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SYNOPSIS

1. INTRODUCTION

1.1. SOIL AND PEATLANDS AS CARBON SINKS

Soil plays an essential role in the global carbon cycle, functioning as a net carbon sink,
sequestering and storing an estimated 1700 PgC (Jackson et al., 2017), about 25% of which
is stored in peatlands (Jackson et al., 2017; Yu et al., 2010). Together, this is about four
times greater than the total carbon stock of terrestrial vegetation (450 PgC) (Erb et al., 2018)
and more than twice the amount of carbon in the atmosphere (870 PgC) (Canadell et al.,
2021). In the Sixth Assessment Report of the Intergovernmental Panel on Climate Change
(IPCC), increased soil carbon sequestration and peatland restoration are listed as carbon
dioxide removal strategies that could potentially mitigate the effects of anthropogenic
climate change (Canadell et al., 2021). To best realize the potential of soil and peatlands as
carbon sinks, it is vital to better understand the process of soil organic matter (SOM)
formation and stabilization to improve global earth system models (ESM) (Jackson et al.,
2017) for accurately quantifying soil carbon stocks and refining predictions related to
carbon cycling in response to environmental changes. This applies to both topsoils (<20 cm

depth) and the less-investigated subsoils (Angst et al., 2016).

The pool of organic matter is formed in soil through the deposition and incorporation of
plant tissues, above- and belowground, as well as animal remains, including those of
microorganisms (Kogel-Knabner, 2002; Angst et al., 2016). An interplay of biological,
chemical, and physical processes governs the formation and stabilization of organic matter,
including factors such as the amount and composition of plant material input and the soil
microbial community (Jackson et al., 2017). Investigating the sources of SOM can enhance
the understanding of the biotic factors affecting soil carbon sequestration, as the quantity
and distribution of SOM in the soil column are heavily influenced by the overlying

vegetation (Jobbagy & Jackson, 2000).

As mentioned, peatlands contain nearly 25% of the carbon stored in soils despite only

covering just under 3% of the land surface area (Yu et al., 2010; Xu et al., 2018). This is
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due to the way in which peatlands form. They contain a large amount of partially
decomposed plant material continuously accumulating in waterlogged, anoxic conditions,
which are detrimental to microbial activity. Over time, this results in the formation of peat
deposits that can store carbon for thousands of years (Barber et al., 1994). However,
peatlands have often been disturbed due to human activities such as drainage, peat
extraction, and land-use change, thereby potentially becoming a source of carbon emissions
rather than a sink (Swindles et al., 2019). To preserve the integrity of current peatlands as
well as to better predict their response to climate change, studying their development
through time and previous climate changes is essential (e.g., Naafs et al., 2019; Swindles et

al., 2019).

1.2. SOIL AND PEAT AS TERRESTRIAL ARCHIVES

Terrestrial archives, such as soil and peat, function not only as essential sinks in the global
carbon cycle but also as libraries of data on past vegetation and climate conditions (e.g.,
Barber et al., 1994; Chambers et al., 2012). Investigating these archives allows us to trace
vegetation and climate dynamics on centennial to millennial scales, gaining insight into past
environmental changes (McClymont et al., 2023), and can enable the use of these
observations to better inform climate models predicting future changes in our warming
world. For example, paleovegetation data can validate climate and vegetation models used
to predict the future effects of climate change on ecosystems; models that are able to
replicate past changes are likely to more reliably predict those in the future (Lavorel et al.,

2007).

Several methods have been developed over the past century to elucidate paleoenvironmental
conditions through the use of terrestrial archive records as proxies. These methods,
including palynology, the characterization of plant macrofossils, geochemical
measurements, radiocarbon dating, and the analysis of molecular fossils, known in this
context as “biomarkers,” have significantly increased our understanding of past ecosystem

and climate interactions.

1.3. PLANT MACROFOSSIL AND POLLEN RECORDS

Pollen and plant macrofossils are traditional paleobotanical approaches used to reconstruct

local and regional vegetation patterns through time and to identify climate or human impact
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on plant communities and evaluate their response (Mauquoy et al., 2008; Speranza et al.,
2000). In peatlands especially, the succession of plant communities through time is often
influenced by changes in hydrological regimes, and therefore, pollen and plant macrofossils
act as a proxy for paleohydrologic conditions (Andersson et al., 2011). However, there are
some limitations to their use. Pollen records often provide a more regional signal due to
airborne spread (Farrimond & Flanagan, 1996). Certain taxa may also be over-represented
in pollen records due to some species producing more pollen as well as variation in the
preservation of pollen grains (Birks & Birks, 2000). While plant macrofossils are more
reflective of local vegetation and can provide increased taxonomic precision in comparison
to pollen (Birks & Birks, 2000), their use is also dependent on preservation and can be
complicated in very humified archives (Andersson et al., 2011; Naafs et al., 2019). Plant
wax biomarkers are a comparatively newer vegetation proxy but can be beneficial to either
supplement pollen and macrofossil analysis or be analyzed on their own if the more

traditional approaches are not feasible (e.g., Ronkainen et al., 2015).

1.4. PLANT WAX BIOMARKERS

A small but important component of soil organic matter originates from plant waxes (Oades,
1988). Plant leaves are protected by a cuticle coated in hydrophobic wax; this wax layer is
comprised primarily of lipid and hydrocarbon polymers, including n-alkanes, n-alcohols
(also referred to as m-alkanols), and n-fatty acids (Chibnall et al., 1934; Eglinton &
Hamilton, 1967). Epicuticular wax serves multiple purposes for plants, including reducing
transpiration rates and limiting water loss, reflecting and thereby reducing the strength of
UV radiation, and impeding the ability of pathogens to adhere to plant tissue (Koch &
Ensikat, 2008; Shepherd & Wynne Griffiths, 2006). The constituent compounds of
epicuticular wax are environmentally persistent due to their insolubility in water, relative

chemical inertness, and resistance to biodegradation (Eglinton & Eglinton, 2008).

These chemicals enter sedimentary archives such as soil, lacustrine or marine sediments,
and peat through the deposition of plant tissue (Peters et al., 2005) or as aerosol particles
following wind abrasion (Nelson et al., 2018). Multiple studies have investigated the utility

of using plant wax biomarkers as chemotaxonomic indicators for their source material with
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mixed results (Jansen & Wiesenberg, 2017); these include studies of terrestrial archives as

well as studies of archaeological sites and artifacts (e.g., McGovern & Hall, 2016).

1.5. UNRAVELING BIOMARKER COMPOSITIONS

CHALLENGES
While plant wax biomarkers have been used successfully in multiple studies to aid in

paleoenvironmental reconstructions and source identification, there are many factors
influencing their composition that complicate their use as chemotaxonomic indicators
(Jansen and Wiesenberg, 2017). Because the building blocks of plant waxes are ubiquitous
across species, there are potential overlaps in the chemical composition and distribution
patterns of different species which complicates source assignment. Additionally, while
biomarkers are relatively robust following deposition, there are still degradation processes
occurring that could potentially obscure the original compositions if certain compound are

preferentially degraded in comparison to others.

Furthermore, due to their purpose as protection for plant leaves, the biomarker composition
is affected by environmental factors, such as season, climatic factors such as temperature,
and ontological factors such as growth stage (Shepherd and Wynne Griffiths, 2006).
Additionally, plant waxes and their constituents are present not only in leaves but in other
plant organs, such as roots, with differing compositions (e.g., Jansen et al., 2006). Therefore,
terrestrial archives contain a mixture of biomarkers from aboveground and belowground
biomass of different species, of various residence times, and growing conditions.

Unraveling the archival signal into its various sources is quite a puzzle.

MODELING APPROACHES
As a response to this challenge, the VERHIB (VEgetation Reconstruction with the Help of

Inverse modeling and Biomarkers) model was developed (Jansen et al., 2010). It uses the
input of biomarker data from plant species as well as from an archive such as a soil or peat

core to determine the contribution of individual plant sources to the overall signal.

Other quantitative approaches have been developed as well including the use of mixing
models with datasets from lacustrine and marine sediments as well as more recently, the

incorporation of Bayesian statistics into these models (Yang and Bowen, 2022) and the
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application of machine learning techniques to biomarker source apportionment (Peaple et

al., 2021).

2. OBJECTIVES AND RESEARCH QUESTIONS
This thesis was completed as part of the "IQ-SASS - Improved Quantitative Source

Assessment of organic matter in Soils and Sediments using molecular markers and inverse
modeling" project, the goals of which include developing a VERHIB 2.0 model that will
improve upon the first version and will run in R, rather than MATLAB, as R is open-source

and more accessible.

