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Summary 

One of the most urgent global challenges to achieving sustainable agriculture is the reduction 

of soil erosion. The semi-arid regions of Central Asia are expected to suffer even more from 

soil erosion than currently due to climate change and expanding agriculture. Empirical data 

from field observations are the foundation for evaluating the present erosion risks and 

projecting medium-term soil degradation hazards. The quantification of soil erosion rates in 

Central Asia is lacking, but it is necessary to assess the degradation potential under real soil 

conditions. Knowledge about wind erosion and its interactions with water erosion is 

particularly interesting, as they are less studied or even neglected scientifically. A systematic 

understanding of erosion drivers and processes is crucial for scientists, stakeholders, and 

farmers. 

Therefore, a dataset from a series of sampling campaigns and field experiments on 

representative test sites under typical agricultural management practices and grassland 

vegetation across the Kazakh Steppe was established. The investigations focus mainly on 

three research gaps and are represented in detail in three scientific publications: 

(I) the variability of modeled soil losses caused by different pretreatments for particle

size analyses and associated texture-based parameters (Koza et al., 2021),

(II) the wind- and water erodibility of crop- and grassland derived from aggregate

stability tests (Koza et al., 2022), and

(III) the quantity and quality of soil loss by wind erosion under real soil conditions

obtained from mobile wind tunnel experiments (Koza et al., 2024).

This dissertation takes a holistic approach to investigate the complex drivers and processes 

of soil erosion using various methods, including physical and chemical soil analyses, 

modeling, and field experiments. 

The soil was chemically pretreated separately and successively with hydrochloric acid and 

hydrogen peroxide to dissolve common binding material before particle size analyses by 

laser diffraction were conducted. Measured values of clay, silt, sand, and fine sand contents 

were used as input data for the Single-event Wind Erosion Evaluation Program (SWEEP) to 

estimate soil loss variations. Crop- and grassland soils with a large range of physico-

chemical soil properties were assessed for potential erodibility using several aggregate 

stability tests. An adjusted drop-shatter method was used to estimate the dry stability against 

weak mechanical forces, such as saltating particles striking the surface. Three wetting 
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treatments with distinguished conditions and energies were applied to simulate different 

disruptive effects of water caused by heavy rain, light rain or the impact of raindrops. In 

order to assess the wind erosion risk of the soil during the most erosive time of the year, 

field experiments were carried out with a mobile wind tunnel on typical arable surfaces 

present in spring (bare fallow, cultivated with barley, cultivated with maize). In addition, 

common disruptive forces soils experience during field cultivation (light cultivator, disc 

harrow, tractor tires) were considered to analyze the effects on soil losses.  

• Laser diffraction analyses show that common pretreatments do not affect the texture

classification of silt loams. The consequences for soil loss estimates from wind

erosion modeling can be neglected when texture-based parameters, such as

geometric mean diameter, are measured and not derived with a pedotransfer function.

• Results from extensive dry and wet aggregate stability tests prove that organic matter

is the primary binding agent for typical steppe soils. However, the existing

susceptibility of the soil to wind and water erosion is independent of its soil

properties. Since the risk of erosion from heavy rain or snow melting is particularly

high, it is recommended to consider the interacting processes of wind and water to

mitigate further soil degradation.

• Mobile wind tunnel experiments on loamy sands revealed that mechanical stress

from seedbed preparation determines soil susceptibility. However, the most severe

soil losses were caused by tractor tires, which have to be considered a serious

emission source in cultivated steppes. In addition, field experiments have shown that

aeolian sediments are enriched in organic carbon after steppe conversion.

Overall, it is concluded that agriculture on steppe soils requires best-adapted measures for 

early erosion control and prevention.  

With its sequential publications, findings, and considerations, this dissertation is an up-to-

date and comprehensive study investigating soil erosion processes under anthropogenic 

pressure in northern Kazakhstan.  



III 

Zusammenfassung (Summary in German) 

Eine der größten globalen Herausforderungen für eine nachhaltige Landwirtschaft ist die 

Reduzierung der Bodenerosion. Die semiariden Regionen Zentralasiens werden aufgrund 

des Klimawandels und der Ausweitung landwirtschaftlicher Nutzflächen in Zukunft 

vorraussichtlich noch stärker von Bodenerosion betroffen sein als bisher. Empirische Daten 

aus Feldversuchen bilden die Grundlage für die Beurteilung der aktuellen Situation sowie 

für mittelfristige Prognosen. Die Quantifizierung der Bodenerosion in Zentralasien fehlt 

derzeit weitgehend, ist aber notwendig, um das Erosionspotential unter realen 

Bodenbedingungen zu bewerten. Von besonderem Interesse sind Kenntnisse über die 

Winderosion und ihre Wechselwirkungen mit der Wassererosion, da diese wissenschaftlich 

weniger untersucht oder sogar vernachlässigt werden. Ein systematisches Verständnis der 

Erosionsfaktoren und -prozesse ist für Wissenschaftler, Interessenvertreter und Landwirte 

gleichermaßen wichtig. 

Zu diesem Zweck wurde ein Datensatz von Probenahmekampagnen und Feldversuchen auf 

repräsentativen Versuchsflächen in der kasachischen Steppe mit typischer landwirt-

schaftlicher Bewirtschaftung und Grünlandvegetation erstellt. Die Untersuchungen 

konzentrieren sich im Wesentlichen auf drei Forschungslücken und werden in drei 

wissenschaftlichen Veröffentlichungen ausführlich dargestellt:  

(I) die Variabilität der modellierten Bodenverluste aufgrund unterschiedlicher 

Vorbehandlungen für Korngrößenanalysen und zugehörige texturbasierte Parameter 

(Koza et al., 2021), 

(II) die Wind- und Wassererodierbarkeit von Acker- und Grünland anhand von 

Aggregatstabilitätstests (Koza et al., 2022), und 

(III) die Quantität und Qualität des Bodenabtrags durch Winderosion unter realen 

Bodenbedingungen mittels mobiler Windkanalversuche (Koza et al., 2024).  

Die Dissertation verfolgt einen ganzheitlichen Ansatz zur Untersuchung der komplexen 

Treiber und Prozesse der Erosion unter Verwendung verschiedener methodischer Ansätze, 

einschließlich physikalischer und chemischer Bodenanalysen, Modellierung und 

Feldexperimenten. 

Dafür wurde Boden chemisch separat und sukzessiv mit Salzsäure und Wasserstoffperoxid 

vorbehandelt, um gängige Bindematerialien aufzulösen. Im Anschluss wurde die 

Korngrößenverteilung mittels Laserbeugung analysiert und Gehalte von Ton, Schluff, Sand 
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und Feinsand für das Single-event Wind Erosion Evaluation Program (SWEEP) verwendet, 

um die Abweichungen beim modellierten Bodenabtrag abzuschätzen. Sowohl Acker- als 

auch Grünland, mit einem großen Spektrum an physikalisch-chemischen 

Bodeneigenschaften, wurden auf ihre Erodierbarkeit hin untersucht. Verschiedene 

Aggregatstabilitätstests wurden durchgeführt, um die Auswirkungen von Wind und Wasser 

zu simulieren, einschließlich Abrieb durch springende Bodenpartikel, Starkregen, leichten 

Regen und den Aufprall von Regentropfen. Mit einem mobilen Windkanal wurden 

Feldversuche durchgeführt, um das Winderosionspotential unter typischen Bedingungen 

während der erosivsten Jahreszeit zu beurteilen (Brache, Gerste, Mais). Darüber hinaus 

wurden häufig auftretende Bodenbearbeitungskräfte (leichter Grubber, Scheibenegge, 

Traktorreifen) berücksichtigt, um die Auswirkungen auf die Bodenabträge zu analysieren. 

• Die Ergebnisse der Partikelgrößenanalysen zeigen, dass herkömmliche 

Vorbehandlungen keinen Einfluss auf die Klassifizierung der Texturklasse für 

schluffigen Lehm haben. Die Bodenverlustschätzungen aus der Winderosions-

modellierung können vernachlässigt werden, wenn texturenbasierte Parameter wie 

der geometrische mittlere Durchmesser gemessen und nicht abgeleitet werden. 

