresh and undegraded plant samples

of spruce needles, spruce twigs, and bark, than in samples of the litter layer, the organic horizons,

and the topsoil (Fig.6). In general, samples from the 130-year-old forest show the lowest values of

δ13C, and samples from the 40-years-old forest show the highest values of δ13C. The δ13C values for

the 55-year-old forest primarily lie between the values of the other forest sections. The exception is

with young twigs and bark samples, where δ13C isotope values exceed those from the 40-year-old

forest. Differences in δ13C values between the 40-, 55-, and 130-year-old forest sections are signifi-

cant for all samples of needles (p ≤ 0.0002), twigs (p ≤ 0.0005), and the Oa horizon (p = 0.003),

as marked in red in the table (Tab.4).

Figure 6: Carbon and nitrogen concentrations, C/N ratios and δ13C values.

Results from elemental analysis for different sample types of: spruce needles = N,
spruce twigs = T (less than 1 year old = 0, 3 years old = 3, 5 years old = 5),
spruce bark = Ba, litter layer = Li, organic horizons-Oi, -Oe, -Oa and topsoil = TS.
Measured were: carbon concentration [%], nitrogen concentration [%] and δ13C [‰],
calculated from the data is the C/N ratio [-].
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δ13C concentrations in different forest areas [‰]
Sample type 40 year old forest 55 year old forest 130 year old forest p
Spruce needle year 0 -28.6 ± 0.3 -29.0 ± 0.8 -30.6 ± 0.8 0.0002
Spruce needle year 3 -28.4 ± 0.3 -29.3 ± 0.6 -30.9 ± 0.8 2 ∗ 10−5

Spruce needle year 5 -28.4 ± 0.4 -30.2 ± 0.6 -31.2 ± 0.7 2 ∗ 10−6

Spruce twig year 0 -28.0 ± 0.2 -27.9 ± 0.9 -29.8 ± 0.9 0.0005
Spruce twig year 3 -27.2 ± 0.1 -27.8 ± 0.5 -29.2 ± 0.8 7 ∗ 10−5

Spruce twig year 5 -27.0 ± 0.2 -28.4 ± 0.6 -29.2 ± 0.4 5 ∗ 10−7

Bark -26.0 ± 0.4 -25.9 ± 0.7 -28.0 ± 3.3 0.14
Litter layer -27.7 ± 0.1 -27.9 ± 0.1 -27.9 ± 0.6 0.62
Oi -27.5 ± 0.2 -27.9 ± 0.2 -27.4 ± 0.6 0.10
Oe -27.3 ± 0.5 -27.2 ± 0.5 -27.8 ± 0.4 0.12
Oa -26.7 ± 0.4 -26.4 ± 0.3 -27.5 ± 0.6 0.003
Topsoil -26.6 -26.2 -26.47 0.11

Table 4: δ13C values in forest sections of different ages.

3.2 Color measurement

Differences in the coloration of the lipid extracts could be detected with the color measurement in

the L*a*b coordinate system. Differences between fresh samples of spruce needles, spruce twigs,

and bark, regarding the L-value, a-value, and b-value are always significant. The same applies to

differences between decomposed samples of the litter layer, the organic horizons, and the topsoil.

Differences are significant for the L-values of fresh samples (p = 2 * 10−6), and the samples from

the litter layer to the topsoil (p = 0.002). Significant differences are also shown for the a-values of

fresh samples (p = 1.43 * 10−12), and the samples from the litter layer to the topsoil (p = 0.008),

as well as for the b-values for fresh plant samples (p = 0.001), and the samples from the litter layer

to the topsoil (p = 1.71 * 10−6). The listed mean values of the individual sample types from the

three forest sections are shown in the table (Tab.5).

Assigning total lipid extracts to the corresponding sample types is partially possible based on mea-

sured colors in the L*a*b coordinate system. Spruce needle samples can clearly be distinguished

from other sample types based on the coloration of the total lipid extracts (Fig.7). However, it is

more challenging to assign the colors to the different needle ages, since overlapping of the L*a*b

coordinates occur. For all sample types, cluster formations and patterns can be detected, but some

of them are highly scattered and overlap with clusters of other sample types. Since coloration de-

pends on different lipid components, it might be possible to conclude the presence of specific lipid

components based on color data. However, further investigations in this regard were not conducted.
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Colour measurement
Sample type L- value a- value b- value
Spruce needle year 0 27.2 ± 1.2 -0.1 ± 0.2 1.0 ± 0.7
Spruce needle year 3 25.9 ± 2.0 0.0 ± 0.4 1.4 ± 2.0
Spruce needle year 5 27.9 ± 2.5 -0.5 ± 0.6 1.5 ± 2.0
Spruce twig year 0 30.8 ± 1.0 -1.7 ± 0.2 2.8 ± 0.7
Spruce twig year 3 30.1 ± 2.3 -1.3 ± 0.3 3.2 ± 1.9
Spruce twig year 5 30.7 ± 1.9 -1.6 ± 0.5 2.7 ± 1.0
Bark 30.5 ± 2.9 -1.3 ± 0.8 3.9 ± 1.8
Litter layer 29.1 ± 2.9 -0.6 ± 0.7 3.9 ± 1.0
Organic horizon Oi 29.7 ± 2.1 -0.6 ± 0.6 4.1 ± 0.5
Organic horizon Oe 31.6 ± 2.3 -1.5 ± 0.7 3.3 ± 1.5
Organic horizon Oa 32.8 ± 1.5 -1.2 ± 0.4 0.8 ± 1.7
Topsoil 33.6 ± 0.6 -1.2 ± 0.4 0.3 ± 1.2
Moss 18.8 0.6 2.3
Lichen 27.7 -0.2 0.1

Table 5: Color measurements of total lipid extracts.

Figure 7: a- and b-values of the color measurement.
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3.3 n-Alkanes

n-Alkane distribution in spruce needles

The n-alkane distribution of cuticular waxes in spruce needles consists mostly of n-C23, n-C25,

n-C27, n-C29, and n-C31 hydrocarbons (Fig.8,9,10). n-C29 can be considered a dominant compo-

nent, with an average concentrations ranging from 1.1 to 1.9 µg/g for maximum 1-year-old needles.

