Charles University, Faculty of Science
Department of Physical Geography and Geoecology

Univerzita Karlova, Pfirodovédecka fakulta
Katedra fyzické geografie a geoekologie

Study programme: Physical Geography and Geoecology
Studijni program: Fyzicka geografie a geoekologie

Summary of the doctoral dissertation
Autoreferat disertacni prace

Mgr. Anna JufFicova

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

Dynamika ptdniho uhliku v ¢ernozemni oblasti po ptl stoleti intezivniho obdé€lavani pudy

Supervisor: RNDr. Tomas Chuman, Ph.D.

Advisor: Mgr. Daniel Zizala, Ph.D.

Prague, 2023



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



Abstrakt

Pida je zivotné dulezitd pro celosvétovou potravinovou bezpecnost a teprve nedavno se ptidé zacala
vénovat pozornost jako nastroji, ktery mtize ovliviiovat zménu klimatu, a to diky jeji schopnosti ukladat
velké mnozstvi uhliku a zajistovat dalsi dilezité mimoprodukéni funkce. Tyto funkce vSak ohrozuje
n¢kolik forem degradace. V zeméde€lskych pidach patii mezi tyto degradace ubytek ptdniho
organického uhliku (soil organic carbon — SOC) a pudni eroze. Pudni eroze je hlavnim procesem
lateralni redistribuce velkého mnozstvi SOC ve svazité zemédé€lské krajin€. Lateralni toky dale

ovliviyji ukladani SOC v piidé€ a neptimo ovliviuji vertikalni toky uhliku mezi ptidou a atmosférou.

Cilem prace je zkoumat dlouhodobé (> 50 let) regionalni zmény SOC a analyzovat dopady redistribuce
pudy na dynamiku uhliku ve svazité zemédelské krajiné. Pro ucely prace povazujeme za hlavni zdroje
redistribuce pidy vodni erozi a erozi zpracovanim puady. Studie vyuziva srovnani opakovani dat z
historického monitoringu (60. 1éta 20. stoleti), numerického modelovéni eroze a dynamiky uhliku
pomoci modelu SPEROC-C. Zajmovym tlizemim 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 ukdzaly, Ze pfi hodnoceni celkovych zdsob SOC je
nezbytné zohlednit cely pidni profil. To je zasadni pfi provadéni sou¢asného monitoringu SOC a je

nezbytné jej promitnout do schémat odbéru piidnich vzorkt, aby se piedeslo vyznamnym chybam.

Prestoze vodni eroze je v nasi studované oblasti dominantnim eroznim procesem, eroze orbou se
zasadn€ podili na redistribuci piidy a je nezanedbatelnym c¢initelem dynamiky uhliku. To se projevilo
predevsim na vrcholcich svaht, kde pievazuje vliv eroze pfi zpracovani pudy, zatimco vliv vodni eroze
je minimalni. Model SPEROS-C, ktery simuluje vliv padni redistribuce na dynamiku uhliku, ukazuje
pozitivni bilanci uhliku mezi pidou a atmosférou, coz nasi studovanou oblast po vice nez 50 letech
identifikuje jako ulozisté (sink) uhliku. ZvysSena sekvestrace uhliku v disledku dynamické vymény
(dynamic replacement) v erozni oblasti pfevazila nad zvysSenou mineralizaci uhliku v akumula¢ni

oblasti a exportem uhliku vodni erozi ze studované lokality.

Neni pochyb o tom, Ze eroze zpracovanim pudy je zodpovédnd za zna¢nou a dlouhodobou degradaci
pudy. Tato prace vSak ukazala, Ze je také vysoce relevantnim procesem a je nezbytné jej zahrnout do

studia dynamiky uhliku.

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

data, dalkovy priizkum, Cernozemé
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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. Among the most visible forms of soil degradation is soil erosion, which

has a complex environmental impact on agricultural land (Lal 2005).

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). 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 soil
organic carbon (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, 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.



2. 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 1)

2) What is 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 1)

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 I1I)



3. Methods and 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 IV 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 1.A). 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). PAPER Il is a local modelling study conducted on a subset of four large
fields near the village of Sardice (site B; Figure 1.B). 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.

I
.Praha )
gy;\\ s l:‘/“&\b
tudy site
\af;;\.\y,..i’f

Reference site

Chernozem soil type N\
Forest

Figure. 1. Study sites (A, B) for PAPER [, II and III are siteith Moravia, Cc epu. e
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.

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. 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). Two collections of soil data have been
obtained during several field campaigns over the whole study site A (Figure 1.A) and the reference site.
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 1.B).

Recently launched satellite data Sentinel 2 (time series of 2016 and 2017) are used in PAPER IV. The
digital elevation model in resolution of 5x5 m (DEM 4G® (Czech Office for Surveying, Mapping and
Cadaster)) is used as a main source of topography and for derivation of morphological attributes.
Various input parameters for erosional and C modelling are obtain from the literature (PAPER II). Data
about individual crop yields for period 1960-2018 are provided by Czech Statistical Institute (2021)
(PAPER I and II).

PAPER 1I is model-based study using the SPEROS-C model (Van Oost et al., 2005). The model
combines the erosion model SPEROS (Van Oost et al., 2003) and the SOC dynamics Introductory
Carbon Balance Model (ICBM, Andrén and Kitterer, 1997; Kétterer and Andrén, 1999).

4. Results and discussion

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 humic
horizon up to the substrate boundary (in this case, loess sediments). This allows for considering SOC
trends in two standardized depths: topsoil (0-0.3 m) and subsoil (0.3-0.6 m). 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 ). 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™' (PAPER I). The present SOC content is the 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 of our study with the abovementioned studies showing the 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 would
need to be further studied as SOM composition has crucial impact on SOM quality and persistence in

soil (e.g., Kdgel-Knabner and Rumpel, 2018).

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 II). 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 (PAPER I). 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 I) and thus predominantly explained by soil loss and deposition. 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. Our findings align with other field-scale modelling studies where the net
loss is observed over the summits and shoulder slope positions while accumulation in footslope

positions (e.g., DlugoB et al., 2012; Van Oost et al., 2005; Wilken et al., 2017).

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 11, Figure 7.). 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). Our findings are in line with previous experimental (Quine and van Oost, 2007) or modelling
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.

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-+ttillage). This directly impacts soil protection policies (e.g.,

10



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. 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.,
DlugoB 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). The results
of PAPER Il also revealed how the processes of water and tillage interplay. It was shown that the amount
of 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 II), leading to soil having been a C sink after nearly 60 years (the modelled period).
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 total erosion (533 g C-m? for
the total erosion vs. 428 g C-m 2 for the water erosion after 58 years). Therefore, 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 soil's C sink function.

The country-wide (PAPER IV) study shows the substantial contribution of tillage erosion to water
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 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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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). 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 (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 areas 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. However, the recent SOC content results revealed similar values irrespective of slope
position, thus does not follow the erosion stages (PAPER I). This discrepancy seems to be a result of
the differences in thickness in 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. 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 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 colluvial soils 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.
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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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