• Umfangreiche Aggregatstabilitätstests belegen, dass bei typischen Steppenböden die 

bestehende Anfälligkeit des Bodens gegenüber Wind- und Wassererosion 

unabhängig von den Bodeneigenschaften ist. Da das Risiko von Erosion durch 

Starkregen oder Schneeschmelze besonders hoch ist, wird empfohlen, die 

Wechselwirkungen von Wind und Wasser zu berücksichtigen. 

• Windkanalexperimente auf lehmigem Sand haben gezeigt, dass die Intensität der 

Feldbearbeitung die Erosionsanfälligkeit bestimmt. Insbesondere Fahrspuren führen 

zu außergewöhnlich hohen Bodenverlusten durch Wind und müssen als 

ernstzunehmende Erosionsquelle betrachtet werden. Die Anreicherung der äolischen 

Sedimente mit organischem Kohlenstoff ist eine Folge der Steppenumwandlung. 

Nach aktuellen Kenntnisstand erfordern die landwirtschaftlich genutzten Steppengebiete 

Kasachstans optimal angepasste Maßnahmen zur frühzeitigen Erosionskontrolle und -

vermeidung. 

Die vorliegende Dissertation stellt mit ihren aufeinander aufbauenden Publikationen und 

Ergebnissen eine aktuelle und umfassende aktuelle Studie zu Bodenerosionsprozessen unter 

anthropogenem Druck im Norden Kasachstans dar.  
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Резюме (Summary in Russian) 

Одной из наиболее неотложных глобальных задач на пути достижения устойчивого 

сельского хозяйства является сокращение эрозии почвы. Ожидается, что 

полузасушливые регионы Центральной Азии пострадают от эрозии почвы больше, 

чем сейчас, из-за изменения климата и расширения сельского хозяйства. 

Эмпирические данные полевых наблюдений являются основой для оценки 

существующих рисков эрозии и прогнозирования среднесрочной опасности 

деградации почв. В Центральной Азии практически отсутствует количественная 

оценка скорости эрозии, хотя существует необходимость оценки потенциала эрозии в 

реальных почвенных условиях. Знания о ветровой эрозии и ее взаимодействии с 

водной эрозией представляют особый интерес, поскольку они менее изучены или 

даже игнорируются с научной точки зрения. Систематическое понимание движущих 

сил и процессов эрозии имеет решающее значение для ученых и фермеров. 

Таким образом, был создан набор данных из серии кампаний по отбору проб и 

полевых экспериментов на репрезентативных испытательных участках с типичными 

методами управления сельским хозяйством, а также степной растительностью по 

всему северному Казахстану. Исследования сосредоточены в основном на трех 

пробелах в исследованиях и подробно представлены в трех научных публикациях: 

(I) изменчивость смоделированных потерь почвы, вызванных различными 

предварительными обработками для анализа размера частиц и параметров 

текстуры (Koza et al., 2021), 

(II) ветровая и водная эрозия луговых и пахотных земель, полученная в результате 

испытаний на совокупную устойчивость (Koza et al., 2022), и 

(III) количество и качество потерь почвы в результате ветровой эрозии в реальных 

почвенных условиях, полученных в ходе мобильных экспериментов в 

аэродинамической трубе (Koza et al., 2024).  

В этой диссертации применяется целостный подход к исследованию сложных 

факторов и процессов эрозии с использованием ряда методологических подходов. 

Перед проведением анализа размеров частиц методом лазерной дифракции почва 

была предварительно подвергнута химической обработке последовательно соляной 

кислотой и перекисью водорода для растворения общего связующего материала. 

Полученные содержания глины, ила, песка и мелкого песка использовались в качестве 

входных данных для программы оценки ветровой эрозии (Single-event Wind Erosion 
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Evaluation Program, SWEEP) для оценки изменений потерь почвы. Были проведены 

различные испытания на устойчивость заполнителя для имитации воздействия ветра 

и воды, включая абразивное воздействие отскакивающих частиц почвы, сильный 

дождь, легкий дождь и воздействие дождевых капель. Для оценки риска ветровой 

эрозии почвы в эрозионное время года были проведены полевые эксперименты с 

использованием передвижной аэродинамической трубы на типичных пахотных 

поверхностях, имеющихся весной (чистый пар, возделываемый ячмень, 

возделываемый кукурузой). Дополнительно рассматривалось влияние на потери 

почвы обычных разрушительных сил, испытываемых почвой при обработке полей 

(легкий культиватор, дисковая борона, тракторные шины). 

• Результаты анализа размера частиц показали, что обычная предварительная 

обработка не влияет на классификацию текстуры пылеватых суглинков. 

Оценками потерь почвы, полученными в результате моделирования ветровой 

эрозии, можно пренебречь, если параметры, основанные на текстуре, такие как 

средний геометрический диаметр, измеряются, а не выводятся. 

• Результаты обширных испытаний устойчивости сухих и влажных агрегатов 

доказывают, что органическое вещество является основным связующим 

элементом для типичных степных почв. Однако существующая 

восприимчивость почвы к ветровой и водной эрозии не зависит от ее почвенных 

свойств. Поскольку риск эрозии в результате сильных дождей или таяния снега 

особенно высок. Рекомендуется учитывать взаимодействие ветра и воды для 

уменьшения дальнейшей деградации почвы.  

• Эксперименты в аэродинамической трубе на суглинистых песках показали, что 

интенсивность обработки поля определяет подверженность эрозии. В частности, 

полосы движения сельхозтехники приводят к исключительно высокому уровню 

потери почвы из-за ветра. Обогащение эоловых отложений органическим 

углеродом является следствием культивирования степей. 

Учитывая текущие результаты, сельское хозяйство с самого начала требует 

оптимально адаптированных мер для раннего контроля и предотвращения эрозии. 

Данная диссертация, с ее последовательными публикациями и результатами, 

представляет собой комплексное и современное исследование процессов эрозии почв 

под антропогенным давлением на севере Казахстана.   
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1. General introduction 

The Earth's environment undergoes a profound human-induced transformation. Humans are 

changing the Earth's system by transforming the land, atmosphere, hydrological cycle, 

biodiversity, and altering essential elements within and between different components (e.g., 

carbon) (Steffen, 2005). Furthermore, most human-driven activities do not operate in separate, 

single cause-and-effect responses in the Earth's system. One of the most prominent examples is 

humans' combustion of fossil fuels, which increases non-reactive gases such as CO2 in the 

atmosphere (Höök and Tang, 2013). The Earth's system responds with climate change to such 

an extent that tipping points are being triggered, causing impacts that are difficult to adapt to 

(Ritchie et al., 2021). Like burning fossil fuels, land conversion causes wide-ranging effects 

that induce feedback loops, which reinforce further changes (Steffen, 2005). Land use changes 

are responsible for up to 30% of anthropogenic greenhouse gas emissions and are major 

contributors to climate change (Tubiello et al., 2013). 

Historically, land use conversion to agriculture has provided humans with a reliable food 

supply, allowing for permanent settlements and subsequent extensive population growth (Lev-

Yadun et al., 2000). However, agricultural productivity has expanded tremendously due to the 

unprecedented demands of a growing population and consumption of food and energy. An 

estimated 40% of global land change is a consequence of agriculture (Turner et al., 2007). In 

detail, approximately 70% of the grasslands, 50% of savannas, 45% of the temperate deciduous 

forests, and 27% of the tropical forest biomes have been cleared or converted to support 

agriculture (Foley et al., 2011). Agriculture leaves the soil susceptible to soil erosion due to, 

e.g., removing plant cover and roots, destroying soil structure and aggregates, or soil 

compaction. These actions allow direct exposure of the soil to erosive forces, primarily from 

wind and precipitation (Gyssels et al., 2005; Morgan, 2005). While fertile topsoil is a finite 

source, up to 90% of global cropland experiences some degree of soil erosion (Pimentel and 

Kounang, 1998). During erosion, the soil gets detached, transported and deposited once the 

energy input ceases (Lal, 2017). Erosion processes cause environmental and economic damages 

both on- and off-site (Cerdà et al., 2009; Morgan, 2005). Agriculture is the primary source of 

aeolian and fluvial sediments (Wilkinson and McElroy, 2007). Data from global compilation 

surveys confirm that erosion rates from conventional agriculture exceed soil production rates 

(Montgomery, 2007). Soil erosion causes the loss not only of mineral particles but also organic 

components. Erosion processes can be selective, and in particular, wind erosion removes the 



 
1. General introduction     
 
 

2 

fine and silt-sized particles that contain disproportionately greater amounts of organic matter, 

causing several feedback effects. Locally, erosion reduces soil productivity (Gregorich et al., 

1998; Lal, 2001), leading to food insecurity in exceptional situations. Globally, unknown soil 

organic carbon (SOC) loss rates from aeolian sediments cause uncertainty in the carbon cycle 

estimates (Chappell et al., 2013; Iturri and Buschiazzo, 2023).  