As mentioned in the Introduction, plant-derived biomarkers have been used frequently for
studies of soil organic matter and in the context of paleoecological reconstructions. Of these,
n-alkanes are the most commonly used and well-studied. Consequently, n-alkanes offer the
best starting point for improving quantitative source assessment. However, there has not
been a systematic assessment aimed at deriving quantitative degradation parameters of n-
alkanes, which limits the potential to develop a universally applicable approach to source
assessment of organic matter using biomarkers. Therefore, the first objective of this research

was as follows:

Objective I: Identify processes and parameters that should be considered
in the improved model

Research questions: What data is available about changes in biomarker composition
along the plant to soil continuum and to what extent can this data be readily
quantified into a widely applicable parameter for source assessment?

Hypothesis: Compiling data across available studies of n-alkanes, as the most
frequently used biomarker class, will allow for the calculation of a degradation
coefficient that could be implemented into the VERHIB model to widen its

applicability.

n-Alkanols and n-fatty acids are also plant-derived straight chain lipid biomarkers but have
been much less frequently used than n-alkanes. Including these measurements in. biomarker
studies theoretically has the potential to triple the information regarding organic matter

sources, depending on how complementarity the data is. However, very few studies include
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these three classes simultaneously in high-resolution multi proxy paleoecological
reconstructions. Therefore, to qualitatively assess the possibility of improving source
apportionment using multiple lipid classes, the joint applicability of n-alkanes, n-alkanols,
and n-fatty acids should be assessed by reconstructing the paleoecology of a suitable
terrestrial archive with available fossil pollen and plant macrofossil data as a comparison.

The second objective of the research was as follows:

Objective II: Paleoecological reconstruction of the Beerberg peatland
using plant-derived biomarkers and traditional paleobotanical proxies

Research questions: How did the climate and vegetation develop over time at the
Beerberg peatland?

What biomarker ratios are most indicative for paleo transitions at the Beerberg
peatland?

Hypothesis: A high-resolution biomarker record including n-alkanes, n-alkanols,
and n-fatty acids will enable a more robust reconstruction than traditional proxies
alone and ratios indicative of vegetation transitions can be derived for n-alkanols

and n-fatty acids, as these are not typically measured in such studies.

To have a truly systematic and quantitative approach to source apportionment and
reconstruction, the VERHIB model must be optimized and better calibrated. To evaluate the
added value of the additional lipid classes and test the potential for expanding VERHIB, the

third objective was developed as follows:

Objective III: Evaluate VERHIB (MATLAB) performance using
Beerberg peatland biomarker dataset

Research questions: How does the biomarker composition of modern vegetation
samples vary across plant organs and groups?

What combination of parameters provides the best model fit for the Beerberg
sequence?

What does the inclusion of n-alkanols and n-fatty acids add to the analysis?
Hypothesis: Combining multiple plant-derived molecular compounds, i.e., n-
alkanes, n-alkanols, and n-fatty acids, to the VERHIB model will enable more

precise identification of plant species in the reconstructions.
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3. LIST OF MANUSCRIPTS

The objectives and research questions were addressed in three research manuscripts.

Manuscript I

Thomas, C. L., Jansen, B., van Loon, E. E., and Wiesenberg, G. L. B., 2021. Transformation
of n-alkanes from plant to soil: a review. SOIL, 7, 785-809, https://doi.org/10.5194/s0il-7-
785-2021.

Authors’ contributions: CLT: Conceptualization, Methodology, Formal analysis, Data
curation, Writing Original draft, Writing—Review & Editing, Visualization; BJ:
Conceptualization, Writing—Review & Editing, Supervision; EEvL: Conceptualization,
Writing—Review & Editing, Supervision; GLBW: Conceptualization, Writing—Review &

Editing, Supervision, Project administration, Funding acquisition.

Manuscript I addresses Objective I and the related research questions through a systematic
literature review examining the behavior of n-alkanes along the plant-to-soil continuum.
Many studies have investigated plant-derived biomarkers at individual sites or regions and
available review papers are qualitative in nature. There has not been a concentrated focus
on quantifying degradation or transformation processes for use in widely applicable models.
The manuscript compiles and analyzes available data on the fate of n-alkanes in soil to

improve mechanistic understanding.

Manuscript 11
Thomas, C. L., Jansen, B., Czerwinski, S., Gatka, M., Knorr, K.-H., van Loon, E. E., Egli,
M., and Wiesenberg, G. L. B., 2023. Comparison of paleobotanical and biomarker records

of mountain peatland and forest ecosystem dynamics over the last 2600 years in central

Germany, Biogeosciences, 20, 4893—4914, https://doi.org/10.5194/bg-20-4893-2023.

Authors’ contributions: CLT: Conceptualization, Formal analysis, Investigation, Data
curation, Writing—Original draft, Writing—Review & Editing, Visualization; BJ:
Writing—Review & Editing, Supervision; SC: Formal analysis, Investigation, Writing—
Review & Editing, Visualization; MG: Methodology, Formal analysis, Investigation,

Writing—Review & Editing, Visualization; K-HK: Conceptualization, Methodology,
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Writing—Review & Editing; EEvL: Writing—Review & Editing, Supervision; ME: Formal
analysis, Investigation, Writing—Review & Editing; GLBW: Conceptualization,
Methodology, Resources, Writing—Review & Editing, Supervision, Project administration,

Funding acquisition.

Manuscript II addresses Objective II through a high-resolution multi-proxy study of a core
from the Beerberg peatland including radiocarbon dating, elemental analysis, pollen and
plant macrofossil identification, and biomarker analysis. Although the multi-proxy
approach is not new, there are very few studies that include multiple lipid classes as most
focus on only n-alkanes. The extensive dataset developed from the Beerberg core was used
to assess the qualitative contributions that biomarker analyses add to paleoecological

reconstructions.

Manuscript IIT

Thomas, C. L., Jansen, B., van Loon, E. E., and Wiesenberg, G. L. B. Evaluating the
applicability of the VERHIB model to a 2600-year peat sequence from central Germany.
Will be submitted to Palacogeography, Palacoclimatology, Palaeoecology, 2024.

Authors’ contributions: CLT: Conceptualization, Investigation, Formal analysis, Data
curation, Writing—Original draft, Writing—Review & Editing, Visualization; BJ:
Conceptualization, Writing—Review & Editing, Supervision; EEvL: Conceptualization,
Methodology, Writing—Review & Editing, Supervision; GLBW: Conceptualization,
Methodology, Resources, Writing—Review & Editing, Supervision, Project administration,

Funding acquisition.

Manuscript III addresses Objective III through the application of the previously published
VERHIB model to the Beerberg dataset, including a biomarker analysis of modern
vegetation samples from the Beerberg site to be used as model input. This study also tests
the use of n-fatty acid data in the model for the first time and evaluated the best combination

of parameters using the Beerberg dataset.
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4. SUMMARY OF METHODOLOGY

This section describes the methods used in the three manuscripts as well as further work

that will be published following thesis submission.

Table 1. Summary of methods used for each manuscript.
Manuscript Research type Methods and Section #
I Literature review Literature review and meta-

analysis (3.1)

II Field and laboratory | Sampling (3.2), Laboratory
analysis analysis (3.3.1-3.3.5), Data
analysis (3.4.1-3.4.3)

I Field and laboratory | Sampling (3.2), Laboratory
analysis and modeling | analysis (3.3.1-3.3.4), Data
(MATLAB) analysis  (3.4.2, 3.44),
Modeling (3.5)

4.1. LITERATURE REVIEW AND META-ANALYSIS
To gain insight into potential processes or parameters that should be considered in an

updated model, Manuscript I was a quasi-systematic literature review performed to
quantitatively investigate the fate of n-alkanes from plant source to deposition and
incorporation into soil and peat. n-Alkanes were chosen because they are by far the most

common plant-derived biomarker studied.

To be as systematic as possible, a Boolean search string was devised to query the databases
included in the Web of Science: ((“leaf wax*” OR “lipid biomarker*” OR “alkane*” OR
“n-alkane®” OR “‘chemical fossil*” OR “epicuticular wax*” OR “molecular prox*”’) AND
(“soil*” OR “peat*” OR “topsoil*” OR “litter*”)). To screen the results, the following

selection criteria were adopted:

1. Published in a peer-reviewed journal.
2. Contains primary data or observations on the degradation of the distribution patterns,
concentration, or index measurements (such as Carbon Preference Index (CPI), Odd-

over-Even Predominance (OEP), or Average Chain Length (ACL)) of n-alkanes.
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3. Conducted in natural soil or peat with minimal contamination, or in laboratory
conditions if microbial degradation of n-alkanes in natural soils was investigated.
4. No enhanced or artificial measures taken to promote degradation.

