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Abstract

Chemical stabilization of organic matter (OM) with clay minerals and protection by occlusion within
microaggregates are the important mechanisms responsible for the storage of different OM pools in the
soils. Soil lipids constitute an important fraction of OM and are found to be resistant against
degradation from post-depositional processes. The hydrophobic properties and high reactivity with
polyvalent cations makes the lipids more stable in comparison to other OM pools. Such properties of
lipid biomarkers are widely explored to extract the information about different sources and the extent of
degradation and/or preservation mechanisms of OM in sediments. Although the lipids are stable across
different ecosystems, it has been observed that the difference in vegetation composition, grain size
distribution, climatic conditions as well as the mineralogical association can significantly influence the
distribution and stabilization of lipid pools in the soil/sediments. However, previous studies
emphasizing on the distribution of n-alkyl lipids in soil across different vegetation growth did not
include the mineralogical and textural influences on these compounds in the soil. Additionally, relative
abundance and composition among different particle size fractions were mostly focused on a particular
vegetation composition without any possibility of comparison of lipids produced from different
vegetation types and their behavior under similar climatic conditions. The present study emphasizes the
importance of vegetation cover and also the micro-environmental variations in controlling the
distribution of n-alkyl lipids in the soil from lower Gangetic Plain. This region is one of the largest
fluvial settings and biodiversity rich ecosystems dominated by grasses and trees and it provides an
opportunity to study the respective contribution of the various growth forms to the soil lipids where the
soil textural composition and climatic condition are similar. n-Alkyl lipids were analyzed from the
whole soils and also across five different particle size fractions (250-125um, 125-63um, 63-32um, 32-
20um and <20um) separated out from forest, grassland and mixed system that comprise of shrubs and
grasses. The concentration and distribution pattern of n-alkanes and n-alkanoic acids in whole soils
under different vegetation cover was different. Highest total n-alkanes abundance was found in forest
(5.09ug/g), lowest in mixed system (1.06ug/g) and intermediate in grassland (3.23ug/g). Deviation in
n-alkanes concentration in these soils depends on the chain length distribution, growth habits and
physiology of different vegetation types, all of which influence n-alkanes signals in soils. Total n-
alkanoic acid abundance was found to be higher in grassland (6.90 ug/g), comparable in forest
(5.09ug/g) and lowest in mixed (0.82ug/g) systems. A large contribution from the even carbon-number
low molecular weight (LMW) compounds (Ci2-Czo) is the reason for the observed higher total n-
alkanoic acid concentration in grassland soil. High molecular weight compounds (HMW) abundance

of both n-alkyl compounds, are highest in forest soil (4.56ug/g and 29.93ug/g) compared to grassland
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(2.55pug/g and 23.90ug/g) and mixed system (0.7ug/g and 2.40ug/g) systems respectively. Better
preservation of long-chain n-alkanes and n-alkanoic acids in soils under forests could result from a
thick layer of litter assemblages accumulated in the topsoil surfaces that prevent the infiltration of air
and water leading to less microbial communities and possibly result in the preservation of long-chain
compounds in the soil. LMW abundance of n-alkanes and n-alkanoic acids are relatively higher in
grassland soil (0.68ug/g and 45.16ug/g) than forest (0.52ug/g and 21.03ug/g) and mixed system soil
(0.35ug/g and 5.86ug/g). This is attributed to the specificity of grassland where the roots play an
important role in proliferation of microbial growth that influences the degradation of HMW to LMW
compounds. To evaluate the n-alkyl lipid distributions in these soils that can derive both from plants
and microorganisms, we separated five different particle size fractions of soils collected from these
three different ecosystems. Different size fractions across different soil systems showed wide variation
in their total n-alkyl concentrations, odd/even predominance and in LMW/HMW ratio compared to the
values observed in the whole soils. Despite differences in vegetation cover, the highest total n-alkyl
lipid was observed in the finer fractions, which denotes the adsorption of lipids to clay mineral surfaces
and/or stabilized by occluding into the microaggregates. Long-chain odd n-alkanes and even n-alkanoic
acid compounds are abundant in sand fractions. This indicates the presence of plant material in sand
fractions that is attributed to the dominant minerals quartz present in sand-size fractions. Quartz
minerals have less capability to hold the OM because of thin clay coating compared to the
phyllosilicates minerals which predominate in the finer fractions. Silt fractions have the lowest HMW
n-alkyl compounds. Substantial degradation of long chain compounds could have been attributed to the
higher microbial biomass found in silt size fractions. High abundance of both HMW and LMW #r-alkyl
compounds with lower odd/even predominance in finer fractions is thought to be attributed to
degradation of long chain to short chain compounds, along with a significant contribution from the
microbial communities in the lower chain compounds. Molecular indices deriving from these two
compounds yield a large potential to elucidate the sources of n-alkanes and r-alkanoic acids entering
the whole soil, and in combination with particle size fractions they enable the identification of
incorporation and preservation pathways of lipids in soil. Long-chain CPI of n-alkanes (CPlak23-33)) 18
7.0, 5.2 and 2.1; n-alkanoic acids (CPlacia22-32)) is 2.4, 2.6 and 3.0 in forest, grassland and mixed
vegetation whole soils respectively reflect that the long-chain fractions were largely derived from
terrestrial higher plants and not significantly altered by diagenesis. CPI of n-alkanes (CPlai23-33))
indicates a more significant variation in HMW carbon number predominance between different systems
compared to the n-alkanoic acids (CPlacid22-32)). The CPlakes33) values in particle size fractions of

forest, grassland and mixed vegetation soil shows a systematic decreasing trend with decreasing size



fractions of 30-60% from coarser to finer size fractions. This confirmed the plant derived n-alkanes
dominated in sand and microbial modified fractions in the finer fractions. CPlacid22-32) values of n-
alkanoic acids show minimal variation among particle size fractions with a decreasing pattern of 10-
20% from sand size to finer fractions, an indication of long-term turn over n-alkanoic acids
accumulated in the finer fractions. A possible protection mechanism points to the distinctive structure
of n-alkanoic acids with functional groups that interact with the clay minerals. The ACL of long chain
n-alkanes (ACLai25-33)) in forest is 29.8, grassland is 30.6 and mixed system is 29.4. Lipids in leaves
derived from plants in forests on average have shorter chain lengths than lipids in leaves from
grasslands. The ACL of long chain n-alkanoic acids (ACLacid2-34)) in whole soils (27.2-27.7) are
roughly constant from all the systems. The similarities in ACLacia22-34) of long chain n-alkanoic acids
across the systems rule out its use as a vegetation types indicator, while the difference in n-alkane ACL
in these systems possibly make it a potentially good indicator for paleoecological application. However,
across the size fractions, ACLai2533) and ACLacida2234) values calculated from the n-alkanes and n-
alkanoic acids did show a slight but insignificant variation with decreasing grain size (decrease of ~1-
2% in ACLakes33) and ~3% in ACLacia22-34)), suggesting a role of post-depositional processes in
controlling the dominant chain length distribution of n-alkyl compounds. The variability of ACL values
of n-alkyl lipids across different size fractions thus raises possible concerns in the use of these proxies
for paleoecological studies. Low odd over predominance (OEP(27.33)) in grassland (6.0) and mixed
systems (2.5) whole soil compared to forest (7.3) indicating that n-alkanes degradation is higher in
grassland and mixed systems. The presence of higher fine root density allows more infiltration of water
and air, promoting higher proliferation of microbial communities and possibly allowing increased re-
working of plant material, contributed by the grassland and mixed systems. Preservation in forest soils
is probably biased by the thick litter assemblages in the forest soil leading to anoxic conditions for
higher preservation of plant derived OM materials. Microbial activity is favorable under oxic conditions
and abruptly decreased under anoxic conditions. In size fractions, a significant decrease (~40%) in
OEP(27.33) from sand to finer fraction is observed in all the systems. OEP(27.33) resembles the decrease
in the CPla23-33) for the n-alkanes. High OEP(27.33) are characteristic of fresh plant material in sand
size, whereas low OEP(2733) in finer fractions indicate modification of n-alkanes during early
diagenesis. Even over odd predominance (EOP(2030)) in forest (3.5) grassland (3.6) and mixed
vegetation soil (3.9) imply that despite considerable difference in n-alkanoic acid abundance in these
systems, Whereas, in size fractions, all the three systems show a slight decreasing trend of (~5-8%) in
the EOP(2030) from sand size to finer fractions resembles the minimal decrease in the CPlacig22-32) for
the n-alkanoic acids, which ascribe to limited modification of long chain n-alkanoic acids in coarser

fractions and higher degradation in finer fractions. Thus, we demonstrated at the molecular level that
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the incorporation of individual C sources varies with the size fractions. Based on molecular abundances
and distribution in n-alkyl lipids across five different size fractions we evaluated several molecular
proxies, which help to elucidate the residence time of these compounds and their importance in global
climate studies. Our data from this study suggest that, for these soils, not only the inherent recalcitrance
of these compounds, but the vegetation source and micro-environmental variations is also responsible

for variation in preservation, transformation and turnover rates of lipid pools.
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Plan of the project report

This report has six chapters. In chapter 1 a brief introduction on how different grain size OM
distribution study is better than whole soil study, the process/factors that can influence the distribution
of n-alkyl lipids and what was not taken in consideration in previous studies. In Chapter 2, we describe
the vegetation, climatic and geomorphologic characteristics of the study area from where the sampling
of the soil was carried out. In Chapter 3, we briefly discuss the sampling of soil, sieving analysis,
analysis of soil textural and mineralogical characteristics and quantification of n-alkyl compounds in
GC-MS. The results are provided as tabulated data and bar diagram in Chapter 4. Chapter 5 deals with

the observations, interpretations and discussion of the result. Finally, we conclude in Chapter 6.
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CHAPTER 1

Introduction

Soil organic matter (OM) is known to be the largest pool of carbon on the Earth surface. The
biogeochemical cycling of carbon between the soil and the atmosphere mostly depends on the duration
of OM storage in the soil. Differences in storage of carbon can vary between a few years to several
decades and up to millennia, depending on the pools of OM in the soil. Understanding the behavior of
stable fraction of OM in the soil helps in estimating the residence time of oldest OM pools (Eswaran et
al., 1993; Alperin et al., 1993; Amundson 2001; Queanea et al., 2004). However, a significant amount
of carbon presently stored in the soil as the stable OM fractions can go back into the atmosphere, as a
result of intrinsic and extrinsic factors such as climate, weathering, soil substrates, including biological
interactions and vegetation compositions. Thus, identification of possible factors impacting the turnover

rate of stable OM fractions would help in understanding the pathways and storage of OM pools.

One important class of stable organic pools in soil OM is the lipids (Jansen and Wiesenberg, 2017).
Lipids are a group of n-alkyl compounds including n-alkanes, n-alkanoic acids and n-alcohols (Eglinton
et al., 1996). Soil lipids constitute an important fraction of soil OM and its abundance can reach up to
42 wt% of the total soil organic carbon (Preston et al., 1987; Queneau et al., 2004). n-Alkyl compounds
such as n-alkanes and n-alkanoic acid are characterized by their alkyl chains that promote formation of
hydrophobic zones, while the carboxyl groups of n-alkanoic acids are capable of interacting with the
charged minerals surfaces via ligand exchange and polyvalent cation bridges (Lorenz et al., 2007; Yang
et al 2020). Such intrinsic properties of n-alkyl lipids are of major importance to soil aggregate stability
and water retention in the soil (Jambu et al, 1978). Their water insolubility and resistance to
biodegradation allows relatively higher preservation to degradation from post-depositional
modifications. Such a robust nature of these n-alkyl compounds is useful in providing extensive
information about the different OM sources and their degradation and preservation mechanisms in the

soil.