Currently, about half of the global wheat production occurs on former grasslands. They are 

mainly located in the Great Plains of North America, the Pampas of South America, and the 

Eurasian Steppe Belt of Central Asia (Schultz, 2005). The cultivated steppes are often linked to 

semi-arid climate and steppe (or synonymously semi-arid) soils (Monger et al., 2005). In the 

Eurasian Steppe Belt Chernozems exist. They are the world's most fertile soils that score highest 

for food production due to their high organic matter storage. Average wheat yields are higher 

on Chernozems than on any other soil (Krasilnikov et al., 2018). More than 10% of the world's 

Chernozems are located in Kazakhstan. In the past and present, extensive steppe conversion has 

been carried out to tap into the potential of Chernozems and associated Kastanozems (Frühauf 

et al., 2020; Prishchepov et al., 2020). As a result, Kazakhstan's wheat exports contribute 

decisively to food security in Central Asia (FAO, 2012). However, of the total 84.5 million 

hectares of potential agricultural land, 25.5 million hectares are already affected by wind 

erosion and 1.0 million hectares by water erosion (Almaganbetov and Grigoruk, 2008).  

The overall problem in the semi-arid regions of Central Asia is the serious threat of increasing 

soil erosion due to intensive agriculture causing soil erodibility (Robinson, 2016) and extreme 

climate conditions causing higher erosivity (Mirzabaev et al., 2016; Reyer et al., 2017). Soil 

erodibility describes the susceptibility of the soil to erode or, in reverse, to resist the erosive 

forces of wind velocity and precipitation (Funk and Reuter, 2006; Morgan, 2005). Semi-arid 

climates are characterized by annual precipitation between 250-500 mm, with hot, dry summers 

and cold, freezing winters. The risk of wind and water erosion will likely increase, particularly 

in Kazakhstan, because climate models indicate higher temperatures and changes in 

precipitation duration, magnitude, and intensity. Together, these will result in complex 

spatiotemporal patterns favoring the erosivity of wind and water (Duulatov et al., 2021; Li et 

al., 2020). In addition to increasing erosion rates, feedback loops could affect the global carbon 

cycle. While arid environments are major dust sources globally, the surrounding semi-arid 

regions could transform from former sinks into substantial sources by cultivation (Funk et al., 

2014; Monger et al., 2005). Soils formed under semi-arid conditions, such as Chernozems, with 
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their high amounts of organic matter, can lead to significant emissions of greenhouse gases into 

the atmosphere and contribute to human-induced climate change if not properly managed (Cox 

et al., 2000; Lal, 2021). 

In order to counteract these developments, it is necessary to identify corresponding processes 

in steppe ecosystems, quantify erosion risk associated with land use change, and derive 

adaptation measures. Understanding the impacts of land use intensification and extreme climate 

conditions requires an integrated perspective that includes wind and water erosion and their 

interactions (Field et al., 2009). Field studies comparing the absolute and relative magnitudes 

of wind and water erosion are limited (Breshears et al., 2003). Generally, wind erosion is much 

less studied than water erosion, and research on wind-water interactions is comparatively 

neglected (Bezak et al., 2021). Therefore, the interplay between aeolian and fluvial processes 

might be underestimated, which is a serious problem under semi-arid climate where erosion 

by wind and water often occur simultaneously (Visser et al., 2004) or successively at the 

same site. Especially when steppe soils are cultivated, and soils are exposed, wind and 

water erosion should be investigated together (Bullard and Livingstone, 2002; Field et al., 

2009). However, comprehensive risk assessments of soil erosion in the cultivated steppes of 

Central Asia are lacking (Borrelli et al., 2021; Dou et al., 2022). 

Reliable tools and methods are required to assess soil erosion and its processes. The number of 

studies focusing on soil erosion modeling is increasing (Bezak et al., 2021), and considerable 

progress has been achieved (Lal, 2001). In contrast, model calibration, validation, and 

evaluation have decreased proportionally and are needed for various soils and ecoregions of the 

world. Accordingly, empirical data sets derived from field measurements are particularly 

needed (Bezak et al., 2021; Lal, 2001). They cannot only support the implementation of 

sustainable management practices but also be used as benchmarks for erosion models (Webb et 

al., 2020). In-situ measurements and experiments provide in-depth knowledge of physical and 

chemical soil functions supporting agricultural adaptation and counter soil degradation within 

site-specific constraints (Horn et al., 2018). 

Based on empirical data, this study provides detailed indications of the processes and drivers 

of soil erosion on arable steppe soils in northern Kazakhstan. Wind erosion is the most severe 

form of soil degradation in the study area (Almaganbetov and Grigoruk, 2008), but wind and 

water erosion processes can occur unnoticed. Therefore, this dissertation investigates wind and 
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water erosion from a holistic approach that investigates the drivers of soil erosion across 

different topics, ranging 

• from single to various interacting key factors influencing erosion,

• from erodibility and erosivity to the combined effects determining erosion risk,

• from model estimates to field experiment measurements.

Research topics also take into account different spatial and temporal scales. Drivers and 

processes were studied locally to derive practical suggestions and on a regional scale by 

covering a wide range of physical and chemical soil characteristics from northern Kazakhstan. 

Considering current conditions and future predictions, the short- and long-term effects of 

erosive processes by wind and water on parent material and land use were investigated and 

discussed. 

The extensive work resulted in a diverse dataset and the subsequent publication of three open-

access papers. Together, they have contributed decisively to particle size analyses as key input 

data for wind erosion modeling (Koza et al., 2021), to the erodibility of steppe soils derived 

from aggregate stability test (Koza et al., 2022), and to the quantity and quality of soil losses 

from wind erosion after steppe conversion under real soil conditions (Koza et al., 2024). One 

corresponding published dataset (Koza et al., 2023) can be used in further research, e.g., as 

input data for modeling soil loss in semi-arid regions.  

This dissertation aims to provide up-to-date information on the state and drivers of erosion 

under increasing anthropogenic pressure and changing climate. A better systematic 

understanding of the drivers of erosion in semi-arid regions is useful to scientists, stakeholders, 

and farmers in Central Asia and worldwide. The findings of this work could help to mitigate 

soil erosion and contribute to the Sustainable Development Goals (SDGs) by directly 

supporting the achievement of food security (SDG 2), the combat against climate change (SDG 

13), and promoting sustainable use of terrestrial ecosystems (SDG 15). Furthermore, these 

studies are results of interdisciplinary work based on international collaborations that 

contributed to strengthening the means of implementation and revitalizing the global 

partnership for sustainable development (SDG 17) (United Nations, 2022). 



 
2. State of soil erosion research    
 
 

5 

2. State of soil erosion research 

2.1 Fundamentals of soil erosion 

The two main categories that determine soil erosion are the erodibility of the soil and the 

erosivity of the climate. Soil must have the potential to erode or, in reverse, the ability to resist 

the energy input. Once an erosive agent, such as wind or water, detaches and transports soil 

particles, soil erosion occurs. When sufficient energy is no longer available, the soil is deposited 

(Funk and Reuter, 2006). 

Wind erosion occurs when the energy input from the wind is high enough to overcome the 

gravity force, aerodynamic drag, and particle rotation (Magnus force) to lift loose particles from 

an insufficiently protected susceptible surface. A certain wind or friction velocity has to be 

exceeded to set particles in motion. This benchmark is referred to as the threshold friction 

velocity. A close relationship exists between the threshold value and particle size for single 

grains. The lowest friction velocity occurs by particles of size between 80 µm and 100 µm. The 

threshold friction velocity increases with a greater diameter caused by weight or a smaller 

diameter by cohesive forces (Fig. 2.1). Natural soils consist of aggregated particles of different 

sizes and shapes. The average particles or aggregates in natural soils are larger than 0.84 µm 

and can be regarded as non-erodible since they are too heavy to be lifted by the wind force 

(Bagnold, 1941; Funk and Reuter, 2006; Shao, 2008).  