5. Includes data on modern soils.

From the studies that met these criteria, the following types of information were extracted

when available:

1. Molecular data (n-alkane concentration, CPI, OEP, ACL)

2. Environmental data (elevation, mean annual air temperature (MAAT), mean annual
precipitation (MAP))

3. Soil data (soil type, pH, total organic carbon (TOC))

4. Vegetation data (species, general vegetation)

A meta-analysis was performed on the extracted data by grouping the studies into six biome
types based on dominant vegetation: coniferous forest, deciduous forest, mixed forest,

grassland or shrubland, peatland, and steppe.

4.2. STUDY SITE AND SAMPLING PROCEDURES
The chosen site for the test dataset developed in Manuscripts II and III was the Beerberg

peatland (50° 39' 32" N, 10° 44' 36" E, 983 m), located in the Thuringian Forest in central
Germany. This location was chosen due to the scarcity of paleoenvironmental records from
the Thuringian Forest and the peatland is part of a nature reserve and is therefore likely more
intact than most other regional bogs. Beerberg peatland sits atop the Grosser Beerberg
mountain and is ombrotrophic ("rain-fed"), meaning that it receives water and nutrients only
from precipitation (Andersson et al., 2011). Estimated annual precipitation is 1300 mm
(Gorner et al., 1984) with a mean annual temperature of 4°C (Jeschke and Paulson, 2000).
The current vegetation assemblage at the site is consistent with typical bog species including

Sphagnum mosses, a few dwarf shrubs, and young trees scattered across the peatland.

Sampling took place in October 2019. Peat cores were extracted using two Russian peat
corers (5 cm diameter, Eijkelkamp, Giesbeck, The Netherlands; 7 cm diameter, self-made).

Two hummocks approximately 20 cm apart were alternately cored to a depth of 340 cm.
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Plants within a five-meter radius of the coring sites were sampled, with multiple specimens

per species being mixed into one sample.

4.3. LABORATORY ANALYSIS

SAMPLE PREPARATION
Both the peat core and plant samples were kept cool with ice packs until they could be

transported to the Physical Geography lab at the University of Zurich and stored at -20 C.
From the peat core, bulk samples were taken at 5 cm intervals, with additional samples taken
where there was a layer with a distinct color or texture change, including 10-12 c¢cm, 170-
172 cm, 270-272 c¢m, 325-327 cm, 327-328 cm, and 337.5-340 cm. Plant samples were
separated as well as possible into their various parts: non-woody aboveground biomass (e.g.,
leaves or needles), woody aboveground biomass (hereafter referred to as stems), and roots.
Moss species samples were left intact as separating above- and belowground biomass would
be very difficult and time-consuming. All of the samples were then freeze-dried until they

reached a constant weight and homogenized using a horizontal ball mill.

LIPID BIOMARKER EXTRACTION AND PREPARATION
The milled samples were subjected to Soxhlet extraction following the method by

Wiesenberg and Gocke (2015). In short, the samples were placed in the Soxhlet apparatus
for ca. 30 hours with a solvent mixture of dichloromethane (DCM): methanol (MeOH)
(93:7, v/v) to obtain the total lipid extracts. Afterwards, these total extracts were sequentially
divided into three fractions: the first comprising neutral components like n-alkanes and »n-
alkanols, the second containing n-fatty acids, and the third consisting of polar and
compounds with high molecular weights. Separation was performed using a glass column
packed with Silica 60 + 5% potassium hydroxide (KOH), utilizing the solvents DCM, DCM:
formic acid (99:1, v/v), and DCM: MeOH (1:1, v/v). The neutral fraction was further
separated into aliphatic, aromatic, and heterocompound fractions using a Pasteur pipette
filled with activated silica gel was and the solvents n-hexane, n-hexane: DCM (1:1, v/v),
and DCM: MeOH (93:7, v/v). Further details may be found in Manuscript II (Thomas et al.,
2023).
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IDENTIFICATION AND QUANTIFICATION USING GAS-

CHROMATOGRAPHY
Quantification of n-alkanes, n-alkanols, and n-fatty acids was performed using an Agilent

7890B GC equipped with a multimode inlet and flame ionization detector (FID).
Identification of biomarker compounds was conducted with an Agilent 6890N GC fitted
with a split-splitless injector and an Agilent 5973 mass selective detector (MS).

Both instruments utilized a DB-5MS column (50 m x 0.2 mm x 0.33 pum) and a 1.5 m
deactivated pre-column, with helium as the carrier gas flowing at 1 ml min!. The same
heating program was also used for each instrument. The temperature program for n-alkanes
maintained a starting temperature of 70°C for 4 min, then increased to 320°C at a rate of
5°C min™! held for 50 min. For n-fatty acids and n-alkanols, the temperature started at 50°C
for 4 min, rose to 150°C at a rate of 4°C min™!, and ramped up to 320°C at 3°C min™! held
for 40 min. Each sample (1 pl) was injected into the GCs in splitless mode. The GC-MS
operated in electron ionization mode at 70 eV, scanning a range from m/z 50-550. Mass
spectra of individual biomarker compounds were compared with external standards and

entries from the NIST and Wiley mass spectra library to facilitate identification.

RADIOCARBON DATING
The core from the Beerberg peatland was dated using hand-picked plant remains. First, these

remains underwent an acid-alkali-acid treatment then were combusted at 900°C to generate
carbon dioxide, which was subsequently reduced to graphite. Finally, the carbon isotope
composition was determined using Accelerator Mass Spectrometry (AMS) at the Institute
of Ion Beam Physics at the Swiss Federal Institute of Technology (Zurich, Switzerland)
with the 0.2 MV MICADAS facility.

MACROFOSSIL ANALYSIS

Plant macrofossils in the core were examined at 4 cm intervals, using samples 1 cm thick
with a volume of approximately 8 cm?. Before analysis, the samples were washed with
warm water over 0.20 mm mesh screens. Comparison with recently collected specimens
and identification keys (Smith, 2004; Mauquoy and Van Geel, 2007) were used to estimate
the percentage of fossils from vascular plants and brown mosses and to identify carpological
remains and vegetative fragments, including rootlets, leaves, and epidermis. For a detailed
explanation of the classification of Sphagnum mosses, see Manuscript Il (Thomas et al.,

2023).
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POLLEN ANALYSIS
Samples of the core were taken at depths 2.5 cm, 6.5 cm, 9.5 cm, and then every 5 cm

beginning at a depth of 12.5 cm, resulting in 69 samples to be used for pollen analysis. Each
sample had a volume of 2 c¢cm® and was prepared according to Berglund and Ralska-
Jasiewiczowa (1986). Briefly, carbonates were dissolved using 10% hydrochloric acid
(HCl), humic compounds were eliminated by heating the samples in 10% potassium
hydroxide (KOH), and the mineral fraction was removed by soaking the samples in 40%
hydrofluoric acid (HF) for 24 h. Finally, a Lycopodium tablet (10679 spores; produced by
Lund University) was added as a marker (Stockmarr, 1971). Pollen grains were counted
using an Eclipse 50i upright microscope until a sum of at least 500 arboreal pollen (AP)
grains was reached. In 33 samples, this sum was not met due to the rapid peat accumulation
rate, including seven samples in which a 100 AP sum was not achieved. Pollen taxa
identification was carried out using atlases by Beug (1961) and Moore et al. (1991), along
with reference grain samples from the Institute of Geoecology and Geoinformation, Adam
Mickiewicz University, Poznan. In addition to pollen, selected non-pollen palynomorphs
(NPPs) such as fungi and algae, as well as microscopic charcoal particles in size fractions
0f0.01-0.1 mm and >0.1 mm, were counted. The counting of microscopic charcoal particles
continued until their sum, combined with simultaneously counted Lycopodium spores,
reached 200, following the approach of Finsinger and Tinner (2005) and Tinner and Hu
(2003). Finally, palynological markers of human influence were categorized based on the

guidelines by Behre (1981) and Gaillard (2013).

4.4. DATA PROCESSING AND ANALYSIS

RADIOCARBON DATING
The oft-used package rbacon (Blaauw et al., 2021) was used to develop an age-depth model

and to calculate peat accumulation rates. The Bacon model uses Bayesian statistics (Blaauw
and Christen, 2011) for its age-depth curves. To ensure accuracy, the youngest radiocarbon
date (-552 +/- 23 cal yr BP) was disregarded due to its significant deviation from the
stratigraphic context of other dates. To maintain consistency, an estimated surface sample
age of -70 yr BP +/- 5 was introduced.. Calibration was performed using the IntCal20
(Reimer et al., 2020) and NH1 (Hua et al., 2013) calibration curves for pre-bomb and post-
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bomb dates respectively. Mean values generated by the age-depth model at 1 cm resolution

are referenced in subsequent sections.

