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Abstract

Soils are vital for global food security and recently they have also received attention as a tool
potentially mitigating climate change due to their ability to store large amounts of carbon (C) and
provide other vital non-productive functions. However, several forms of degradation threat these
functions. In agricultural soils, the decline of soil organic carbon (SOC) and soil erosion are two of
the degradation processes. Soil erosion laterally redistributes large amounts of SOC in hilly
agricultural landscapes. Lateral fluxes further impact the SOC storage in soils and indirectly
modulate the vertical C fluxes between the terrestrial sphere and the atmosphere.

The aim of this thesis is to investigate the long-term (> 50 years) regional SOC changes and analyze
the impacts of soil redistribution in C dynamics in a hilly agricultural landscape. We consider soil
redistribution via water and tillage as the main erosion agents. The study uses a comparison of
recently resampled and legacy data from historical monitoring (the 1960s) together with coupled
erosion and C dynamics modelling using the SPEROC-C model. The study is conducted in the
chernozem region, south Moravia, the Czech Republic.

Our results showed that the change in SOC content tends to be positive after more than 50 years.
Moreover, recorded SOC stocks change was clearly linked to soil redistribution. The SOC stocks
decreased in the erosion area and increased in the deposition area. This result showed that subsoil
SOC in the deposition area should be considered in the overall C budget in erosional landscapes.
Therefore, it is necessary to consider it in SOC monitoring and to reflect it in soil sampling schemes
to avoid significant errors.

Even though soil redistribution via water is the dominant erosion process in our study area, tillage
substantially contributes to soil movement and is a non-negligible modulator of C dynamics. This
is mainly seen over hilltops where the influence of tillage is prevailing, whereas the effect of water
erosion is low. The model, simulating how soil redistribution affect C dynamics, shows a positive
C balance between soil and atmosphere, identifying our study area as a C sink after more than 50
years. The enhanced C sequestration due to dynamic replacement at the erosion area outweighs the
C efflux from the deposition area and C export from the study site.

There is no doubt that tillage mechanization is responsible for substantial long-term soil
degradation. However, this thesis also shows that tillage redistribution is a highly relevant process

and has to be considered in C dynamics.

Keywords: soil organic carbon, C dynamics, water erosion, tillage erosion, modelling, legacy data,

remote sensing, Chernozems
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Abstrakt

Piida je zivotné dilezita pro celosvétovou potravinovou bezpe€nost a teprve nedavno se pude zacala
veénovat pozornost jako nastroji, ktery miize ovliviiovat zménu klimatu, a to diky jeji schopnosti
ukladat velké mnozstvi uhliku a zajist'ovat dalsi dalezité mimoprodukéni funkce. Tyto funkce vSak
ohrozuje nékolik forem degradace. V zeméd¢€lskych pidach patii mezi tyto degradace ubytek
pudniho organického uhliku (soil organic carbon — SOC) a pidni eroze. Pidni eroze je hlavnim
procesem lateralni redistribuce velkého mnozstvi SOC ve svazité zemédélské krajin€. Lateralni
toky dale ovliviuji ukladani SOC v ptdeé a neptimo ovliviuji vertikalni toky uhliku mezi ptidou a
atmosférou.

Cilem préace je zkoumat dlouhodobé (> 50 let) regionalni zmény SOC a analyzovat dopady
redistribuce pidy na dynamiku uhliku ve svazité zeméd¢lské krajin€. Pro Gcely prace povazujeme
za hlavni zdroje redistribuce ptdy vodni erozi a erozi zpracovanim pady. Studie vyuziva srovnani
opakovani dat z historického monitoringu (60. 1éta 20. stoleti), numerického modelovani eroze a
dynamiky uhliku pomoci modelu SPEROC-C. Z4jmovym tzemim je ¢ernozemni oblast na jizni
Moravé v Ceské republice.

Vysledky prace ukazaly, ze obsah SOC mirné roste od 60. let. Zaznamenana zména zasoby SOC
navic jednoznacné souvisi s redistribuci pidy. Zasoby SOC se snizily v eroznich ¢astech svahu a
zvysily v mistech akumulace. Vysledky prace rovnéz ukazaly, ze pfi hodnoceni celkovych zasob
SOC je nezbytné zohlednit cely ptidni profil. To je zasadni pii provadéni souc¢asného monitoringu
SOC a je nezbytné jej promitnout do schémat odbéru ptidnich vzorkd, aby se predeslo vyznamnym
chybam.

Prestoze vodni eroze je v nasi studované oblasti dominantnim eroznim procesem, eroze orbou se
zasadné podili na redistribuci pidy a je nezanedbatelnym Cinitelem dynamiky uhliku. To se
projevilo piedev§im na vrcholcich svahi, kde pievazuje vliv eroze pti zpracovani pudy, zatimco
vliv vodni eroze je minimalni. Model SPEROS-C, ktery simuluje vliv pudni redistribuce na
dynamiku uhliku, ukazuje pozitivni bilanci uhliku mezi ptidou a atmosférou, coz nasi studovanou
oblast po vice nez 50 letech identifikuje jako tlozisté uhliku (sink). ZvySena sekvestrace uhliku v
dasledku dynamické vymény (dynamic replacement) v erozni oblasti prevazila nad zvySenou
mineralizaci uhliku v akumula¢ni oblasti a exportem uhliku vodni erozi ze studované lokality.
Neni pochyb o tom, Ze eroze zpracovanim pidy je zodpovédnd za znacnou a dlouhodobou
degradaci pudy. Tato prace vSak ukézala, Ze je také vysoce relevantnim procesem a je nezbytné jej

zahrnout do studia dynamiky uhliku.

Klicova slova: plidni organicky uhlik, dynamika C, vodni eroze, eroze orbou, modelovani,

historicka data, dalkovy prizkum zemé, Cernozeme
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1. Introduction

Soils have been recognized as a non-renewable source providing many functions and ecosystem
services vital to life on Earth. An irreplaceable ability of soils is to provide conditions for growing
crops, thus directly influencing global food security (Lal, 2004a). Some of the non-productive
functions are equally important, i.e. soils act as a filter and storage for water and nutrients in the
landscape (Rawls et al., 2003) or provide an environment for soil biota (Banwart et al., 2015).
Moreover, soils play a major role in the global carbon (C) cycle as they store a large amount of C
and can directly influence the amount of carbon dioxide (CO,) in the atmosphere (Bellamy et al.
2005; Schlesinger 1999; Lal 2004b). Therefore, soils have received great scientific (Amelung et al.,
2020; Amundson and Biardeau, 2018; Bellassen et al., 2022) and political attention as a potential
tool to mitigate climate change in the last decades (e.g. Lima Paris Action Agenda: 4 per 1000
initiative; Kyoto protocol: Article 3.4; IPCC, 2013).

However, since the onset of human activities like agricultural practices or soil sealing due to
extensive development, soils have faced several forms of degradation resulting in limitation or
complete loss of the above-mentioned functions. In other words, soil degradation is directly
responsible for the decline of soil quality. There are several forms of soil degradation that can be
conceptually divided into four groups: physical, chemical, biological and ecological (Lal, 2015).
The European Commission simplifies the categorization and identifies the eight most serious
degradation processes concerning soils in Europe: the loss of soil biodiversity, soil erosion, the
decline of soil organic matter (SOM), compaction, salinization, contamination, sealing, landslides
and flooding (EC, 2006). According to the Global Assessment of Human-induced Soil Degradation
(GLASOD) map, human-induced soil degradation appears on approximately 26% of the European
land surface (ISRIC, 1990). Agricultural practices belong among the most severe causes of soil
degradation in Europe, affecting 64 mil. ha (Oldeman, 1992).

Among the most visible forms of soil degradation is soil erosion, which has a complex
environmental impact on agricultural land (Lal 2005). In this context, it refers to accelerated human-
induced erosion process as erosion itself is a natural process shaping the landscape and forming i.e.
alluvial or loess deposits, which belong among the most fertile areas over the world (Lal, 2001).
There are several environmental and economic impacts that have been recognized because of
accelerated soil erosion (Lal, 2001, 1998). The negative economic effects are usually connected
with income lost due to in-site damage of crop production (Lal, 2001) or a decrease in long-term
soil productivity (e.g., Panagos et al., 2015). According to a recent study, around 12 million hectares
(~7.2% of the total area) of agricultural land are damaged by soil erosion leading to a 0.43 %
decrease in their crop production in European Union annually (for the reference year of 2010). This
means that EU farmers lost around 1.25 billion euros each year to soil erosion (Panagos et al., 2018).

Among the most seriously affected countries belong the Mediterranean region (Spain, Italy and
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Greek), Slovenia or Austria (Panagos et al., 2018). According to the study of Panagos et al. (2018),
there is only 1.8% of severely damaged agricultural land in the Czech Republic with the
corresponding loss of crop productivity of 10.6 mil. Euros. Note that the authors consider the level
of severe erosion at a rate of >11 t ha™' year”'. Moreover, the authors included the permanent
grasslands, which resulted in lower importance of severely eroded areas as that land use represents
around 1/3 of the total agricultural landscape. Unfortunately, there is no consideration of damage
caused by tillage operations which underestimate the amount of loss.

Intense water erosion events could substantially degrade the soil but also have off-site effects, e.g.
damage private properties and public spaces in municipalities. Off-site effects are of at least the
same importance as on-site soil degradation because runoff and sedimentation hit the surrounding
municipalities or river systems (Boardman and Poesen, 2006). For example, Graves et al. (2015)
reported that off-site impacts in England and Wales represent almost 80% of soil degradation costs.
Additional significant costs connected with intensive farming come with the subsequent need for
water purification (Evans, 1995). The river systems in an agricultural landscape often receive
pollution from the fields, which leads to sedimentation and eutrophication of freshwater.

Water erosion is a significant and well-studied erosion process in the Czech Republic (e.g., Krasa,
2004; Krasa et al., 2019, 2014) as most of the cultivated landscape is characterized by hilly terrain.
According to the Monitoring erosion of agricultural lands, there have been 2000 erosion events in
the Czech Republic since 2016 (Kapicka et al., 2021). Almost 50% of events occurred under seeded
maize, and around 30% of events under full canopy maize. Interestingly, 14% of all events
happened in fields with oilseed rape during autumn when the soil was still bare (Kapicka et al.,
2021).

Soil erosion and deposition (together called soil redistribution) belong among the most severe
modulators of soil organic matter (SOM) dynamics in agricultural landscapes (e.g., Berhe et al.,
2007; Harden et al., 1999; Lal, 2005). For example, almost 50% of soil organic carbon (SOC) loss
was attributed to soil redistribution in the Canadian prairies (De Jong and Kachanoski, 1988).
Lateral movements of soil and SOM and inappropriate agricultural management (i.e., cropping
systems or mechanizations setting) negatively affected the soil system. Due to the balance between
C input and output, soils would otherwise reach a long-term steady state of SOC stocks
(Montgomery, 2007). However, this equilibrium has been disturbed since erosion affects the C
input due to damaging crop production and C storage due to removal and further accumulation of
soil material (e.g., Berhe et al., 2007).