 

Fig. 2.1.  Dependence of threshold friction velocity on particle size (modified from Shao, 2008). 
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Different particle sizes tend to move in different modes of motion when eroded by wind. 

Bagnold (1941) classified particle motions based on field and wind tunnel observations. The 

classification distinguishes mainly between creep, saltation, and suspension (Fig. 2.2). Particles 

larger than 500 µm are too heavy to be lifted from the surface but can be pushed along the 

surface by wind or saltating particles, known as creep. Saltation is the movement of soil 

particles approximately 70–500 µm in diameter that return to the ground after being lifted by 

dynamic force. On the ground, they rebound and continue their movement, either in further 

saltation or by striking other grains, causing the detachment of particles by abrasion. This leads 

to an increase in the downwind transport rate (avalanching). Therefore, saltation is a driving 

process of wind erosion. The wind's equilibrium or maximum transport capacity is reached after 

a certain distance. The capacity is independent of the soil type, but the distance from initiation 

to saturation varies with the soil's erodibility. Suspension refers to particles with a smaller 

terminal velocity than vertical upward-directed turbulent motions and entrainment into the 

atmosphere. Particles with diameters between 20–70 µm can be suspended for a few hours 

(short-term suspension), while particles smaller than 20 µm can be transported for days and 

several hundred kilometers (long-term suspension) (Bagnold, 1941; Funk and Reuter, 2006; 

Shao, 2008).  

 

Fig. 2.2.  Main transport modes of particles during wind erosion events (own illustration after Funk 

and Reuter, 2006).  
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The most important detaching agent for water erosion is water from rainfall or running water. 

Depending on the soil's reaction to water by its moisture level, structural state (aggregate 

stability), and magnitude, many different types of water erosion exist (e.g., splash, sheet, inter-

rill, rill, gully, etc.)(Morgan, 2005). The energy is available from the difference in height of the 

raindrop to the soil structural unit. Hence, mass, height, and gravity form the potential energy, 

which is then converted into the energy of motion related to the eroding agent's mass and 

velocity. However, energy input can also be caused by mechanical stress internally. Inter-rill 

erosion on cultivated soils occurs mainly from the breakdown of aggregates by precipitation. 

Aggregate breakdown is caused by air compression (slaking) when the soil is dry and wetting 

occurs rapidly during heavy rainfall. In case aggregates are initially partially wetted or the 

rainfall intensity is low, the disintegration occurs due to disproportional swelling of materials 

(Le Bissonnais, 1996; Morgan, 2005). 

Based on the fundamentals of soil erosion, various practices can be applied to control erosion. 

The most effective strategy is covering the soil with standing residues because it creates a 

surface that is more resistant to erosive forces. A surface that can resist wind and water can also 

be created by tillage that produces clouds and increases surface roughness. Shelterbelts and 

bushes can be used to break the airflow. Strip-till systems disturb the soil only in the row where 

the seed is planted, leaving crop residues in between to trap particles in saltation. Morgen (2005) 

provides more detailed about the effects of different conservation practices on soil erosion. 

2.2 Geography of erosion research 

Historically, the influence of erosion on agriculture has already been noticed by Plato and 

Aristotle (Montgomery, 2007) before Anno Domini. By the 4th century, civilizations all around 

the world used methods to control erosions (Brevik and Hartemink, 2010). During the last 

century, soil erosion's mechanisms, processes, rates, and control have been studied 

scientifically. Still, substantial improvements were archived after the 1960s by considering the 

impacts and interrelationships of these factors (Cerdà et al., 2009). Research shows that erosion 

processes are being studied worldwide and in-depth information about the hotspots of soil 

erosion can be found in the literature review of Zhuang et al. (2015). Important occasions and 

events focusing on wind and associated water erosion from Europe, the USA, and the study 

area are described in the following. In general, research was intensified, not exclusively, but 

especially where land conversion caused severe, large-scale soil degradation. 
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Soil erosion research has been predominantly concentrated in Europe and the USA throughout 

the last century, and recently, it has experienced an increasing interest in China and Australia 

(Zhuang et al., 2015). In Germany, one of the first publications dealing with wind erosion as an 

agricultural problem dates back to the 18th century (Gleditsch, 1767). However, until today, the 

USA has been the largest contributor to global soil erosion research (Zhuang et al., 2015). A 

first book dedicated to "The movement of soil material by wind" was published by E. E. Free 

(1911). In the 1920s–1930s, H. H. Bennet started a soil conservation movement to address soil 

erosion and protection (Morgan, 2005). Subsequent initial steps for developing separate wind 

and water erosion models were taken to evaluate different soil conservation practices (Morgan 

and Quinton, 2001). However, serious attention was drawn to wind erosion as a soil degradation 

process after catastrophic soil losses by overgrazing and cultivation were triggered during dry 

periods in the Great Plains (Fig. 2.3), known as the Dust Bowl era (1935–1938). Subsequently, 

the causes and effects of wind erosion became a serious research focus (Tatarko et al., 2013). 

  

Fig. 2.3.  Typical wind erosion event during the Dust Bowl era (Tatarko et al., 2013). 

In Russia, V. V. Dokuchaev initiated 1876 the investigation of the causes of agricultural 

degradation in Chernozems. Increasing large-scale soil degradation affected agricultural 

productivity following the Virgin Lands Campaign (1954–1963), the largest global ecosystem 

conversion of the 20th century, in which approximately 420,000 km2 of native grassland was 

converted to cropland for grain production. New land management practices were addressed 

(Frühauf et al., 2020), and erosion prevention methods have been studied, for example, at the 
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Barayev Research and Production Center for Grain Farming. In the Soviet Union, afforestation 

became an agricultural policy to protect soil from erosion by 1950–1960s (Chendev et al., 

2015). Unfortunately, knowledge and research documentation about soil erosion processes and 

their mitigation in the semi-arid regions have been partly lost after the collapse in 1991.  

After the 1970s, Western Europe recognized even more that erosion also causes problems in 

arable lowlands. In particular, wind erosion has been ignored as a land degradation process in 

the past but is now receiving attention as a source of air pollution in addition to sneaking soil 

fertility loss (Funk and Reuter, 2006).  

2.3 Scientific development and focus of erosion research  

Research to predict or evaluate soil erosion must be based on experimental results (Mutchler et 

al., 2017). An important role in developing methods to control erosion is the interplay between 

field experiments and modeling. In this subchapter, the main achievements are described.  

Since the early 1900s, it has been known that environmental variables, such as wind and water, 

soil fauna, microorganisms, roots, and inorganic binding agents, influence aggregate formation 

and stabilization (Six et al., 2004). Before the 1950s, there was a deficiency in quantifying 

single influences and feedback mechanisms. The hierarchical concept that primary particles and 

binding agents, such as organic matter, are bound together into stable microaggregates, which 

are in turn bound together into macroaggregates by temporary and transient binding agents, was 

proposed in 1982 (Tisdall and Oades, 1982). Aggregates and their stability not only physically 

protect soil organic matter (Six et al., 2004) but also reduce erosion (Barthès and Roose, 2002; 

Le Bissonnais, 1996). Le Bissonnais (1996) made a major effort to develop a standard method 

for measuring the disintegration of aggregates under the influence of rain to assess the soil's 

erodibility. 

Until today, our understanding of wind erosion has been largely derived from tunnel-based 

investigations that link laboratory to field experiments. The seminal work was mainly done in 

a stationary wind tunnel by R. Bagnold (1941), who first moved the study of wind erosion from 

a descriptive to a process-oriented research topic (Tsoar, 1994). A wind tunnel allows to study 

aeolian processes under controlled conditions, such as wind speed and surface parameters. 