BIOMARKER RATIOS AND INDICES

Biomarker data was reported as absolute concentrations in units of microgram per gram dry
weight. With these values, a number of ratios and indices developed to better interpret
biomarker data were calculated. Table 2 contains those used during the course of this PhD

project.

Table 2. Biomarker ratios and proxies.

Compound | Name Equation Indicates Source
class
n-alkanes | CPI' (X, Coiq + X7EHL 1 Coiyq) | Source and Marzi et al.,
2(XmiL, C) degree of 1993
degradation
ACL! mLQRi+1)* Cyiyq Dominant Poynter et
Yitn Caiva vegetation al., 1989
type,
environmental
conditions
Paq Cy3 + Cys Terrestrial Ficken et

Cy3 + (25 + (a9 + (34 plant versus al., 2000

aquatic
macrophyte
input to lake
sediments;
water levels

in peat bogs

Puax Cy7 + (9 + (34 Proportion of | Zheng et
C23 + Co5 + (o7 + (o9 + C3q waxy al., 2007

hydrocarbons
from
terrestrial
plants to total

hydrocarbons;
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moisture

levels
Ca3/Cas Cas Shift in McClymont
C2s dominant et al., 2008
Sphagnum
species
C/(Cr7+Cs1) Cys3 Proportion of | Andersson
Co7 + (a1 mosses to etal., 2011
vascular
plants;
moisture
levels
C23/(Cp3+Cao) Cys3 Proportion of | Ronkainen
(23 + (a9 mosses to etal., 2013
vascular
plants;
moisture
levels
Cas/(Cas+Cao) Cys Proportion of | Ronkainen
(25 + Ca9 mosses to etal., 2013
vascular
plants;
moisture
levels
OEP 2182 Coinn Source and Hoefs et al.,
1213 Co degree of 2002
degradation
n-alkanols | CPI' (X, Coy + XL Cy;) | Sourceand | Adapted
2(2?3111 C2i+1) degree of from Marzi
degradation etal., 1993
ACL! m o (2i) % Cyy Dominant Adapted
Litn Cai vegetation from
type, Poynter et
environmental | al., 1989
conditions
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C2/Co4 Ca2 Grass vs Van Bergen
C24 forest et al. 1997
vegetation
(Ca2+C24)/(Ca+Cas) Cyz +Cay Climatic Zheng et
Ca6 + Cag changes in al., 2011
peat bog
C24/Cas Caa Potential Thomas et
C2g shifts in al., 2023
vegetation
n-fatty CPI' (X, Co + X441 C;) | Source and Adapted
acids 2(XmiL Coren) degree of from Marzi
degradation etal., 1993
ACL' m Q20 * Cyy Dominant Adapted
Litn Cai vegetation from
type, Poynter et
environmental | al., 1989
conditions
Ci5/(Ci5+Cie) Cis Warm and Zheng et
Cis + Cie wet al., 2007
conditions
favoring
microbial
degradation
C24/Cas Caa Abundance of | Thomas et
Cas Sphagnum al., 2023
moss

1. where Cx is the concentration of each lipid containing x carbon atoms; # and m are the chain lengths
of, respectively, the starting and ending lipids divided by 2 (note: both 2z and 2m should be even
numbers). For the n-alkanes, m is 11 and » is 15. For the n-alkanols, m is 10, and # is 14. For the n-

fatty acids, m is 10, and 7 is 16.

CLUSTER ANALYSIS
The biomarker and elemental results of the core were subject to a constrained hierarchical

clustering approach (CONISS, Grimm (1987)) to determine dissimilarity between the

samples and to identify significant zones that separate the core into characteristic phases.
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This approach is most often used on pollen data and determines major changes in vegetation
assemblage through time. The analysis was performed with the R packages vegan (Oksanen
et al., 2020) and rioja (Juggins, 2020). For the elemental data, the Euclidean distance was
calculated based on the concentrations of C and N, the C/N ratio, and the C stable isotope
values using the dist function. Conversely, biomarker concentration data was used to
calculate Bray-Curtis dissimilarity, which is deemed more suitable for compositional data,
computed through the vegdist function.. The CONISS analysis was performed on the
dissimilarities with the chclust function, with clusters constrained by depth. The number of
zones was determined by employing the broken-stick model (MacArthur, 1957; Bennett,
1996) with the bstick function.

ORDINATION
Because the plant biomarker data does not have a stratigraphic component, it was subject to

ordination rather than constrained clustering. A PCA was completed using the R packages
FactoMineR (Husson et al., 2023) and factoextra (Kassambara and Mundt, 2020). The
abundances were normalized so that greater abundances were not given extra weight. The
peat core data was also subject to ordination to facilitate comparison between the core and

the modern plant samples.

4.5, MODELING

VERHIB IN MATLAB
The VERHIB model mentioned in the introduction is fully described in Jansen et al., 2010.

It consists of a linear regression model describing the accumulation of plant-derived
biomarkers over time in an archive; this forward model is inverted to estimate the plant
assemblage that was most likely to have been present. Briefly, the forward model is based

on the equation:

[lmy ()]
b D) [h@les = Uf@ley rhi@res = rf@rey]| )
[bi(a, t)] @len - @ty ey e, [™O
[rm; (1) ]
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in which b;(d, t) is the mass of biomarker i accumulated at depth d during time ¢, Ic; ; is the
concentration of biomarker i in the leaf of plant j, rc; ; is the concentration of biomarker i
in the root of plant j, If;(d) is the fraction of leaf mass of plant j accumulating at depth 4,
and rf;(d) is the same for root mass, Im;(t) is the leaf mass of plant j during time ¢ and
rmy) is the root mass of plant j during time z. The leaf to root mass ratio is a parameter that
can be specified for each plant species based off of field data, literature, or estimation.
Additionally, each plant's leaf and root biomass must be greater than or equal to zero as a
constraint. It is also important to carefully consider which plant species to include in the
database for the model as they should be those most likely to occur in the investigated

location over the specified time period.

The inverse model is based on the matrix equation:

b=Ap

Where b is a vector of the biomarker composition in each depth layer, 4 is a matrix
containing known constants, including those related to plant groupings and autocorrelation
between depth layers, and p is a matrix of the parameters to be solved for. The equation is
solved using a least-squares approach. Additionally, it is possible to specify two additional
coefficients to increase the weight of the autocorrelation and the plant groupings to smooth

the results.

EVALUATION
We calculated the Pearson correlation coefficient between the predicted core biomarker

composition (y) and the actual values (x) using the equation:

L&D
V-7 10 -5

The Pearson correlation coefficient was used to check for equifinality.
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5. RESULTS

5.1. TRANSFORMATION OF BIOMARKERS FROM PLANT TO
SOIL

From the data gathered during the literature review, two distinct trends were readily
identifiable: (1) decrease in total concentration of n-alkanes along the plant to soil
continuum and (2) preferential degradation of odd chain lengths and shorter chain lengths.
Additionally, the overall challenge of performing a systematic review of biomarker data
highlighted a need for more uniform reporting standards going forward as well as a need for
more research in underrepresented geographic areas. As n-alkanes are by far the most
widely used and reported plant-derived biomarker, these findings are also applicable to n-
alkanols and n-fatty acids, as well as other classes of compounds such as sterols and

isoprenoids.

N-ALKANES FROM PLANT TO SOIL
Within the 37 studies, there were both litterbag experiments and studies on open plant-soil

systems, defined as natural systems with no manipulation. Across all studies, there was a
nearly ubiquitous trend of decreased concentration of n-alkanes with time or with depth.
While this was not unexpected as the concentration of n-alkanes in plant tissue will be higher
than in soil due to the changes in medium as soil is a heterogenous mixture of multiple
components and not only organic matter, the extent of the decrease belies the assumption
that n-alkanes are relatively recalcitrant. Although n-alkanes may persist longer than other

organic compounds, they are still readily degradable.

RESULTS FROM LITTERBAG EXPERIMENTS
Six litterbag experiments were reviewed, ranging from 300 days to 23 years (Table 1,

Manuscript I). These studies explored n-alkane degradation in various species and settings.
The majority of experiments showed a substantial decline in n-alkane concentrations
compared to initial biomass, with Neosinocalanus affinis, Zea mays, and Pisum sativum
exhibiting the most significant drops (Fig. 1, Manuscript I). However, Erigeron speciosus
and Setaria viridis demonstrated an increase in n-alkane concentration (Fig. 1, Manuscript
I). The n-alkane distribution patterns remained relatively consistent across species

(Supplementary Material, Manuscript I).
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In four studies, the ACL was assessed, revealing minor changes over time. Notably, .
affinis had a significant increase in ACL, while Calluna vulgaris's ACL decreased (Fig. 2a,
Manuscript I). CPI data, available from the same studies, showed diverse trends. N. affinis's
CPI initially dropped but later increased, while Fagus sylvatica's CPI grew over two years
(Fig. 2b, Manuscript I). C. vulgaris and Osmanthus fragrans experienced slight CPI
declines, spanning 23 years and 369 days, respectively. Wang et al.'s (2014) grass
experiments displayed varied CPI changes, with Amaranthus retroflexus showing a unique
pattern. Additionally, Zech et al. (2011) reported OEP, finding changes in Acer

pseudoplatanus, Sorbus aucuparia, and F. sylvatica over 27 months (Fig. 2b, Manuscript

D).