The accelerated soil erosion and decline of SOM have become a negative global phenomenon
connected with the intensification of agricultural production over the last several decades. However,
the explanation of the role of accelerated soil erosion on the dynamics of SOC is still not completely
understood (Berhe et al., 2007; Doetterl et al., 2016; Lal, 2005). One of the reasons of the

incomplete understanding is the absence of the tillage operation effect in most studies. Therefore,

11



Anna Juficova

the main aim of this thesis is to understand the dynamics of SOC affected by soil erosion via water
and tillage after half a century of intensive agriculture cultivation. We did not include wind erosion
as it still difficult to obtain representative data and there is still lack of sufficient numerical models
with all relevant erosion processes.

The thesis is conducted in the Chernozem region of south Moravia in the Czech Republic. The
Chernozems generally represent the most fertile and productive soils (Catt, 2001) and maintaining
their sustainability over the long term is necessary for human food security. In Europe, Chernozems,
developed from loess, are mainly located along 50° N, covering parts of the UK, Belgium, northern
Germany, the Czech Republic, and a substantial portion of Eastern Europe (Pye, 1995). Among the
essential Chernozem soil properties responsible for their high fertility are generally high content of
SOM, favorable texture and structure (abundance of light silt particles), ensuring good aeration and
root growth and uncomplicated arable cultivation (Catt, 2001). However, those regions are often

threatens by soil erosion due to hilly topography and long slopes, which favor lateral movements.

1.1.  Soil organic matter

The soil quality and most of the soil ecosystem services that soils provide depend on SOM; its
amount and composition (Kdgel-Knabner and Rumpel, 2018), despite the fact that SOM constitutes
only a small fraction of the total soil mass. Approximately 5% of the total soil mass is of organic
origin (including living biota). SOM originates predominantly from plant residues (or fallout),
roots, root exudates, microorganisms, macro-edaphon and organic fertilizers (if applied). Various
organic constituents represent the SOM composition, from fresh organic material to completely
decomposed organic substances, microbial cells and products with different mean residence times
at scale from days to millennia (Angst et al., 2021; Kogel-Knabner, 2002; Kdgel-Knabner and
Rumpel, 2018). These constituents are mixed with the mineral content of the soil. The knowledge
of SOM composition has been evolving with the advent of molecular analytical methods in the last
200 years (Kogel-Knabner and Rumpel, 2018). It will be further mentioned below, but SOM
composition's understanding experienced a turnover in the 1930s and, unfortunately, has not been
generally accepted. However, the SOM composition is essential to understand as it directly impacts
many pedogenetic processes, and the nature of SOM strictly controls the turnover rates (this
represents the time needed to complete decay (Doetterl et al., 2016)) and long-term stabilization of
SOM in soil. An overview of the history of the SOM composition research can be found in Kogel-
Knabner and Rumpel (2018). Moreover, the recent influential paper demands a change in paradigm
and a proposal for a new functional model (Lehmann and Kleber, 2015).

There was a general agreement in the soil science community on the concept of humic substances
during the first half of the 20" century. The concept defines so-called humic acid, fulvic acid and

humins. Each substance mainly differs in chemical composition, solubility in acid solution, color
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appearance or turnover rate in soil (e.g. Stevenson, 1994). The substances were extracted by a strong
alkaline solution (around 13 pH; typically sodium hydroxide). Acidification of such solution
allowed for the separation of the humic acid (soluble substance at soil pH <2) from fulvic acid
(soluble substance at all soil pH) (Kogel-Knabner and Rumpel, 2018). An unextracted part of SOM
was considered to be humins (non-soluble fraction). Humic acid was defined as a molecule with a
high molecular weight and dark-colored appearance. The SOM composition was understood as a
dominant factor controlling the stabilization of SOM due to the presence of recalcitrant compounds
like lignin or polyphenols (e.g. Six et al., 2002).

Recently, the whole concept of humic substances has been widely questioned (e.g. Kdgel-Knabner
and Rumpel, 2018; Lehmann et al., 2008; Lehmann and Kleber, 2015). The first criticism was
already published in the 1930s, suggesting that humic substances should be omitted because the
SOM composition made of them is only a product of specific settings of the extraction method
(Waksman 1936 cited in Kogel-Knabner and Rumpel, 2018). Unfortunately, this concern was not
accepted by the scientific community as it is mentioned in studies by Kogel-Knabner and Rumpel
(2018) and Lehmann and Kleber (2015). The advent of new analytical methods allows for a
complete rejection of the humic substance concept, as no study confirmed the presence of
substances in the soil environment in the past decades (Kogel-Knabner and Rumpel, 2018).
According to Lehmann and Kleber (2015), there are three specific issues with the concept of the
humic substance: 1) The extraction method is always partial. Only 30-50 % of the soil sample is
extracted in the alkaline solution. The rest of the soil sample is usually referred to as an insoluble
humin fraction (Rice, 2001). Therefore, humic and fulvic acids cannot be considered true
representatives of SOM. Moreover, there is no complete agreement on what belongs to the humin
fraction. 2) Soil pH typically varies between pH 3.5 to pH 8.5; thus, soil pH around 13 used during
the traditional extraction method cannot meet the natural soil environment. Therefore, humic
substances are more the result of chemical reactivity than some natural components. 3) The SOM
composition theory was published after the development of the extraction method (Tan, 2014 cited
in Lehmann et al., 2015). Therefore, scientists attempt to describe artificially obtained SOM
fractions instead of natural SOM components (Lehmann and Kleber, 2015).

The traditional idea of the humification process describes the decay of organic inputs as the
continuous decomposition of organic residues that are secondarily transformed into large complex
molecules with a dark color. The model assumes increasing aromaticity and complexity of the
original molecules with time. These molecules are further supposed to be resistant to decomposition
for decades to millennia (Stevenson, 1994). As far as I know, humification is the most broadly
accepted concept among the soil research community. However, there are two more concepts
explaining the fate of organic inputs in soils that received more attention. The so-called “Selective
preservation” concept (Sollins et al., 1996) assumes SOM is represented by labile and relatively

recalcitrant components. However, those recalcitrant compounds are used by microorganisms only
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when the labile fraction is consumed. According to the so-called “Progressive decomposition”
concept, SOM is represented by various forms of organic compounds and microbial substances in
different sizes and stages of decomposition. For further reading, please see the corresponding
literature (e.g. Frimmel and Christman, 1988; Lehmann and Kleber, 2015; Sollins et al., 1996).
Criticism of the traditional, broadly accepted humification concept is based on the fact that
substances have never been shown in the natural soil environment (Haider, 2021; Kleber and
Lehmann, 2019; Lehmann and Kleber, 2015). Moreover, it was proved that those recalcitrant humic
substances can be decomposed very quickly (Amelung et al., 2008; Gramss et al., 1999; Tatzber et
al., 2009). On the other hand, evidence-based research satisfactorily disproved some of the
supposed evidence for the existence of the humification concept. For example, dark-colored
compounds that are supposed to be a product of the secondary synthesis in the humification process.
It was proved that they resulted from a random mixture of small molecules that, as a residue contain
conjugated bonds and are also connected to the degradation of pigments (Lehmann and Kleber,
2015).

An evidence-based knowledge about the SOM compounds and relevant processes affecting the
decomposition of organic inputs in the soil led to the formulation of a so-called "Soil Continuum
Model - SCM" (Lehmann and Kleber, 2015). Such a model describes SOM compounds as a
"continuum of decomposition products" representing the full range from fresh organic material to
a highly decomposed carbon in a carboxylic acid. The decomposition process represents a
continuous decay of original fragments by decomposers, where the size of molecules decreases
(Bosatta and Agren, 1991; Trumbore, 1997). The small molecules are further soluble in water due
to the increase in polar and ionizable groups. A greater reactivity with the surface of mineral
particles and enclosure into soil aggregates preserve carbon molecules against further
decomposition (Lehmann and Kleber, 2015).

SOM is not suitable as an indicator of C changes and dynamics. It is generally difficult to assess
the amount of SOM as it is represented by various organic substances. Therefore, most of the
research is focused solely on SOC, the largest part of SOM, representing approximately 58% of
total SOM mass (Guggenberger, 2005; Pribyl, 2010).

1.1.1. Global carbon cycle
C is actively cycling between the terrestrial, aquatic and aerial systems. Globally, soils are the
largest terrestrial C pool with estimated stocks ranging from approximately 1500 Pg C (Sanderman
et al., 2017) to 2200 Pg C (Batjes, 1996) (Petagram = 10"° g = billion metric ton) in the top 1 m.
This is comparable with the amount of approximately 5500-8800 Pg CO, (Smith et al., 2020).
Approximately 1/3 (~600 Pg C) of the overall soil C pool is stored in peatlands, representing only
3% of the land area (Yu et al., 2011). The C pool stored in soils is at least four times of the C pool
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stored in the terrestrial biomass (vegetation) and three times the C pool in the atmosphere (e.g.,
Houghton, 2007; Schlesinger, 1990). This suggests that even a small change in the soil C pool may
substantially impact the atmosphere and ongoing climate change (Lal, 2018; Smith et al., 2020).

Generally, the organic C pool results from the balance in C inputs and C loss through mineralization
to the atmosphere as CO,. However, this balance is affected by changes in land use, such as the
conversion of forests or grassland to arable land followed by intensive farming, which reduces the
SOC content of the soil (Smith, 2008). Sanderman et al. (2017) estimated a global SOC loss of 140-
150 Pg due to human activities in the last 12 000 years. This corresponds to 510-550 Pg CO..
Moreover, they showed a dramatic increase in the previous 200 years due to intensive land use and
land cover change (rate of <0.05 Pg C yr'! before 1800 AD versus 0.13 Pg C yr'! in the last century).
In their study, arable lands and semiarid grazing regions are shown to be significant SOC loss
hotspots. Moreover, cultivated lands play a significant role in the global C dynamics in the soil as
accelerated erosional and depositional processes redistribute a considerable amount of SOC over

the landscape (Berhe et al., 2007; Lal, 2005; Van Oost et al., 2007).

1.1.2. Spatial assessment of SOC

Since soils can act as a carbon source as well as a carbon sink, it is important to have information
about the actual SOC stocks to assess the SOC sequestration potential. However, regional
assessment of SOC remains demanding as its horizontal and vertical pattern is not homogeneous in
soil and shows a high spatial variability (Minasny et al., 2013). The variability of SOC content in a
small area can have the same range as the variability on a regional scale, even in the case of arable
land with relatively homogeneous land cover (Goidts et al., 2009). The vertical profile of SOC
content usually shows an exponential decrease with depth. Therefore, most studies examining the
SOC change are focusing only on the topsoil (usually 0.2-0.3 m), as relatively enough data are
gained from field campaigns. Equally important, however, is the information from the subsoil
layers, as much of the C pool is concentrated there (Batjes, 1996; Brady and Weil, 1999; Meersmans
et al., 2009). This is even more true in dynamic cultivated landscapes. Previous studies showed
SOC stocks below the plough layer, containing more than 80% of the total SOC stocks in the upper
2 m of the soil profile at the depositional zone (e.g., Berhe et al., 2008; Doetterl et al., 2012; Wang
et al., 2015b)(Berhe et al., 2008; Doetterl et al., 2012b; Wang et al., 2015). Therefore, there is a
need to focus on the whole soil profile to study erosion-induced C sink. This is especially relevant
for chernozems which are typical for the formation of very deep A horizons (Kalinina et al., 2011)
with the common presence of Colluvisoil unit in hilly landscapes (Zadorova and Penizek, 2018).