Mobile wind tunnels are particularly suitable for assessing the natural soil surface for erodibility 

(Van Pelt et al., 2010). The first major paper about the requirements was published in 1951 
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based on the experiences of Zingg and Chepil (Zingg, 1951). Early on, wind tunnel experiments 

were conducted to understand why some soils are more susceptible to erosion than others 

(Chepil, 1950a). Since then, mobile wind tunnel experiments have been used on numerous soil 

types worldwide (Larionov, 1993; Van Pelt et al., 2010). Groundbreaking series based on wind 

tunnel experiments ("Dynamics of wind erosion", "Properties of soil which influence wind 

erosion" and "Factors that influence clod structure and erodibility of soil by wind") was 

published by W. S. Chepil. The relationship between the percentage of sand, silt, and clay to 

the soil erodibility and the proportion of erodible fraction as the most susceptible fraction of 

dry aggregates were noticed (Chepil, 1952) and wind force, soil moisture, organic matter, 

mechanical stress by agricultural activities, vegetation cover and field size as controlling factors 

recognized (Chepil and Woodruff, 1963). At the Barayev Research and Production Center for 

Grain Farming, a mobile wind tunnel was likely used for experiments in the 1960s. Extensive 

research was undertaken, but no further information about the material, methods, or results 

could be disclosed. Worldwide, mobile wind tunnels are rare because the expenses are high, 

and applications are difficult to conduct. Latest mobile wind tunnel experiments were carried 

out in Hungary (Farsang et al., 2022), Morocco (Marzen et al., 2020), Iran (Sirjani et al., 2019), 

Israel (Tanner et al., 2016) and China (Zhang et al., 2014). Overall, mobile wind tunnel 

experiments can be very effective and are of great potential because field experiments under 

real soil conditions provide valuable data for understanding erosion processes or calibrating 

wind erosion models. During real wind erosion events, wind erosion can also be quantified by 

sampling detached particles. The most common traps are the Modified Wilson and Cook 

(MWAC) sediment trap, the Suspension Sediment Trap (SUSTRA), or the Big Spring Number 

Eight (BSNE) sampler. Collected sediments can then be used for quantity measurements and 

quality analyses. A properly designed, calibrated, constructed, and operated wind tunnel can 

obtain useful information in a relatively short period (Van Pelt and Zobeck, 2013). In contrast, 

the independent samplers rely on the occurrence of natural events. Besides wind tunnel 

experiments and independent samplers, optical or acoustic sensors can detect particles' intensity 

and movement. Another method is to measure the height difference of the topsoil layer before 

and after erosion or deposition with an altimeter or ruler. Fallout environmental radionuclides 

can also be used as tracers and chronometers for soil erosion (Funk, 2016).  

Based on controlling factors derived from field experiments, the first Wind Erosion Equation 

was developed in the 1960s after thirty years of research (Morgan and Quinton, 2001). On the 

contrary, the first attempts for an equation that derives soil loss by water erosion were already 
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published in 1940, leading to physically based models such as the Universal Soil Loss Equation 

(USLE) (Morgan, 2005). The simple Wind Erosion Equation expressed soil loss as a function 

of aggregate size distribution (ASD), surface roughness length, and surface residue (Woodruff 

and Siddoway, 1965). The limitations of the Wind Erosion Equation were recognized, and in 

1985, the official genesis of a new Wind Erosion Prediction System (WEPS) occurred. The 

documentation for a more process-based, modular structured model was published ten years 

later. After various milestone events, WEPS was installed in 2010 on 15,000 computers 

(Wagner, 2013). The WEPS model provides easy access to inputs and outputs, has been 

extensively validated worldwide, and is a state-of-the-art research and decision-support system 

(Tatarko et al., 2019, 2016). 

Overall, great effort has been made globally to determine soil loss estimations under different 

environmental conditions and agricultural practices, leading to the development of various 

adaptation measures to prevent erosion practically and erosion models to evaluate different soil 

conservation practices. Although models differ in complexity and specific capabilities, such as 

the range of spatial and temporal scales, they are all based on an ongoing improving 

understanding of factors influencing erosion and their processes. 

2.4 Factors influencing soil erosion  

The state of the art for each specific research gap is described in detail in the corresponding 

publication. This section briefly outlines the factors influencing soil erosion (Fig. 2.4). 

 

Fig. 2.4. Overview of categories determining (gray boxes) and factors (white boxes) influencing soil 

erosion. The three sequential publications' development process and contribution to this 

dissertation are shown inside the dashed boxes. 
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The soil's erodibility mainly depends on soil texture derived from particle size distribution 

(PSD) and binding material, which influence the formation of aggregates and crusts as well as 

water-holding capacity (Chepil, 1952; Scheffer et al., 2016). Primary soil properties are a key 

component of any data set used for implementing sustainable agricultural practices. The PSD 

is an important input data for wind erosion models such as SWEEP (Jarrah et al., 2020) or 

indirectly used by the K-factor in water erosion models (Alewell et al., 2019). Besides the 

traditional and standardized sieving/sedimentation method, the common laser diffraction 

analysis (LDA) is proposed as a standard method for particle size analysis in soil science 

(Bittelli et al., 2019). It is also used for input data for modeling (Pi and Sharratt, 2017). Hence, 

the impact of different pretreatments on soil texture and the consequences for erosion modeling 

and soil loss estimates were explored (Koza et al., 2021). 

Primary particles exist mainly as structural units under natural conditions. Hence, aggregate 

size and stability are the main factors that influence soil erodibility (Chepil, 1950b) but are 

related to cultivation, erosive forces, and soil wetting (Kemper and Rosenau, 2018). In reverse, 

the stability of aggregates is directly linked to the soil's erodibility by its resistance against 

disruptive forces. Mechanical stress can occur externally (e.g., by tillage, saltation of particles, 

raindrop impact, etc.) or internally (e.g., slaking, swelling, etc) (Diaz-Zorita et al., 2002). Due 

to the existing climatic conditions, steppe soils are susceptible to various erosive and disruptive 

forces. During dry summers, heavy and light rain events are common. Still, most of the annual 

precipitation occurs as snowfall, causing extreme snowmelt in spring. The stability of soil 

aggregates against the mechanical forces of wind and water on crop- and grassland has been 

investigated side-by-side in the dry steppe of Kazakhstan (Koza et al., 2022).  

In order to assess soil loss under natural conditions, soil erodibility, and climate erosivity must 

be considered in interaction with additional factors (e.g., plant cover). Together, they cause a 

high temporal and spatial variability of erosion potential at a particular site. The highest climatic 

erosivity is usually during spring and coincides with seedbed preparation (Funk and Reuter, 

2006). Further, the effect of plants on wind erosion depends on the surface or silhouette of the 

crop that covers the soil or breaks the airflow. While a permanent vegetation cover is the best 

protection against wind erosion, temporal variations occur depending on the crop type or the 

plant growth according to the season on arable land (Funk, 2016). Consequently, erosion-

controlling factors such as vegetation, aggregate, and mechanical stress during field cultivation 

were tested with field experiments on steppe soils (Koza et al., 2024).  
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3. Research questions 

The overall research question unifying the three publications is: 

What are the main drivers of erosion under the influence of parent material, land use, and 

climate in the cultivated steppe of Kazakhstan? 

In order to derive recommendations for sustainable land use management of semi-arid soils 

under cultivation, various knowledge gaps were filled. In specific, this dissertation investigates 

and answers the following research questions in more detail: 

 

Koza et al., 2021: 

• Which chemical pretreatment efficiently removes the binding agents to successfully 

measure PSD by laser diffraction? 

• What are the effects of different pretreatments for measuring particle sizes with 

laser diffraction for modeling soil loss estimates? 

 

Koza et al., 2022: 

• Which physical and chemical soil properties of the topsoil enhance aggregation and 

counteract erosion in dry steppe soils?  

• How does land use affect aggregate stability and how erodible are steppe soils by 

wind and water? 

 

Koza et al., 2024: 

• What are the short-term effects of various agricultural management practices on 

surface characteristics and soil loss rates by wind erosion? 

• What particle and aggregate sizes are detached and deposited during aeolian 

processes? 

• How much organic carbon is lost by wind erosion? 
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4. Overview of materials and methods 

The study area connects the central with the east-central part of the Eurasian Steppe and is 

located in the northeastern part of Kazakhstan (latitude: 51–54°N; longitude 69–79°E). In the 

dry steppe, various types of Chernozem and Kastanozem soils with silty and sandy textures 

form a heterogeneous pattern (Koza et al., 2022; Uspanov et al., 1975). While Chernozems are 

present north of Astana, Kastanozems dominate from Astana to the international border with 

Russia in the east. The climate is continental, with hot and dry summers (FAO, 2012). Test sites 

are characterized by comparable annual mean temperatures (2.7–3.9°C) and precipitation (297–

347 mm) based on weighted interpolation 1991–2020 (Harris et al., 2020; Zepner et al., 2021) 

(Fig. 4.1). Most of the annual precipitation occurs as snowfall and severe thunderstorms in the 

summer can cause flash floodings. The study area is characterized by strong winds with gusts 

over 40 m s-1 (FAO, 2012). 