Besides the mentioned carbon chain lengths, other n-alkanes from n-C21 to n-C33 occur. Less abun-

dant are components below n-C21 and above n-C33. Differences in lipid distributions between the

forest areas and the needle ages can be observed.

n-Alkane distribution in spruce twigs

The most dominant hydrocarbon of n-alkanes in twigs is mostly n–C23, with average concentrations

ranging from 1.5 to 4.2 µg/g for twigs no older than one year. In some samples, the n-C25, n-C29, or

n-C31 values exceed the values of n–C23 (Fig.8,9,10). High amounts of hydrocarbons can be found

from n-C21 to n-C31. Compounds below n-C21 are less abundant.

n-Alkane distribution in spruce bark

The most dominant n-alkane component in spruce bark is either n–C23, with an average concen-

trations ranging from 0.4 to 0.9 µg/g, or n-C21, ranging from 0.0 to 2.0 µg/g (Fig.8,9,10). In the

bark sample from the 40-year-old forest section, the value of n-C21 was much higher compared to

other bark samples and was omitted as an outlier. High amounts of hydrocarbons can be found

from n-C21 to n-C31. Compounds below n-C21 are scarce.

n-Alkane distribution in the litter layer

The total amount of components is less scattered in the litter layer compared to the samples of

needles, branches, and bark (Fig.8,9,10). Thus, a large part of the n-alkanes consists of the com-

ponents n-C27, n-C29, and n-C31. The dominant component is always n–C29, with an average

concentrations ranging from 1.0 to 13.3 µg/g. Compounds below n-C27 are much less abundant,

except for the 130-year-old forest section, where higher concentrations for the components n-C21,

n-C23, and n-C25 could be measured.

20



Figure 8: n-Alkane distributions in the 40-year-old forest section.
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Figure 9: n-Alkane distributions in the 55-year-old forest section.
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Figure 10: n-Alkane distributions in the 130-year-old forest section.
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n-Alkane distribution in the organic horizons

In the organic horizons Oi, Oe, and Oa components of n-alkanes are even less scattered than in

the litter horizons (Fig.8,9,10). For all three horizons, the dominant component is either n–C29,

with average concentrations ranging from 0.9 to 3.9 µg/g, or n–C31 ranging from 0.9 to 3.3 µg/g,

whereby the abundance of n–C31 increases towards the organic horizon Oa. It can also be observed

that the distribution patterns of the litter layer and the organic horizons resemble each other.

n-Alkane distribution in the topsoil

The topsoil samples show similar distribution patterns of n-alkanes as the organic horizons, where

the similarity of the samples increases towards the Oa horizon (Fig.8,9,10). The most dominant

component is either n–C29, with an average concentrations ranging from 0.8 to 2.7 µg/g, or n–C31,

ranging from 0.7 to 4.1 µg/g. The highest amounts of hydrocarbons can be found for the compo-

nents n–C29, n–C31 and n–C33.

n-Alkane distribution in moss

n–C27 is the most dominant component of the n-alkane distribution in moss (Fig.11), with a con-

centration of 12.0 µg/g. The second most dominant component, with a concentration of 4.4 µg/g

is n–C29, n–C31 follows with a concentration of 3.6 µg/g, and n–C25 with 2.9 µg/g.

Figure 11: n-Alkane distributions for moss and lichen
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n-Alkane distribution in lichen

In lichens, the most dominant component is n–C29, with a concentration of 2.7 µg/g (Fig.11). n–C31

follows as second, with a concentration of 2.5 µg/g, and n–C27 with a concentration of 1.9 µg/g.

Less abundant are components below n–C23.

3.4 Fatty acids

Only fatty acid components with an even number of carbon atoms were evaluated. Besides carbon

chain length components of C20, C22,C24, C26, C28, C30, and C32, also even-numbered diacids of

carbon chain lengths of C20, C22 and C24 (marked in the plots as D20, D22, and D24) were investi-

gated. Unlike n-alkanes, fatty acids show much higher concentrations of the individual substances

(Fig.8,9,10,11,12,13,14,15).

Fatty acid distribution in spruce needles

C24 is always the most dominant component of fatty acids in samples of spruce needles (Fig.12,13,14),

with an average concentrations ranging from 150.6 to 188.9 µg/g for the maximum 1-year-old nee-

dles. Subsequently, the second and third highest concentrations in most needle samples were mea-

sured for the components C22 and C26. Comparatively less concentrated are the components C20,

C28, C30, and C32. Compared to all other sample types, diacids are proportionally the least repre-

sented in samples of spruce needles. The concentration of the individual components decreases with

increasing sample age, except for the needle samples from the 130-year-old forest. The overall dis-

tribution pattern in needle samples is approximately identical for all forest areas and all needle ages.

Fatty acid distribution in spruce twigs

C22 is always the dominant component of fatty acids in spruce twigs (Fig.12), with a measured aver-

age concentration between 687.6 and 1918.2 µg/g (Fig.12,13,14). Besides C22, essential components

in spruce twigs are only C20 and C24. The measured concentrations of the individual components

decrease with increasing sample age. Twig samples show proportionally higher concentrations of

diacids compared to the needle samples.

Fatty acid distribution in spruce bark

The dominant component of fatty acids in samples of spruce bark is either C24 or C22. Both show an

average concentration ranging from 316.6 to 599.6 µg/g (Fig.12,13,14). Besides these two compo-

nents, only C20 was detected as an essential component. Diacids in spruce bark are proportionally

more abundant than in needle and twig samples.
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Fatty acid distribution in the litter layer

The most dominant component of fatty acids in samples of the litter layer with an average concen-

tration between 212.0 and 426.2 µg/g is always C22, followed by C24 and then C20 (Fig.12,13,14).

Other components were detected in proportionally lower quantities.

Fatty acid distribution in organic horizons

Besides one exception, the dominant component in the organic horizons is always C22 (Fig.12,13,14).

The average concentration in the organic horizon Oi of component C22 was measured between 281.1

and 502.5 µg/g. In the 55-, and 130-year-old forest sections, higher concentrations for component

C22 were measured in the organic horizon Oi compared to the the litter layer. In the 40-year-old

forest section, similar values were measured for the litter layer and the Oi horizon. The compound

concentrations decrease continuously from the organic horizon Oi to the organic horizon Oa. Thus,

concentrations of component C22 were measured in the Oe horizon between 112.3 and 154.7 µg/g

and in the Oa horizon between 10.7 and 27.0 µg/g. The distribution patterns of the different compo-

nents are similar in all organic horizons and resemble the distribution patterns from the litter layers.

Fatty acid distribution in topsoil

The distribution patterns in the topsoil samples of the 55- and 130-year-old forest areas resemble

those of the litter layers and organic horizons (Fig.12,13,14). The dominant component C22 was

measured between 7.9 and 10.2 µg/g. In the 40-year-old forest section, component C24 dominates

with a concentration of 9.1 µg/g. The topsoil distribution pattern of this forest area resembles the

distribution pattern from the overlying Oa horizon.