Moreover, even though the topography is a significant factor affecting SOC distribution, much of
the actual information about SOC is typically assessed without consideration of local relief

conditions (e.g. Bellamy et al., 2005; Goidts and van Wesemael, 2007; Reijneveld et al., 2009).
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However, the topography is closely connected with local microclimate conditions and strongly
affects, for example, the soil moisture and temperature regimes. Thus, topography controls the C
dynamic, influencing the pedological, biological and geomorphological processes (Gregorich et al.,
1998). Topography therefore needs to be considered in soil scheme sampling to avoid substantial

errors in the overall SOC assessment.

1.1.3. Mechanisms of stabilization of SOM in eroding soils
To understand the effect of soil redistribution on the C balance, it is important to mention how SOM
is stabilized in soils. Comprehensive reviews about SOM stabilization can be found in the literature
(Kleber et al., 2011; Six et al., 2002). Here, I briefly mention some major findings.
Generally, two principal mechanisms control the stabilization of SOM (in terms of medium to long-
term stability). i) The chemical or physicochemical association with the surface of mineral particles
(i.e., clay or silt particles) known as organo-mineral associations (e.g., Hassink, 1997; Liitzow et
al., 2006). ii) Physical and chemical protection from microbial decomposers by aggregates (e.g.,
Kleber et al., 2011; Tisdall and Oades, 1982). Biochemical stabilization as a result of SOM chemical
composition (e.g. the presence of lignin or polyphenols) was also reported to be the dominant
mechanism of stabilizations (e.g., Six et al., 2002). However, current research does not support this
finding (for details, please see above, section 1.1.).
The availability of sorptive protection of SOM from decomposition on mineral surfaces is found to
be a dominant chemical factor (Berhe et al., 2012). The main factors controlling the availability of
appropriate mineral surfaces are soil texture and mineralogy (Torn et al., 1997). The clay-sized
particles were found to be the most important element for the reactivity with SOM (e.g., Liitzow et
al., 2006). The interactions with reactive oxy-hydroxides of iron (Fe-), manganese (Mn-), and
aluminium (Al-) are also found to be a substantial stabilization factor in corresponding soils (Berhe
and Kleber, 2013). The physical availability of SOM to decomposition is further highly restricted
by the formation and stabilization of soil aggregates (Berhe et al., 2012; Wang et al., 2014).
A textural composition and the presence of soil aggregates are highly variable along a hillslope.
Thus, the control mechanisms of SOM stabilization are impacted by soil redistribution like due to
the preferential movement of light particles (e.g., Gregorich et al., 1998). Recent studies suggest
that environmental variables (i.e., temperature, moisture or soil mineralogy) are among the most
important mechanisms controlling SOM stabilization on long time scales (Schmidt et al., 2011).
Such environmental conditions directly control the presence of a specific microbial community and

its activity and, thus, SOM stability.
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1.2. Tillage as an erosion agent

Water is the erosion agent that is traditionally connected with the redistribution of soil material over
the agricultural landscape. One of the major reasons for this fact is that the effect of erosion on the
soil surface can often be easily recognized after a single event. Therefore, the study of rill and sheet
erosion received much attention during the last decades. In contrast, tillage, also redistributing soil,
is visible in the field after decades through altering the soil properties and developing new landscape
elements (Govers et al., 1999). The effect of tillage was initially studied as a contributor to soil
sensitivity to water erosion (Govers et al., 1994) through direct changes in the soil macroporosity
and surface roughness (Poesen and Govers, 1986). A comprehensive review of the research on soil
redistribution via tillage was already written by Van Oost et al. (2006). Here, I briefly present some
historical milestones in this field. The first study systematically assessing the contribution of tillage
to soil erosion was already carried out in the 1940s (Mech and Free, 1942 as cited in Van Oost et
al., 2006). According to their results, the tillage operations significantly move soil particles,
especially on sloping fields. Further research was focused on qualitative changes (e.g. soil banks
and terraces) caused by tillage operations in the landscape (Papendick and Miller, 1977). Since the
1990s, there has been growing research interest in the effect caused by tillage operations (e.g.
Govers et al., 1994; Lindstrom et al., 1992, 1990). The critical moment in the tillage research
emerged with the development of the cesium'*’ (C"*") dating technique (Van Oost et al., 2006). C'*’
allows for the analysis of the spatial pattern and rate of the total soil redistribution regardless of the
redistribution agent over the last decades. Some early studies found a discrepancy between results
showed from C'*” and erosion patterns caused by water erosion (e.g., Quine and Walling, 1991;
Soileau et al., 1990). Other studies reported soil loss from the slope parts, which cannot be explained
by water erosion (e.g., Daniels et al., 1985). This resulted in a paradigm change in soil erosion
research, and tillage has been highlighted as an important contributor to soil redistribution (Govers
etal., 1999).

Van Oost et al. (2006) summarized the controlling factors for tillage translocation. Generally, the
process of soil redistribution by tillage operation is function of an erosivity of individual operations
and the erodibility of the landscape (Lobb et al., 1999). The erosivity of tillage operation is defined
by the properties of the individual operations, including the implement characteristics (e. g. tool
shape, type of agrotechnics), design of the mechanization (e. g. speed, depth, direction) or human-
related parameters. This was further confirmed by Van Muysen et al. (2002) and da Silva et al.
(2004), who consider the main factors influencing soil particle displacement; tillage speed and
depth. The landscape erodibility is defined by the susceptibility of the landscape to soil
redistribution by tillage and is determined by the topography (slope and curvature), field parameters
(size of the field or its shape), and physical soil properties (e. g. texture, moisture, organic matter

content).
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Generally, every tillage operation modifies the landscape morphology by moving topsoil material
from summits representing a convex field position and redistributing the removed materials along
the footslopes representing a concave landscape position. A difference from water erosion is mainly
in the spatial effect on the landscape. Water erosion typically occurs on steep sloping parts of the
field. In contrast, the evidence of tillage erosion is typically more pronounced on shoulder slopes
or, more precisely, with a change in slope gradient. Besides, water erosion usually removes some
of the eroded material from the eroded area (field, catchment, etc.), whereas tillage only
redistributes soil material within the fields. It thus has only an in-field effect (Van Oost et al., 2006).
Consequently, soil redistribution via tillage typically removes soil material along the upper part of
the field while accumulating a similar amount of soil along the downslope field border (Vieira and
Dabney, 2011; Wilken et al., 2017). Thus, tillage can significantly reduce the topsoil profile on the
upper parts of sloping land and is gradually moving soil particles in the slope gradient direction
(Lobb et al., 1995).

The soil redistribution via tillage is recently being quantified by modelling tools which were
developed in the early 1990s. Govers et al. (1994, 1993) and Quine et al., (1994) first built up a
model of tillage translocation, which proposed the tillage as a diffusion-type geomorphological
process. The rate of tillage redistribution is defined by a single constant; the tillage transport
coefficient (k7). The coefficient was first derived from field experiments in the early 1990s
(Lindstrom et al., 1992, 1990). It represents the linear relationship between the average
displacement distance of translocated soil particles and the slope gradient. According to the
experimental studies conducted in a similar environment as the Czech Republic, the &, ranges
approximately from 120 to 800 kg-m™ for moldboard tillage in up and down tillage direction (Van

Oost et al., 2006). The rate of soil mass translocation (Qy in kg'm™) is usually written as:

6h
Qs:D'pb'b'S:_ktil'a (),

kiy= —D-pp-b (),

where D is the tillage depth (m), pj is the soil bulk density (kg:m™), S is the slope, b is the empirically
derived regression coefficient from the relationship between slope gradient and mean displacement
of soil particles, 4 is the elevation of a given point, and &y is the tillage transport coefficient (kg-m

%). The local erosion or accumulation rate (£ in kg'm?-y™") is then described as:
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where ¢ is time, and x is the direction of tillage operation.

Recent experimental and modelling studies showed that the magnitude of erosion via tillage
operations can reach similar values as via water (Lobb et al., 1995; Van Oost et al., 2000) or even
be a dominant process controlling the sediment flow over an arable land (Ottl et al., 2021; Wilken
et al., 2020, 2017). According to Van Oost et al. (20006), tillage redistribution rates range between
3 and 70 t-ha'-year™ for mechanized agriculture. Poesen et al. (1997) state that the range of 24-40
t-ha'-year" as a result of tillage operations by the chisel cultivator after the fallow. Blanco and Lal
(2008) similarly report a loss of soil from upper slope parts in the range of 15-60 t-ha”-year™.
Tiessen et al. (2007) further point out that most primary and secondary tillage operations have a
potentially erosive effect on the soil.

The tillage erosion rate has dramatically increased due to the introduction of mechanized agriculture
in the last 70 years (Lobb et al., 2007; Zadorova et al., 2013). Recently, tillage erosion threatened
around 65% of the cropland area in Europe (Van Oost et al., 2009). According to same study, the
average erosion rate was found to be 3.3 t-ha™year from which 20% is threatened by a very high
rate exceeding 5 t-ha™'-year’'. This result is almost equal to the area threatens by water erosion
(18%) (Van Oost et al., 2009). According to several authors, tillage erosion is also one of the most
important drivers of soil degradation (e.g. Miller et al., 1988; Moulin et al., 1994), including the
impact on key biogeochemical cycles like the C cycle (Quinton et al., 2010; Van Oost et al., 2007).
With the advent of mechanized agriculture, tillage erosion has become, together with water erosion,
an essential component of total soil erosion.

The interest in the role of tillage in an agricultural landscape is relatively new in the Czech Republic.
This is surprising as almost half of the national territory is represented by cultivated arable land. In
line with international research, water erosion has been well studied in the Czech Republic (Dostal,
1998; Janecek, 1992; Krasa, 2010; Novotny et al., 2016). Overall, it is estimated that approximately
17% of the agricultural land is threatened by water erosion at very high rates (> 4 t-ha”'-year™).
Considering the erosion rate above 2 t-ha'-year', even up to 50% of the agricultural land is
threatened by water erosion in the Czech Republic (Novotny et al., 2016). Only recently, the first
experimental studies have been published assessing the quantitative evaluation of soil translocation
via tillage operations (Hrabalikova et al., 2016; Htla and Novak, 2016; Novak and Hiila, 2018).