 

Fig. 4.1.  Location of eleven test sites with dominant soil types in Kazakhstan (A) (FAO/UNESCO, 

2007) and the study area with climate classes in Central Asia (B) (Zomer et al., 2022). 

The study area has been under agricultural management since the Virgin Lands Campaign in 

the 1950s. Even though large areas of arable land were abandoned after the collapse of the 
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Soviet Union more than 20 years ago, most areas have been reploughed by today (Frühauf et 

al., 2020; Prishchepov et al., 2020). Currently, northern Kazakhstan comprises the most 

extensive area of arable land (Fig. 4.2). Despite cropland, native steppes or pastures exist. 

Overall, the study area's parent material, land use, and climate are predestined for soil erosion 

(Fig. 4.3, Appendix Fig. A1).  

Fig. 4.2. Typical situation in northern Kazakhstan: Cropland under cultivation. 

Fig. 4.3.  Severe water (A) and wind (B) erosion events in 2020 and 2022 on a test site (with friendly 

permission of Kanat Akshalov). 
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The publications contributing to this cumulative dissertation are based on soil sampling 

campaigns and field experiments conducted in northern Kazakhstan between April 2018 and 

June 2022 (including postponed activities due to the global COVID-19 pandemic). Various test 

sites throughout the study area were located and investigated, depending on the specific 

research focus and external circumstances. Each publication contains a map of the study area 

in focus. In a total of six field trips over 500 soil samples (Appendix Fig. A2) from eleven test 

sites (Fig. 4.1) were collected. Soils were analyzed at laboratories of the Barayev Research and 

Production Center for Grain Farming Kazakhstan and Martin Luther University Halle-

Wittenberg. Additional datasets were collected or processed in-situ.  

Soil samples from various plots were analyzed for their physical and chemical soil parameters. 

Overall comprehensive data from the topsoil was collected, including pH values, electrical 

conductivity (EC), soil texture derived from sieving/sedimentation as well as LDA (further 

information in Koza et al., 2021), soil carbon content (SOC), total inorganic carbon (TIC), 

nitrogen content, aggregate stability and size distribution (Appendix Fig. A3) including the 

erodible fraction (EF) (further information about the applied forces and used indices in Koza et 

al., 2022) as well as the geometric mean diameter (GMD). Aeolian sediments were also 

analyzed with laser diffraction to measure the dry ASD. Additional surface parameters were 

measured, such as the soil water content, and the aerodynamic roughness length (Koza et al., 

2024). 

Soil loss estimates were modeled with the process-based computer model SWEEP (Single-

event Wind Erosion Evaluation Program, Version 1.5.52, USDA-ARS, Manhattan/Kansas, 

USA). This sub-model of WEPS, estimates soil loss for single-day storm events under the 

influence of site-specific input data and physical fundamentals of soil erosion. The SWEEP 

computes soil loss in response to surface conditions (biomass, soil layer, surface condition) and 

weather (wind speed and direction) on a sub-hourly basis. After determining the threshold 

friction velocity based on different input parameters (full list of used parameters and values are 

shown on page 35, in Koza et al., 2022, Table 1) at which erosion begins, it then calculates 

when the aerodynamic forces overcome the retaining forces. Once wind speed exceeds the 

threshold, it calculates soil losses over a series of individual grid cells representing the field. 

The model's outcome is total soil loss in kg m-2, which is divided into the loss by saltation, 

creep, and suspension (Tatarko, 2008).  
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A meteorological station was installed at a test site in August 2018 to monitor weather 

conditions in the study area, including temperature, solar radiation, wind speed, and direction, 

precipitation, and soil moisture (further description in Koza et al., 2022). The following 

equipment was constructed and/or set up (Appendix Fig. A4) to explore and investigate soil 

loss by wind erosion under real soil conditions between 2018 and 2022 (Fig. 4.4):  

• A mobile wind tunnel to simulate wind erosion events with a velocity of up to 15 m s-1 

under real conditions on various surfaces and test sites. 

• Various MWAC samplers to collect aeolian sediments detached from the ground at 

different heights during wind tunnel experiments. 

• Modified SUSTRA to collect higher amounts of aeolian sediments in one height for 

quality analyses. 

A more comprehensive explanation about the equipment used to quantify wind erosion is 

published by Koza et al. (2024). Additional sediment traps, such as Bottle Sediment Traps 

(BOSTRA) (Funk et al., 2004) and a Sand trap (Rotnicka, 2013) were also built and used to 

explore their potential for collecting aeolian sediments during experiments or natural events. 

Statistical analyses and graphs were performed with Rstudio (Version 4.1.2, Rstudio Team, 

Vienna, Austria). Maps were prepared with ArcGIS (Desktop Release 10.6, ESRI, Redlands, 

USA) and ArcGIS Pro (Version 2.4.1, ESRI, Redlands, USA). 

 

Fig. 4.4.  The mobile wind tunnel with MWAC samplers and SUSTRA for collecting aeolian 

sediments during field experiments on maize. 
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5. Publications 

5.1 Koza et al. (2021): Consequences of chemical pretreatments in particle size analysis for 

modelling wind erosion 

 

Full bibliographic citation:  

Koza, M., Schmidt, G., Bondarovich, A., Akshalov, K., Conrad, C., Pöhlitz, J., 2021. 

Consequences of chemical pretreatments in particle size analysis for modelling 

wind erosion. Geoderma 396, 115073. 

https://doi.org/10.1016/j.geoderma.2021.115073  

 

Scientific presentation and discussion of this study: 

Koza, M., Schmidt, G., Bondarovich, A., Akshalov, K., Conrad, C., Pöhlitz, J., 2022. How 

does chemical pretreatment in particle size analysis affect modeling wind erosion? 

Jahrestagung der Deutschen Bodenkundlichen Gesellschaft. Tier, Germany. 

Koza, M., Prays, A., Bondarovich, A., Ashalov, K., Conrad, C., Schmidt, G., 2020. How does 

pretreatment of dry steppe soils affect particle size analysis by laser diffraction? 

EGU General Assembly 2020, EGU2020-9415. Online. 

https://doi.org/10.5194/egusphere-egu2020-9415 
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Preface: 

Soil texture is one of the primary soil properties affecting the susceptibility to water and wind 

erosion. It is, therefore, a key to any data set used for implementing sustainable practices. 

Various methods exist to measure PSD. The laser diffraction method is increasingly applied in 

soil science because of its methodological advantages against traditional sedimentation 

methods (Bittelli et al., 2019). Still, the impacts of different pretreatments prior to LDA to 

remove binding agents have not been tested. It is unclear to what extent common pretreatments 

for the determination of soil texture cause a change in soil loss estimations. 

 

Summary:  

This publication investigates the influence of various pretreatments to remove binding agents 

on the PSD measured by LDA. Considering the importance of soil texture and binding agents 

regarding soil erodibility, this study evaluates the consequences of these pretreatments for wind 

erosion modeling as an applied approach. Overall, this first publication (Koza et al., 2021) 

provides fundamental recommendations for LDA, wind erosion modeling under semi-arid 

conditions, and first insights into wind erosion processes of the study area. 

 

Highlights: 

• Chemical pretreatment with HCl resulted in incomplete dispersion or aggregation. 

• Oxidisation of organic binding material with H2O2 caused complete sample dispersion. 

• Pretreatments for PSD did not affect texture class. 

• Pedotransfer functions based on PSD by laser diffraction need further investigation. 

• Soil loss estimates showed no variation based on obtained PSD data. 
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Fig. 2.
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2. Material and methods 

2.1. Study area 

Я н я П лян ◦ ′ ′′

◦ ′ ′′ ’

Ш т нды ◦ ′ ′′ ◦ ′ ′′

Л з в ◦ ′ ′′ ◦ ′ ′′

◦ ◦

◦ –

’

’

Triticum aestivum 

Stipa capillata Festuca vale-
siaca Artemisia .