Fatty acid distribution in moss and lichen

The dominant component of fatty acids in the moss and lichen samples is C24, with a concentration

of 45.5 µg/g for the moss sample, and 23.5 µg/g for the lichen sample. The second dominant compo-

nent is C22, which shows in both samples lower concentrations (Fig.15). Other essential components

for both samples are C20, C26, and C28. Diacids are proportionally most present in the lichen sample.
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Figure 12: Fatty acid distributions in the 40-year-old forest section.
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Figure 13: Fatty acid distributions in the 55-year-old forest section.
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Figure 14: Fatty acid distributions in the 130-year-old forest section.
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Figure 15: Fatty acid distributions of moss and lichen.

3.5 Index measurements ACL, CPI, and OEP

The measured average chain length (ACL) in n-alkanes (C21-C34) shows significant differences be-

tween the needle, twig, and bark samples (p = 2 * 10−5) (Fig.16), averaging 27.2 ± 0.9 for spruce

needles (needle 0 + needle 3 + needle 5), 25.8 ± 1.2 for spruce twigs (twigs 0 + twigs 3 + twigs 5),

and 24.7 ± 2.8 for bark. The ACL value for the moss sample is 27.5, respectively 27.8 for the lichen

sample. The measured ACL values increase significantly from the litter layer to the topsoil (p =

0.02). Average ACL values are 27.9 ± 1.0 for the litter layer, 27.8 ± 1.1 for the Oi horizon, 28.5 ±

0.8 for the Oe horizon, 29.0 ± 0.8 for the Oa horizon, and 29.4 ± 0.8 for the topsoil. Compared to

the litter layer, the ACL in the Oi horizon decreases by -0.2 %, and increases by 2.3 % in the Oe

horizon, 4.0 % in the Oa horizon, and by 5.4 % in the topsoil. The differences in the measured ACL

values between the 40-, 55-, and 130-year-old forest sections are only significant for samples of the

Oa horizon (p = 0.008), marked in red (Tab.6).

The ACL values in fatty acids (C22-C32) show significant differences between the needle, twig, and

bark samples, (p = 5.87 * 10−16) (Fig.16), averaging 25.1 ± 0.4 for spruce needles (needle 0 +

needle 3 + needle 5), 23.4 ± 0.2 for spruce twigs (twigs 0 + twigs 3 + twigs 5), and 23.7 ± 1.2

for bark. The ACL value for the moss sample is 24.9, respectively 25.3 for the lichen sample. No

significant change can be observed from the litter layer to the topsoil (p = 0.06). Average ACL
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Figure 16: ACL values of different sample types for n-alkanes and fatty acids

ACL values for n-alkanes (left) and fatty acids (right) for: spruce needles = N, spruce
twigs = T (less than 1-year-old = 0, 3-years-old = 3, 5-years-old = 5), spruce bark =
Ba, litter layer = Li, organic horizon layers -Oi, -Oe, -Oa and topsoil = TS.

ACLAlk values of different forest areas
Sample type 40 year old forest 55 year old forest 130 year old forest p
Spruce needle year 0 26.4 ± 0.7 26.1 ± 0.3 27.5 ± 1.8 0.35
Spruce needle year 3 27.9 ± 0.3 27.5 ± 0.3 27.1 ± 0.7 0.22
Spruce needle year 5 27.6 ± 0.6 27.3 ± 0.1 27.0 ± 0.8 0.50
Spruce twig year 0 24.2 ± 1.5 26.2 ± 0.7 24.2 ± 1.8 0.21
Spruce twig year 3 26.4 ± 0.2 26.5 ± 0.4 26.4 ± 0.6 0.93
Spruce twig year 5 26.0 ± 0.6 25.8 ± 0.8 26.3 ± 0.6 0.72
Bark 23.4 ± 3.2 26.4 ± 0.7 24.9 ± 3.8 0.95
Litter layer 28.2 ± 0.4 28.3 ± 1.6 27.1 ± 0.1 0.26
Oi 28.0 ± 0.7 27.9 ± 1.3 27.7 ± 1.5 0.94
Oe 29.3 ± 0.5 28.2 ± 0.7 28.1 ± 0.5 0.07
Oa 29.7 ± 0.4 29.2 ± 0.4 28.1 ± 0.6 0.008
Topsoil 30.1 29.6 28.5 -

Table 6: ACLAlk values in forest sections of different ages.

values are 24.1 ± 0.6 for the litter layer, 24.0 ± 0.4 for the Oi horizon, 24.1 ± 0.5 for the Oe horizon,

24.6 ± 0.6 for the Oa horizon, and 24.5 ± 0.6 for the topsoil. The differences in the measured ACL

values between the 40-, 55-, and 130-year-old forest sections are only significant for samples of the

Oa horizon (p = 0.02), marked in red (Tab.7).

The carbon preference index CPI of n-alkanes (C21-C34) shows significant differences between the

needle, twig, and bark samples, (p = 0.02) (Fig.17), averaging 5.4 ± 1.9 for spruce needles (needle

0 + needle 3 + needle 5), 8.7 ± 7.4 for spruce twigs (twigs 0 + twigs 3 + twigs 5), and 13.9 ±

10.9 for bark. The CPI value for the moss sample is 9.9, respectively 6.3 for the lichen sample.

Significant changes in CPI values can be observed from the litter layer to the topsoil (p = 0.01).

Average CPI values are 7.2 ± 3.6 for the litter layer, 7.8 ± 3.5 for the Oi horizon, 4.2 ± 1.1 for

the Oe horizon, 4.0 ± 1.2 for the Oa horizon, and 4.9 ± 2.6 for the topsoil. The differences in

31



ACLFA values of different forest areas
Sample type 40 year old forest 55 year old forest 130 year old forest p
Spruce needle year 0 24.8 ± 0.4 24.7 ± 0.2 24.8 ± 0.3 0.87
Spruce needle year 3 25.1 ± 0.2 25.2 ± 0.1 25.5 ± 0.6 0.37
Spruce needle year 5 25.1 ± 0.6 25.3 ± 0.2 25.2 ± 0.4 0.89
Spruce twig year 0 23.6 ± 0.1 23.4 ± 0.1 23.7 ± 0.4 0.31
Spruce twig year 3 23.3 ± 0.1 23.4 ± 0.1 23.3 ± 0.1 0.54
Spruce twig year 5 23.5 ± 0.3 23.2 ± 0.1 23.1 ± 0.2 0.09
Bark 23.3 ± 0.2 23.2 ± 0.1 24.6 ± 2.0 0.32
Litter layer 24.0 ± 0.5 24.4 ± 1.0 23.9 ± 0.2 0.61
Oi 24.0 ± 0.4 24.2 ± 0.3 23.7 ± 0.4 0.39
Oe 24.5 ± 0.6 23.9 ± 0.2 23.8 ± 0.2 0.11
Oa 25.0 ± 0.4 24.9 ± 0.1 24.0 ± 0.4 0.02
Topsoil 24.6 24.9 23.8 -

Table 7: ACLFA values in forest sections of different ages.

the CPI values between the 40-, 55-, and 130-year-old forest sections are only significant for sam-

ples of the 5-year-old spruce twigs (p = 0.04), and the Oa horizon (p = 0.04), marked in red (Tab.8).