In contrast to the previously mentioned studies from the Czech Republic studying water and tillage
erosion on its own (Zadorova et al., 2015, 2011; Zizalaetal., 2017), this thesis studies and combines
soil redistribution via water and tillage erosion and their effect on the C dynamics. As far as we
know, a study upscaling the findings from local studies of erosion and soil organic carbon
redistribution on SOC stocks in arable landscapes while using appropriate modelling tools has thus

far been missing in the Czech Republic.
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1.3. The role of soil redistribution in C dynamics
Soil redistribution is a dominant process that modifies C fluxes (Lal, 2003). Since the start of
agricultural production and land cover change in the Neolithic era (Dreslerova et al., 2019), humans
have increasingly affected and intensified erosion processes on agricultural land (Smith, 2008). In
comparison to the natural environment, the erosion rate is one or two magnitudes higher
(Montgomery, 2007). Globally, the estimated sediment flux (considering water and tillage as the
erosion agents) is 22 Pg per year on croplands solely and additional approximately 11 Pg per year
on rangelands and pastures. This results in a SOC erosion rate of 0.32 Pg C per year on cropland
and 0.47 to 0.61 Pg C per year on the whole agricultural land (Van Oost et al., 2007).
Geomorphologically, the redistribution process is well understood and involves three separate
phases: detachment of soil particles, transport and accumulation in a landscape with sloping
topography (Morgan, 2009). In the environment of mid-latitudes, water and tillage belong among
the dominant erosion agents (Van Oost et al., 2009). However, the role of tillage in C dynamics is
still underrepresented in recent studies, and soil redistribution via water is often considered the only
erosion agent (e.g., Chappell et al., 2016; Lal, 2003; Polyakov and Lal, 2004).
The beginning of the more considerable attention to the environmental impact of soil erosion on C
cycling in the agricultural landscape goes back to the 1990s, and it is still the subject of an ongoing
discussion. Although soil erosion as a natural process and its relationship with C dynamics have
been well described (Doetterl et al., 2016; Kirkels et al., 2014; Polyakov and Lal, 2004), the role of
accelerated soil erosion on the C dynamics is still not fully understood (Doetterl et al., 2016; Lal,
2005).
A review by Doetterl et al. (2016) provided a detailed summary of the relationship between soil
erosion/deposition processes and SOC stocks. The water, wind, and tillage erosion at the eroding
site remove topsoil from sloping parts. This was initially recognized in the previous studies (e.g.,
Fahnestock et al., 1996; Pennock et al., 1994). During the erosion stage, SOC removed from topsoil
is mainly replaced by exposure of old C built-in soil aggregates from subsoil and incorporated from
inputs of crop residues. This mechanism has been recognized as a so-called dynamic replacement
described by Harden et al. (1999). Soil removed by erosion is further redistributed in the landscape.
Significant uncertainties lay in what happens with SOC during transport. It could lead to potential
loss of SOC due to the breaking of soil aggregates exposing the SOC to mineralization by microbial
processes. Unclear is the amount of organic carbon that mineralizes due to microbial processes after
the break of soil aggregates and selective redistribution of specific particle sizes over the landscape
(Doetterl et al., 2016 and references herein). Erosion and redistribution of soil particles further lead
to the sedimentation and burial of C-rich sediment in colluvial sites of the landscape (Schwanghart
and Jarmer, 2011; Stallard, 1998; Zadorova et al., 2015), representing a long-term significant C

sink. The mechanism of SOC burial describes its transfer from the active SOC pool with enhanced
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C mineralization, which interacts with the biosphere, to the passive pool, where it is relatively well
protected against mineralization (Berhe et al., 2007; Doetterl et al., 2015; VandenBygaart et al.,
2015). Therefore, the overall C balance between the soil and atmosphere is a sum of C influx in the
erosion area (due to dynamic replacement and accelerated decomposition of old C), C efflux in the
deposition area (due to enhanced mineralization and deep C burial) and C export (due to water
erosion). C balance is negative (soil acts as C source) or positive (soil acts as C sink) (Figure 1).
The central question of 30 years long debate is whether soil redistribution via tillage and water turns
soils into a sink or source of atmospheric C (summarized in Doetterl et al., 2016). This debate fueled
a large body of research on the impact of soil redistribution and corresponding C dynamics.
According to the record in Web of Science, there were 298 research studies found by using the
search keywords “soil erosion or soil redistribution” and “carbon” between 1945 and 2022 (WoS,
November 2022).

Originally, soil redistribution was considered a source of C, mainly due to the additional
mineralization of C and its release as CO, (Jacinthe et al., 2002; Lal, 2004b, 2001). However,
Harden et al. (1999) and Stallard (1998) showed that in the larger time scale (decades) and spatial
scale (tens of hectares), soil erosion could also turn soil into C sink and contribute to C
sequestration. The recent review by Van Oost and Six (2022) attempts to reconcile the C source/sink
question of agricultural soils. The authors compared nearly 80 studies and suggested that soils act
as the C source of atmospheric CO; if the shorter temporal and smaller spatial scales are considered.
On the other hand, regional and global long-term studies predominantly revealed that soils act as C
sink. However, global-scale studies face high uncertainty of their results due to the simplicity of

modelling tools and input data (Bouchoms et al., 2017).
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Figure 1. A scheme of erosion-induced horizontal and vertical C fluxes in a hilly agricultural landscape.
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There are several approaches how to couple erosion model to C dynamics (summarized in Polyakov
and Lal 2004). Most of the C dynamics models such as RothC (Coleman and Jenkinson, 2014),
CENTURY (Parton et al., 1987) or ICBM (Andrén and Kétterer, 1997; Kétterer and Andrén, 1999)
are based on several assumptions, e.g. that SOM is represented by separated homogeneous, usually
two or three C pools corresponding to C labile and recalcitrant SOM fractions. SOM's subdivision
allows different turnover rates to control how long SOM is preserved in the soil. Moreover, the
majority of C dynamics models assume that SOM decomposition follows first-order kinetics
(Andrén and Kitterer, 1997).

To involve an erosion component in SOM models further assumes three main processes affecting
SOM (Polyakov and Lal, 2004); the physical transfer of SOM from erosion landforms (i) and
deposition in accumulation landforms (ii) and shift in the mineralization rate of transferred SOM.
The rate of SOM loss is usually equal to soil loss (Gregorich et al., 1998).

The SPEROS-C model (Fiener et al., 2015; Van Oost et al., 2005a) combines the erosion model
SPEROS (Van Oost et al., 2003) and the SOC dynamics ICBM (Andrén and Kétterer, 1997;
Katterer and Andrén, 1999). According to the overview provided by Doetterl et al. (2016),

SPEROS-C is the only model that combine water and tillage erosion coupled with C dynamics.
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1.5 Objectives

This thesis aims to reveal the long-term spatially distributed changes in SOC after half a century of
intensive cultivation and to understand the role of soil redistribution in the C dynamics of the
landscape with hilly topography. As soil redistribution via tillage has never been modelled in the
Czech Republic, particular interest is to focus on this erosion agent: its spatial pattern and its role

in C dynamics.

The key questions of my thesis are formulated as follows:

1) How have the SOC content and stock changed after 60 years of intensive cultivation in the
landscape with hilly topography? (PAPER I)

2) Whatis the role of soil erosion by water and tillage on SOC stocks in the chernozem region?
(PAPER 1)

3) How the total soil redistribution affects modelled C dynamics between soil and the
atmosphere? (PAPER II)

4) What is the contribution of tillage erosion to the total soil redistribution in the Czech
Republic? (PAPER 1V)

5) How spatially widespread soil degradation caused by soil erosion is in the chernozem

region? (PAPER III)
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2. Methodology

2.1. Study Sites

Each publication was performed on a different spatial scale originating from research questions
beginning at a country-wide level and ending at a local scale. PAPER 1V is a nationwide study of
the whole agricultural land in the Czech Republic. PAPER I and III are regional studies limited to
the chernozem region in south Moravia (site A; Figure 2.A). PAPER Il is a local modelling study
conducted on a subset of four large fields near the village of Sardice (site B; Figure 2.B). This area
has previously been studied (Zizala et al., 2017), and the authors allow the use of their dataset as a
part of model validation in PAPER II. Moreover, a reference site was established in a flat region
approximately 50 km from the main study site (Figure 2.A) that allows us to compare the results of

SOC change in an area without soil redistribution.

2.1.1. Chernozem region

The region in southern Moravia stretches between 16.64—17.371°E and 48.83—49.27°N and covers
around 1 200 km?, of which 815 km? is arable land (~ 66% of the study area). The chernozem region
was defined according to the spatial extent of the Chernozem soil unit based on Evaluated soil-
ecological unit maps at a scale of 1:5 000 (State Land Office, 2018) (PAPER III).

Climatically, the region is characterized by continental conditions with warm summers and winters
with low precipitation (Roznovsky et al., 2010). The average annual temperature is 9.4°C, with the
average monthly temperature ranging from -1.1°C in January to 19.8°C in July (for the
climatological normal of 1991-2020). Compared to the previous climatological normal in 1960-
1991, the temperature has increased by 1.1°C (the average annual temperature of 1960-1991 was
8.3°C). Average January and July temperatures increased by 1.5°C and 1.7°C, respectively. The
average yearly precipitation is 543 mm. Most of the precipitation occurs between May and
September, with a maximum in July (76 mm). The lowest precipitation falls in February (25 mm).
The recorded annual precipitation slightly decreased compared to the previous period, 1960-1991.
It was 561 mm in the past with similar distribution throughout the year (lowest in March — 29 mm
and highest in June — 76 mm; Czech Hydrometeorological Institute, 2022).

The bedrock consists of Eocene molasse facies and Oligocene sandstones covered by several meters
of aecolian deposits (loess; Chlupac et al., 2002; Forster et al., 1996). The soil forming substrate and
climate during glacial periods led to the development of the Chernozem soils, which have remained
preserved to the present (Vyslouzilova et al., 2016). These soils have typical deep dark humic
horizon — mollic (IUSS Working Group WRB, 2015). Erosion processes changed the original
Haplic Chernozem on steep slopes and the slope shoulders to Haplic Calcisols (Zadorova et al.,

2011) and deep Colluvisoils were developed (Zadorova et al., 2015, 2011).
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Thanks to the presence of the most fertile soils, the landscape in south Moravia has been intensively
cultivated for the last one thousand years (Beranova and Kubacak, 2010). The landscape
experienced a dramatic change due to the collectivization of agricultural land in the middle of the
20th century (Lipsky, 1995). This shift resulted in the unification of small strip-shaped land parcels,
and small landscape structures were eliminated. Nowadays, the region (it applies to all arable land
in the Czech Republic) is characterized by inappropriately large fields with a typical size of dozens
of hectares (Land parcel identification system, 2021). Today, only four large parcels create the
whole study area (Figure 2.B) with a mean size of 48 ha ranging from 113 ha to 15 ha (Land parcel
identification system, 2021). Before the collectivization and parcel unification of the agricultural
land, our study area consisted of approximately 240 individual parcels with the mean size of 0.79
ha (data are not shown).