2.2. Soil sampling 
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2.3. Physical-chemical soil analysis 
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2.4. Particle size analysis 

2.4.1. Sample preparation 
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HCl pretreatment: 
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2.4.2. Laser diffraction analysis 
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2.5. Wind erosion modelling 

2.5.1. Test site for wind erosion modelling 
◦ ′ ′′ ◦ ′ ′′
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×
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= −
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2.5.2. Single-event wind erosion evaluation program (SWEEP) 
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Biomass: 
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Soil layer < µ − – µ
− – µ −

– µ −

< −

aggregate density = 2.01 × (0.72 + 0.00092 × layer depth)

−

aggregate stability = 0.83 + 15.7 × clay − 23.8 × clay2

−

−

GMD = exp(1.343 − 2.235 × sand − 1.226 × silt − 0.0238

×sand/clay + 33.6 × organic matter + 6.85 × calcium carbonate)
× (1 + 0.006 × surface layer depth)

Fig. 3. −
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Geometric standard deviation = 1
/

(0.0203 + 0.00193 × GMD
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GMD0.5)

Max. aggregate size = geometric standard deviationp × GMD + 0.84
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3. Results 

3.1. Effect of pretreatments on te;ture class 
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3.2. Effect of pretreatments on particle size distribution 
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3.3. �n<uence of calcium carbonate content on HCl pretreatment 
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3.4. �n<uence of organic carbon content on H2O2 pretreatment 
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3.5. Simulated soil loss using SWEEP 
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4. Discussion 

4.1. Ef=ciency of pretreatments to remove carbonates 
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Preface: 

The results of the first publication (Koza et al., 2021) showed that small differences in PSD do 

not affect soil loss estimations when texture-based properties such as the GMD are measured 

and not derived by pedotransfer function. Hence, the importance of aggregate stability and size 

distribution based on field samples for estimating erosion risk was concluded (Diaz-Zorita et 

al., 2002; Le Bissonnais, 1996; Skidmore et al., 1994) and addressed in the second publication.  

 

Summary:  

Soil aggregates composed of primary particles and binding agents were evaluated for their 

erodibility against tillage, wind, and water. This publication examines the structural resistance 

of soil against the disruptive forces steppe soils experience under field conditions. For 

conceptual and practical reasons an indirect method was used to estimate the potential 

erodibility. Aggregate stabilities of crop- and grassland were compared to investigate the effects 

of tillage. The EF was used as the important parameter to investigate the susceptibility to wind, 

and three different wetting treatments were used to simulate the disruptive effects of water. 

Koza et al. (2022) is the first study in northern Kazakhstan that examines aggregate resistances 

against different mechanical stresses and discusses the interrelated potential erodibility by wind 

and water. 

 

Highlights: 

• Organic matter is the important binding agent enhancing aggregation in steppe topsoils. 

• Tillage always declines aggregate stability even without SOC changes. 

• All cropland soils are prone to wind or water erosion independent of their soil properties. 

• Despite the semi-arid conditions, erosion risk by water seems higher than by wind. 
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Abstract

Erosion is a severe threat to the sustainable use of agricultural soils. However,

the structural resistance of soil against the disruptive forces steppe soils experi-

ence under field conditions has not been investigated. Therefore, 132 topsoils

under grass- and cropland covering a large range of physico-chemical soil

properties (sand: 2–76%, silt: 18–80%, clay: 6–30%, organic carbon: 7.3–

64.2 g kg!1, inorganic carbon: 0.0–8.5 g kg!1, pH: 4.8–9.5, electrical conductiv-

ity: 32–946 μS cm!1) from northern Kazakhstan were assessed for their poten-

tial erodibility using several tests. An adjusted drop-shatter method (low

energy input of 60 Joule on a 250-cm3 soil block) was used to estimate the sta-

bility of dry soil against weak mechanical forces, such as saltating particles

striking the surface causing wind erosion. Three wetting treatments with vari-

ous conditions and energies (fast wetting, slow wetting, and wet shaking) were

applied to simulate different disruptive effects of water. Results indicate that

aggregate stability was higher for grassland than cropland soils and declined

with decreasing soil organic carbon content. The results of the drop-shatter test

suggested that 29% of the soils under cropland were at risk of wind erosion,

but only 6% were at high risk (i.e. erodible fraction >60%). In contrast, the fast

wetting treatment revealed that 54% of the samples were prone to become

“very unstable” and 44% “unstable” during heavy rain or snowmelt events.

Even under conditions comparable to light rain events or raindrop impact, 53–

59% of the samples were “unstable.” Overall, cropland soils under semi-arid

conditions seem much more susceptible to water than wind erosion. Consider-

ing future projections of increasing precipitation in Kazakhstan, we conclude

that the risk of water erosion is potentially underestimated and needs to be

taken into account when developing sustainable land use strategies.

In memory of Yves Le Bissonnais and his efforts in establishing a standardised method to determine aggregate stability.
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Highlights

• Organic matter is the important binding agent enhancing aggregation in

steppe topsoils.

• Tillage always declines aggregate stability even without soil organic carbon

changes.

• All croplands soil are prone to wind or water erosion independent of their

soil properties.

• Despite the semi-arid conditions, erosion risk by water seems higher than

by wind.

KEYWORD S

climate change, land use, soil organic carbon, soil texture, water erosion, wind erosion

1 | INTRODUCTION

Drylands cover 41% of the Earth's land surface and are partic-

ularly vulnerable to human activities and climate change

(Reynolds et al., 2007). Large areas in the semi-arid steppe

regions of Central Asia are currently under severe threat of

increasing soil erosion due to intense agriculture and increas-

ingly extreme climate conditions (Mirzabaev et al., 2016;

Reyer et al., 2017; Robinson, 2016). Central Asia's most

important grain producer is Kazakhstan, with 84.5 Mio hect-

ares of potential agricultural land (FAO, 2012). However,

25.5 Mio hectares are already affected by wind erosion and

1 Mio hectare by water erosion due to missing vegetation

cover and unsustainable land use (Almaganbetov &

Grigoruk, 2008; Cerdà et al., 2009). In northern Kazakhstan,

approximately, 23 Mio hectares of native grassland were con-

verted into cropland during the largest global ecosystem con-

version in the twentieth century (“Virgin Lands Campaign”)

(Frühauf et al., 2020; Prishchepov et al., 2020). Strong wind

gusts over 40 m s!1 favour wind erosion, and extreme snow-

melts during spring or heavy rain events during summer

cause erosion by water (FAO, 2012; Muñoz Sabater, 2019;

Wang et al., 2020; WHO, 2012). Under the dry continental

climate, 66% of the annual precipitation occurs as snowfall

and severe thunderstorms in the summer are often linked to

flash floodings (FAO, 2012; Harris et al., 2020; Zepner

et al., 2021). Climate models indicate that the risk of soil ero-

sion will increase in northern Kazakhstan in future (Li

et al., 2020; Teixeira et al., 2013). Extreme temperature epi-

sodes enhance draughts (Teixeira et al., 2013; Wang

et al., 2020; WHO, 2012), and in response to increasing

rainfall duration, magnitude, and intensity, the risk of water

erosion (Duulatov et al., 2021).

The susceptibility of soil to erosion depends mainly on

the stability of its structure against mechanical stress, which

is directly linked to the stability of aggregates (Diaz-Zorita

et al., 2002; Le Bissonnais, 2016, 1996b). In turn, the

formation of aggregates is linked to soil properties that pro-

mote interactions among primary particles, such as rearran-

gement, flocculation, and cementation (Amézketa, 1999;

Bronick & Lal, 2005; Diaz-Zorita et al., 2002; Six et al., 2004).

For example, higher soil clay content typically increases

aggregate stability, although swelling of clay during wetting

(Bronick & Lal, 2005) can promote the breakdown of aggre-

gates. Especially in semi-arid regions, soluble salts can con-

tribute to the aggregation and disaggregation of primary

particles (Amézketa, 1999; Fern!andez-Ugalde et al., 2011;

Virto et al., 2011). Besides inorganic constituents, organic

matter is an important binding agent (Jarvis et al., 2012;

Tisdall & Oades, 1982) but its effect on aggregate stability

varies considerably depending on soil type and external fac-

tors such as climate and land use (Six et al., 2004). For

instance, tillage is the agricultural land use practice that

most deteriorates aggregate stability (Amézketa, 1999;

Bronick & Lal, 2005; Diaz-Zorita et al., 2002; Six et al., 2004).