CPIAlk values of different forest areas
Sample type 40 year old forest 55 year old forest 130 year old forest p
Spruce needle year 0 7.4 ± 1.7 7.3 ± 1.9 5.8 ± 4.1 0.73
Spruce needle year 3 4.6 ± 0.6 5.3 ± 0.9 5.3 ± 1.0 0.49
Spruce needle year 5 4.0 ± 0.3 4.5 ± 0.5 4.4 ± 1.1 0.63
Spruce twig year 0 20.5 ± 13.4 7.6 ± 1.0 13.7 ± 14.4 0.43
Spruce twig year 3 5.8 ± 0.5 6.2 ± 1.4 7.7 ± 0.9 0.12
Spruce twig year 5 5.0 ± 0.3 5.4 ± 0.6 6.6 ± 0.8 0.04
Bark 19.9 ± 14.5 5.6 ± 2.3 13.2 ± 6.5 0.43
Litter layer 6.1 ± 2.5 10.5 ± 4.3 4.9 ± 1.0 0.13
Oi 7.9 ± 2.5 7.7 ± 2.6 7.9 ± 5.9 1.00
Oe 5.2 ± 0.4 3.7 ± 1.1 3.8 ± 0.9 0.12
Oa 5.2 ± 0.7 3.1 ± 0.5 3.6 ± 1.1 0.04
Topsoil 7.3 5.0 5.0 -

Table 8: CPIAlk values in forest sections of different ages.

The odd-over-even predominance OEP of n-alkanes (C26-C33) shows no significant differences be-

tween the needle, twig, and bark samples (p = 0.07) (Fig.18), averaging 5.3 ± 1.2 for spruce needles

(needle 0 + needle 3 + needle 5), 6.0 ± 1.9 for spruce twigs (twigs 0 + twigs 3 + twigs 5), and 6.9

± 3.0 for bark. The OEP value for the moss sample is 14.8, respectively 8.2 for the lichen sample.

From the litter layer to the topsoil, no significant changes in OEP values can be observed (p = 0.2).

Average OEP values are 8.2 ± 3.9 for the litter layer, 9.6 ± 4.3 for the Oi horizon, 6.5 ± 1.3 for

the Oe horizon, 6.7 ± 1.6 for the Oa horizon and 7.3 ± 2.1 for the topsoil. The differences in the

measured OEP values between the 40-, 55-, and 130-year-old forest sections are only significant for

samples of the 5-year-old spruce twigs (p = 0.008), marked in red (Tab.9).
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Figure 17: CPI for n-alkanes

CPI values for: spruce needles = N, spruce twigs = T (less than 1-year-old = 0, 3-
years-old = 3, 5-years-old = 5), spruce bark = Ba, litter layer = Li, organic horizons
-Oi, -Oe, -Oa, and topsoil = TS.

OEPAlk values of different forest areas
Sample type 40 year old forest 55 year old forest 130 year old forest p
Spruce needle year 0 5.9 ± 0.3 5.7 ± 1.4 7.1 ± 2.0 0.47
Spruce needle year 3 4.5 ± 0.3 5.4 ± 0.9 5.2 ± 0.8 0.40
Spruce needle year 5 3.9 ± 0.2 4.8 ± 0.9 4.6 ± 0.5 0.24
Spruce twig year 0 8.6 ± 3.2 6.8 ± 1.1 4.5 ± 3.2 0.25
Spruce twig year 3 5.2 ± 0.6 5.9 ± 1.5 7.2 ± 0.3 0.09
Spruce twig year 5 4.5 ± 0.7 5.1 ± 0.5 6.5 ± 0.3 0.008
Bark 5.3 ± 1.3 8.3 ± 4.0 7.9 ± 4.5 0.54
Litter layer 7.2 ± 2.6 11.5 ± 5.4 6.0 ± 0.5 0.21
Oi 9.0 ± 2.9 9.3 ± 3.5 10.6 ± 7.2 0.92
Oe 7.3 ± 1.0 5.8 ± 0.8 6.5 ± 1.8 0.42
Oa 7.7 ± 1.0 5.8 ± 0.7 6.6 ± 2.3 0.35
Topsoil 9.4 7.1 5.3 -

Table 9: OEPAlk values in forest sections of different ages.

33



Figure 18: OEP for n-alkanes

OEP values for: spruce needles = N, spruce twigs = T (less than 1-year-old = 0, 3-
years-old = 3, 5-years-old = 5), spruce bark = Ba, litter layer = Li, organic horizons
-Oi, -Oe, -Oa, and topsoil = TS.

The four scatterplots of the ACL/CPI values (Fig.19) show cluster formations of the different sam-

ple types and shifts between those clusters. The x- and y-axes are identical for better comparison.

The different sample types are plotted in groups, since clusters partly overlap. In the last plot

(bottom right), all the ACL/CPI values from the previous plots are shown again in black (others)

to get an overview of the entire distribution. Spruce needles of all ages form a distinct clustering

(top left). Further, it can be observed that spruce needles of the different ages form slightly differ-

ent clusters. The needles less than one-year-old (needles 0) show the most considerable scattering.

Meanwhile, 3- and 5-year-old needles show lower scattering. Spruce twigs show apparent clustering

(top right). Although the ACL/CPI values of the 3- and 5-year-old spruce twigs are closer to each

other, a much stronger scattering can be recognized for the maximum 1-year-old the spruce twigs

(twigs 0). The distribution pattern of the twigs 0 strongly resembles the distribution pattern of

the bark samples (bottom left). Young twigs are proportionally most composed of bark, which may

explain the convergence of these two sample types. The moss mixed sample mostly resembles the

ACL/CPI values of the needle samples, whereas the lichen sample can rather be found to the right

of this distribution. The distribution patterns of the litter layer (bottom left) and organic horizon

Oi (bottom right) are quite similar, as they are synonyms for the same soil horizon. Furthermore,
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it can be observed that the distribution patterns of the ACL/CPI values shift towards higher ACL

and lower CPI values with increasing degree of decomposition in samples from the horizons Oi, Oe,

Oa, to the topsoil.