RESULTS FROM OPEN-PLANT SOIL SYSTEMS
In 21 studies, n-alkane compositions in litter, fresh plants, and soil were compared (Fig. 3,

Table 2, Manuscript I). These studies spanned various climates and environments, grouped
into six biomes: coniferous forest, deciduous forest, mixed forest, grassland or shrubland,

peatland, and steppe, based on their locations.

Across most sites, n-alkane concentrations decreased consistently from fresh leaves to
senescent leaves (if present), litter, organic layers (if present), and topsoil (Fig. 3,
Manuscript I). The drop from litter to topsoil averaged 46%, and from fresh plants to topsoil,
it was 87%. Notably, coniferous and mixed forest vegetation displayed increased n-alkane

concentrations when normalized to TOC.

Distribution patterns of n-alkanes from plants to soil varied (Supplement, Manuscript I).
Some findings were opposing. For instance, Zhang et al. (2017) found more long-chain n-
alkanes (Cz7 -Cs3) in peatlands dominated by Sphagnum, and fewer mid-chain n-alkanes
(C21-Css). Conversely, Marseille et al. (1999) identified more mid-chain lengths in deeper
litter layers of F. sylvatica forest soils. Other studies reported decreased relative
concentrations of long-chain n-alkanes (Chikaraishi and Naraoka, 2006; Otto and Simpson,
2005; Hirave et al., 2020), while Nguyen Tu et al. (2001) noted a preference for shorter

chain lengths in Gingko biloba leaves.
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Figures 4a-c (Manuscript I) illustrate changes in ACL, CPI, and OEP from plants to soil, as
reported or calculated. ACL generally rose from fresh plant material to topsoil, except in
grassland, shrubland, and mixed forest sites (Fig. 4a, Manuscript I). CPI and OEP both
decreased from fresh material to topsoil across all vegetation types, except for coniferous

forests (Fig. 4b, 4c, Manuscript I).

RESULTS FROM SOIL PROFILES
Over time, partially decomposed plant material from the litter layer is integrated into the

topsoil, aided by soil microbiota and organisms like earthworms. Below lies increased root-
derived carbon and reduced litter-derived carbon (Angst et al., 2016). Limited research
suggests root biomass could be a significant soil n-alkane source, especially in subsoil under
specific conditions (Jansen and Wiesenberg, 2017). Numerous studies examined n-alkane

levels in soil profiles across the six biomes.

Figures 5a and 5b (Manuscript I) display n-alkane concentration changes normalized to dry
weight for different depths. Figures 6a and 6b (Manuscript I) show TOC-normalized data,
available for deciduous forest, grassland, and peat vegetation. Results varied across studies
and biomes. Coniferous forests showed mixed A horizon trends, with some increase and
mostly decrease (Schéfer et al., 2016) (Fig. 5a, Manuscript I). Deciduous forests had varying
results, depending on TOC normalization (Figs. 5a, 5b, 6a, 6b, Manuscript I). Contradictory
A horizon trends emerged; Anokhina et al. (2018) reported an increase (Fig. 6b, Manuscript
I), while Schéfer et al. (2016) found decreases (Fig. 5a, Manuscript I). Anokhina et al.
(2018) found changes below, including an E horizon increase and B horizon decrease (Figs.
6a, 6b, Manuscript I). Others mostly saw decreasing concentrations (e.g., Angst et al., 2016;
Bull et al., 2000; Cui et al., 2010; Wu et al., 2019). Grassland sites usually showed n-alkane
concentration decline from A to B horizons (Fig. 5a, Manuscript I). Two grassland studies
explored horizons below A: Celerier et al. (2009) reported a 53.56% A to B decrease, Feng
and Simpson (2007) noted mixed A to B and B to C changes (Fig. 5a, Manuscript I). In the
steppe biome, alternating n-alkane concentration increases and decreases were found down

to 97.5 cm (Buggle et al., 2010).

Soil contained a broader n-alkane chain length range than plants or litter (e.g., Angst et al.,
2016; Anokhina et al., 2018). Soil n-alkanes often included more even-chain-length types
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than plants or litter, implying diverse sources (Almendros et al., 1996). Dominant chain
lengths mostly remained consistent or shifted to longer lengths at lower depths (e.g., Angst
etal., 2016; Anokhina et al., 2018; Bull et al., 2000). Most studies found C»s as the dominant
chain length in soil, confirming leaf wax as primary n-alkane source. Index measurements
varied. ACL changed with depth (Figs. 7a, 7b, Manuscript I). CPI generally decreased (e.g.,
Angst et al., 2016; Celerier et al., 2009; Huang et al., 1996; Wu et al., 2019). OEP mostly

decreased, with exceptions (Figs. 9a, 9b, Manuscript I).

5.2. BIOMARKERS AS PALEOVEGETATION PROXIES
BEERBERG CASE STUDY

RADIOCARBON DATES AND AGE-DEPTH MODEL
Using the radiocarbon dates and the Bacon age-depth model, the mean age of the lowest

depth (340 cm) calculated was 2528 cal yr BP. The age-depth model (Fig. 2, Manuscript II)
also enabled three clear phases of distinct accumulation rates to be seen: 0.66 mm/yr from
2528—1826 cal yr BP (340—293.5 cm), 1.99 mm/yr from 1826—978 cal yr BP (293.5—
124.5 cm), and 1.27 mm/yr from 978 cal yr BP—Present (124.5—0 cm).

ELEMENTAL C AND N, STABLE C ISOTOPE
The CONISS analysis based on Euclidean distance separated the elemental data (C%, N%,

C/N, 8'3C) into five phases: 2528—2113 cal yr BP (Phase I-G), 2113-1569 cal yr BP (Phase
II-G), 1569-1151 cal yr BP (Phase I1I-G), 1151-809 cal yr BP (Phase IV-G), and 809 cal
yr BP — Present (Phase V-G) (Fig. 3, Manuscript II). The transitions between phases appear
to be most correlated with changes in the 8'3C values, which generally increased through
Phases I-G through III-G (ranging from -23.5%0— -26.9%0) and then decreased through
Phases IV-G and V-G (ranging from -24.0%o0— -29.3%0). The C/N ratio also followed a
similar pattern to the 8'3C values. C/N ranged from 19.5-197.7, with the highest values in
Phases III-G and IV-G.

BIOMARKER COMPOSITION AND ABUNDANCE
The CONISS analysis of the biomarker abundance data based on the Bray-Curtis

dissimilarity index indicated four phases: 2528 —1657 cal yr BP (Phase I-B), 1657—809 cal
yr BP (Phase II-B), 809—35 cal yr BP (Phase I1I-B), and 35 cal yr BP—Present (Phase I'V-

B) (Fig. 6, Manuscript II). These phases are shortly described below:
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PHASE [-B (2528—1657 CAL YR BP)
In the first phase, the total lipid extract (TLE) was relatively high but began to decrease

around 2272 cal yr BP. The biomarker ratios followed differing patterns: Paq, C23/(C23+Ca9),
C25/(Ca51tCa9), and C23/(Ca7+C31) generally increased, while C23/Cas and Pwax generally
decreased. Of the n-alkanol ratios, (C22+C24)/(Cas+Cas) and C24/Cos increased throughout
the phase while C2/Ca4 decreased. For the n-fatty acid ratios, Cis/(Ci5tCis) stayed about

the same while C,4/Cog increased.

PHASE II-B (1657—809 CAL YR BP)

In the second phase, the TLE continued to decrease until around 1209 cal yr BP when it
began to increase. During this phase, many of the proxies followed a similar curve or its
inverse, reaching either a peak or dip near the middle of the phase. These include ACLALk,
C23/(Ca31+Cr9), C25/(CastCr9), C23/(C27+C31), Pag, Pwax, n-alkanol C22/Ca4, and n-fatty acid
C24/Cag (Fig. 7, Manuscript II).

PHASE III-B (809—35 CAL YR BP)
In Phase III-B, the TLE continued to increase, though with a slight dip from 466 cal yr BP

to 259 cal yr BP. During this phase, many of the proxies reached a local maximum or

minimum around 345 cal yr BP (Figs. 6 and 7, Manuscript II).