Chemical adsorption to clay mineral surfaces through the formation of organo-mineral associations by
the functional groups of n-alkyl molecules and their occlusion within soil microaggregates allows
persistency of n-alkanes and n-alkanoic acids in the soils. Although lipid compounds are bound to
minerals, the availability of such compounds varies with grain size. The analysis of n-alkyl lipids in

size fractions is more useful than the analysis of the entire soil. Lipid concentrations in whole soil can
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be largely occluded within soil aggregates, making it difficult to quantify the absolute amount of
specific n-alkyl compounds present in the soil (Figure a). Separation of soil according to their particle
size (sand, silt and clay-size) yields organo-mineral fractions that are different in terms of the amount of
the organic compound associated with the mineral grains and the turnover-rates (Christensen, 1996;
Queneau et al., 2004). Therefore, lipid analysis across different size fractions may provide more precise
information about the long term preservation of lipids through physical and chemical stabilization
across the grain size (Thompson and Eglinton, 1978; Six et al., 2002; Lutzow et al., 2006; Lorenz et al.,
2007).

Clay

- Organic matter

Figure a: Schematic diagram showing the organic matter occluded within the soil aggregates
associated with minerals. Separation of soil according to their size yields organo-mineral fractions
with distinctly different properties

Despite the fact that studies on the specific interaction of OM with minerals associated with specific
grain size provide detailed information on the stabilization and preservation of lipid compounds with
long and short turnover rates, the incorporation of OM from different OM sources and their interaction
and preservation pathways is not yet known across the grain size fractions. n-Alkyl compounds can be
originated from various sources, such as terrestrial higher plants, bacteria and algae (Eglinton and
Hamilton, 1967). Long-chain n-alkyl compounds are found mainly in leaf waxes of terrestrial higher
plants (Eglinton et al, 1962; Rielley et al, 1991) while short chains are produced mostly by
microorganisms like fungi, algae and bacteria and also higher plants (Eglinton and Calvin, 1967;
Matsuda and Koyama, 1977; Simoneit, 1978). Leaf litter is considered to be a primary source of n-
alkanes and n-alkanoic acids in topsoil (Gamarra and Kahmen, 2015; Angst et al., 2016; Jansen and
Wiesenberg 2017). These n-alkyl compound ratios in the soils often can be correlated with the plant

community of the aboveground vegetation. Leaves constitute an important source of OM in the soil;
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however, their abundance in the soil can be influenced by different vegetation types (Quideau et al.,

2001).

The type of the overlying vegetation (e.g. trees, shrubs and grasses) strongly determine the content and
composition of lipids in the soil (Dinel et al., 1990). Grasses as well as trees are all characterized by
different qualitative contribution to soil OM due to their differences in lipid biosynthesis
(Rommerskirchen et al., 2006; Wiesenberg and Schwark, 2006; Mueller et al., 2013; Friemuth et al.,
2017). Moreover, in grasslands the underground plant biomass (e.g. roots) is greater than aboveground
biomass compared to forest systems. As a consequence, it can be assumed that the fraction of OM input
to the soil belowground is larger in grassland than in forest where most input occurs in the form of
surface leaf litter that accumulated in the topsoil. Consistent with the relative important of roots,
microbial activity appears to be greater in grassland than in other ecosystems (Cheng et al., 1990;
Mason et al., 2005). Thus, soil under different vegetation cover appears to profoundly affect the
contribution of plant and microbial compounds to stabilized OM. Post-depositional modification by
microorganisms can also impact molecular abundance and the distribution of these n-alkyl lipids in the
whole soil as well as across the grain size fractions. Moreover, it is also known that differently sized
soil particles represent distinct microenvironments that contribute to the spatial heterogeneity and
microbial diversity found in soils, where there is higher diversity and larger biomass of microbes in
small size fractions than in coarse size fractions (Sessitsch et al., 2001; Hemkemeyer et al., 2018). This
demonstrates that the microbial community is significantly affected by particle size and specific

microbe-particle associations can greatly affect the distribution of lipid compounds in the soil.

It 1s reported in previous studies that the long-chain n-alkanes and n-alkanoic acids occur not only in
leaves but also in other plant parts at varying concentrations (Jansen et al., 2007; Huang et al., 2011).
To understand the fate of n-alkyl lipids compounds from soil with different vegetation cover, studies
have mostly focused on the distribution patterns of individual lipid fractions like n-alkanes and n-
alkanoic acids from the whole/bulk soil samples (Wiesenberg et al., 2004a; Wiesenberg et al., 2004b; Li
et al., 2008). As different vegetation types are believed to control the contribution of OM in the soil, the
distribution and preservation of the n-alkyl lipids across the grain size would not be similar under
intrinsic soil forming conditions. Some other previous studies on particular vegetation cover showed
information on n-alkyl lipids abundance and their distribution pattern across particle size fractions,
which did not include the changes incurred by the variation in vegetation cover (trees or grasses).
Previous studies, however, did not emphasize the fate of OM sources from different vegetation cover,

leading to our limited understanding of the distribution pathways and preservation of n-alkyl
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compounds in different ecosystems. Moreover, there is no possibility in comparison of lipid pools
produced from different vegetation types under similar climatic conditions and similar soil textural

attributes (Quenea et al., 2004; Clemente et al., 2011).

Partially modified plant material from the litter layer gets incorporated into the topsoil and early
diagenetic modification of OM in the soil can induce significant changes in the original composition of
these compounds. Combined with a link between vegetation cover quality and the microbial
contribution to the stabilized OM across the grain size from different systems, several molecular indices
derived from n-alkyl-compounds have large potential to exemplify the lipid sources, identification of
preservation pathways and degradation patterns in the soil under different ecosystems. Similarly, these
molecular indices can be used to ascribe the source which can be derived from plants and
microorganisms and the degree of degradation of n-alkanes and n-alkanoic acids within the different
size fractions. The two most common are carbon preference index (CPI) and average chain length
(ACL). The CPI is a molecular ratio often used to assign the biological source and maturity of OM.
High CPI values (>1) are used to indicate a terrestrial plant source (Eglinton and Hamilton, 1967).
Average chain length of n-alkanes and n-alkanoic acids is the concentration weighted mean of carbon
chain lengths to can be used to detect the shift in vegetation cover (Duan and He, 2011; Hughen et al.,
2004; Zech et al., 2012). The predominance of odd over even (OEP) of n-alkanes and even over odd
(EOP) of n-alkanoic acids can be used as proxy for lipid degradation pattern. High OEP and EOP
values are characteristics of plant material, while the OEP/EOP values decrease with ongoing soil lipid

modification (Buggle et al., 2010).

n-Alkanes and n-alkanoic acids associated in size fractions of soils under different vegetation cover
represent valuable organic geochemical tools for investigation and reconstruction of past environments.
Further, the persistence of n-alkyl lipids is important in sustaining the large OM pool in the context
related to global climate change. Studying the degradation and preservation of these compounds in
terms of molecular indices could increase the overall understanding of soil OM dynamics. Depending
on the potential of molecular indices (CPI, ACL, OEP, EOP) to trace the OM incorporation from
various sources and the residence time in soil, we can evaluate the applicability of n-alky lipids to trace
the changes of carbon input and turnover rates across different size fractions which can provide
valuable contribution in studies related to global climate change. Our concerns about soil OM dynamics
have become an increasingly important consideration in the carbon cycle that can significantly have an

impact on global warming.
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Our present study from the biodiversity rich region of lower Gangetic Plain provides an opportunity to
study the respective contribution of the various growth forms (forest, grassland and mixed system
which consist of shrubs and grasses) to the soil lipids where the soil textural composition and climatic
condition is similar. This is the first study describing the distribution of n-alkanes and n-alkanoic acids
in particle size fractions, the association of these compounds with soil minerals particles and the
opportunity to the application of molecular indices depending on the contribution of OM derived from
plant and microbial source in soil size fractions from soil having different vegetation cover.
Understanding the behavior these indices derive from n-alkanes and n-alkanoic acids in terms of their
compartmentalization and preservation across the grain size of soil with different vegetation cover is
useful to identify the incorporation pathways and the preservation mechanisms of OM which is of

particular useful for paleoecological studies.
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CHAPTER 2

Study area

The study area is an extensive fluvial setting from the region of Lower Gangetic floodplain of the
Indian subcontinent, Nadia district (22.57°N and 87.31° E) West Bengal India (Roy et al., 2020). It is a
highly biodiversity-rich area. The climatic conditions are warm and humid, having the mean annual
temperature of 27 °C and annual rainfall of ~1200mm. The study area is marked by oxbow lakes and
meander paleo-channels. The soils developed are moderately alkaline.

Lower Gangetic Plain is dominated by C3 and C4 plants that comprise of grasses and trees. These plants
are major contributors to the soil OM. Plant waxes, a key photosynthetic product, provide key records
of past environmental conditions because they can preserve the original molecular compositions that

serve as promising proxy for past environmental reconstructions (Roy et al., 2020).

Cs (trees) and C4 (grass) plants

Atmospheric CO, enters through stomata and goes into mesophyll cells where CO; is fixed by an
enzyme RuBisCo and produces phosphoglyceric acid, a three carbon compound reason for the name of

the plants. Trees, shrub and cool season grasses are Cs plants.

Similar to C; plants, atmospheric CO; enters through stomata and goes into mesophyll cells where it is
fixed by an enzyme phosphoenolpyruvate (PEP) to make oxaloacetate, a 4 carbon atoms and hence the
name Cs. CO; fixation in the outer layer of mesophyll cells to the inner layer of bundle sheath cells,
which are able to concentrate CO» and thus fractionation of CO,, less compared to Cs plants. Warm

season’s grasses are Cy4 plants.



Area of FOREST

interest

+ Earth

Figure 1: Left: Map of India showing the Lower Gangetic Plain; Right: Location of three different

terrestrial systems from Lower Gangetic plain (Source: Google Earth)
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CHAPTER 3

Materials and methods

3.1 Soil sampling

Dominant leaf samples from each sampling site of the forest, grassland and mixed systems were
collected and preserved in ice-boxes before storing at -20°C. Before collecting the soil samples, litter
layers were removed completely from the top soil surface. At each study site, the soil samples were
collected (~400 g) after trenching a depth of 10-30 cm from five locations for an amalgamative
representation of the forest, grassland and mixed systems. Nitrile gloves were used for sample
collection were and the soil samples were collected in respective zip locks bags. After sampling, all
material was stored in the freezer at -20°C and then the soil samples were freeze dried (Lyovapor L-
200) and kept in sealed air-tight for further analysis. Aliquot of each sample (~30 g of soil) from
individual sites were kept for grain size and clay mineralogy analysis. All roots were removed with

tweezers and kept for further analysis.