In this region, the typical crop rotation contains cereals (Triticum aestivum, Hordeum vulgare),
oilseed rape (Brassica napus subsp. napus) or corn (Zea mays). The usual crops were also potatoes

(Solanum tuberosum) or sugar beet (Beta vulgaris) in the second half of the 20™ century.
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Figure. 2. Study sites (A, B) for PAPER I, II and III are situated in sou Moravia, the Ceh eblic. h ﬁ
Reference site is located approximately 50 km far away from site A in a non-eroded flat area close to the
village of Hrusovany nad JeviSovkou. Black dots in sites A and B represent the location of sampling points
used in the thesis (sampling points in the reference site are not shown). The red arrow shows the direction of

view of a photo on plot (C), as this shows a typical local pattern in the area affected by soil redistribution.
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2.1.2. Agricultural landscape in CZ

Agricultural landscape covers 4,16 mil. ha” and represents almost 50% total area of the Czech
Republic. Cropland represents approximately 2/3 of the total agricultural area. The remainder is
covered by permanent grasslands (CUZK, 2022). The extent of vineyards and other agricultural
land use is spatially negligible and was excluded from the study (PAPER III).

Most of the agricultural landscape area is characterized by a hilly and highland character with
diverse geology, and thus a heterogeneous soil cover. Quaternary sediments predominantly cover
the landscape (Figure 3; Chlupac et al., 2002). Around 50% of the area is represented by colluvial
material, with Cambisols as a dominant soil unit. Further, acolian sediments occur extensively with
a varied thickness (loess, loess loam) and Luvisols and Chernozems soil units were developed on
these. Fluvial sediments occur in river floodplains and terraces with the domination of Fluvisols

and Regosols (Kozak et al., 1996).

Soil units

- Luvisols Regosols Leptosols

[ stagnosols [l Podzols [l Cambisols

I Technosols Fluvisols [l Chernozems

B Chemozems - Gleysals Phaeozems
Arencsols [l Histosols

Parent material

Fluvial sediments Bl Peats
I Limestones [ Polygenetic loams
Loess I River terraces
Eolian sediments (no cal.) Sandstones
. . 0 100 200 km
Marls - Colluvium and weathering mantle | | |

Figure 3. Parent material and soil units in the agricultural landscape of the Czech Republic. Maps are based

on PUGIS database at a scale of 1:1 000 000 (Kozak et al., 1996).

2.2. Data and methods

A range of data from different sources and methodological approaches were used in the thesis. Here,

only a summary is given, while a detailed description can be found in the corresponding papers.

2.2.1. Soil data collection
For PAPER I, we used the historical data from the nation-wide Systematic soil survey conducted
between 1960 and 1970 in former Czechoslovakia (Némecek et al., 1967). The whole dataset has
been recently digitized and made available by the Ministry of Agriculture of the Czech Republic.
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The original dataset includes a detailed description of soil stratigraphy and analytical information
for more than 380 000 soil profiles (Zadorova et al., 2021, 2020). Two levels of soil profiles were
distinguished for purposes of the soil survey: B profiles - basic profile with only morphological
descriptions and the topsoil and subsoil analytical information for the content of the clay fraction
(<0.01 mm) and soil pH; S profiles - selective profile with morphological descriptions and
analytical data for each soil horizon. According to the methodology of the survey, S profiles should
have represented pedologically the most typical location on the field. The density of profiles was
set as one probe per 10 ha for the B profiles and one probe per 100 ha for the S profiles. Another
part of the dataset used in this thesis is map documentation at a scale of 1:5 000 with the outline of
soil profiles. A detailed description of the Systematic soil survey data is provided by Zadorova et
al. (2021, 2020).

Two collections of soil data have been obtained during several field campaigns over the whole
study site A (Figure 2.A) and the reference site between autumn 2017 and spring 2020. The first
collection, used in PAPER I and III (as a validation dataset), consists of 68 profiles that resampled
the original S profiles from the Systematic soil survey, of which 58 profiles are located at site A,
and 10 profiles are located at the reference site. The second collection consists of 15 original B
profiles sampled by a 1 m long hand auger at site B at the Sardice village (Figure 2.B).

Soil samples were taken by 0.3 m depth increments from the whole humic horizon. Soil samples
were analyzed for SOC content and pH (taken for all profiles), soil texture and bulk density (taken
only for S profiles). A total depth of humic horizon was recorded for all profiles (up to the parent
material - loess). We followed the same laboratory analysis as described in the Systematic soil

survey methodology (Némecek et al., 1967).

2.2.2. Other data source
The digital elevation model in a resolution of 5x5 m (DEM 4G® (Czech Office for Surveying,
Mapping and Cadaster)) is used as a main source of topography and for the derivation of
morphological attributes in all publications. Data from the recently launched satellite mission
Sentinel 2 (time series of 2016 and 2017) are used in PAPER III. For purposes of PAPER 1V, we
use the water erosion factors of the universal soil loss equation (USLE) equation derived initially
in a national study by Novotny et al. (2016). Soil erodibility K factor is derived from the National
database of Evaluated Soil-Ecological Units in the resolution of 1:5000 (Vopravil et al., 2007). In
contrast to the previous study, PAPER 1V includes the regionalized R factor. Crop rotations which
are essential for cover management C factor are determined according to climatic regions (Kadlec
and Toman, 2002). The combined LS factor was calculated using USLE2D (Desmet and Govers,
1996; Van Oost et al., 2000) with the multiple flow direction routing algorithm (Quinn et al., 1991).
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For the local modelling study (PAPER II), we used soil data from Zizala et al. (2017) to calculate
the K factor according to Auerswald et al. (2016). Data about individual crop yields for the period
1960-2018 for south Moravia are provided by Czech Statistical Office (2021; PAPER I and II).
Various input parameters for carbon modelling are obtained from the literature and stated in the
respective paper (PAPER II). Those parameters are predominantly calibrated values of C turnover
rates (Andrén and Kitterer, 1997) and humification coefficients for crop and manure inputs
(Kétterer and Andrén, 1999). The C turnover model is further parameterized according to annual
crop yields transferred to dry aboveground biomass, as this equals an yearly dry yield divided by a
crop-specific harvest index (Nadeu et al., 2015).

Another input parameter of the C turnover model is the temperature measured at a meteorological
station located approximately in the center of the study area for the period of 2016-2017 (the
average data from hourly records).

To obtain the tillage transport coefficient k;; for PAPER II and IV, we used the non-linear
relationship developed by Van Oost et al. (2006) based on a regression analysis of available 4

data:

key=a-p,-D*-VP.XY 4),

where p is the soil bulk density (kg'm™), D is the tillage depth, V is the velocity of the tillage
operation, and X represents the direction of the tillage operation. The coefficients a, a, £, and y are
the regression coefficients for the moldboard tillage that are taken from the review paper (Van Oost

et al., 2006).

2.2.3. Software

The statistical analyses and preprocessing of the model's input data were performed in the R
environment (R Core Team, 2022). Remote sensing imagery was preprocessed in Envi 5.4.1
software (© L3Harris Geospatial). All maps were prepared in QGIS (QGIS Development Team,
2021). PAPER Il is a model-based study using the SPEROS-C model (Fiener et al., 2015; Van Oost
et al., 2005a). The model combines the erosion model SPEROS (Van Oost et al., 2003) and the C
dynamics Introductory Carbon Balance Model (ICBM, Andrén and Kitterer, 1997; Katterer and
Andrén, 1999).



Carbon dynamics in the chernozem region after half a century of intensive cultivation

3. Summary of papers

This chapter briefly summarizes the four papers composing the presented thesis. A summary of the
aims, methods, and results of each of the studies is included. The discussion and synthesis of the
main thesis results are presented in the next chapter. Three of the papers are already published in
international peer-reviewed journals (with Clarivate impact factor), namely Catena (PAPER 1),
European Journal of Remote Sensing (PAPER III) and Journal of Maps (PAPER 1V), PAPER II

has recently been submitted.

3.1. PAPERI

Juiicovd, A., Chuman, T., & Zizala, D. (2022). Soil organic carbon content and stock change after half a
century of intensive cultivation in a chernozem area. CATENA, 211, 105950.
DOI: https://doi.org/10.1016/j.catena.2021.105950

The paper focuses on the regional SOC content and stocks changes in the dynamic environment of
the chernozem region after more than 50 years of intensive cultivation (Figure 2.A). Moreover, a
reference site located in a flat non-eroded area (approximately 50 km from the main site) allowed
to compare the results of SOC changes with and without the influence of soil redistribution. For
purposes of the study, we used data from the national Systematic soil survey carried out in the 1960s
(Némecek et al., 1967), which are newly available in a digital form (RISWC, 2021). Resampled
soil profiles allowed the identification of the SOC changes in topsoil (0-0.3 m) and subsoil (0.3-0.6
m). The locations of profiles along with the erosion catena further allowed us to consider the effect
of the local topography. Each position of the soil profile was classified into three distinguished
groups corresponding to the different slope positions. Those slope positions represent contrasting
predispositions to the process of soil erosion, deposition, or transition (no dominance of erosion or
deposition): shoulder slope (SH; erosion) and backslope (BS; transition); or deposition - foot slope
(FS; deposition).

The results showed remarkable SOC stock change after more than 50 years, especially for sites
most influenced by soil redistribution. The most pronounced loss was recorded in the SH positions,
where a net median SOC loss of 2.82 kg-m™ was found. On the contrary, a net median SOC gain
of 5.51 kg-m™ was found in the FS positions where soil sediments are being deposited. This could
be seen in the changes of the depth of the humic horizon as the median decrease of 0.22 m and
increase of 0.2 m were found in SH positions and FS positions, respectively.

Surprisingly, the change in the SOC content after more than 50 years tended to be positive. For the
topsoil layer, the results showed that the SOC content increased in all slope positions, with the
highest median increase of 5.8 g-kg™' on FS positions and 4.7 g-kg™' on BS positions. For SH

positions, the results showed a much lower median increase only of 1.1 g-kg™'. We concluded that
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the positive trend in SOC content could be explained by the increased content of clay particles.
Notably, the clay content increased with depth, and thus the SOC content was positively affected
by exposing deeper soil layers. The positive correlation of the SOC content was also found with a
change in depth of the humic horizon. This was especially seen on FS positions as a place of the

accumulation of SOC-rich sediments.

3.2. PAPERII
Juiicovd, A., Ottl, L. K., Wilken, F., Chuman, T., Zizala, D., Minaiik, R. & Fiener, P. (submitted): Tillage

erosion as an underestimated driver of C sequestration.