PHASE IV-B (35—PRESENT CAL YR BP)
In the fourth, most recent phase, there are only four samples, so patterns are difficult to

identify. The TLE initially dipped from its values in Phase III-B but was relatively high in

the uppermost sample.

MACROFOSSIL COMPOSITION

The CONISS analysis of the macrofossil composition, utilizing Bray-Curtis dissimilarity,
identified four significant phases (Fig. 4, Manuscript II). Phase I-M (2528-2251 cal yr BP)
was characterized by a substantial presence of E. vaginatum and a relatively high abundance
of macrocharcoal, particularly at a depth of 328.5 cm (2388 cal yr BP). In Phase II-M (2251-
1671 cal yr BP), S. fuscum became dominant. Moving into Phase III-M (1671-64 cal yr
BP), S. fuscum maintained its dominance, but there was also a consistent, albeit minor,
presence of E. vaginatum and Ericaceae rootlets. Lastly, Phase IV-M (64 cal yr BP—Present)
saw the replacement of S. fuscum by S. medium/divinum, accompanied by an increase in

Ericaceae rootlets and E. vaginatum.
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POLLEN COMPOSITION
The CONISS analysis of the pollen assemblage led to the identification of four distinct

phases, each indicating a unique regional vegetation composition (Fig. 5, Manuscript II).

PHASE [-P (2528—-1816 CAL YR BP)

In the initial stage of Phase I-P (340-292.5 cm), the dominant tree species in the forests was
Fagus sylvatica, accounting for pollen percentages ranging from 24% to 44.5% (Fig. 5,
Manuscript II). Pollen from P. sylvestris, Betula undiff., Alnus undiff., Abies alba, and P.
abies also contributed significantly to the arboreal pollen composition. Towards 1810 cal yr
BP, there was a notable increase in the percentages of Abies alba and P. abies, coinciding
with a period of heightened fire activity, as indicated by elevated CHARmicro values (ranging
from 6035 to 38,139 particles cm™ yr'') and the presence of Neurospora and Gelasinospora
ascospores between 2500-2300 cal yr BP (Stivrins et al., 2019). Towards the end of this

phase, there was a rise in Sphagnum, signaling a transition to moss-dominated peat.

PHASE II-P (1816—1092 CAL YR BP)

In the second phase, F. sylvatica continued to dominate the forests, with percentages ranging
from 18% to 54.5% (Fig. 5, Manuscript II). However, a noticeable decline in F. sylvatica
occurred between 1280-1210 cal yr BP. Human impact, based on indicator pollen counts,
was least significant during this phase across the entire paleorecord. Towards the end, there
was evidence of crop introduction in the region, reflected in an increased share of Cerealia
pollen. The peatland maintained stable conditions during this time, dominated by

Sphagnum, C. vulgaris, and other Ericaceae species.

PHASE III-P (1092-366 CAL YR BP)
Arboreal pollen decreased from 97.5% to 77.5% between 1090-570 cal yr BP (Fig. 5,

Manuscript II). Late successional species like F. sylvatica and C. betulus experienced a
significant decline, particularly towards the end of this phase. By contrast, pioneer trees
such as P. sylvestris, Betula, and Corylus avellana increased in proportion. Cultivated
indicators, mainly Cerealia undiff. and Secale cereale, maintained a consistent share of the
pollen assemblage, especially from 740 cal yr BP. Simultaneously, there was a sharp
increase in CHARmicro and coprophilous fungi taxa. Sphagnum proportions decreased

sharply from 740 to 570 cal yr BP, rebounding at the phase's conclusion.
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PHASE IV-P (366 CAL YR BP — PRESENT)
Deciduous trees that were previously dominant gradually receded from the site, reflected in

decreasing percentages of F. sylvatica (from 18% to 4.4%), Quercus, and Corylus avellana
(Fig. 5, Manuscript II). P. abies and P. sylvestris reached their highest proportions in the
forest (13.5%—-58% and 21%—-32.5%, respectively), while A. alba appeared to decline

completely.

5.3. TOWARDS IMPROVED QUANTITATIVE ASSESSMENT OF

BIOMARKER DATA
Following the evaluation of the Beerberg peat biomarkers, the dataset was used to test the

VERHIB model. First, the modern plant samples collected at the Beerberg site were

analyzed for their biomarker composition to serve as input for the model.

BEERBERG PLANT BIOMARKER SIGNATURES
Across all species and plant parts, some general trends could be identified. Generally, the

n-fatty acids had the highest absolute concentration, greater than the n-alkane and n-alkanol
absolute concentrations by an order of magnitude. Between the n-alkanes and n-alkanols, n-
alkanes were typically more abundant in leaves/non-woody aboveground biomass. In
contrast, n-alkanols were primarily the more abundant compound class in stem and root
samples. Of the n-alkanes, C3; was most often the most abundant homologue (Cmax),
followed by Cao. For n-alkanols, C2g was the most frequent Cax, closely followed by Coa.

For n-fatty acids, Co4 was the most frequent Cpax, followed by Czo and Cas.

When a PCA was performed using all of the identified biomarkers and calculated ratios (see
Methods section), PC1 was found to explain 25.1% of the variance and PC2 21.6% (Figure
2a, Manuscript III). The variables contributing the most to the variance were Pag, Pwax, Cas
n-alkane, Ca6 and Cag n-alkanols, and the n-alkane ratio C23/(C23+Cz9). The leaves, moss and

root samples all had distinct clusters, while the stem samples were spread out.

The same PCA was also performed on the peat core samples. PC1 explained 51.6% of the
variance while PC2 explained 12.8% (Figure 3a, Manuscript III). The top variables
contributing to the variance were Cy9 and Cs31 n-alkanes, Cz; and Cog n-alkanols, Pyax, and

the Cas/(Cas51+Cao) ratio.
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VERHIB MATLAB WITH BEERBERG

Four groups of scenarios were run in the VERHIB model using the Beerberg dataset. For
all of these scenarios, the plants were grouped as follows: Group 1: Sphagnum
angustifolium, S. magellanicum, S. capillifolium, S. fuscum, Group 2: C. vulgaris,
Vaccinium uliginosum, V. myrtillus, V. vitis-idaea, Oxycoccus palustris, Empetrum nigrum,
Group 3: Eriophorum vaginatum, Group 4: Polytrichum strictum, Group 5: Pinus sylvestris,
Group 6: Picea abies, and Group 7: Betula pendula and B. pubescens. The two
regularization parameters were kept at 0.1, and the maximum iterations were set at 2000. In
each group, the first run included all three compound classes, the second n-alkanes and »n-

alkanols, the third included only n-alkanes, and the fourth n-alkanes and n-fatty acids.

The first group included all of the measured chain lengths, not only the plant-derived, and
root data was not included. When compared to the Beerberg plant macrofossil analysis, if
n-fatty acid data was excluded from the run, the contribution of tree species was
overestimated. All of the runs underestimated the contribution of E. vaginatum, especially
in the bottom part of the core, which also coincided with the highest residual values for the

predicted versus actual core biomarker composition.

The second group included all of the chain lengths and the root biomarker data, with a
leaf:root mass ratio of 5:1. The results of this group were similar to that of the first in that
E. vaginatum was underestimated in all of the scenarios. If the n-fatty acid data was

excluded, the contribution of S. fuscum was underestimated.

For the third group of scenarios only plant-derived chain lengths were included and the root
biomarker data was excluded. Again, all of the runs underestimated the proportion of F.
vaginatum. In the runs including n-fatty acids, the contribution of S. magellanicum was
overestimated. In runs excluding n-fatty acids, the contribution of P. sylvestris and P. abies

was overestimated.

For the last group of scenarios, only the plant-derived chain lengths were included as well
as both leaf and root biomarker data, with a leafiroot mass ratio of 5:1. The primary

difference between the reconstructions of this group (Fig. 10, Manuscript III) with the last
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group (plant-derived, no root data) (Fig. 8, Manuscript III) is that the estimated contribution

of P. strictum increased in all the scenarios.

6. DISCUSSION

In this chapter, the main findings of the thesis are synthesized by addressing the overarching
objectives and research questions presented in Chapter 1. Additionally, general conclusions

and a perspective on future research are presented.

6.1. MAIN FINDINGS

Objective I: Identify processes and parameters that should be considered
in the improved model

RQ 1: Can changes in biomarker composition along the plant to soil
continuum be readily quantified into a widely applicable parameter?

In Manuscript I, a systematic literature review was performed with the goal of developing a
quantitative, mechanistic understanding of how n-alkane composition transforms from its
origin in fresh plant tissue to its final destination incorporated into soil or peat. The results
would be used to determine what processes should be considered for an updated version of
the VERHIB model, as well as to calculate a potential degradation parameter that could be
used in the model to apply globally, as previously degradation rates and coefficients have
only been calculated at specific sites. n-Alkanes were chosen as the representative
biomarker for the review because they are by far the most commonly studied (Jansen and

Wiesenberg, 2017).