Figure 19: Scatterplot ACL/CPI

Scatterplots of different sample types. Clustering of the ACL/CPI values of
the needle samples visible (top left), clustering of twig samples with three
outliers (top right), values for litter layer and bark samples show cluster
formation with larger scattering, and value for mosses and lichens (bottom
left), clustering and clear shift toward higher ACL and lower CPI values
from Oi to Oe, Oa, and topsoil samples, for better illustration all points are
indicated again in black (bottom right).
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4 Discussion

The aim of this master thesis was the identification of the composition of free extractable lipids,

including n-alkanes and fatty acids in samples of fresh plant material, the organic horizons, and

the topsoil, to understand the transformation of organic material from the forest biomass to the

topsoil. The main findings are discussed in terms of the research questions, regarding the primary

source of SOC, the differences in lipid compositions between the forest ages and vegetation, and the

molecular resistance and decomposition of SOM.

4.1 What contributes the most to soil organic carbon (SOC)?

The n-alkane distributions in the litter layer, the organic horizons, and the topsoil are very similar

from a visual point of view. Components C27, C29, C31 and C33 are relatively abundant in all three

forest areas. However, in the 40- and 55-year-old forest sections, the dominant component changes

from C29 in the litter layer and the Oi horizon to C31 in the Oe horizon, Oa horizon, and topsoil,

which can also be indicated by the significant increase (p = 0.02) of the ACL values from the litter

layer to the topsoil. In the 130-year-old forest section, the dominant component is always C29,

except for the Oi horizon, which shows dominance of C31. Since the lipid distributions between

soil samples and fresh plant samples differ significantly, clear visual assignment of plant signals

in the soil is impossible. In addition, the distribution patterns within the individual plant organs

sometimes differ greatly so that no general distribution pattern of spruce needles, spruce twigs, and

bark could be determined. Variability of n-alkane distributions between plant species and between

plant organs of the same species could lead to the assumption that interplant variability in general

and environmental stress might be responsible for differences in the n-alkane distributions (Trigui

et al., 2019). Leaf waxes serve as protection and belong to the plant’s first barrier to the atmo-

sphere. Therefore, it is reasonable, that their composition could be controlled and changed to some

extent by environmental adaptation such as to different seasonal conditions or climatic variations

(Trigui et al., 2019; Bush and McInerney, 2013). It is also visible, that the n-alkane distributions

of the 3- and 5-year-old needle samples tend to be similar. While in the youngest needle samples

for all three sites, proportionally higher concentrations of compounds C23 and C25 were measured.

These changes in chemical compositions might indicate the changing physiological and biochemical

properties of aging spruce needles (Camp et al., 1982). Nevertheless, certain similarities can be

observed. Thus, some n-alkane signals of spruce needles can be detected in the litter layer, such as

the identical dominant component C29, or visually viewed the molecular distribution pattern itself.

Similar distribution patterns can be detected between the 3- and 5-year-old needles and the litter
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layer in all three forest areas. While n-alkane needle signals from short-chain components (< C25)

are less abundant in the litter layer, longer-chain components (> C25) can be detected again in the

litter layer. On the other hand, relatively abundant components such as C21, C23, and C25 that

might occur in spruce twigs and bark cannot clearly be detected in the litter layer, the organic

horizons, and the topsoil. Based on visually observed lipid distributions, it might be concluded

that spruce needles play the most important role as a source of organic material in the litter layer,

organic horizons, and the topsoil. Of course, not only do spruce needles contribute to soil organic

carbon, but also spruce twigs, bark, mosses, lichens, and other plant components such as spruce

cones or wood could affect the input. However, it is difficult to identify the investigated ones based

on the molecular distributions in the organic horizons and the topsoil.

Fatty acid distributions in the litter layer, the organic horizons, and the topsoil are proportionally

very similar from a visual point of view, except for the 40-year-old forest section, where patterns

differ in the Oa horizon and the topsoil. Besides the mentioned exception, compound C22 is always

dominant, followed by C24 and C20. Also, distribution patterns within individual plant organs are

very similar, so a rather characteristic distribution pattern could be determined for spruce needles,

spruce twigs, and bark. The significantly stronger concentrations of fatty acid compounds in spruce

twigs compared to spruce needles and the dominance of C22 compounds in spruce twigs could be

the reason for C22 domination in the litter layer, the organic horizons, and the topsoil. Therefore,

spruce twigs appear to play an important role for the distribution pattern of fatty acids in litter

and soil samples. Another indication pointing to the importance of spruce twigs for SOC is the

relatively high concentration of diacids in the litter layer, organic horizons, and topsoil, which can

also be found in spruce twigs, but not as concentrated in spruce needles. However, the proportion-

ally highest concentration of diacids can be observed in bark. But a relatively high concentration of

longer-chain components (C26, C28, C30, and C32) can be detected in litter and soil samples, which

cannot be observed to the same degree in spruce twig samples. For this reason, spruce needles,

mosses, and lichens also play an important role, as they show proportionally higher concentrations

of longer-chain components than spruce twigs. Therefore, based on visually observed fatty acid

distributions, spruce twigs play a significant or even the most important role in forming the distri-

bution pattern in litter and soil samples. However, it is shown that spruce needles, bark, and other

plant components or plant species such as mosses and lichens are important as well.

While n-alkanes reveal a rather spruce needles dominated source of SOC, fatty acid distributions

show that rather spruce twigs come into question as the primary source. On the other side, it can

be observed that other plant components such as spruce needles, mosses, or lichens might also play
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an essential role in the fatty acid distributions in forest floor and forest soil samples. Whether

n-alkanes or fatty acids reflect a better proxy for the source of SOC is challanging to evaluate.

However, other studies show that the litter fall in spruce stands is mainly dominated by needles

(Hågvar, 2016; Berg and Meentemeyer, 2001), strengthening the credibility of n-alkanes as a proxy.

But in certain spruce forests and years, spruce cones (not investigated in this thesis) can also con-

tribute to a significant amount to the litterfall (Hågvar, 2016; Hagner, 1965). Both, fatty acids and

n-alkanes can provide helpful information about the source of SOC. Hence, using both methods

in conjunction with each other provides a more comprehensive understanding of the sources and

dynamics of plant-soil systems.