Figure 2. Sampling site (a) Forest (b) Grassland (c) Mixed system
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Table 1: Description of sampling location

Location description Location 1 Location 2 Location 3
Location Forest Grassland Mixed vegetation
22°57.895' N and 22°57.783' N and 22°57.189'N and
88°31.759'E 88°31.580' E 88°31.167'E
Precipitation(mm) 1200 1200 1200
Temperature (°C) 27 27 27

Lithology

Dark organic-rich

Brownish yellow

Brownish yellow and

clayey layer reddish in color
Number of replicated 2 2 2
plots
Soil properties
Soil classification Silty loam Silty loam Silty loam
Soil horizons A A A
Soil depth (cm) 30+3 32+4 315

3.2 Grain size analysis

Soil samples were treated 0.5N hydrochloric acid to remove carbonates. Subsequently, hydrogen

peroxide was used to oxidize the organic matter. Hydrogen peroxide was added to the samples until all

organic matter was oxidized and the reaction ceased. When the reaction ended, the samples were

washed with distilled water by centrifugation at 3500 rpm for 5m. After that the supernatant was

discarded. To measure the grain size distribution, treated soil samples from forest (n=4), grassland

(n=6) and mixed system soil (n=4) were analyzed using Malvern Mastersizer 3000 laser-diffraction

particle size analyzer at Indian Institute of Science Education and Research Education Kolkata, India.
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3.3 Sieving analysis

Dry sieving method was applied to separate the soil (n=6) into five different size fractions. The soil
samples were passed through a series of stacked sieve meshes with defined opening sizes (ASTM). The
soil is separated into fine sand (250-125um), very fine sand (125-63 pum), coarse silt (63-32 pm),
medium silt (32-20um) and finer fraction (<20 um).

3.4 X-ray Diffraction analysis (XRD)

To study the mineralogical compositions, all soil samples were first dispersed with sodium
hexametaphosphate, (NaPOs)s and kept for 7h to ensure the complete dispersion of sediment particles.
The chemical dispersion also prevented grains from aggregating after sonication and during the grain-
size measurements. The soil sample in solution was kept until the sediment settles out and only clay
size particles are in suspension. The clay size fraction (< 2um) in suspension was centrifuge at 5000
rpm for 5 min and the clay retrieved was prepared by oriented on glass slides. X-ray diffraction (XRD)
were performed on samples and analyses were run on X-ray diffractometer, between 5 to 45°20 using
a step size 0f 0.02°20 and a count time of at least 4s per step. Clay minerals were characterized by their

interlayer spacing as revealed by XRD analysis.
3.5. Scanning Electron Microscopy (SEM) analysis

The characterization of microaggregates at the micrometer scale using Scanning Electron Microscopy
(SEM) provides useful information on the association of OM with the primary particles. Sand-size
(>125pm) and finer fractions (<20um) were analyzed by using the SEM facility at the Indian Institute
of Science Education and Research (IISER) Kolkata. The images were taken through SUPRA 55 VP-
41-32 instrument with Smart SEM Zeiss software.

3.6 Quantification and characterization of n-alkanes and n-alkanoic acids

The total lipids from the individual whole soil of three different systems and five particle size fractions
(~10 g) were extracted for two cycles using DIONEX accelerated solvent extractor (ASE-350) with
dichloromethane and methanol (93:7) at temperature of 100° C and pressure of 1600 pound square inch.
The extracted lipid is concentrated using the rotary evaporator. n-Alkanes was separated from the total

extracted lipid using short column chromatography filled with silica gel in a glass pipette plugged by
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quartz wool and hexane was used as an eluent. The aliquots remains were eluted with dichloromethane

and methanol (2:1) for n-alkanoic acid extraction.

Subsequently, the alkanoic acids portion was saponified with 1 N KOH in methanol by heating in a
water bath at 70 °C for 2h. After addition of sodium chloride (NaCl) and DCM treated water, a neutral
fraction was extracted by hexane. The pH is then lowered to <2 by addition of HCI and the acid fraction
were extracted with hexane. BF3-methanol was added to the extracted solution to convert the mixture to
fatty acid methyl esters (FAME) by heating at 70 °C for 45 min. FAME eluted with hexane was taken
out using a glass pipette and passed through Na>SOjs crystals to absorb the moisture. Compound

identification and quantification of n-alkanes and n-alkanoic acids was performed via GC-MS analysis.

Gas chromatography (GC Aligent 7890 A) equipped with split/split less injector and non-polar column
(HP-5, 30m x 30mm X 0.25micro m) attached with the mass spectrometer (MS). The samples were
injected in 1:1 split mode with oven temperatures that was increased from 60°C to 320°C at 8°C per
min with 12 min hold time using the helium gas as carrier (1 pl/min). The reference standards,
(SUPELCO Cg to Cso Alkanes and Indiana AS5) and five fatty acids methyl esters (FAME) with known
concentrations were used. Identification of peak was based on retention times and mass spectra using

the NIST library.
3.7 n-Alkane and n-alkanoic acid indices

Total n-alkanes and n-alkanoic acids concentrations were calculated as the sum of Ci; to C33 and Ci2 to
Cs4 (odd as well as even ones), respectively, and given in ng of lipids/g of dry sediments. High
molecular weight (HMW.i) and Low molecular weight (LMWa.i) is the sum of the abundance of »-
alkanes with Cz3 to Cs3 and Ci to C23 (odd as well as even ones) respectively. High molecular weight
(HMW..iq) and Low molecular weight (LMW,ciq) is the sum of the abundance of n-alkanoic acids with
C22 to Czgand Cy2 to Cz1 (odd as well as even ones) respectively.

Total n-alkane concentration =Y, C;; — Cs3

Total n-alkanoic acid conc=); C;, — Cs4

Low Molecular Weight (LMWaikane) = 2. C11 — Cy,

High Molecular Weight (HMW jikane) =2, C23 — Cs3

Low Molecular Weight (LM Waikanoic-acid) =% C12 — Ca1

ngh Molecular Welght (HMWalkanQic_acid) = Z CZZ - C34
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Carbon Preference Index for long and short-chain n-alkanes (CPla23-33) and CPlaks23)) is the
measures of the relative abundance of odd-over-even carbon chain lengths. Whereas, carbon preference
index for long and short chain n-alkanoic acids (CPlacig22-32) and CPlacig12-20)) is the measures of the

relative abundance of even-over-odd carbon chain lengths (Marzi et al., 1993).

((€23+C25+C7+C29+C31)+ (C25+C27+C29+C31+C(33))
(2%(€24+C26+C28+C39+C32))

CPLik 333y =" o . Equation 1

_ (€15+C€17+C19+C21)+(C17+C19+C21+C33) )
CPlaik (15:23) = = T T e Equation 2
(2%(C16+C18+C20+C22))

_ (€22+C24+C6+C38+C30) + (C24+C26+C28+C30+C32) .
CPlacid (230 =~ o Equation 3
(2#(€23+C25+C27+C29+C31))

~ (€12+C14+C16+C1g) + (C14+C16+C18+C20) .
CPlacid (1220) == i Equation 4
(2%(€13+C15+C17+C19))

The average chain length (ACL) of n-alkyl was determined by modifying the equation of (Poynter et
al., 1989). We used the odd chain lengths (7-Cas to n-Cs3) for the alkanes and even chain lengths (7-Ca4
to n-Cs) for the alkanoic acids.

25%Cye+27%Cy7+29%Cy9+31%C31+33+C .
ACLak (25-33) = ( 25 7 2 A1 33) Equation 5
(C25+C27+C29+C31+C33)

24%C24+26%C+28%C2g+30%C39+32+C .
ACLacid 24-32) = ( 2t 26 28 30 32) Equation 6
(C24+C26+C28+C39+C32)

The odd-over-even predominance (OEP) of the long chain n-alkanes and the even-over-odd
predominance (EOP) for the long-chain n-alkanoic acids can be used as a proxy to identify the pattern
of degradation (Li et al., 2018).

Cy7+Cr9+C31+C .
OEP ot ot Css) Equation 7
(€26+C28+C30+C32)

(C20+C322+C24+C26+C28+C3p)

EOP=
(C19+C21+C23+C5+C27+C29)

............................................. Equation 8
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CHAPTER 4
Results
4.1 Grain-size and mineralogical distribution

Grain-size distribution analysis measured from laser diffraction was recovered for most of the bulk
samples (> 95%) for all soil samples (Table 2). The majority of soil occurred in the 63-32um sizes (silt
fraction); accounting for ca. 60%, 67% and 62% of the whole soil sample from forest, grassland and
mixed systems soil respectively. Together in all the systems silt dominated the sediment mass. Of the

residual, ca. 30% resided in sand-size and ca. 3%, in the clay-size fractions.

The soils have mineralogical composition dominated by quartz, feldspar and the clay minerals
assemblages mainly composed of illite and kaolinite. Illite showed a basal peak at 7A and 17 A.
Kaolinite is characterized by peaks at 13 A and 25 A, quartz and feldspar are characterized by 28 A.

The mineralogical distribution pattern in all the three systems is similar (Figure. 3).

Table 2: Volume contents of sand, silt, and clay of GSD at different sampling sites in our study

Soil Sample % Sand+SE % Silt+SE % ClayxSE
Forest 373 +£5.23 60.7 +4.37 2.0 £1.13
Grassland 28.9 +3.27 67.8 +7.34 3.2+0.57
Mixed vegetation 35.8 £11.18 62.2 +10.33 1.9 £0.87

SE=Standard error; (n=7)
GSD =Grain size distribution
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Figure 3: Graphical output showing the measured XRD pattern of clay minerals in the forest (top),
grassland (middle) and mixed system (bottom) soils

4.2 Particle size separation

Together, the five different size fractions of soil separated from forest, grassland and mixed systems
they represent ~98% of the whole soil, indicating a high recovery. In agreement with the silty nature of
these soils from all the systems, physical particle size fractionation showed that the silt fraction (63-
20um) from forest, grassland and mixed systems accounts ca. 67 wt% from the initial weight of whole
soil, whereas the weight of the sand-size (250-63um) and finer fractions (<20pm) reached ca. 25 wt%
and ca. 8 wt% (Table 3).

Straight chain n-alkyl lipids from whole soils and particle-size separates soils were normalized to soil
mass (ng of n-alkyl lipids/g dry soils). When the absolute concentration (ng/g) of lipids is considered, it
was found that silt-size fractions (63-20um) are very poor (~14 wt %) in n-alkyl lipids contents relative

to whole soil lipid content (Figure 4; Table 3), whereas the sand-size (250-63um) are comparatively
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higher in amount (~40 wt %) (Figure 4; Table 3). A substantially higher value is noticed for the finer
fractions of soil (~90 wt %) compared to the sands and silts (Figure 4; Table 3). Normalized data of the
particle size separates revealed that the sum of the n-alkyl content in the particle size was larger than

the n-alkyl lipid content of the respective whole soils (Figure 4).
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Figure 4: Total concentrations of n-alkanes and n-alkanoic acids in whole soils of forest, grassland and
mixed system and in different size fractions

28



Table 3: n-Alkyl lipids content of whole soil and size fractions

Soil Size separate/Micron Mass + SE/% Bulk n-alkane extract yield (ng/g) n-alkanoic extract yield (ng/g)
Fine sand Very fine sand Coarse silt Medium silt Finer fraction
(250-125um) (125-63um) (63-32pm) (32-20pum) (< 20um)
Forest Fine sand 10+9 2079.7 7114.9
Very fine sand 18+8 3606.0 304753
Coarse silt 46 £7 2601.2 7384.6
Medium silt 20+5.2 1027.7 15165.5
<20pm 5+1 4253.2 46492.0
% recovery 99%
Bulk yield (ng/g) 5090.9 50964.3
Grassland Fine sand 11+£6 1793.7 17259.4
Very fine sand 18+4 2669.0 23550
Coarse silt 46 £3.1 1321.4 16884.6
Medium silt 15+5 647.8 15285.6
<20pm 9+ 1 3008.7 25068.8
% recovery 98%
Bulk yield (ng/g) 3234.7 69068.6
Mixed system Fine sand 12+5 913.3 6017.3
Very fine sand 17+6.5 1015.3 5871.6
Coarse silt 40+7 326.7 6210.5
Medium silt 14+£3.1 835.5 6599.2
<20pm 8+ 1.5 1749.7 12396.6
% recovery 96%
Bulk yield (ng/g) 1063.6 8270.5

SE= Standard error; Number of analysis varied from 2 to 3
ng/g= nanogram of lipid/gram of dry soil
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4.3 n-Alkanes abundances and distribution patterns of whole soils and particle size
fractions

Differences in molecular abundance and distribution patterns of n-alkanes observed in whole soil
between forest, grassland and mixed systems and size fractions are illustrated in Figure 5. Comparison
between the three systems, the total n-alkane concentration (C11-C33) is significantly higher in
forest (5.09ug/g) than in grassland (3.23ug/g) and mixed systems (1.06ug/g). Forest soil have the
highest higher molecular weight (HMW.i333)) n-alkanes compounds of 4.5ug/g than grassland
(2.5ug/g) and mixed system (0.7ug/g), whereas low molecular weight (LMWa.11-22)) n-alkanes is
larger in grassland (0.6ug/g) than in forest (0.5ug/g) and mixed system (0.3ug/g) (Table 1a; Table 1a;
Table 1c; Figure 5).