Using as systematic of an approach as possible, data were extracted from 37 studies
available via Web of Science out of 9297 results from the initial search. A meta-analysis
was performed on the extracted data by grouping the studies into six biome types based on
dominant vegetation: coniferous forest, deciduous forest, mixed forest, grassland or
shrubland, peatland, and steppe. The analysis examined how n-alkane concentrations,
normalized to either the samples dry weight or total organic carbon, changed with time and
with depth, as well as how the most common biomarker proxy measures (CPI, OEP, ACL)

varied with time and depth.
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Ultimately, only two clear trends could be identified in the analysis. The first was that
relative to the dry weight of biomass, the concentration of n-alkanes decreased from fresh
plant tissue to soil, though if normalized to total organic carbon, there were instances in
which the n-alkane concentration increased. This was not unexpected as the concentration
in plant tissue will be higher as soil is a heterogenous mixture of many more components
than organic material. However, the considerable extent of the decrease in most studies
shows that n-alkanes are readily degradable, though potentially less so than other sources

of soil carbon (Schmidt et al., 2011).

Additionally, there was preferential degradation of odd chain lengths and shorter chain
lengths. This was clear through the decreases in CPI and OEP and increase in ACL. While
this was generally known, as CPI and OEP can be used to determine if organic matter has
been degraded, the finding underscores the importance of taking care when comparing the
biomarker signatures of fresh plant material to that of soil or peat samples, particularly if
only concentration is being measured. The preferential degradation of certain chain lengths
means that the distribution pattern of n-alkanes changes and could results in misattribution
of source. These results indicate that the degradation process should be considered in future
iterations of the VERHIB model and others aiming to use biomarker concentration data to

increase accuracy.

Disappointingly, the review also showed that there is a lack of uniform reporting standards
for biomarker study results as well as a lack of publicly accessible data. As systematic
reviews and meta-analyses have been used increasingly in fields outside of medicine and as
the movement for open science expands, aggregating studies and data to determine global
trends is much more efficient than endless iterations of smaller more limited studies
(Gurevitch et al., 2018). Therefore, as part of Manuscript I, guidelines for future reporting
of biomarker data were recommended, adapted from previously published guidelines for
soil incubation datasets (Schidel et al., 2020). These guidelines could enable future
systematic reviews to be more comprehensive and enable the calculation of widely

applicable degradation parameters.
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Objective II: Paleoecological reconstruction of the Beerberg peatland
using plant-derived biomarkers and traditional paleobotanical proxies

RQ 1: How did the climate and vegetation develop over time at the Beerberg
peatland?

The radiocarbon dates and age-depth model indicated that the Beerberg core spanned 2600
years. Although the CONISS analysis of the different proxies identified different significant
phases, as macrofossils are seen as the proxy most reliably reflecting in situ vegetation
(Birks and Birks, 2000), the development of the peatland is described using the phases from

the macrofossil analysis.

In the first phase, from 2528-2251 cal yr BP, the low C/N ratio and negative 8'3C values
(Fig. 3, Manuscript II), along with the main vegetation being E. vaginatum (Fig. 4,
Manuscript II), are typical indicators for fen or transitional peat underlying bog (Kuhry et
al., 1992; Jones et al., 2010). There was also evidence of high fire activity during this phase,
which could have been the spark for peatland development, as fen peat can form on wet
ground following fire, then develop into bog peat (e.g., Tuittila et al., 2007; Gatka et al.,
2019). Towards the end of the phase, there is a shift towards more ombrotrophic conditions,
indicated by the increasing C/N ratio and 8'°C values (Fig. 3, Manuscript IT) (Wang et al.,
2015) and the first incidences of Sphagnum (Figs. 4 and 5, Manuscript II). The biomarker
measurements also support this interpretation with the relative abundance of C23 and Cas n-
alkanes increasing throughout the phase, indicating an increase in Sphagnum mosses and
the beginning of bog peat development (Baas et al., 2000; Pancost et al., 2002; Bingham et
al., 2010).

Following the transition to more ombrotrophic conditions, S. fiuscum was dominant and the
main peat-forming plant in the second phase, 2251—1671 cal yr BP (Fig. 4, Manuscript II).
The pollen data also showed a rapid increase in the proportion of Sphagnum spores (Fig. 5,
Manuscript II) and the n-alkane ratios continued to indicate an increase in the proportion of
C23 and Cys (Fig. 7, Manuscript II). Rapid peat growth and low decomposition was also
echoed in the increase of the C/N ratio and 6'3C values (Loisel et al., 2010; Kuhry and Vitt,

1996), as well as an increased accumulation rate (Fig. 2, Manuscript II).
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Although S. fuscum remained dominant in the third phase, 1671—64 cal yr BP, there was
slightly more variation in the plant macrofossils in the latter half of the phase, with E.
vaginatum, S. medium/divinum, and Polytrichum returning (Fig. 4, Manuscript II). The
biomarker records were not as constant as the macrofossils. The TLE and individual
concentrations were low but began to increase around 809 cal yr BP, followed by a dip from
around 466 cal yr BP to 259 cal yr BP (Fig. 6, Manuscript II). Most of the biomarker ratios
also followed this pattern, with a maximum or minimum point around 1200 cal yr BP (Fig.
7, Manuscript I1) and a local maximum or minimum around 345 cal yr BP. This was echoed
in the 8!°C values and corresponded to a color change in the peat itself (Fig. 3, Manuscript

D).

Considering these proxies together, a decrease in water level and moss abundance occurs
around 809 cal yr BP, followed by an increase from 500 cal yr BP to 345 cal yr BP with a
subsequent decrease. These conditions are likely related to the regional climate patterns in
Europe during this time period. The first decrease around 809 cal yr BP, with lower water
table levels and drier conditions, is likely caused by the Medieval Climate Anomaly (MCA)
(Luterbacher et al., 2016). Following this period, there is likely colder, wetter conditions
causing an increase in water table levels or surface moisture around 500 cal yr BP caused
by the Little Ice Age (LIA). Similar changes have been noted in other peat archives (Barber
et al., 2004; Marcisz et al., 2020).

In the fourth phase, 64 cal yr BP—Present, the dominant Sphagnum species shifted to S.
medium/divinum and the proportion of E. vaginatum increased (Fig. 4, Manuscript II). This
shift in Sphagnum species has been identified as being related to pollution and increased
dust deposition in other studies (Gatka et al., 2019, 2022a, b) and the increase in fen
vegetation could indicate further dry conditions, consistent with recent drying of peatlands

across Europe (Swindles et al., 2019), related to drainage as well as climate change.

While the plant macrofossils alone provide an adequate reconstruction of the Beerberg
peatland vegetation, the addition of the biomarker analysis in tandem with the geochemical
data enabled deeper insight into the local response to regional climate shifts. As the timing

of the MCA and LIA varies across European paleoclimate records (Wanner et al., 2022) and
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such records are sparse for the Thuringian Forest, this is an important insight into the

development of the Beerberg peatland.

RQ 2: What biomarker ratios are most indicative for paleo transitions at the
Beerberg peatland?

As paleoreconstructions including n-alkanes, n-alkanols, and n-fatty acids are rare, the
Beerberg study provided an opportunity to evaluate known biomarker ratios as well as
investigate potential new ones. Biomarker ratios are important for the interpretation of
biomarker data because single compounds are not source-specific, but the relationship
between multiple compounds can be. There are many established ratios for interpreting n-

alkane data (see Methods section), but far fewer for n-alkanol and n-fatty acid data.

In this study, the included biomarker ratios allowed for the identification of a local response
to the MCA and LIA, which was seen in the shifts of Sphagnum abundance in the pollen
data, but not in the more locally representative plant macrofossils. The P.q and related »n-
alkane ratios (Pwax, C23/(C271+C31), C23/(Ca31+Ca9), Cas/(Ca5+Ca9)) generally correlated well
with the Sphagnum trends seen in the macrofossil and pollen data, and in the case of the
Beerberg site, all of these ratios provided similar results. The n-alkanol ratio C22/Ca4 and the
n-fatty acid ratio C24/Cas also roughly followed these trends. While they have not been
previously linked to Sphagnum mosses as indicative ratios, future peat biomarker studies
could investigate their potential further, enabling better interpretation of n-alkanol and »n-
fatty acid datasets. Although the use of biomarker ratios allows for improved qualitative
interpretation of biomarker data, there is still room for quantitative interpretation to be better

integrated into such paleovegetation and paleoclimate reconstruction studies.