Because soil n-alkanes are supposed to represent an average n-alkane distribution pattern of the

surrounding biome (Yan et al., 2021), it can be determined, if besides the investigated plant sam-

ples other lipid signals are missing, which could be derived from other plant species or plant organs

not examined in this thesis. Thereby, an n-alkane mixing scatter plot of ACL and CPI values for

the different sample types was performed (Fig.19). Despite considerable scatter between individual

sample types, significant differences could be observed (p= 4.76*10−7), as previously described in

another study (Cooper et al., 2015). Because soil and organic horizon samples do not cluster aside

from the linear combination of the different plant samples, it can be suggested that the n-alkane

distribution pattern could potentially be obtained by mixing of the investigated plant samples. Fur-

ther it can be observed that no other plant signal is needed to obtain the soil n-alkane ACL/CPI

pattern displayed in the plot (Yan et al., 2021). This can be seen from the fact that the ACL/CPI

values are mostly mapped on a straight belt, starting with the fresh plant samples, and ending with

the topsoil samples (bottom right). In addition, there are some outliers for the maximum 1-year-old

twigs (twigs 0, top right) and bark samples (bottom left). However, these samples could possibly be

assigned to the outliers of the litter layer (bottom left) and Oi horizon (bottom right). Nevertheless,

this does not mean that other plant samples or plant species, which could also cluster within the

linear combination, cannot be considered a source of SOC.

4.2 The role of aboveground vegetation and different forest ages on SOC

The aboveground vegetation and forest age can play an essential role in the accumulation and main-

tenance of SOC. The type and amount of plant litter that falls to the forest floor can significantly

influence the rate of SOC accumulation, depending on the vegetation type, such as tree species,

canopy cover, or human influences, such as forestry (Lal, 2005). Also, different forest ages can greatly

impact SOC accumulation. Differences in soil carbon inputs and transformations likely occur in
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stands of different forest ages due to changing inputs from tree and ground vegetation litter, light

penetration, throughfall, as well as changing water and nutrient availability. Moreover, effects might

occur due to increasing forest management treatments with advanced stand age (Clarke et al., 2007).

Long-chain n-alkanes of the investigated fresh plant samples all revealed a strong odd-over-even

predominance (OEP), which is a characteristic of epicuticular leaf waxes of terrestrial higher plants

(Trigui et al., 2019), such as Norway spruce. However, the two investigated lower plants (mosses and

lichens) showed even higher OEP values. The stable carbon isotope values δ13C of the investigated

plant samples are between -32.2 % and -24.98 % (Fig.6), They are thus located within the typical

values for C3 plants (Hirave et al., 2020), such as spruce trees, mosses, and lichens. Samples from

the organic horizons and topsoil also lie within the ranges for higher plants and C3 plants, which

confirms their contribution.

The investigated samples either derived from a 40-, 55-, or a 130-year-old forest section. In addition

to the forest ages, these sites also differ in their vegetation. In the youngest 40-year-old forest

section, only spruce trees are growing close to each other. In the 55- and 130-year-old forest section,

also a few deciduous trees grow sporadically next to the spruce trees. In the 130-year-old forest

area most broadleaf trees can be observed. Results from the elemental analysis have shown that

C and N concentrations and δ13C values show significant differences between the different forest

ages. Differences are significant for C concentrations in the organic horizon Oa and the topsoil,

for N concentrations in the organic horizons Oi and Oe and the topsoil, and for δ13C values in the

organic horizon Oa, and for all samples of spruce needles and twigs. ACL values from n-alkanes and

fatty acids and CPI values have only shown significant differences between the three forest ages in

the organic horizon Oa. Differences are also clearly visible in the topsoil, but the values cannot be

statistically verified due to the low sample number. Since no significant differences between forest

ages can be observed for the litter layer and the organic horizon Oi (except for N concentrations),

it is impossible to assess how the different vegetation of the three investigated forest areas affect

SOC input. Also, lipid distribution patterns of n-alkanes and fatty acids do not show significant

differences that could be attributed to different vegetative influences. The strikingly high concen-

tration of the n-alkane component C27 in the mixed moss sample could not be found to the same

extent in the spruce needle, spruce twig, and bark samples, and cannot verify the assumption of

the higher moss contribution to the youngest forest section. Visually observed lipid distributions

are not showing different C27 values for the 40-, 55-, and 130-year-old forest sections regarding the

litter layer and the organic horizon Oi. Although the n-alkane ACL values for the organic horizons

and topsoil show no significant differences (except the Oa horizon), the ACL values are consistently
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highest for the 40-year-old forest section and always lowest for the 130-year-old forest section. This

observation indicates the prevailing tree diversity, which is supported by a previous study (Thomas

et al., 2021) that shows that ACL values are highest for coniferous forests, lower for mixed forests,

and lowest for deciduous forests. This result would also be consistent with the observations of the

three investigated forest sections, with deciduous trees being most abundant in the 130-year-old

forest section, less abundant in the 55-year-old forest section, and barely present in the 40-year-old

forest section.

4.3 The role of molecular resistance and degradation to SOC

Until now, many gaps persist in the knowledge of the degradation and preservation of diverse SOM

compound classes, such as lipids (Schmidt et al., 2011; Thomas et al., 2021). Although recent studies

reveal that the persistence of SOC is caused by functional complexity (Lehmann et al., 2020), other

investigations demonstrate that the molecular structure alone is not responsible for SOM stability.

However, environmental and biological factors predominate (Schmidt et al., 2011).

Observed molecular lipid distributions in fresh plant biomass of spruce needle, spruce twig, and

spruce bark samples were not necessarily transferred to the litter layer, the organic horizons, and the

topsoil. This can be seen by the change of the average chain length (ACL) in both compound classes

of n-alkanes and fatty acids (Fig.16), and by changes in the lipid distributions (Fig.8,9,10,12,13,14)

(Marseille et al., 1999; Hirave et al., 2020). Relatively high ACL values for n-alkanes in the topsoil

compared to the overlying organic horizons Oi, Oe, and Oa might result from preferential degra-

dation of short-chained components or preferential preservation of long-chained molecules (Thomas

et al., 2021). Regarding the fatty acids, changes in the lipid compositions (Fig.12,13,14), as well as

an increase in the ACL values from fresh plant samples of spruce twigs and spruce bark to the litter

layer and to the organic horizons, can be observed (Fig.16). This might be caused by preferential

degradation and the production of long-chained fatty acids by oxidation of lipid components such

as n-alkanes or n-alkanols (Marseille et al., 1999; Hirave et al., 2020; Amblès et al., 1994). Despite

preferential degradation, identifying characteristic patterns of plant derived n-alkanes in soil is still

possible, because primary long-chained components remain dominant (Thomas et al., 2021).