Across the five different size fractions, n-alkanes concentration varied in a similar way in all the three
systems, lowest for the silt-size fraction and the highest for the finer fraction (Table 1a; Table 1b; Table
Ic; Figure 5). Total n-alkanes concentration in the forest ranges from 1.02ug/g to 4.35ug/g (Table 1a).
Relatively low total n-alkane concentrations are observed in coarse silt (63-32um) and medium silt (32-
20um) (1.02ug/g) (Table la; Figure 5). Fine sand (250-125um) and very fine sand (125-63um)
(3.60ug/g) have comparatively higher concentration of n-alkanes compared to silt-size but lower than
that of finer fractions (<20um) (4.35ug/g) (Table 1a; Figure 5). Higher total n-alkanes concentration in
sand fractions mostly contributed from the HMW.i 2333y compounds. In grassland, the total n-alkanes
concentration in size fractions varied between 0.64ug/g to 3.00ug/g (Table 1b). Similarly, in this
system, coarse silt (63-32um) and medium silt (32-20um) (0.64ug/g) have the lowest n-alkanes
concentration compared to sand (250-63um) (2.66ug/g) and finer fractions (<20um) (3.00ug/g) (Table
1b; Figure 5). The total n-alkanes concentration in mixed system ranges from 0.32ug/g to 1.74ug/g
(Table 1c). Lowest concentration for the coarse silt (63-32um) and medium silt (32-20um) (0.32ug/g)
size fractions and the largest for the finer fractions (<20um) (1.74ug/g) are observed (Table Ic;
Figure?).

Finer fractions have higher amounts of HMWaik(23-33) and LMWaik1-22) compounds than sand- and silt-
size fractions in all the systems. Another striking observation is the relatively high concentration of
HMWi.i@2333) in sand fractions of 3.2ug/g, 1.9ug/g and 0.6ug/g than silt-size fractions each with an
amount of 2.1ug/g, 0.9ug/g and 0.1ug/g in forest, grassland and mixed system respectively. Silt-size
fractions, however, have the lowest total n-alkanes concentration and lowest HMWai(2333) content in

all the systems (Table 1a; Table 1b; Table 1c; Figure 6).
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A homologous series of n-alkanes (Ci11-C33) of whole soils and five particle size fractions from forest,
grassland and mixed systems are identified (Table la; Table 1b; Table 1c; Figure 5). n-Alkanes
distribution patterns of the whole soil from all the three systems shows predominance of odd-over-even
carbon number in the long-chain, which is the characteristics of higher terrestrial plants. Within short-
chains (<Cz3), which can be derived from modification of long-chain to short-chain compounds and
contribution from the microbial communities, a preference of odd/even homologues is missing. Soils
from all the systems show an abundance of odd carbon number long-chain Cz7, Ca9, C31 and Cs3 n-
alkanes. Forest soils have a maximum carbon number at Cz9 n-alkanes. C33 dominated in grassland and
mixed systems. The representative n-alkanes spectra and various chain lengths of the whole soil from
forests, grasslands mixed systems are illustrated in Figure 4a.

The n-alkanes distribution patterns of particle size fractions revealed the same as that of their respective
whole soils (Figure 5). Sand-, silt-size and finer fractions separated from forest, grassland and mixed
systems soil have higher abundance of long-chain compounds (sum of both even and odd) than that of
short-chains compounds (Table 1a; Table 1b; Table 1c; Figure 5). For all the size fractions from sand-
size to finer fractions, Cs31 n-alkane is the most abundant homologue for forest, grassland and mixed
systems soil. The abundance of other odd carbon number long-chain n-alkanes is lower than that of the
Cs1. A marked difference was observed in the distribution patterns of n-alkanes between the sand-, silt-
size and the finer fraction of the forest, grassland and mixed systems. Sand fractions exhibit a
significant odd to even carbon number predominance in the long-chain compared to silt-size and finer
fractions. Notably, no odd-over-even carbon number predominance in the short-chain (Ci1-Ca1) of the
sand fractions. Long chain n-alkanes from silt and finer fractions of forest, grassland and mixed system
show odd-over-even carbon number predominance but not as strong as in the sand fractions, whereas
short-chains lack clear odd to even carbon number predominance. The n-alkanes of finer fractions of
soil show a bimodal distribution with a maximum at Ci¢ and a sub-maximum at C4/Cig in the short-
chain and Cs; in the long-chain. Again, no predominance of odd/even noted for the short-chain n-
alkanes in finer fractions. The long-chain is predominantly odd carbon numbers in the Cz3-Cs3 range.
The representative n-alkanes spectra and various chain lengths of the sand-, silt- and finer size-fractions

are given in Figure 4b.
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4.3.1 Molecular proxies of n-alkanes
Several molecular parameters were derived for n-alkanes to enable the identification of incorporation

and preservation pathways of these compounds in whole soil and particle size fractions. The CPI was
calculated for long-chain (CPlaik23-33)) and for short-chain (CPlaks-21)) n-alkanes separately, using the
equation 1 and 2 respectively. The CPI values of both indicate the preference of odd carbon numbers #-
alkanes over the even counterparts. The long chain n-alkanes CPlak2333) values are 7.0, 5.2 and 2.1 in
forest, grassland and mixed systems whole soil respectively (Table 1a; Table 1b; Table 1¢ Figure 6).
Across the five different particle size fractions, forest, grassland and mixed systems show a decreasing
trend of 30-60% in CPlak23-33) (Table 1a; Figure 6) with decreasing grain size from the sand to the finer
fractions. CPlae3-33) values of long-chain n-alkanes varied between 7 and 10 for sand-size fractions
which is comparatively higher than CPlai23-33) values with range of 3 and 4 in the finer fractions.
CPlak@3-33) for silt-size fractions lies between sand and finer fractions (Table 1a; Table 1b; Table Ic
Figure 6).

The short-chain n-alkanes CPlLak(is-21y) values are 0.5, 0.4 and 0.4 in forest, grassland and mixed system
whole soils respectively. Short-chain n-alkanes CPlaks-21) varied between 0.1-0.5 across the size
fractions of all systems. Lowest CPlas-21) values are observed in silt-size and finer fractions and
relatively higher values in the sand-size (Table 1a; Table 1b; Table 1c; Figure 6).

Average chain length (ACLa(25-33)) was calculated for long-chain n-alkanes using the equation 3.
ACLaik2s5-33) values of whole soil are 29.8, 30.6 and 29.4 in forest, grassland and mixed system
respectively. Slight decreasing patterns in ACLai25-33) values of ~1-2% from sand to finer fractions in
all systems are identified. Forest soils have ACLai(25-33) values of 30.2 in sand size and 29.7 in finer
fractions. Grasslands and mixed systems have ACLai@s33) values of 30.3 and 29.6 in sand and 27.9
and 29.3 in finer fractions respectively (Table 1a; Table 1b; Table 1c; Figure 6).

C29/C31 was calculated by dividing the n-alkanes concentration of Cz9 by Csi. Forest, grassland and
mixed systems soil have Cz9/Cs; of 1.3, 0.8 and 0.8 in respectively (Table la; Table 1b; Table 1c).
C29/C31 shows a negative correlation with size fractions of all systems. Forest soil has C29/C310f 0.5 in
sand and 0.7 in finer fractions. C29/C3; ratio increases from 0.3 to 0.5 and 0.9 to 1 from sand-size to
finer fractions in grassland and mixed system respectively.

Odd-over-Even Predominance (OEP(27.33)) is the measure of the relative abundance of odd to even
carbon numbers long-chains by using the concentrations of a given n-alkanes chain length. OEP(27.33)
was calculated for long-chain n-alkane whole soil and size fractions from the equation 4. Lower OEP 27
33) 0f 6.0 and 2.5 is identified in grassland and mixed system whole soil respectively than that in forest

soil with value of 7.3. OEP(27.33y shows a decrease of ~40-50% (9.0 to 4.1), (9.0 to 3.8) and (3.5 to 2.3)
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from sand-size to finer fractions of forest, grassland and mixed system soil respectively (Table 1a;

Table 1c; Figure 6). OEP(27.33) appears to resemble the decreasing trend as CPlai23-33).
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Figure 5: Abundances of the C11—Cs3 n-alkanes (in ng n-alkanes/g dry soil) and the resulting n-alkanes
distribution patterns in the forest, grassland and mixed system soils (left, middle and right-hand side,
respectively). The inset image illustrates the results for the n-alkanes chain lengths (n-C11—Cz4) at a

scale adapted to their low concentrations.
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Figure 6: n-Alkanes molecular indices and the relative proportions of the short and long-chain »-

alkanes for the investigated soil systems (Top — Forest system, Middle — Grassland and Bottom —

Mixed system)

Table 1 a: Concentrations and other parameters of n-alkanes compounds in forest soil and roots

Soil Total alk conc  CPl@333) CPlas2ry ACLps33 OEP  C/C;i Cmax LMW  HMW LMW/HMW
Whole soil 5090.9 7.0 0.5 29.8 7.3 1.3 C29 521.1 4569.8 0.1
Fine sand 2079.7 10.2 0.2 30.1 9.0 0.6 C31 256.0 1823.7 0.1

Very fine sand 3606.0 9.4 0.5 30.2 8.6 0.5 C31  356.0 32499 0.1
Coarse silt 2601.2 5.6 0.2 29.9 5.4 0.7 C31  430.8 2170.3 0.1
Medium silt 1027.7 3.3 0.1 29.3 3.3 0.7 C31 3168 17109 0.4
<20 Micron 4253.2 3.9 0.3 29.7 4.1 0.9 C31 9319 33213 0.2
Roots 897.2 8.2 0.9 30 9.5 0.9 C31 2834 6137 0.4
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Table 1 b: Concentrations and other parameters of n-alkanes compounds in grassland soil and roots