The paper is a model-based study focusing on understanding the role of water and tillage
redistribution in C dynamics. We hypothesized that SOC stocks could only be modelled if both
processes were involved. Moreover, tillage redistribution significantly influences vertical fluxes
between soil and atmosphere and strengthens soil function as a C sink. SPEROS-C model was used
to run 58 years-long simulation on site B (Figure 2.B). To assess the contribution of tillage, two
simulations were performed: TOT, where soil redistribution via tillage and water are included; and
WAT, which considers only the soil redistribution via the water process. For calibration of the
model, profiles (n=26) from the non-eroded flat area were used. The quality of the erosion model
was assessed with observed SOC stocks pattern gained by predictive modelling using hyperspectral
and ground truth data. These data were originally published in a study by Zizala et al., (2017). The
results of C dynamics model were further validated against measured SOC stocks from 65 locations
that were recorded during the field campaigns.

The results show that the tillage is a substantial modulator of C dynamics. Overall, SOC stocks
were overestimated in the case of WAT. This was mainly seen in the plough layer (0-0.2 m), where
the results showed lower median SOC stocks of 3.48 kg C:m™ for TOT in comparison to 3.82 kg
C-m™ for WAT. Correspondingly, the total modelled SOC stocks (for the soil profile up to 0.6 m)
revealed a lower median of 8.04 kg-m™ for TOT and of 8.35 kg'm™ for WAT. A dominance of
tillage erosion was at summits and SH positions where the lower SOC stocks for TOT are recorded.
The study further proved that soil redistribution via tillage is an important modulator of erosion-
induced C balance moving the soil into a carbon sink. The final C balance of the study area is
defined as a sum of all erosion-induced vertical fluxes (C sequestration, C release and C export
from the study area). The positive influence of tillage was mainly seen in the erosion zone where
the average cumulative C sequestration results in a higher amount of sequestered C in the case of
TOT (533 g C-m? for the TOT vs. 428 g C-m * for the WAT after 58 years). This represents more
than 25% increase of C stored in the soil if the contribution of tillage is considered. Moreover, the

effect of tillage was pronounced with time as the average cumulative C balance shows 120.4 g C
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m? for TOT and 65.9 g C m™? for WAT after 58 years. Neglecting tillage further underestimated
the amount of transported sediment resulting in lower accumulation rates along the lower parts of
slopes. This resulted in less transport of C from the study site in the case of TOT as SOC-rich
sediment is moved from summits and shoulder slopes and stored at depositional sites by tillage

translocation.

3.3. PAPERIII
Zizala, D., JuFicovd, A., Zadorova, T., Zelenkovd, K., & Minaiik, R. (2019). Mapping soil degradation using

remote sensing data and ancillary data: South-East Moravia, Czech Republic. European Journal of Remote
Sensing, 52(supl), 108-122.
DOI: https://doi.org/10.1080/22797254.2018.1482524

The study aims to identify and delineate the extent of visible soil degradation by erosion and
accumulation processes at a regional scale. The study was performed over the whole Chernozem
region, where the original Chernozem soil unit was highly modified by erosion processes (Figure
2.A). The study tests the usability of the recently launched Sentinel 2 satellites, acquiring a series
of high-resolution (we used 10 bands with 10 and 20 m resolution) optical multispectral images
since 2016. The main advantage of Sentinel 2 multispectral imagery is the high revisit time (2-3
days at mid-latitudes with two satellites). The high revisit time allows for covering the regional
study site without the high risk of a change in the studied soil properties or a change in atmospheric
conditions. At a regional scale, soils vary in soil moisture, crop cover or the presence of residues,
or can have different surface roughness due to the tillage mechanization. Moreover, the frequent
presence of clouds in the atmosphere is not problematic if the revisit time is high. In our study, we
used the time series of seven Sentinel 2 images from 2015, 2016 and 2017.

The identification of a degraded soil is based on the assumption of a spectral difference due to
physical and chemical properties between the dark humic horizon of the original Chernozem unit
or accumulated zones and the light loess parent material newly exposed by erosion processes at
summits, shoulder and steep slopes.

To distinguish degraded soils, we used the image classification constructed on four erosion classes
originally used in Zizala et al., (2017). Their classification is based on the current depth of humic
horizon: SE — severely eroded soil profile with evidence of soil profile truncation and depth of
humic horizon below 0.3 m; ME — moderately eroded soil profile with depth 0.3-0.5 m; NE — soil
profile with no evidence of soil loss or accumulation (depth 0.5-0.8); AC — soil profile with the
accumulation of the new soil material (depth > 0.8 m).

The satellite images were evaluated by an unsupervised clustering algorithm Iterative Self-

Organizing Data Analysis (ISODATA; Tou and Gonzalez, 1974). The chosen algorithm is
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appropriate if only a small size of validation and calibration datasets are available, as is the case of
this study. The calibration and validation of the image classification are based on a ground-truth
dataset consisting of data from the previous studies conducted in the same region (»=203 and
n=115, respectively) (Brodsky et al., 2013; Vagat et al., 2015; Zadorova et al., 2011; Zizala et al.,
2017).

The study results revealed a considerable spatial extent of soil degradation in the chernozem region.
The unsupervised image classification allowed for a distinction between SE, ME, and NE erosion
stages with spatial extent of 18%, 38% and 44%, respectively. Due to the high spectral variability
of accumulated soil and significant overlay with the other soil classes, the AC class was removed
from the final classification. The overall accuracy of the classification showed a poor result of
55.2% (Kappa coefficient 0.34). However, after merging erosion classes into one class (SE vs
ME+NE), the overall accuracy significantly increased and reached a satisfying 80.9% (Kappa
coefficient 0.52).

3.4. PAPERIV

Zizala, D., Juiicovd, A., Kapicka, J., & Novotny, I. (2021). The potential risk of combined effects of water
and tillage erosion on the agricultural landscape in Czechia. Journal of Maps, 17(2), 428-438.
DOI: hitps://doi.org/10.1080/17445647.2021.1942251

The paper introduces the first national erosion map that combines the effect of water and tillage at
a very fine resolution. Until now, only the impact of water erosion has been considered for soil
protection strategies and the planning of anti-erosion measures. The aim of the study is to provide
a map with the spatial distribution of areas vulnerable to soil loss, considering both tillage and water
erosion. The study does not consider soil deposition.

The analysis was conducted on the agricultural landscape of the Czech Republic, which represents
nearly half of the total country area. The Universal Soil Loss Equation (Wischmeier and Smith,
1978) was used to calculate water erosion. For the tillage erosion, we used an approach developed
by Govers et al., (1994) using a diffusion type of equation where the rate of tillage redistribution is
defined by a single constant — tillage transport coefficient (k). As such, the coefficient is difficult
to measure directly due to the time and cost-consuming field experiments; therefore, we used an
approach developed by Van Oost et al., (2006). In the meta-study of Van Oost et al., (2006), a non-
linear relationship of k;; was used with operational characteristics of soil mechanization (tillage
depth and speed) and bulk density. The total erosion is then assumed as a sum of water and tillage
erosion.

The results show an average annual soil loss of 4.8 Mg-ha -y caused solely by tillage. High yearly

soil loss rates via tillage (over 4 Mg-ha™'-y™") are found across 16 % of arable land in regions with
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rolling topography. When also including water erosion, 65 % of the arable land is threatened by
soil loss at rates of over 4 Mg-ha 'y . The most endangered landscape is found around the
Zdanicky forest in the chernozem region of south Moravia. It is also revealed that erosion rates via
tillage reach similar values as erosion rates via water. This can be found mainly on slopes. Our
results indicate that the area threatened by total soil erosion (over 4 Mg-ha™'-y™") is 1.5 times larger
than the area threatened by water erosion only. The modelled contribution of tillage to total soil

erosion is shown to be 28 %.
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4. Discussion of major results

4.1. The understanding of long-term trends in SOC on agriculture land
The regional resampling of historical soil data showed the long-term trends in SOC on an
intensively used agricultural landscape (PAPER I). The sampling depth corresponded with the total
depth of the humic horizon up to the substrate boundary (in this case, loess sediments). This allowed
for considering SOC trends in two standardized depths: topsoil (0-0.3 m) and subsoil (0.3-0.6 m).
Only a few soil profiles were sampled below the limit of 0.6 m. Therefore, we could not consider
deeper soil samples as the representative dataset for the whole region and excluded those samples
from the analysis.

In contrast with most of the European studies dealing with long-term SOC content change (e.g.
Bellamy et al., 2005; Goidts and van Wesemael, 2007; Lettens et al., 2005; Sleutel et al., 2003), our
results showed an increasing trend in SOC content in all slope positions (PAPER I). Our results
contrasts with, e.g. Meersmans et al. (2011), who found in their model-based study a decrease of
SOC content by 7.7% between 1960-2006 for arable land in Belgium. SOC content decrease was
also confirmed by Goidts and van Wesemael (2007), who found the same results for the period
1955-2005 or Lettens et al. (2005), who reported a decrease of SOC content by 4% in the upper 1
m of soil in Belgium between 1990 and 2000. Similarly, a soil inventory conducted on arable land
in England and Wales revealed a significant SOC loss of 0.6% yr™' between 1978 and 2003, with a
total loss of 15% of the SOC content (Bellamy et al., 2005).

The authors of previous studies argued that SOC decline is due to the lower input of livestock
manure (Lettens et al., 2005; Meersmans et al., 2011) or a change in the amount of post-harvest
residues (Goidts and van Wesemael, 2007). Likewise, tillage also negatively influences the SOC
content. An increase in tillage depth draws down the SOC content as subsoil with lower SOC
content is incorporated into the plough layer (Meersmans et al., 2009). The negative effect of tillage
has already been proposed in many previous studies comparing the diverse tillage instruments with
no-tillage management (e. g. Balesdent et al., 2000; Gal et al., 2007; Sainju et al., 2002). In general,
tillage changes the physical condition of the soil (moisture, temperature). It increases the C turnover
rate by breaking soil aggregates and making the SOC more accessible to decomposition at the
plough layer (Blanco and Lal, 2008). Bellamy et al. (2005) further suggested that the decline of
SOC over the agricultural land in England and Wales is connected to the increasing temperature
and changes in precipitation as a consequence of global climate change. However, an increasing
temperature was also measured for south Moravia between 1961 and 2018 (from 8.3 to 8.9°C;
Czech Hydrometeorological Institute, 2022), and the SOC content change was positive in the last
nearly 60 years.

The present SOC content is a result of the balance between the amount of C inputs (predominantly

from crop residues in agricultural land) and C stabilization in soil. We argue that the inconsistency
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of our study with the abovementioned studies showing a decline in the SOC content could be
explained by SOC stabilization by clay minerals. In our study site, erosion processes expose clay-
rich layers (PAPER I). Clay minerals have a central role in the chemical stabilization of SOC
because they restrict access for decomposers (Six et al., 2002). Thus, higher clay content means
higher availability for C, which is then well protected. However, note that we did not analyze the
SOM composition in our study as there was lack of corresponding data in dataset from 1960s. This
needs to be further studied as SOM composition has crucial effect on SOM quality and persistence
in soil (e.g., Kdgel-Knabner and Rumpel, 2018).