In general, OEP is considered a proxy for the preservation of leaf wax derived n-alkanes. Thus

measured high values indicate no or little degradation of n-alkanes. On the other hand, low values

(<5) reflect an enhanced state of degradation (Trigui et al., 2019). Observed OEP values from fresh

plant samples are generally much lower than those obtained in the organic horizons and the topsoil
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(Fig.18). However, decreases in the OEP values can be observed in the organic horizon Oe as well

as unchanged or slightly increased values in the organic horizon Oa. The considerable decrease

towards the horizons Oe and Oa meets the expectation and thus might indicate increased effects

of degradation compared to the organic horizon Oi or litter layer (Trigui et al., 2019; Buggle et al.,

2010). Further, OEP values in the 40-, and 55-year-old forest sections indicate lower decomposition

in the topsoil. Contrary to expectation, the highest state of decomposition represented by the lowest

OEP value is shown in the topsoil of the 130-year-old forest section.

The C/N ratio (Fig.6, bottom left) is an important parameter that affects the rate of degradation

of organic material. When microorganisms decompose organic material, they depend on a certain

balance of carbon and nitrogen to thrive. If the C/N ratio is too high, nitrogen becomes limited,

and carbon consumption decelerates. Contrariwise, too low C/N ratios results in carbon limitation,

lowering degradation rates. Optimal C/N ratios for microbial growth and the degradation of OM

generally range between 20 and 25 (Xie et al., 2022; Mooshammer et al., 2014). Within this range,

organic material tends to decompose fast. Outside of this range, the decomposition rate might be-

come reduced. This indicates that among the fresh plant samples, spruce twigs (C/N = 104 ± 69)

are the least favorable for microbial decomposition regarding the C/N ratio, followed by spruce bark

(C/N = 69 ± 22), and spruce needles (C/N = 49 ± 9). On the other hand, mosses (C/N = 25) reveal

an optimal composition for microbial decomposition, and lichens reveal a slightly higher ratio (C/N

= 28). It is further shown that the litter layer (C/N = 45 ± 6) and Oi horizon (C/N = 45 ± 10) do

not show optimal conditions for microbial decomposition. In contrast, the organic horizons Oe (C/N

= 27 ± 6) is nearly in the optimal range, and Oa (C/N = 21 ± 7) is in the optimal range. The topsoil

(C/N = 18 ± 3) can again be found slightly outside the optimum range. Thus, the organic horizon

Oa is best suited for microbial turnover and growth, followed by the topsoil, the organic horizon

Oe, and Oi. Thus, findings from the C/N ratios generally correlate with those from the OEP values.

With progressive degradation, the isotopic compositions showed continuous enrichment of 13C from

fresh plant samples (needles, twigs, bark, moss, and lichen) via the organic horizons (Oi, Oe, Oa) to

the topsoil (Hirave et al., 2020). One exception occurs in the organic horizon Oe of the 130-year-old

forest section, where a decrease in δ13C values can be observed. Enrichment of the stable carbon

isotope δ13C occurs due to preferential microbial consumption of the lighter 12C isotope, leaving a

higher proportion of 13C in the remaining organic matter and the soil (Meckenstock et al., 1999). As

a result, with continuous degradation, δ13C values increase. The highest increases of the δ13C values

can be observed either for the Oa horizon (40-year-old forest section), or the Oe and Oa horizons

(55-year-old forest section). Thus, the degree of 13C enrichment can be used as an indicator of the
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turnover of SOM. Progressive decomposition from the litter to the topsoil and the highest turnover

rates in the organic horizons Oa and Oe can, therefore also be observed by the δ13C values. The

highest decomposition rates for the 130-year-old forest section are shown in the topsoil.

The n-alkanes in cuticular waxes of higher plant species are reported to have strong odd-over-even

predominance, resulting in CPI values above 5. In contrast, n-alkanes originating from bacterial ac-

tivity or algae growth show low odd-over-even predominance resulting in CPI values of 1 (Cranwell

et al., 1987). The fresh plant CPI values are in average always higher than 5 (spruce needle = 5.39,

spruce twigs = 8.72, bark = 10.82, moss = 9.94, and lichen = 6.25) (Fig.16). The decomposition

of organic material increases with advancing soil depths. Hence, the CPI values decrease rapidly

and even fall below the CPI value of 5, which can be attributed to higher bacterial activity and

faster degradation of lipid compounds (Angst et al., 2016). Thus, the initial CPI values for the

two samples of the litter layer = 7.18 and the Oi horizon = 7.81, decrease to the values in the Oe

horizon = 4.23, Oa horizon = 3.98, and finally slightly increase again in the topsoil to the value of

4.86. These results also fit the results described above.

The n-alkane analysis from the 40- and 55-year-old forest section shows a significant compound

enrichment in the litter layer compared to the fresh plant samples. n-Alkane concentrations sub-

sequently decrease strongly in the organic horizon Oi and Oe, until in the organic horizon Oa and

topsoil concentrations increases again. The comparatively smaller concentrations in the Oi- and

Oe-horizons might result from two combined factors: significant degradation of compounds in the

overlying litter layer and further in the Oe horizon, and their insolubility in water which prevents

them from migrating downwards (Marseille et al., 1999). Higher n-alkane concentrations in the

organic horizons and the topsoil compared to the fresh plant samples have already been observed

in other coniferous forests (Thomas et al., 2021). Since fresh plant samples often show low initial

n-alkane concentrations (Thomas et al., 2021; Schäfer et al., 2016; Otto and Simpson, 2005), ac-

cumulation in lower layers becomes possible, even if degradation continues. Moreover, as waxes

on spruce needles are renewed throughout the year, lipid enrichment in the organic horizons and

the topsoil compared to fresh plant samples can be observed due to physical wax abrasion and

subsequent lipid depositions into the soil (Thomas et al., 2021; Heinrich et al., 2015).
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5 Conclusion

Lipid and elemental analysis in the different forest sections in Jaun (Switzerland) has shown sig-

nificant differences between the forest ages and the lipid distributions in samples from fresh plant

material to the topsoil. As expected, n-alkane dominant compounds and distributions revealed

spruce needles as the most important carbon source for the organic horizons and the topsoil. Fatty

acids, on the other hand, indicated that spruce twigs might be considered the most important source

of SOC. However, it was also shown that other plant organs, such as needles and bark, or other

plant species, such as mosses and lichens, might also be responsible to a greater degree for the

observed lipid distributions in the organic horizons and the topsoil. Surprisingly, the assessment of

fatty acids was not as expected and contradicted the statement of the n-alkanes. However, since

spruce needles generally belong to the most abundant component of the litter layer in Norway spruce

forests, this might suggest that n-alkanes, which identify spruce needles as the primary source of

SOC, are better suited as a proxy. The n-alkane values of the scatterplot (ACL/CPI) indicate,

that besides the investigated fresh plant sample types of spruce needles, spruce twigs, bark, mosses,

and lichens, no other plant signals might be missing from the surrounding biome, to conclude the

primary source of SOC. On the other hand, spruce cones (not investigated in this thesis), which

in general also belong to a primary compound of the litter layer in Norway spruce forests, could

also match the ACL/CPI scatterplot, and thus confirm their importance for SOC. However, further

investigations of spruce cones are needed to verify this assumption.