Soil Total alk conc  CPl@333 CPlas2i)  ACL@sssy OEP C29/C31 Cmax LMW HMW  LMW/HMW
Whole soil 3234.7 5.2 0.4 30.6 6.0 0.8 C33 680.8 2553.8 0.2
Fine sand 1793.7 7.1 0.2 30.3 9.0 0.4 C31 4585 1335.2 0.3
Very fine sand 2669.0 8.7 0.2 30.1 7.0 0.3 C31 673.5 19954 0.3
Coarse silt 1321.4 6.1 0.2 30.0 6.5 0.5 C31 393 928.4 0.4
Medium silt 647.8 3.0 0.1 29.3 3.4 0.5 C31 312 335.7 0.9
<20 Micron 3008.7 3.6 0.1 29.7 3.8 0.8 C31 936.1 20725 0.4
Roots 1770.5 9.7 0.3 32.0 13.7 0.2 C33 327.3 1443.2 0.2

Table 1 ¢: Concentrations and other parameters of n-alkanes compounds in mixed system soil and roots

Soil Total alk CPl@ss3)  CPlas2ny  ACLes33 OEP CC3;i Cmax LMW HMW LMW/HMW
conc
Whole soil 1063.6 2.1 0.4 29.4 2.5 0.8 C31 3559 707.6 0.5
Fine sand 913.3 3.1 0.1 29.2 3.5 0.9 C31 2557 657.5 0.3
Very fine 1015.3 2.5 0.2 29.6 1.4 0.7 C31 3265 688.7 0.4
sand
Coarse silt 326.7 1.2 0.4 28.1 2.5 0.7 C31 1552 171.4 0.9
Medium silt 835.5 2.5 0.1 29.5 2.8 0.9 C31 3708 464.7 0.7
<20 Micron 1749.7 2.2 0.2 29.3 23 1.1 C33  491.1 1258.6 0.3
Roots 928.9 4.5 0.4 30 5.4 0.4 C33 118.0 810.7 0.1
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4.4 n-Alkanoic acid abundance and distribution patterns of whole soils and particle

size fractions
n-Alkanoic acid molecular abundances and distribution patterns in soil under different vegetation cover

are illustrated in (Table 2a; Table 2b; Table 2c; Figure 7). A significantly higher total n-alkanoic acid
concentration (Ci2-Css) of 69.06ug/g is found in grassland whole soil than forest (50.96ug/g), and
mixed system (8.27ug/g). However, HMW.ciq22-34) 1s highest in forest (29.9ug/g) intermediate in
grassland (23.9ug/g) and lowest in mixed system soil (2.4ug/g). Higher LMWoacia (12-21) content of
45.1ug/g in grassland than forest and mixed systems of 21.0ug/g and 5.8ug/g respectively is observed
(Table 2a; Table 2b; Table 2c; Figure 8). Representative n-alkanoic acid spectra and various chain
lengths of the whole soil between forests, grasslands mixed systems are illustrated in Figure 4c.

The total m-alkanoic acid concentration in size fractions separated from forest soil ranges from
7.11ug/g, 30.47ug/g, 7.38ug/g, 15.16ug/g and 46.49ug/g in fine sand, very fine sand, coarse silt,
medium silt and fine fractions respectively (Table 2a; Figure 7). Grassland varied between 17.25ug/g,
23.55ug/g, 16.88ug/g, 15.28 ug/g and 25.06ug/g in fine sand, very fine sand, coarse silt, medium silt
and finer fractions respectively (Table 2b; Figure 7). The total n-alkanoic acid concentration of mixed
system size fractions ranges from 6.01ug/g, 5.87ug/g, 6.21ug/g, 6.59ug/g and 12.39ug/g in fine sand,
very fine sand, coarse silt, medium silt and fine fractions respectively (Table 2c; Figure 6).

The total n-alkanoic acid, HMWacig22-34) and LM Wacid(12-21) compounds are most abundant in the finer
fractions of all the systems (Table 2a; Table 2b; Table 2c). Sand-size fractions in forest of 15.1ug/g,
grassland of 2.4ug/g and mixed system of 1.5ug/g accounted a relatively larger amount of HMWaciq(22-
34y compared to silt fractions of 2.0ug/g, 1.6ug/g and 0.5ug/g in forest, grassland and mixed systems
respectively. When compared with the finer fractions, HMWacid(22-34) of sand-size is much lower in
abundance.

Distribution patterns of n-alkanoic acid (Ci2-Cs4) in the forest, grassland and mixed systems are
characterized by strong even over odd carbon numbers predominance, with maximum carbon number at
Cis, followed by Cis. Patterns of bimodal distribution with maxima at Cis in the short-chain and Ca4 in
the long-chain of whole soils from all systems are identified. A relatively larger amounts of ubiquitous
Cisand Cig each in an amount of 19.5ug/g and 9.5ug/g respectively is observed in grassland whole soil
than in forest (8.6pg/g and 3.2pg/g) and mixed system (3.8ug/g and 0.7ug/g) (Table 2a; Table 2b;
Table 2c; Figure 7).

Forest, grassland and mixed system particle size fractions show the distribution patterns of n-alkanoic
acids that are similar to the patterns in their respective whole soils. The distributions are characterized

by even over odd carbon number predominance n-alkanoic acids (Figure 7). Across the different size

36



fractions of all the three systems, n-alkanoic acids distributions are dominated by the short-chain
compounds (<Cao), but the long-chain (>C32) compounds are also significant. The patterns of bimodal
distributions with maxima at Cis in the short-chain and C»4/Cys in the long-chain across the size
fractions are identified. A significant even-over-odd carbon number in the long-chain and short-chain n-
alkanoic acids are observed for sand-, silt-size and finer fractions. Overall, the distribution of long-
chain n-alkanoic acids in whole soils and in size fractions shows a decreasing abundance from Cas to
Css4. The decreasing rate of Co4 to Css is higher in the silt and finer fractions compared to the coarse
fractions of all the systems (Figure 7). Representative n-alkanoic acid spectra and various chain-lengths

of the sand-, silt- and finer size-fractions are given in Figure 4d.

4.4.1 Molecular proxies of n-alkanoic acids

The carbon preference index was calculated for the long-chain (CPlacig22-32)) and short-chain (CPlaciaci2-
20)) n-alkanoic acids using the equation 5 and 6 respectively, to identify the possible behavior of sources
in the short and long-chain compounds. CPlacia2-32) values of long-chain n-alkanoic acids are 2.4, 2.6

and 3 in forest, grassland and mixed system whole soils respectively.

In size fractions, CPlacia22-32) in forest and mixed systems shows a decreasing trend of ~15-20% with
decreasing size fractions (Table 2a; Table 2c; Figure 8), whereas grassland show a decreasing trend of
only ~5% from sand to finer fractions (Table 2b; Figure 8). The % of decrease in CPlacid22-32) of 4 to
2.4 and 4.7 to 3.5 from sand to finer fractions in forest(~25%) and mixed system (~35%) respectively
is higher when compared to grassland (~15%) where the decrease in CPlacia22-32) is only from 4.5 to

4.3 (Figure 8).

Short-chain CPlaciqi12-20) values of 10.4, 19.9 and 20.4 in forest, grassland and mixed system soils
respectively are higher than their respective long-chain CPlacid2-32) (Figure 8). CPlaciai2-20) values in
five different size fractions in all the three systems are ~60-70% higher than the long chain CPlacida22-32)
values (Table 2a; Table 2b; Table 2c; Figure 8). CPlaciq12-20) value is much higher in all the five size
fractions than that in their respective whole soils, mostly in the grassland and mixed system (Table 2b;
Table 2c; Figure 8). Higher CPlaciq12-20) in sand-size fractions of 31-37 for grasslands and 53-47 for
mixed vegetation soils and lower CPlacidi2-20) of 26.1 and 16.8 in finer fractions for grasslands and
mixed system soils are identified. The CPlacia(12-20) values in the range of 10-13 for forest soil behave

similarly across grain size (Figure 8).

Average chain length (ACLacia4-32) ) was calculated using the equation 8 for long-chain n-alkanoic

acids. Forest, grassland and mixed system whole soil have ACLacid24-32) values of 27.7, 27.5 and 27.2
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respectively. Across five different size fractions, ACLacid24-32) values show a slight (~3%), but non-

significant decreasing trend with decreasing grain size in all the systems (Figure 8).

Even over odd predominance (EOP22-34)) was calculated for long-chain n-alkanoic acids from equation
7. EOP234) of 3.5, 3.6 and 3.9 are identified in forest, grassland and mixed system whole soil
respectively. A decrease of ~20-30% in EOP(2234) from sand-size to finer fractions in all the soil
systems are observed (Figure 8). Forest, grassland and mixed systems have EOP 2234y of 4.5, 4.8 and

5.5 in sand-size and 3.5, 3.6 and 3.4 in finer fractions respectively (Table 2a, 2b and 2c; Figure 8).
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Figure 7: Abundances of the C12—Cs4 n-alkanoic acids (in ng n-alkanoic acids/g dry soil) and the
resulting n-alkanoic acids distribution patterns in the forest, grassland and mixed system soils (left,
middle and right, respectively). The inset images illustrate the results for the n-alkanoic acids chain

lengths (n-Ci9—34) at a scale adapted to their low concentrations.
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Table 2 a: Concentrations and other parameters of n-alkanoic acids in forest soil

Soil Total al-acid CPl232 CPla22o) ACL@s432) EOPeo3 LMW HMW LMW/HMW
Whole soil 50964.3 2.4 10.4 27.7 3.5 21031.1 29933.1 0.7
Fine sand 7114.9 4.0 10.3 27.3 4.5 41757  2939.1 1.4

Very fine sand 30475.3 3.4 7.30 27.6 3.9 153512 15124.1 1.0
Coarse silt 7384.6 3.1 12.1 272 3.6 63383  1046.3 6.0
Medium silt 15165.5 3.5 18.4 26.9 4.0 12926.6  2238.8 5.7
<20 Micron 46492.0 3.0 13.3 27.4 3.5 35715.8 10776.2 33
Roots 4168.7 2.3 11.1 25.1 3.7 33047  864.0 3.8

Table 2 b: Concentrations and other parameters of n-alkanoic acids in grassland soil

Soil Total al-acid CPlI2232) CPl2200 ACL24327 EOP0-32y LMW HMW LMW/HMW
Whole soil 69068.6 2.6 19.9 27.5 3.6 45165.1 23903.4 1.8
Fine sand 17259.4 4.5 37.1 27 4.5 15008.1 2251.2 6.6

Very fine sand 23550.0 5.1 31.9 27.4 4.8 21113.8  2436.1 8.6
Coarse silt 16884.6 4.3 36.5 26.3 4.5 16278.5 1606.1 6.8
Medium silt 15285.6 4.6 15.7 26.2 3.6 142729 1012.7 14.0
<20 Micron 25068.8 43 26.1 27.4 44 222529 28159 7.9
Roots 3309.0 3.4 17.9 26.7 5.5 26414 667.6 3.9

Table 2 ¢: Concentrations and other parameters of n-alkanoic acids in mixed systems soil

Soil Total al-acid CPl232) CPla220) ACL@a34 EOP(20327 LMW ~ HMW LMW/HMW
Whole soil 8270.5 3.0 20.4 27.2 3.9 5865.4 2405.1 2.4
Fine sand 6017.3 4.7 53.5 27.8 5.5 4456.2 1561 2.8

Very fine sand 5871.6 5.1 473 27.7 5.0 44445 1427 3.1
Coarse silt 6210.5 3.7 22.7 26.4 4.0 5689.9  520.6 10.9
Medium silt 6599.2 4.5 30.0 26.1 42 6077.5  521.7 11.6
<20 Micron 12396.6 3.3 16.8 26.2 3.4 11439.9  956.7 11.9
Roots 2721.3 2.3 6.71 25.6 4.6 21644  556.8 3.8
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CHAPTER 5

Discussions

5.1 Grain-size and mineralogical distribution

Under similar climate conditions, soil forming intrinsic factors such as grain size distribution and
mineral content, could be responsible for the transformation and accumulation of OM pools (Burke et
al.,, 1989; Kdogel-Knabner et al., 2008). From our dataset, forest, grassland and mixed systems have
sand, silt and clay of similar content (Table 2). This indicates that grain size distribution did not have
any specific role in the n-alkyl lipid abundance and distribution patterns in whole soil as well as in size

fractions across the forest, grassland and mixed systems.