There are studies supporting our reasoning (e.g., Arriaga and Lowery, 2005; Goidts and van
Wesemael, 2007; VandenBygaart et al., 2002). Besides, there has been a change in the crop
composition in the Czech Republic during the last decades (Czech Statistical Office, 2021),
resulting in crops with higher amounts of residues and roots (like corn or oilseed rape), which thus
provide a higher input of C to the soil (Torma et al., 2018). Moreover, the crop yields record for
corn reveals almost three times higher yields for period 1990-2018 in comparison to the yields for
previous period 1961-1989 (PAPER 2, Table 1) which could further increase the C input into soil.
Even though we observed an increase of SOC content irrespective of slope position, we could
recognize this trend being most pronounced in FS slope position as this is the zone of the
accumulation of C-rich sediments. We concluded that FS slope positions could further enhance the
C sequestration as favorable soil conditions (soil moisture, depth, nutrients) at those sites positively

impact crop biomass (Gregorich et al., 1998), resulting in a higher C input to the soil.

4.2. FErosion-based horizontal and vertical fluxes

4.2.1. Horizontal SOC and sediment fluxes

Regardless of the net SOC content increase, the changes in SOC stocks were found to be more
diverse in the chernozem region after more than 50 years (PAPER I). The SOC stock redistribution
revealed a typical spatial pattern for sloping landscapes under intensive cultivation (PAPER I,
PAPER 1I). The results of the regional study were further supported by the results of the local
modelling study (PAPER II). After a few decades of intensive cultivation, our research revealed the
remarkable changes in SOC stocks, being most prominent at positions affected by soil redistribution
(PAPER 1) and thus predominantly explained by soil loss and deposition.

The significant correlation with the topographic indexes further supported this. Among the most
significant explanatory variables for the explanation of SOC stocks pattern belong terrain
curvatures, Topographic Wetness (Beven and Kirkby, 1979) and Position (Guisan et al., 1999)
indexes or Multiresolution Valley Bottom Flatness index (Gallant and Dowling, 2003). Using
topographic indexes is based on the fact that these indexes allow the identification of the local

terrain depressions and elevations, thus showing a predisposition to soil loss and gain (PAPER I).
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Studies by Wang et al. (2021), Zadorova et al. (2011) or Doetterl et al. (2013) showed that using
topography is a good explanatory variable for SOC patterns. The topography was previously found
to be a crucial parameter to map the extent of the Colluvisoils as this soil unit is related to the
accumulation of eroded material in the agricultural landscape (Zadorova et al., 2015, 2011;
Zadorova and Penizek, 2018).

We showed that the soil redistribution via water and tillage leads to a median soil loss of 0.15 m for
the erosion zone and a median accumulation of 0.23 m at the accumulation zone after 58 years.
These rates are similar to the loss/gain in corresponding slope positions in the regional study
(PAPER I). The regional study further showed that the net SOC stocks loss from the top of the hill
is more or less equal to the net SOC stocks gain in the footslopes. This means that only a minimum
of C-rich sediments is exported by water erosion out of the studied region (PAPER I), but this
should be confirmed by measuring the sediment flow in a closed watershed.

Our findings align with other field-scale modelling studies where the net loss is observed over the
summits and shoulder slope positions while accumulation at footslope positions (e.g., DlugoB et al.,
2012; Van Oost et al., 2005; Wilken et al., 2017). However, the average total erosion rates were
higher compared to other studies that also consider tillage as an erosion agent. In a similar loess-
substrate environment, Dlugof} et al. (2012) found an overall soil loss of 0.03 m after a 29 years
long simulation period under conventional agriculture. Van Oost et al. (2005a) further reported an
overall loss of -0.07 m in hilltops and a gain of 0.08 m in the accumulation zone after 50 simulated
years. Higher redistribution rates were modelled in a hummocky landscape of northern Germany
(Wilken et al., 2020). They found a soil loss of 0.15 m after 53 years, while 0.22 m was newly
accumulated in the deposition area.

Some previous studies conducted in the chernozem region already showed a striking contrast in
humic horizon depending on the slope position (Zadorova et al., 2015, 2011; Zizala et al., 2017).
The shoulder slope positions with a net loss of SOC stocks spatially correspond to the severely
eroded class defined by Zizala et al. (2017). Zadorové et al. (2011, 2015) and Zadorova and Penizek
(2018) further showed the importance of the topography in the development of Colluvisoil up to
several meters deep with high SOC content (Zadorova et al., 2011). The presence of deep colluvial
deposits in the study area can cause uncertainty in our study. This is because we sampled the soil
profiles up to 1.2 m accordingly to the original soil survey from the 1960s (PAPER I). We therefore
could not reach the A horizon and the parent material boundary in the footslope positions. In these
positions, we thus probably underestimated the accumulation rate.

Interestingly, the results of PAPER II and IV revealed artificial line structures in the tillage
redistribution visible on the DEM. We speculate that these structures resulted from former land-use
practices as structures correspond with the direction of former strip fields. Such an artificial

structure has to spatially affect the zones of erosion and accumulation, thus influencing the SOC
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stocks pattern and C sink/source function. However, this finding needs to be elaborated upon by

further research.

4.2.2. Erosion-induced C balance

We further determined the long-term development (58 years) of vertical erosion-induced C fluxes
between soil and the atmosphere (PAPER II) and confirmed the strong influence of soil
redistribution on C dynamics. The local modelling study showed that the study site acted as a C
sink after 58 years of cultivation. The results revealed the long-term development of the erosion-
induced C balance in an agricultural landscape (200 ha; PAPER II, Figure 7.). At the beginning of
the simulated period, the C balance is negative, i.e. a loss of C to the atmosphere. This trend is being
most pronounced after approximately 20 years. It results from substantial C depletion and release
into the atmosphere from eroded areas. This efflux is further offset by increasing C sequestration
by the process of dynamic replacement. In the second half of the simulation period, dynamic
replacement even outweighed the C efflux to the atmosphere from depositional sites and C export
from the study site. Our findings are in line with previous experimental (Quine and van Oost, 2007)
or modeling studies (e.g., Liu et al., 2003; Nadeu et al., 2015; Wilken et al., 2017).

Moreover, the model simulation showed a good agreement (Spearman's rank correlation coefficient
(p) = 0.55 at level of significance < 0.01; root mean square error (RMSE) = 0.97; Nash Sutcliffe
model efficiency (MEF) = 0.16) with observed SOC stocks assuming a good representation of the
C dynamics in the agricultural area prone to soil redistribution. Nevertheless, it is important to
mention some shortcomings, which should be considered while interpreting the modeling results.
A substantial reason for the efficient dynamic replacement is the increasing C input into soil due to
the development of crop yields during the simulation (PAPER II, Table 1). However, this effect
could be somewhat overestimated as we used a fixed ratio between yields and C input throughout
the simulated period. However, increased yields due to the cultivation of new crops might not
necessarily lead to higher C input into the soil as for some crops, more C is located in the harvestable
biomass (Billings et al., 2010; DlugoB et al., 2012). The lack of available data does not allow to test
this assumption in our study area. Moreover, we assumed homogeneous C input for the whole
modelling period. This might lead to an overestimation of dynamic replacement in eroded soils and
thus influence their C sink/source function. However, crop production substantially decreases on
severely truncated soil profiles (Bakker et al., 2004; Bouchoms et al., 2017). A sufficient amount
of used fertilizer could balance the crop production on eroded sites with decreased soil fertility
(Blume et al., 2016 cited in Wilken et al., 2020). Although loess sediment mixed with the rest of
the humic horizon in the plough layer has less favorable plant growth conditions than less eroded
Chernozem, it is usually still sufficient (e.g., water holding capacity) for crop growth. To test these

assumptions, we reduced the C input by 30% and 50% in erosional soils for the whole simulated
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period. The results showed that a decrease of C input does not change the C sink function of the
study site (data not shown).

In contrast to the overestimation of C input at eroded sites, C inputs at depositional sites might be
underestimated. Those positions have a higher soil moisture and gain nutrients with the delivered,
eroded sediment which results in higher crop productivity (Doetterl et al., 2016; Ottl et al., 2021).
This was also found by Dlugof et al. (2010) who included the topographic wetness index in
modelling soil redistribution and C dynamics and thus, found higher SOC stocks in depressions and
at footslopes.

The results also showed the non-negligible effect of tillage. Compared to the model simulation with
only soil redistribution via water, the consideration of tillage resulted in a stronger positive erosion-

induced C balance of the study site (the overall role of tillage is discussed in the next chapter).

4.3. Tillage as an underestimated driver of erosion-induced C dynamics
Although there is no doubt that tillage mechanization has several negative effects on soils, it also
substantially impacts the horizontal C fluxes and vertical C fluxes between soil and atmosphere.
The common disregard of tillage as an erosion agent leads to an underestimation of horizontal fluxes
and of the net effect of total erosion rates (water+tillage). This directly impacts soil protection
policies (e.g., insufficient erosion protection or determination of allowable soil mass loss).
Moreover, neglecting tillage can cause misinterpretation of the role of soil redistribution in C
dynamics. Our results are also particularly interesting with regard to modelling soil redistribution
and SOC stocks at the regional and global scales. There still are studies that do not consider tillage
as an agent of soil redistribution (Chappell et al., 2016) notwithstanding other papers confirming
the significant contribution of tillage to soil C dynamics (e.g., Van Oost et al., 2005a).

We showed that the net soil loss, and thus lower SOC stocks at summits and shoulder slopes
(PAPER 1, II) can only be explained when soil redistribution via tillage is considered. Without the
inclusion of the tillage erosion, the SOC stocks in the plough layer (0-0.2 m) were overestimated
as tillage is the dominant erosion factor at those slope positions. These findings align with the results
from other modelling studies (e.g., DlugoB3 et al., 2012; Nadeu et al., 2015; Van Oost et al., 2003).
Moreover, neglecting tillage led to the underestimation of the C-rich sediment accumulation in
footslopes due to the lower amount of transported sediments (PAPER II). These findings have a
substantial consequence for estimating the C storage in Colluvisoils. Buried C-enriched soil is
usually considered well-protected against decomposition as it is less accessible for soil
microorganisms. Thus Colluvisoils represent a large global C reservoir (Berhe et al., 2012, 2007;
Berhe and Kleber, 2013) as most of the sloping agricultural fields enhance the evolution of
Colluvisoils in concave positions (Zadorova and Penizek, 2018). However, the measurement of the

actual depth of Colluvisoils is demanding due to actual depth of the soil profile. A modelling
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approach represents a time and cost-effective tool for estimating C stored in Colluvisoils. Therefore,
estimating accumulation rates requires the consideration of all erosion processes, including tillage.
The results of PAPER 11 also revealed how the processes of water and tillage interplay. It was shown
that the sediment mobilized from the summits and shoulder slopes by tillage is later inaccessible
for transport by water flow. Moreover, a higher amount of C stored in the accumulation area results
in less C export from the site. In this way, tillage can be considered to be a positive regulator of
SOC as it contradicts the effect of soil redistribution by water.