Objective III: Evaluate VERHIB (MATLAB) performance using
Beerberg peatland biomarker dataset

RQ 1: How does the biomarker composition of modern vegetation samples
vary across plant organs and groups?

For the VERHIB model, the biomarker compositions of likely vegetation species are used
as input. Due to the various climate and environmental factors influencing the composition,

it has been the common practice to sample and measure biomarkers in modern vegetation
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at the study site, even though data has been previously published for some species.
Previously published data however does not typically include n-alkanols and n-fatty acids
and is often limited to only leaves. Overall, the results from the Beerberg study, particularly
the n-alkane measurements of leaves, generally confirm what has been found in other
northern and central European peatland settings with some differences in dominant chain
lengths and absolute concentrations. These discrepancies can be explained either through
the different climate and ontological factors that can influence plant-derived biomarker
composition, and differences in absolute concentrations can also arise due to

methodological differences in sample preparation.

The results also show overlap between plant groups (Moss, Sedge, Shrub, Tree) and plant
parts (Aboveground (non-woody), Leaves, Moss, Needles, Roots, Stems), making source
apportionment based on biomarker compositions more challenging. This was most apparent
in the n-alkane measurements, where Sphagnum mosses had similar results to tree stems or
tree roots, depending on the considered ratio (Figs. 1 and 2, Manuscript III). These results
illustrate the need of having a localized library of plant biomarker data to compare to
archives, as well as the need to consider multiple indicative biomarker ratios in case the

local signatures of the plants cause the ratios to be less effective.

RQ2: What combination of parameters provides the best model fit for the
Beerberg sequence?

The combination of parameters that provided the most comparable results to the plant
macrofossil records were those that included all of the measured chain lengths for n-alkanes,
n-alkanols, and n-fatty acids, not only plant-derived chain lengths (Run 1, Run 4, Run 5,
Run 8) (Figs. 4a, 4d, 6a, 6d; Manuscript III). In these runs, S. fuscum was correctly
identified as the dominant moss species through the majority of the core. These
reconstructions also correctly estimated a higher proportion of Ericaceae shrubs at the
bottom and top of the core. However, E. vaginatum was underestimated, particularly at the
base, showing that the model struggled to recognize the transition from poor fen to peat bog.
If only plant-derived chain lengths were included in the model, S. fuscum was not the
dominant moss. Additionally, the proportion of tree species was overestimated in the runs

in which n-fatty acid data was excluded. In the Beerberg sequence, the addition of root data
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did not change the results significantly, likely due to the domination of Sphagnum moss and

relatively little root input from other plants.

RQ 3: What does the inclusion of n-alkanols and n-fatty acids add to the
analysis?

Most previous studies of biomarkers focus solely on n-alkane measurements. During the
investigation of the Beerberg sequence, both the qualitative comparison of biomarker
measurements to plant macrofossil and pollen records, the addition of n-alkanols and n-fatty
acids allowed for improved interpretation due to the overlap in n-alkane composition
between plant species and plant parts. This was the first attempt at using the VERHIB model
with n-fatty acid data included and the results showed that all three compound classes were
necessary to produce the most comparable reconstruction. Additionally, the Pearson
correlation coefficients indicated that without the n-fatty acid data, the model runs were
overparameterized and could be solved with a non-unique solution. While root data did not
affect the outcome significantly using the Beerberg sequence, the inclusion of n-alkanols
and n-fatty acids will enable the VERHIB model to better differentiate aboveground versus

belowground matter.

7. CONCLUSIONS AND PERSPECTIVE

MAIN CONTRIBUTIONS AND INSIGHTS
This dissertation explored the possibilities for more quantitative application of plant-derived

biomarkers in determining source apportionment of organic matter in terrestrial archives.
The included work demonstrated not only the usefulness of biomarkers in multi-proxy
studies, but the usefulness of including multiple lipid classes in biomarker investigations
and not only relying on n-alkanes as well as guidance for the next steps in developing a
standard quantitative approach to vegetation reconstruction and source apportionment using

the VERHIB model.

During the project, the following insights were gained. The literature review performed in
Manuscript I confirmed that, despite degradation being rarely considered in biomarker
reconstructions, n-alkanes readily degrade with time and/or depth along the trajectory from

plant source to depositional archive. Additionally, there is preferential degradation of odd
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chain lengths and shorter chain lengths. These results are not unexpected but show that
degradation does need to be considered to accurately interpret biomarker data. The review
also illustrated a need for better data transparency and standardization across biomarker

studies and enabled the development of guidelines for future data reporting.

The paleovegetation reconstruction study performed of the Beerberg peatland in Manuscript
IT not only provided a high-resolution interpretation of peatland development in an
understudied area but the biomarker data enabled the identification of the local timing of
the regional climate shifts, the MCA and LIA. Furthermore, the inclusion of n-alkanes, n-
alkanols, and n-fatty acids allowed for the identification of two new potential indicative
biomarker ratios for n-alkanols and n-fatty acids related to the abundance of Sphagnum
mosses. The biomarker dataset gathered during the Beerberg investigation could also serve

as a test dataset to evaluate the VERHIB model.

Previously, the model had not been tested using n-fatty acid data, only n-alkane and n-
alkanol. Manuscript III aimed to investigate the best combination of parameters for
reconstructing the development of the Beerberg peatland. In addition, biomarker
measurements were gathered for local vegetation at a high level of detail; some of the
included species had never had previous measurements published and some had only had
n-alkane data previously published. Ultimately, the testing showed that including all of the
available compound data from n-alkanes, n-alkanols, and n-fatty acids was essential for
producing the reconstruction most comparable to available plant macrofossil records from
the Beerberg sequence. It is therefore recommended that future studies include all of the
straight-chain lipid biomarkers in analyses rather than just n-alkanes as is still most

common.

LIMITATIONS AND OPPORTUNITIES OF BIOMARKER APPLICATION
FOR PALEOECOLOGICAL RECONSTRUCTIONS CONCENTRATIONS

One important point illustrated by the work included in this dissertation is that there are
many limitations on the use of only biomarker concentrations and distribution patterns. The
lack of chemotaxonomic specificity and consistency makes their use for vegetation
reconstruction purposes complicated as well as potentially misleading. Biomarker

concentrations can be used for identifying general sources of organic matter as well as
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evaluating how degraded organic matter is. However, for more precision, biomarker
concentrations should be measured as part of a multi-proxy study including compound-

specific isotope analysis or paleobotanical proxies such as pollen or plant macrofossils.

In spite of these limitations, this work has shown that biomarkers can be valuable
contribution to paleoecological studies as they can confirm or provide deeper insight into
paleobotanical proxies. The limitations of chemotaxonomic specificity can be reduced when
multiple component classes, i.e., n-alkanes, n-alkanols, and n-fatty acids) are used.
Biomarkers can also enable a better understanding of aboveground vs belowground organic
matter input due to differences in composition between plant parts. Systematic
reconstruction models such as VERHIB can unravel large suites of biomarker composition

data to provide a quantitative assessment of source apportionment in a depositional archive.

RECOMMENDATIONS FOR IMPROVEMENT OF MODELING
Historically, soil science has included a lot of qualitative research, including source

attribution using biomarker concentrations. Models, such as VERHIB, increase the
quantitative rigor and reproducibility of biomarker reconstructions. In its current form, the
VERHIB model does not explicitly consider any potential degradation or transportation of
biomarkers. Although there is a lot of data on n-alkane degradation in different ecosystems,
further experimental research is needed to quantify degradation of n-alkanols and n-fatty

acids in comparison.

It also only considers the sources that the user inputs. The robustness of the VERHIB model
could be increased if pollen or other proxy data could also be considered to guide the
reconstruction of the biomarkers more precisely. However, in order to develop such a
module, more complete datasets such as the Beerberg sequence with high-resolution
biomarker and other proxy data available are necessary for testing. Finally, the VERHIB
model itself should be reprogrammed into R as R is more widely used than MATLAB in

environmental research and it is open-source, enabling wider adoption.

OPEN SCIENCE

To improve the potential of quantifying degradation coefficients and understanding how

biomarkers change through the plant-to-soil continuum in varying environments, the
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adoption of uniform reporting standards, as well as increasing access to data from published
studies, is essential. Potential guidelines for future data reporting can be found in Table 3 of
Manuscript 1. These guidelines were adapted from those for a soil incubation database
(Schidel et al., 2020) with the rationale that having a more comprehensive overview of the
characteristics of the depositional archive will improve future possibilities for systematic
reviews like the one attempted in Manuscript I. Additionally, increased open access to data
by publication in databases such as Pangaea, will make it easier for the community to
identify knowledge gaps as well as to increase the opportunities for using training and

testing data to validate models such as VERHIB.
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