The dominant minerals assemblages found in these three systems are kaolinite, illite, quartz and
feldspars. However, the variation in the abundance and distribution patterns of n-alkyl compounds
across size fractions between forest, grassland and mixed systems put forward that the mineralogical
compositions did not influence the OM distribution in these soils. Although climate and soil texture are
the primary regional controls of the accumulation of OM, their influence on the distribution of lipids
across size fractions, may be eclipsed by the effects of vegetation cover. In this context, it is suggested
that vegetation cover determines the soil environment and play a key role in the functionality of the
microbial communities present in these systems and can have significant impact on the lipid
distribution pattern in the soil where the climatic conditions, chemical and physical characteristics of

soil are similar.

5.2 Particle size fractionation

Physical separation of soil into five different organo-mineral fractions are used to identify and quantify
the different stabilized lipid pools associated with sand, silt and finer fractions. Lipids bound to mineral
grains of different size would help in understanding the pathways of OM associated with the mineral
surface, either through directly sorbing the unmodified plant components or sorb to mineral surfaces

after undergoing microbial transformation (Sokol et al., 2019).

The largest lipid content in the finer fraction of ~ 90% with respect to whole soils indicates that the

finer fractions contribute the highest amount of lipid content in soils. The finer fraction with highest
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lipid content differs from the sand and silts in terms of mineralogy and typically contains clay minerals
(Hillel, 2012). The decrease in the total lipid contents related to the whole soil from finer fractions to
sand and silt indicates a decrease in storage of lipids. Hence, we infer that the allocation of lipids in soil

strongly depend on the adsorption of the compounds to clay minerals.

The possible explanation for the substantially higher in total n-alkyl content of the particle size fractions
than the n-alkyl lipid content of the respective whole soils could be that the n-alkyl compounds may be
trapped within the OM matrix or microaggregates. Disruptions of intact soil macroaggregates and the
OM-mineral associations during fractionation/sieving process may have released these compounds

from the soil matrix that otherwise may have remained locked inside aggregates in the whole soils.

5.3 n-Alkane abundance and distribution patterns of whole soils and particle size

fractions
The distribution of n-alkane in the whole soils of all the systems reflected those of leaf lipids from

higher terrestrial plants (Eglinton and Hamilton, 1967), suggesting that the long-chain n-alkanes
compounds have not been affected considerably by diagenesis. Higher total n-alkanes content in the
forests are in good agreement with findings of higher n-alkanes abundance in soil under forest than
grassland and (Li et al., 2018). This indicates the occurrence of more plant litters accumulated in the
forest that can effectively contribute to topsoil lipid content (Cristiane et al., 2010). Therefore, it is
feasible that the accumulation of litter layers over time could lead to higher n-alkanes concentrations in
the sub-soils. Moreover, thick litter assemblages in the forest soil could lead to anoxic conditions for
higher preservation of plant derived OM materials and inhibit the decomposition of lipid compounds by
microorganisms (Khatoon et al., 2017). This is further reflected by the occurrence of higher HM Wik (23-
33) compounds with significant predominance of odd over even carbon number in the forest soil than
grassland and mixed systems. Low reported total n-alkanes concentration in grassland compared to the
forest, also reflected in high abundance of LMWa.i (1122) compounds, which we ascribe to the ongoing
modification of plant-derived n-alkanes and contribution from microbial communities where the fine
roots play a major role in proliferation of the microbial growth that influences the degradation of lipids
in the soil (Cheng et al., 1990; Mason et al., 2005; Sokol et al., 2019). Our mixed system soils have
very low n-alkanes concentrations, which we interpret to the little amount of litter samples at these sites
and as degradation occurs, subsequently this could lead to very low concentration of n-alkanes in the
soil.

These differences in n-alkanes concentration among forest, grassland and mixed systems could result
from distinct plant wax abundance, chain length distribution, growth habits and physiology that may

have influenced the n-alkanes signals in soils. Moreover, concentrations of n-alkanes in their vegetation
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sources, land use system and effect of soil microorganisms must be accounted for, otherwise selective
preservation or degradation cannot be identified or quantified when comparing between different
terrestrial systems (Mueller et al., 2013; Freimuth et al. 2017).

The domination of Cy9 in forest, and the relatively higher concentrations of Cs3 in the grassland and
mixed system soils, allow for differentiation between the OM input of trees and grass vegetation.
However, care has to be taken when interpreting past vegetation based on the dominance of one n-
alkanes compound over the others (Cmax), because this can lead to an underestimation of the root
input, where the leaves were not the main contributors to the topsoil (Jackson et al., 1996). Our data
from roots n-alkanes distribution patterns shed some light about the dominance of n-Cs; than n-Cy9 in
forest (Figure 6a). Therefore, the roots can potentially affect the distribution of n-alkanes by imprinting
a new signal over that of the leaf. However, roots contain a much lower concentration of n-alkanes and
are not likely to be the primary source of n-alkanes in these systems (Table 1a; 1b; 1c).

The n-alkane patterns in size fractions of forest, grassland and mixed systems vary in the relative
abundance of higher vs. lower compounds. Relatively higher concentration of HM Wik 23-33) compounds
with pronounced odd-over-even n-alkanes carbon number in sand- than silt-size and finer fractions
implies that the OM accumulated in sand is dominated by relatively fresh or partly decomposed plant
inputs (Six et al. 2004). Quartz, which is the dominant mineral in sand fractions, has less capability to
hold the OM due to small surface area and thin clay coating compared to clay minerals (Figure 5a).
This signifies the occurrence of temporal pools of n-alkane in the sand fractions (Lichtfouse et al.,
1998; Cayet et al., 2001). Moreover, higher concentration of HMW.ik2333) compounds in sand-size
apart from fresh input plant material, suggests low modification of plant-derived compounds where low
nutrient availability in these fractions account for low microbial biomass (Sessitsch et al., 2001). The
lowest total n-alkanes concentration and lowest HMW.ik2333) compounds in silt-size fractions from
forest, grassland and mixed systems indicates the poor preservation and modification of the long-chain
n-alkanes in these fractions of soils. This denotes the higher microbial biomass found in silt-size
fractions (Sessitsch et al., 2001; Selesi et al., 2007; Hemkemeyer et al., 2018). This finding further
demonstrates that microbial communities associated with particle size can greatly affect the distribution
of lipid compounds in the soil. Highest total n-alkane concentration, HMWaik2333) and LMWaik1-22)
compounds in finer fractions than sand and silt in forest, grassland and mixed system denotes the
interaction of n-alkanes with the minerals present in finer fractions, mainly by chemical adsorption to
clay mineral surfaces (Quenea et al., 2004). In addition, the occurrence of LMWa11-22) and HMWai(23-
33) compounds with weak odd-over-even predominance in substantial amounts reflects the contribution

of modified plant biomass and contribution from the microbial communities in the finer fractions.
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The short-chain n-alkanes compounds (Ci1-C21) with no odd or even carbon number predominance in
sand-, silt-size and finer fractions of all the systems could be attributed to the presence of modified
plant materials or a microbial input in the soil (Wiesenberg et al., 2004). Short-chain n-alkanes are
known to be more sensitive to degradation by microorganisms than the long-chain n-alkanes
compounds (Moucawi et al., 1981; Ambles et al., 1993). As a result, higher abundance and distribution
patterns of short-chain n-alkanes in the finer fractions likely indicates the potential of clay mineral
surfaces bound with the finer particle fractions in influencing the preservation of n-alkanes compounds
derived from microbial origin with respect to sand and silt (Moucawi et al., 1981; Quenea et al., 2004)

(Figure 5b).

5.3.1 Molecular proxies of n-alkanes

In addition to the difference in the n-alkane concentration across the investigated soil and size fractions
under different vegetation cover; our results indicate that the distribution patterns vary in the abundance
of odd vs. even carbon number long-chain n-alkanes. A comparatively higher CPla23-33) value in
forest than grassland and mixed systems confirmed the effective preservation of plant-derived n-alkanes
and has not significantly altered by diagenesis compared to grassland and mixed systems. This indicates
that the relative abundance of n-alkanes chain length varied with soil under different vegetation cover.
More conservation systems like forest presented an increase in the preservation of long-chain n-alkanes
that can have a positive influence on the dynamics and stock of soil carbon (Cristiane et al., 2010).

A decreasing trend in long-chain n-alkanes CPlai23-33) values with decreasing grain size from the sand
to the finer fraction in these systems indicate the occurrence of plant-derived compounds in the sand
fractions (Figure 5a). A possible modification of plant-derived n-alkanes by microbial activity in silt
and finer fractions may have contributed to the even-carbon number long-chain n-alkanes. Organo-
mineral associations in these fractions show a microbial fingerprint that reflected the low CPla (23-33)
values, suggests the high affinity of microbes to small size fractions of soil (Grimalt et al., 1998;
Sessitsch et al., 2001; Selesi et al., 2007; Brittingham et al., 2017).

The percentage of decrease (~60%) in CPlak23-33) from sand to finer fractions is much more pronounced
in the forest system than the decreasing pattern of CPlak3-33) from sand to finer fractions in grassland
(~50%) and mixed systems (~30%). Thus, we infer that relative abundance of odd/even carbon number
long-chain n-alkanes is influenced by the types of aboveground vegetation cover which can
substantially alter the compositions, diversity and functions of soil microbial communities. Soil

microorganisms are an important bioactive component in the terrestrial ecosystems. Therefore, these
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results observed in the decreasing pattern of CPlak23-33) that vary between forest, grassland and mixed
system suggest that the difference in litter composition of the type of vegetation could lead to changes
in the nutrient content in the soil. Moreover, vegetation cover defines the root systems that can alter the
soil conditions (Prescott et al., 2013; Moscatelli et al., 2018). The soil conditions affect the ability and
function of microorganisms to utilize the n-alkanes compounds. Thus, the microbial functionality and
diversity differ in different terrestrial ecosystems (Anderson et al., 2009; Weng et al., 2021).