The modelling results showed the substantial contribution of tillage to the vertical net C balance in
the study area (PAPER 1II), leading to soil having been a C sink after nearly 60 years (the modelled
period). C sequestration was about 25% higher when tillage soil redistribution was considered
compared to water erosion only. It can also be seen that this effect of tillage is increasing with time.
Even though soil redistribution by water is the dominant process in the study area, the long-term
simulation showed that soil redistribution via tillage strengthens the C sink function of soil.
However, it is important to add that tillage negatively influence other soil properties and fertility.
The country-wide study (PAPER IV) shows the substantial contribution of tillage erosion to water
erosion, and the chernozem region belongs to the most endangered regions (PAPER III). An earlier
continental-scale study showed an average tillage erosion rate of 4.1 Mg-ha™'-y ™ for all agricultural
land in the Czech Republic. Compared to our results, this slightly underestimated the erosion rate
as we found the rate to be 4.8 Mg-ha '-y™'. This slight difference is caused by a different extent of
the agricultural area in the calculation. This is because Van Oost et al. (2009) also included
permanent grasslands in the agricultural area extent whereas we considered arable land only.
Moreover, we used a more detailed DEM (20 m) compared to the SRTM model with the resolution
of 1 km used in the European study (Van Oost et al., 2009). As far as we know, there are no other
nationwide modelling studies considering the effect of tillage as a part of the total soil erosion.
However, the tillage impact needs to be elaborated upon by further research as the current research
does not take into account varying parameters such as tillage tool geometry (e.g. shape, size), soil
characteristics or actual tillage direction and variation in speed (Govers et al., 1994; Van Oost et
al., 2006). Moreover, we could not calibrate the k;;; value as no available data exists. Therefore, we
have to admit the uncertainty in modelled redistribution rate. The used k&« of 500 will lead to an
average erosion rate of -6.4 cm™ after 58 years of simulation. Assuming a change of + 50% ki in
our study would lead to a rate ranging from -3.2 cm™ to -9.6 cm™ after 58 years. However, the
empirically derived k;; value used in PAPER II and IV corresponds with other local experimental
studies conducted for moldboard ploughs in Europe (summarized in Van Oost et al. 2003).
Moreover, comparison with the observed SOC stocks pattern showed overall good agreement with
modelled total soil redistribution (PAPER II). Moreover, the regional resampling study revealed
similar average SOC stocks decrease in erosion area (PAPER I). We thus conclude that the used 4

value is appropriate for our study area.
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4.4. The spatial extent of the soil degradation caused by erosion
Our results showed a substantial spatial degradation of the soil cover manifested as the alteration
of the originally developed Chernozem soils. The spatial pattern of degraded soils in the chernozem
region is well recognized from aerial images as a mixture of a dark brown color of the humic horizon
of the Chernozem soil unit and very light loess sediments uncovered by erosion (PAPER III).
Similar results were found by Zizala et al. (2017) using high resolution hyperspectral images in a
local study from the chernozem region at Sardice fields (the subset of four fields in this thesis).
Their classification of erosion stages revealed that almost 30 % of the soil surface is classified as
severely eroded (depth of humic horizon < 0.3 m) and a further 20 % as moderately eroded (depth
of humic horizon 0.3-0.5 m). The spatial extent corresponds with our results from the regional study
(PAPER III). The eroded are predominantly located at summits and steep slopes; thus, the
degradation process is closely related to the topography in our study area. This is further confirmed
by the regional study (PAPER I) and the local modelling study (PAPER II), with the most
pronounced erosion rate at hilltops positions and the accumulation rate in the footslope positions.
The mixture of different soil color allowed distinguishing stages of soil degradation caused by
erosion. Such a difference in color appearance assumes that soils have different SOC content as this
is the major component (together with moisture) affecting the soil color of the Chernozems (Ben-
Dor et al., 1999). However, the recent SOC content results revealed similar values irrespective of
slope position, thus does not follow erosion stages (PAPER I). This discrepancy seems to be a result
of the differences in the thickness of the humic horizon and the differences in moisture content.
Well-developed humic horizon has better water-holding capacity in comparison to loess sediment
leading to higher moisture content. In contrast, areas of humic material mixed with loess sediments
often face dryness and thus have different spectral information.
Several stages of eroded soil cover can be detected within the field, which is manifested in the
variable depth of the humic horizon. The soil profile data shows recorded depths of the humic
horizon ranging from 0-2 m (PAPER I). However, we were only interested in the first 1.2 m of the
soil profile as this was the limit of the original soil survey conducted in the 1960s. Therefore, we
did not detect the full depth of the humic horizon in the accumulation zone where deep Colluvisoils
developed (Zadorova et al., 2015, 2011). The consequences of this methodological approach are
discussed in the previous chapters.
The best result of the classification of erosion classes (PAPER 1V) is performed when only two
erosion classes are distinguished (the severely eroded class and other classes combined, reaching
overall accuracy of 80,9%). On the other hand, the classification poorly distinguishes between
moderately eroded and non-eroded classes, and also has difficulties to differentiate the
accumulation class, which was therefore removed from further classification. This results from a

highly variable amount of SOC content and other soil properties (mainly moisture) that directly
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influence the spectral information (e.g., Dematté et al., 2015; Gomez et al., 2008). Zadorova et al.
(2011) also reported the so-called retrospective development of Colluvisoils in the accumulation
zone. An eroded humic horizon gradually covers the initially developed humic horizon. Then the
eroded material consists of humic horizon mixed with loess and pure loess later on as the upper
parts contain already uncovered substrate. Therefore, those zones contain highly variable SOC
content affecting the spectral information.

Substantial soil degradation can also be found in soil classification. Even though the study area is
dominated by the fertile Chernozem soil type, our results showed particularly low SOC content for
both time intervals (1960s, 2018). The Czech taxonomy classification characterizes the Chernozem
by the thickness of the humic horizon (0.4-0.6 m) and by SOC content between 2% - 4.5%
(Némecek et al., 2011). As we showed in the PAPER I, most of the historical and resampled soil
profiles in our study area do not meet the criteria for the Chernozem soil type (the topsoil average
SOC content 1.3% and 1.7% at 1960s and 2018, respectively). This means that the current low SOC
content has to be the result of the previous agricultural management before 1960s.

The soil classification during the field campaign in 2018 revealed Haplic Calcisols at SH and the
Colluvisoils unit at FS. The original Calcic Chernozem unit (IUSS Working Group WRB, 2015) is
only found at places with less soil redistribution influence or transition zone (typically BS — back
slope positions). According to the Czech taxonomic soil classification system, a Chernozem soil
stratigraphy consists of the humic A horizon and substrate C horizon in the study area (Némecek et
al., 2011).

This is in agreement with other studies performed in similar areas (Zadorova et al., 2015, 2011).
This means less than half of the area (spatial extent of NE class) remains stable and keeps the
original soil stratigraphy. However, it is important to note that those areas cannot be assessed as
truly non-affected by erosion because they mostly represent a transition zone which is still
influenced by tillage operations. Therefore, those areas are still facing interference in the soil
structure and could serve as a source of material for water erosion (Lobb et al., 1995; Wilken et al.,
2017).

It is important to note that the recent spatial pattern of soil units is not only caused by erosion agents
in the last 60 years but has been modified over the past centuries. This can be seen in aerial images
from the 1950s, where a mixture of light/brown soil colors is already well recognized (data not
shown). We assume acceleration of erosion/deposition in the last 60 years caused by the
abovementioned unification of land parcels, inappropriate crop rotation and composition and the
use of large, heavy agricultural machines. The optical luminescence dating recently confirmed
acceleration of erosion rates (Zadorova et al., 2023). The authors revealed the sedimentation record
in Colluvisoils in our study area. The highest sedimentation rates were found in periods of the High

and Late Middle Ages and the last 70 years.
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4.5. Outlook

Recently, two profiles from Colluvisoils with full stratigraphy and quantitative chronology data
(OLS) on the main sedimentation periods since the onset of agriculture in our study area (Zadorova
et al., 2023). This information is especially interesting as the accumulation areas in agricultural
landscape potentially store a significant amount of C. Globally, Colluvisoils represent a long-term
C sink and are important for our understanding of the role of accelerated human-induced soil
erosion in C cycle (e.g., Berhe et al., 2008; Doetterl et al., 2016). Empirical studies bring the
necessary data. However, to understand the fate of eroded and later transported C it is necessary to
use model simulations given the time and spatial scale of accumulation zones (Wang et al., 2015).
Our results revealed a significant SOC increase irrespective of the slope positions. According to
our data, this positive trend is connected to the increasing clay content or C input from the residues.
However, we did not consider the SOM composition and its possible qualitative changes (like C:N
ratio). Even though we could conclude that almost 60 years of intensive cultivation has not had a
strong negative influence on SOC content, we still lack data on the quality of SOM.

One of the critical factors in SOM stability and decomposition is the presence of microorganisms.
We still lack information on how the erosion process affects the microbial community. Xiao et al.,
(2017) found a significant difference in soil microbial respiration in topsoil at arable fields
influenced by soil erosion. Their main results showed that soil microbial respiration was higher at
downslope positions than at the upslope or mid-slope. They suggest that the accumulation of rich
C soil is significantly increasing soil microbial respiration. However, there is still poor information
about the spatially varied composition of microorganism and their changes physically affected by

soil redistribution.
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5. Conclusions

This thesis explores C dynamics in a highly cultivated agricultural landscape in the fertile
chernozem region, south Moravia, the Czech Republic. We focus on the period of nearly 60 years
when the Czech agricultural landscape faced substantial changes. In addition to the general crop
production intensification and stronger tillage mechanization, the landscape structure changed
dramatically, and large, homogeneous fields replaced the small ones. Our results show that all these
factors substantially influenced long-term soil C dynamics. The resampling of 60 years old data and
modelling approach allow us to quantify SOC changes and the effect of soil redistribution.

The results show a significant SOC increase irrespective of the slope positions. We explain our
results by the increasing clay content and/or C input from the crop residues. Moreover, SOC stocks
revealed the substantial shift mostly pronounced at hilltops and foot slopes are the most influenced
slope positions in erosion landscape after more than 50 years. The significant correlation with the
topographic indexes supports our findings. Including topography substantially helps the
understanding of SOC patterns and should be considered for all soil sampling schemes to avoid
essential errors in high erosion or deposition areas.

Even though the study region is dominated by soil redistribution by water, we proved that tillage as
an erosion agent has a substantial role in horizontal and vertical C and sediment fluxes. There is no
doubt that tillage mechanization has several negative consequences for soil quality and the long-
term sustainability of soil productivity. However, we conclude that the contribution of tillage has
to be considered as a significant modulator of C dynamics. Moreover, it is necessary to consider
these redistribution rates as part of the total redistribution. Our results showed that ignoring tillage
substantially changes the erosion intensity (by nearly 30%) and the erosion/deposition patterns.
This has further consequences for the application of anti-erosion tools and for policy-makers’
decisions. The progressive erosion-induced soil degradation affected a substantial part of the study
area in the chernozem region. These findings are directly linked to the long-term sustainability of

food security as the productive function of soil is limited.
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