Samples from the organic horizons and the topsoil, as well as fresh plant samples, reveal a strong

odd-over-even predominance (OEP), which is indicative for higher plants, and δ13C values, which

lies within the range for C3 plants. Thus, molecular signals of higher plants (such as spruce trees),

and C3 plants (such as spruce trees, mosses, and lichens), could be detected both in the fresh plant

samples and in the soil. Furthermore, samples derived from the 40-, 55-, and 130-year-old forest

sections partly illustrate significant differences for C-, N-, δ13C-, ACL-, CPI-, and OEP values. But

contrary to the expectations, since no significant differences could be observed for the litter layer,

or the organic horizon Oi (except for N concentrations), it was impossible to conclude the different

vegetational influences between the three forest areas of different ages. Thus, significant differences

in the lower organic horizons and the topsoil might not be explainable with different litter layer

inputs, but rather with processes, which are responsible for the preservation or decomposition of

those components. The only indication for the prevailing tree diversity might be the n-alkane ACL

values, which are the lowest for the 40-year-old forest section, higher for the 55-year-old forest sec-

tion, and the highest for the 130-year-old forest section, regarding samples of the organic horizons

and the topsoil. In fact, a previous study has shown that, that ACL values of the organic horizons
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and topsoil are highest for coniferous forests, lower for mixed forests and lowest for deciduous forests

(Thomas et al., 2021), which is consistent with the observations from the investigated three forest

areas.

As expected, observed high ACL values for n-alkanes in the topsoil compared to the overlaying

organic horizons might result from preferential degradation of short-chained components and the

preferential preservation of long-chained molecules. Increasing ACL values for fatty acids from the

fresh plant samples to the organic horizons might also be caused by preferential degradation, but

also by the in situ production of long-chained fatty acids in the organic horizons. A considerable

decrease of OEP values from the organic horizon Oi to Oe observed in all forest areas, might

indicate increased effects of degradation in the Oe horizon. OEP values in the organic horizon Oa

then showed no changes compared to Oe, and finally decreased in the topsoil, except for the 130-

year-old forest section, where a significant increase of the OEP values can be observed. The C/N

ratio reveals that the organic horizon Oa is best suited for microbial growth and decomposition rate,

followed by the topsoil, the organic horizon Oe, and the Oi horizon. Continuous degradation from

the organic horizons to the topsoil and highest turnover rates of SOM in the organic horizons Oa and

Oe, can also be observed by increasing δ13C values, as well as highest decomposition rates for the

130-year-old forest section in the topsoil. Increasing degradation rates can also be shown by rapidly

decreasing CPI values in the two organic horizons Oe and Oa, and the switch from the dominant

n-alkane compound C29 to C31. Significant n-alkane enrichment of the 40-, and 55-year-old forest

section in the litter layer compared to the fresh plant samples, can be observed. Subsequently, a

substantial decrease in the organic horizons Oi and Oe, might result from continuous physical wax

abrasion, its accumulation in the litter layer, and from significant degradation of OM in the lower

organic horizons Oi and Oe.
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6 Limitations

Yields of total lipid extracts (TLE) were not considered in the context of this master thesis due to

an unsuccessful drying process. TLE data would have been valuable as verification for successful

extraction and to complete to the rest of the results. Incomplete drying may have affected the sub-

sequent methods of separation. Thus, some uncertainties in the results must be assumed. Another

uncertainty cannot be excluded during the integration of GC-FID peak areas. Since components

partially overlap, calculated peak areas and the information obtained from them about the weight

distribution of the different lipid components may contain errors. In order to extend the results of

this thesis, further analysis, such as measuring of lipid distributions of spruce cones, roots, wood,

mycelium, and other compounds of the forest vegetation, could be helpful, as they can also be con-

sidered as a source of SOC. Another possible extension would be the measurement of shorter chain

components of n-alkanes and fatty acids, as these can provide further information on microbial

processes and could be an essential part of understanding the carbon cycle in soil.

7 Outlook

Although many studies have been conducted about the transformation of n-alkanes and fatty acids

from plants to the soil, many gaps in knowledge persist. Since lipid distributions are highly variable,

even within plant species, further studies are needed to narrow down variations. In addition, other

organisms or plant organs need to be investigated for lipid distributions, such as roots, spruce

cones, wood, and fungi, as these might also play a significant role in forest soil carbon input.

Furthermore, due to climate change, it may be interesting to study lipid distributions in response to

changing environmental parameters. This would be particularly important, if reforested ecosystems

are considered as a possible carbon sink to mitigate climate change. In addition, it is unclear how

SOC will behave as climate change progresses. If, in the future, more carbon is prone to escape from

the soil, it would be of interest to implement this information in climate models. However, essential

findings are still missing and have been ignored in climate models so far. Thus, it is crucial that

further research on plant and soil lipid distributions are conducted and gathered in freely accessible

databases to create transparency and to facilitate further investigations.
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10 Appendix

Table 10: Color measurement 40-year-old forest

Table 11: Color measurement 55-year-old forest
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Table 12: Color measurement 130-year-old forest, moss and lichen
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Table 13: Elemental analysis 40-year-old forest
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Table 14: Elemental analysis 55-year-old forest
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Table 15: Elemental analysis 130-year-old forest, moss and lichen
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Table 16: n-Alkanes 40-year-old forest [µg g−1]
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Table 17: n-Alkanes 55-year-old forest [µg g−1]
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Table 18: n-Alkanes 130-year-old forest, moss and lichen [µg g−1]
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Table 19: Fatty acids 40-year-old forest [µg g−1]
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Table 20: Fatty acids 55-year-old forest [µg g−1]
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Table 21: Fatty acids 130-year-old forest, moss and lichen [µg g−1]

63



11 Personal declaration

I hereby declare that the submitted Thesis is the result of my own, independent work. All external

sources are explicitly acknowledged in the Thesis.

Murten, 06th of April

Nils Güntert

64