Fungal network in regions of higher microbial density such as grassland topsoil, promotes the
translocations of the plant-litter away from the litter surface leading to the formation of persistent
mineral associated OM aggregates (Sokol et al., 2019). It is known that the microbes associated with
the finer fractions, released polysaccharides that serve as the binding material between the mineral
grains and the plant-derived OM (Sollins et al., 1996). This emphasized the important role of
microorganisms in incorporation of plant-derived OM-mineral aggregates in the finer fractions.
Short-chain n-alkanes having roughly constant CPlaiii121) values (<I) in whole soils from all the
systems without significant odd/even carbon number predominance implies microbial origin (Cranwell,
1981; Meyers and Ishiwatari, 1993). In different size fractions of forest, grassland and mixed
system, low CPlakii21) in silt-size and finer fractions than sand fractions represent diagenetic
modification of the short-chain compounds corroborating the observation from long-chain CPlai23-33).
Higher ACLai25-33) in grassland suggest the OM sources with leaf lipid that derived from grasses have
higher values than that of the trees (Cranwell, 1973). This reflects that the vegetation cover is the main
influence on the length of the carbon chain n-alkanes that belongs to the terrestrial plant lipids. Minimal
difference in ACLa2533) across size fractions with slightly higher value in sand and decrease with
decreasing size in forest (~1.6%), grassland (~2%) and mixed system (~1%) suggests a role of post-
depositional processes in controlling the dominant chain length distribution of n-alkanes compounds.
Notably, the CPlai2333) 1s weakly correlated with the ACLakes-33) indicating that the ratio of odd
carbon number long-chain n-alkanes is not affected by the changes in the odd vs. even carbon number
long-chain n-alkanes across the grain size fractions. This suggests the role of post depositional process.
Lower C29/C311n grassland whole soil seem plausible that there is greater predominance of longer chain
lengths n-Cs1 alkanes in grasses than in trees. C29/Cs1 cannot serve as generalized proxies for separating
n-alkanes derived from grasses and mixed systems.

Increases in C29/C31 with decreasing size fractions demonstrate that the ratios of these two compounds
provide insights on the relative abundance of n-alkane chain length in different size fractions of soil.
Higher C2¢/C31 values in silt size in forest and grassland compared to sand and finer fractions signifies

more pronounced biodegradation of odd carbon number long-chain n-alkanes compounds with
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decreasing size fraction. This substantial degradation of long-chain compounds corroborates with the
fact that larger microbial biomass inhabit in smaller size fractions (Sessitsch et al., 2001).

Grassland and mixed systems have lower OEPaxk27-33) than the forest, suggesting higher ongoing
modification of long-chain n-alkanes in soil under grasses and mixed systems compared to soil in
forest. These observations attributed to the specificity of grassland and mixed systems. Higher fine root
density in grassland and mixed system soils than that of forest allows more infiltration of water and air
leading to oxic conditions and less preservation of OM contributed by the dominant vegetation in the
grassland and mixed systems (Chikaraishi and Naraoka, 2006; Khatoon et al., 2017). Higher microbial
biomass is usually found from the rhizosphere soil, which is the narrow region of soil that is directly
influenced by roots, than the other parts of the soil horizon where roots are less abundant (Cheng et al.,
1990; Sokol et al., 2019). Hence, this highlights that microbial activity is relatively intense in grassland
and mixed systems compared to the forest system. High OEPa2733) in forest results from the thick
layer of litter accumulated in soil under trees that can block the infiltration of air and water which lead
to anoxic conditions. Microbial activity is known to be favorable under oxic conditions and abruptly
decreased under anoxic conditions (Dyckmans et al., 2006). Hence, low microbial activity in soil under
forest favored the preservation of plant derived n-alkanes that effectively contribute to topsoil long
chain n-alkanes content that reflect in high OEP.

Decrease of OEP.2733) from sand-size to finer fractions of forest, grassland and mixed systems is
correlated with the CPlai23-33) and C29/Cs1, an indication in the decrease in abundance of odd carbon
number long-chain n-alkanes compounds with decreasing grain size.

Lower OEPae733y in the finer fractions of all the three systems reflects the influence of
biodegradation of odd carbon number long-chain n-alkanes by the microorganism associated with these
fractions.

Decrease of OEPai2733) from sand-size to finer fractions is more pronounced in grassland (~60%),
compared to the forest (~54%) and mixed system (~52%). Grasslands, which have higher fine root
biomass compared to forests and mixed systems could have higher microbial growth associated with
the mineral grains in finer fraction of soil. Therefore the degradation patterns of n-alkanes were
different for the three systems and more intense in size fractions from grassland. This observation
indicates that the trends are influenced by differences in environmental properties such as the diversity
in microbial communities and the soil microclimate (Chikaraishi and Naraoka, 2006; Dyckmans et al.,

2006; Khatoon et al., 2017).
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5.4 n-Alkanoic acids abundance and distribution patterns of whole soils and
particle size fractions

The occurrence of large abundance of LMW,ciq(12-20) compounds in grassland is likely caused by the
modification of long-chain n-alkanoic acids to short-chain compounds in the soil and by the input of
microbial communities (Otto et al., 2005; Sokol et al., 2019). Higher abundance of HMWacia22-34)
compounds with even carbon numbers in forest compared to grassland and mixed systems indicate low

to moderate levels modification of long-chain n-alkanoic acid in the forest soil.

In size fractions, abundance of HMW..iq22-34) compounds in sand is not expectable, as the plant-derived
n-alkanoic acids is more likely to degrade at a faster rate than the n-alkanes (Wiesenberg et al., 2004).
We infer the persistence of plant-derived n-alkanoic acids, contained in sand-size fractions of soils from
these three systems, may have accumulated in sand-sized aggregates (>63um) (Angst et al. 2018).
Accessibility of n-alkanoic acids to microbes may have decreased by occlusion within the
microaggregates. Small size pores could restrict the entry of microorganisms and low oxygen levels
limited to microbial activity (Sollins et al., 1996). Intense microbial activity in silt fraction is reflected
by much lower HMW.cid (22-34) observed in silt fractions than sand and finer fractions of all the systems.
These observations highlight the variation in microbial communities associated with differently sized

soil particles (Grimalt et al., 1998; Sessitsch et al., 2001; Selesi et al., 2007; Brittingham et al., 2017).

Lipids with carboxyl groups were known to be preferentially enriched in clay minerals such as
phyllosilicates (Jones et al., 2014; Ghosh et al., 2019). We infer that the nature of functional groups of
n-alkanoic acids could result in the higher abundance of total n-alkanoic concentration, HMWacid22-34)
and LMWacidq(12-20) compounds in the finer fractions of all the three systems. Regardless of the
differences in vegetation cover, another reason for the preservation of these compounds in the finer
fractions could result from occlusion within the microaggregates reduces accessibility to the microbes
(Liitzow et al., 2006; Clemente et al., 2011; Yang et al., 2020). Although n-alkanoic acid is considered
to be relatively labile compared to n-alkanes, affinity to clay minerals could be an important pathway in
the preservation of these compounds particularly in silt-size and finer fractions across the different

ecosystems (Figure 5b).
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5.4.1 Molecular proxies of n-alkanoic acids
CPlacia22-32) values in forest, grassland and mixed system soils point to a dominant plant wax source.

Unlike n-alkanes, small differences in CPlacig2-32) values in these systems cannot differentiate the
specific vegetation source. Our results show that the amount of n-alkanoic acids between the systems
vary in the concentration of higher molecular weight compounds (sum of even and odd carbon) which

did not reflect in the ratio of long-chain even-over-odd r-alkanoic acids (CPlacid22-32)).

Comparatively higher CPlacig22-32) in sand-size fractions than in silt and finer fractions allow us to
identify the source of n-alkanoic acids with characteristic of plant-derived and contribution of microbial
input in sand and finer fractions respectively. Small changes in CPlacia22-32) among sand, silt and finer
fractions in all the systems, suggests the processes/mechanisms that involved for the preservation of the
long-chain even carbon number n-alkanoic acids leading to small changes in CPlacig22-32) across the soil
size fractions. These long-chain even compounds can be selectively preserved in the silt and finer
fractions with little or no alteration by adhering with the clay mineral surfaces. The adheration of n-
alkanoic acids to the clay mineral surfaces is determined by their functional groups (COOH). (Quénéa
et al., 2004 ; Liitzow et al., 2006; Kleber et al., 2015; Angst et al., 2018; Yang et al., 2020). These
compounds in finer fractions that have been protected from the microbial activity can remain in the soil

up to several years to decades and centuries.

Comparison between the different systems, lower % of decrease in CPlacia2-32) from sand to finer
fractions in grassland (~15%) when compared to forest (~25%) and mixed system (~35%), indicate the
persistence of long-chains even carbon number n-alkanoic acids in finer fractions as well. This suggests
another possibility of n-alkanoic acid stabilization mechanisms where different microbial communities
present in different ecosystems or the microbial activities associated with the particle size have different
affinity towards n-alkanoic acids for their metabolic activities. Thus, soil microorganisms mediate
turnover of n-alkanoic acids to cover their nutrient and energy needs for maintenance and growth
(Sessitsch et al., 2001; Dyckman et al., 2006; Schmidt et al., 2011; Miltner et al., 2012; Hemkemeyer et
al., 2018).

Therefore, the concept of microbial roles in n-alkanoic acid stabilization by understanding the dynamics
across the grain size fractions is key aspects to the function of soils in the global carbon budget.
However, the precise nature of the interactions between these lipids compounds, soil microorganisms

needs further study as this can have important implications on OM turnover. Our results CPlacida22-32)
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demonstrate that the effects of vegetation cover and microbial interactions on the distribution of long-

chain n-alkanoic acids are more noticeable in size fraction than in whole soil.

CPlacia(12-20) derived from short-chain n-alkanoic acids is higher than that of long-chain CPlaciq22-32).
Higher values in short-chain n-alkanoic acid CPlacig12-200 with respect to long-chain CPlacia22-32)
observed in whole soils and different size fractions, implies that the even carbon number n-alkanoic
acids are present in higher quantities in the short-chain (Ci2-Cz). One possible explanation for this
could be that the short-chain n-alkanoic acids already synthesized in plant leaves and with the
contribution from microbial communities result in higher abundance of these compounds in the soil.
Studies have shown that short-chains n-alkanoic acids are generally distributed in small-sized
aggregates. Small-size aggregates provide long-term protection that allows for short-chains to be more
stable than long-chain acids (Six et al., 2004, 2000; Lutzow et al., 2006; Yang et al., 2020). Much
higher value of CPlaciq(12-20) in all the five size fractions than that in their respective whole soils, mostly
in the grassland and mixed system indicates that the short-chain n-alkanoic acids has been trapped
within the microaggregates and bind with the soil OM matrix. Disruptions of soil during the soil size
separation process may have released these compounds that may otherwise remain locked inside

aggregates in the whole soils.

Higher CPlaciq(12-20) in sand-size than in finer fractions for grasslands and for mixed systems soils are
consistent with the suggestion of admixture from terrestrial plant and microbial source, whereas much
higher contribution from microbial communities in the finer fractions result in lower CPlaciq12-20y. The
similar behavior of CPlacid(12-20) for forest soil across grain size accounts for less influence from
microbial activity in the forest soil that does not drastically alter the even-over odd predominance in the

short-chain n-alkanoic acids in the finer fractions.

From the present study, it was noticed that there was no considerable changes in the ACLacid24-32)
among the whole soils and across the size fractions of forest, grassland and mixed systems which
signifies a similar abundance of long-chain odd carbon number n-alkanoic acids across the size
fractions. However the n-alkanoic acid concentration is different between forest, grassland and mixed
systems as well as across size fractions which did not reflect in the chain length ratio (ACLacia24-32)).
This limits the use of ACLacia4-32) 1n past vegetation reconstructions and in studying the distribution

patterns of n-alkanoic acids to identify changes in vegetation cover.

Additionally, no considerable variation in EOP(22.32) between the three systems suggests that regardless

of the type of overlying vegetation cover with different total n-alkanoic acid concentrations in soil, n-
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alkanoic acid did not reflect the changes in even vs. odd predominance between the systems. This
indicates that long-chain n-alkanoic acid stages of modification are indistinguishable between the
forest, grassland and mixed system.

However, a slight decreasing trend in EOP(22.32) from sand size to finer fractions of forest (~22%),
grassland (~25%) and mixed systems (~32%) signifies that the even carbon number long-chain n-
alkanoic acids are present in slightly higher amounts in coarser fractions. The changes in EOP 2.3
between the size fractions of these soils therefore point to a low to moderate level of modification due
relatively large contribution of n-alkanoic acids derived from higher plant waxes in the sand fraction
and a result of microbial alteration in finer fractions.

The odd carbon number n-alkanoic acids observed in the finer fractions particularly grassland and
mixed systems, probably originate from the reworking by microbial activity of the even carbon number
long-chain n-alkanoic acids through the B-oxidation and subsequent chain shortening (Dinel et al.,
1990; Quenea et al., 2005; Yang et al., 2020). Greater microbial activity in the grassland and mixed
systems, as compared to forest systems suggests presence of different microbial communities in

different systems.

5.5 Mechanisms of stabilization of n-alkyl lipids
Understanding the association between n-alkyl lipids and different particle size fractions is important

for assessing possible mechanisms that control the stabilization of these compounds in the soil.
This may contribute to future model development and ultimately for decision making relative to carbon
sequestration. The amount and distribution patterns of n-alkyl lipids in any soil system could represent
the net result of the quality and quantity from the plant litter added to soil, microbial interaction and
extent of degradation.

Stabilization of n-alkanoic acids:

Soil microorganisms possess the enzymatic capability to degrade the n-alkanoic acids. The
decomposition of these compounds in soils is controlled by B-oxidation, a process in which n-alkanoic
acids are decomposed to CO; and H,O (Dinel et al., 1990; Rustan and Drevon, 2005). However the CPI
values of long chain n-alkanoic acids did not reveal such a process, otherwise we would have observed
a low CPI value with decreasing grain size. CPI did not reflect the significant changes in even-over-odd
ratio from sand to finer fractions, whereas the abundance of HMW r-alkanoic acid varies across size
fractions.

Our results suggest that the processes leading to small differences in CPI could be related to the nature

of n-alkanoic acid functional groups. The carboxyl groups of n-alkanoic acids can interact with clay

50



mineral through ligand exchange and polyvalent cations bridges while the alkyl chains promote
hydrophobic zones (Kleber et al., 2015; Lutzow et al., 2006). In addition, n-alkanoic acids can be
stabilized by occlusion within microaggregates (Angst et al., 2018; Lehmann et al., 2007). Therefore,
the interaction of these compounds with clay mineral surfaces could lead to the stabilization of these
compounds that are more labile that can be easily degraded by microorganisms and ultimately, for the

regulation of soil OM preservation.

Another possible reason for the stability of long-chain even carbon number n-alkanoic acids in silt and
finer fractions could result from the affinity/requirements of microorganisms towards n-alkanoic acids
for their metabolic activities. Moreover, specific microbes associated with particle size are probably
another possible reason for the distribution of n-alkanoic acid across the grain sizes (Moucawi et al

1981; Sessitsch et al., 2001; Hemkemeyer et al., 2018).

Stabilization of n-alkanes:

The slower turnover rate of n-alkanes than n-alkanoic acid was confirmed previously (Wiesenberg et
al., 2008a; Griepentrog et al., 2015, 2016). The stability of n-alkanes in these investigated soils and
across size fractions with respect to microbial degradation is determined by their molecular structure.
The alkyl chain exhibits hydrophobic properties that cause water repellency. This could possibly
promote the microbial attraction and influence decomposition by microorganisms.

n-Alkanes in soils can be degraded to n-methyl ketones through B-oxidation ( Chaffee et al., 1986;
Ambles et al., 1993), which allows us to trace n-alkanes degradation across different size fractions.
Decreases in CPI values of long-chain n-alkanes from sand to finer fractions observed in forest,
grassland and mixed system, reveal the process of oxidative reactions mediated by microorganisms

with decreasing grain size.
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5.6 Implication to paleoecological studies

Our results fall in line with previous findings from other studies that considered soil under different
vegetation cover and showed information on lipids abundance in soil. Such other studies did not
explicitly focus on the identification of incorporation and preservation pathways of n-alkanes and n-
alkanoic acids across the grain size fractions of soil having different vegetation cover. Moreover,
previous studies did not consider the changes incurred by the variation in vegetation cover under similar
climatic conditions and similar intrinsic soil forming factors such as particle size distribution and
mineral content. However, the data they do report is generally consistent with our findings in terms of
relatively younger lipid compounds in sand-size fractions and older compounds of long term turnover

time in the clay-size fractions (Quenea et al., 2004; Clemente et al., 2011).

Together with previous findings, our result suggests that the n-alkanes and n-alkanoic acids abundance
and chain length patterns in whole soil and size fractions are associated with the dominant vegetation
cover. Vegetation cover, in turn, defines the root system and litter surface, which affect the movement

and bioavailability of air and water (Young et al., 2008).

n-Alkyl lipid molecular abundance and distribution patterns of whole soil and size fractions can be used
as biomarkers in assessing changes past vegetation cover, as well as the occurrence of carbon
stabilization mechanisms. The present study in distribution pattern of n-alkanes and n-alkanoic acids in
soil size fractions from forest, grassland and mixed systems provide evidence for the
compartmentalization of n-alkyl lipids that is of relatively fresh plant material in sand-size and

contribution of microbial-derived compounds in finer-size fractions.

Additionally, results from n-alkanes molecular parameters such as CPI, ACL, OEP, ratio of lower
molecular weight vs. higher molecular weight suggest that n-alkanes could be used to distinguish about
the vegetation source in whole soil. These molecular indices derived from n-alkanes signal the
influence of different types of vegetation cover in degradation patterns of molecular substance in
different size fractions and identification of incorporation/preservation pathways of n-alkanes
compounds in different size fractions. Their response to factors incurred by vegetation cover and
microbiological interactions offer opportunities to apply these parameters derived from n-alkanes

identify the input of OM in the soils that are quite useful in paleoecological studies.
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Molecular indices from n-alkanoic acids (CPI, ACL and EOP) with no significant variability between
the investigated soils of different vegetation cover illustrates how the knowledge from litter input and
soil under different vegetation cover signals, does not directly reflect in the n-alkanoic acids record in
whole soil and size fractions. Even though the faster turnover rates of n-alkanoic acids than the n-
alkanes was confirmed previously (Wiesenberg et al., 2008), CPI derived from long chain n-alkanoic
acids provide valuable information on long term carbon sequestration in the finer fractions of soil
regardless of type of modern dominant vegetation cover. Nevertheless, the complex mechanisms for the
preferential stability of long-chain even carbon number n-alkanoic acid in the silt and finer fractions
was not clearly understood. However, the chemical structure of n-alkanoic acids (the nature of
functional group) and different affinity/requirements of microbial community towards n-alkanoic acids
for their metabolic activities that are presence in different terrestrial ecosystems as well as the specific
microbes associated with particle size is probably the possible reason for the distribution of n-alkanoic
acid across the grain sizes (Moucawi et al., 1981; Sessitsch et al., 2001; Hemkemeyer et al., 2018).
Thus, more study is needed for the precise nature of the interactions between these compounds and
microorganisms concerning the dynamics in soil OM turnover which play the important role in global

carbon budget.
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CHAPTER 6

Conclusions

We studied the n-alkanes and n-alkanoic acids in five different size fractions and compared their
concentration and distribution patterns between the size fractions, with that of the whole soil and soil
under different vegetation cover. Total n-alkyl lipid concentrations were inconsistent among different
soil systems. HMW n-alkanes and n-alkanoic acids concentration were highest in the forest and LMW
n-alkanes and n-alkanoic acids concentration were highest in grassland. Mixed systems however have
the lowest HMW and LMW r-alkyl lipids concentration than the forest and grassland. The difference in
the abundance of n-alkyl compounds among forest, grassland and mixed systems whole soils suggests
that the vegetation cover plays a major role in lipid distribution in soil and little influence of climatic,

soil textural and mineralogical aspects.

Particle-size fractionation provides valuable information that would strengthen the current
understanding for evidence into the sources, degradation patterns and the preservation mechanisms of
n-alkyl compounds in the soil. In five size fractions n-alkane and n-alkanoic acid concentrations were
highest in the finer fractions. Abundance of HMW n-alkyl compounds with characteristics of plant-
derived were more in sand fractions compared to silt and finer size fractions. Silt fractions have the
lowest HMW n-alkyl compounds attributed to microbial diversity associated with these fractions.
HMW and LMW n-alkyl lipids with lower odd/even predominance were highest in the finer fractions.
The modification of plant derived and subsequent contribution from microbial communities resulted in

an enrichment of short chain n-alkyl compounds and even long chain n-alkanes in finer fractions.

The present study in the distribution patterns of n-alkanes and n-alkanoic acids from forest, grassland
and mixed systems, provide evidence on the incorporation and preservation pathways of lipids across
size fractions. Several molecular parameters such as carbon preference index (CPI) and the average
chain length (ACL) and odd-over-even predominance (OEP) could be used to differentiate the presence
of plant OM in sand-size fractions and the contribution of microbial input in the finer fractions. More
importantly, in size fractions, the fact that the decrease of CPI of long-chain n-alkanes from sand to
finer fractions correlated significantly with the OEP (alkanes) suggests that the information on the
incorporation pathways of plant-derived OM and microbial input in different size fractions stored in n-

alkanes patterns. From this study, we could see the distribution patterns of n-alkanes in different size
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fractions in different systems as an important paleoecological proxy to establish the interpretation in

vegetation compositions.

The small changes in CPI, ACL and EOP derived from n-alkanoic acids between coarse and finer
fractions did not reflect in the n-alkanoic acid concentrations. n-Alkanoic acids is known to have faster
turnover rates with respect to other straight-chain lipids such as alkanes. The presence of the even
carbon number long-chain n-alkanoic in the finer fractions, signal in CPI, is also useful to validate and

strengthen the current understanding of conceptual organic carbon pools.

Interaction of these n-alkyl lipid compounds with the clay minerals, occlusion within microaggregates
and biological process drive by the fungal hyphae are the major stabilization process. Therefore,
evaluation of stabilized lipid pools in size fractions in terms of incorporation and preservation pathways
of source OM, not addressed previously, would be a step forward for prediction of organic carbon

response to future climatic changes.
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Figure 5a: Scanning electron microscopy (SEM) images of the sand-size fractions, showing the

macroaggregates (3um) (zoom out-left) and the sand grain (10pum) (zoom in-right).
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Figure Sb: Scanning electron microscopy (SEM) images of the finer fractions, showing the

microaggregates (20pum) (Zoom out-left) and the clay mineral assemblages (3um) (zoom in-right).
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Figure 4a: GC-MS chromatograms of n-alkanes from (a) forest; (b) grassland and (c¢) mixed
system, showing odd over even carbon predominance in higher molecular weight (HMW) n-

alkanes. Numbers mentioned on the peaks refer n-alkanes carbon number.
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Figure 4b: Representative n-alkanes spectra and various chain-lengths of the (a) sand-, (b)

silt- and (c) finer size fractions. Numbers mentioned on the peaks refer n-alkanes carbon

number. LMW-Low molecular weight; HMW-High molecular weight compounds
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Figure 4¢: GC-MS chromatograms of n-alkanoic acids from (a) forest; (b) grassland and (c)
mixed system showing even over odd carbon predominance in the higher molecular weight
(HMW) n-alkanoic acid. Numbers mentioned on the peaks refer n-alkanoic acid carbon

number.
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Figure 4d: Representative n-alkanoic acid spectra and various chain-lengths of the (a) sand-,
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