However, the mutual effects of agriculture and soil proper-

ties on aggregate stability and potential erodibility on steppe

soils have not been comprehensively addressed.

Methods for determining aggregate stability often

vary in the mechanical stress used and complicate the

comparability between studies and field conditions

(Almajmaie et al., 2017; Amézketa, 1999; Diaz-Zorita

et al., 2002). As there is no single standardised procedure

available to rank the soils' structural resistance against

the disruptive forces of wind and water, it is necessary to

combine different methods to assess erosion susceptibility

(Kemper & Rosenau, 2018). The adjusted drop-shatter

method with a low energy input of 60 Joule can be

applied to estimate the stability of dry soil against weak

mechanical forces, such as saltating particles striking the

surface, causing the suspension of soil particles during a

wind erosion event (Diaz-Zorita et al., 2002; Hadas &

Wolf, 1984; Larney, 2007; L!opez et al., 2007; Shao, 2008).

The three wetting tests proposed by Le Bissonnais (2016,
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1996b) are usually applied to estimate aggregate stability

in terms of water erosion under various wetting condi-

tions and energies: the fast wetting treatment assesses the

breakdown during heavy rain or snowmelt, the slow wet-

ting treatment is used to simulate the effect of light rain,

and the wet shaking treatment addresses mechanical

breakdown by raindrop impact (Le Bissonnais, 2016,

1996b). This uniform framework is considered the best

approach to assess aggregate stability over a wide range

of potentially erosive conditions and has been applied

successfully worldwide (Bartoli et al., 2016).

In this study, we applied the four aggregate stability

tests described above to explore the resistance of aggre-

gates of steppe soils against different mechanical stresses

to assess the potential erodibility by wind and water. We

assessed the extent and relevant factors of aggregation by

studying soils with a wide range of physico-chemical

properties sampled at seven sites across northern

Kazakhstan. Additionally, we compared soils from crop-

land with grassland at each site to single out the effect of

tillage on aggregate stability under given soil conditions.

Ultimately, our objectives were (i) to determine the main

soil properties enhancing aggregation, (ii) to explore the

effect of tillage (grassland vs. cropland), and (iii) to assess

the potential erodibility of cropland by investigating the

consequences of mechanical stress on aggregate stability

similar to disruptive forces by wind and water.

2 | MATERIALS AND METHODS

2.1 | Study area

The study area is located in the north of Kazakhstan and

connects the central with the east-central part of the

Eurasian steppe (Figure 1). The dry continental climate

at the seven test sites is characterised by comparable

annual mean temperatures (2.5–3.8!C) and precipitation

(299–352 mm) based on weighted interpolation (1989–

2018) (Harris et al., 2020; Zepner et al., 2021). Sites 1 and

2 are located close to Kokshetau, Sites 3, 4, and 5 close to

Astana, Site 6 is located south of Ekibastuz, and Site 7 east

of the Irtysh close to the border of Russia and

the Kulunda steppe (Figure 1). Soils at Sites 1 and 2

are Haplic Chernozems, those at Site 5 are Calcic

Kastanozems, and at Sites 3, 4, 6, and 7 are Haplic

Kastanozems (FAO, 2014). Kastanozems correspond in

the national classification system to Dark Chestnut Soils

(Stolbovoi, 2000; Uspanov et al., 1975). A meteorological

station (ecoTech GmbH, Bonn, Germany) with a multi-

sensor (WXT536, Vaisala GmbH, Hamburg, Germany) at

a two-meter height was installed on Site 1 to monitor real

weather conditions in the study area, including tempera-

ture, wind speed, and precipitation.

2.2 | Soil sampling

Soil samples were collected in May and June 2019. Each

site was represented by one native grassland and up to

six cropland plots. Native grassland plots were used for

occasional grazing but had never been cultivated. The

typical vegetation on grassland was dominated by Stipa

(Stipa capillata L.), Volga fescue (Festuca valesiaca

Schleich. ex Gaudin), and shrubs (Artemisia spp.). Grass-

land plots were conscientiously selected for representing

an initial situation to reference the effect of tillage at each

site. All croplands were under reduced tillage, which is

the most common practice in the study area. Croplands

were managed for spring wheat, the most common crop.

FIGURE 1 Location of the study area with seven test sites and dominant soil types in northern Kazakhstan (Uspanov et al., 1975)
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In total, seven native grassland and 26 continuous crop-

land plots were sampled. Despite being managed simi-

larly, cropland plots differed slightly in terms of

management practices, machinery used, and field charac-

teristics, such as different ages after conversion and crop

history (Table A1). Topsoil samples were collected from

0–5 cm depth, most susceptible to erosion (Zachar, 1982).

Each plot was sampled at four randomly selected spots

(n = 33 plots ! 4 spots = 132) (Figure 2). Soil cores of

250 cm3 (diameter = 80 mm, height = 50 mm) were

taken and transferred into plastic bags for transporta-

tion. Before conducting soil analyses, they were

air-dried at 40"C for 24 h, gently crushed, and dry-sieved

to <2-mm with loose organic material removed. For

analysing dry-aggregate stability, 132 undisturbed soil

blocks of 250 cm3 (width = 50 mm, length = 100 mm,

height = 55 mm) and for wet-aggregate stability,

132 boxes (width = 50 mm, length = 100 mm,

height = 55 mm) with soil aggregates broken apart

by hand from clods were collected (n = 132 spots ! 3

sample types = 396).

2.3 | Soil analyses

The pH and electrical conductivity (EC) were measured

in distilled water at a 1-to-2.5 soil-to-solution (weight-to-

volume) ratio. Total carbon and total nitrogen were

analysed by dry combustion at 950"C (varioMax Cube,

Elementar Analysensysteme GmbH, Langenselbold,

Germany). Total inorganic carbon (TIC) was analysed by

dispersing 2 g of ground sample material in 50 ml 2 M

HCl at 50"C and subsequent detection of the released

CO2 (soliTIC modul interfaced to the varioMax Cube,

Elementar Analysensysteme GmbH, Langenselbold, Ger-

many). The soil organic carbon (SOC) content was calcu-

lated by subtracting TIC from total carbon. Soil texture

was evaluated by a laser diffraction analyser (Helos/KR,

Sympatec GmbH, Clausthal Zellerfeld, Germany)

equipped with a 60 W sonotrode for wet dispersion

(Quixel, Sympatec GmbH, Clausthal Zellerfeld,

Germany). Before texture analyses, soil was pre-treated

with 30% hydrogen peroxide (H2O2) (Koza et al., 2021)

and 0.05 M sodium pyrophosphate (Na4P2O7 # 10 H2O) to

remove organic matter and support dispersion (ISO

13320, 2009). Analyses were carried out in duplicates

with 2–3 g soil for 20 s (20–30% obscuration rate). Single-

particles were described mathematically by the Fraunho-

fer theory (Green & Perry, 2007; ISO 13320, 2009). Parti-

cle size classes of >2, 2–50, and 50–2000 μm were used

for assigning soil texture (Soil Science Division

Staff, 2017).

2.4 | Soil aggregate analyses

2.4.1 | Dry-aggregate stability

Drop-shatter

An adjusted drop-shatter method (Hadas & Wolf, 1984;

Marshall & Quirk, 1950) was used to estimate the stabil-

ity of dry soil against weak mechanical forces during

FIGURE 2 Study design with applied materials and methods. Abbreviations: EC, electrical conductivity; TIC, total inorganic carbon;

SOC, soil organic carbon; MWD, mean weight diameter; and EFp, potential erodible fraction
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saltation bombardment. The energy applied onto the

undisturbed soil blocks of 250 cm3 was 60 J derived from

Equation 1:

E! ¼m# g#h#n ð1Þ

where E* is the cumulative energy J imparted on the soil

sample, and m the mass defined by a 6-kg metal plate

dropped onto the sample once (n) from a height (h) of

0.1 m with the gravitation acceleration (g) of 9.81 m s&2.

Fragment size distribution: The dry-aggregate size dis-

tribution after mechanical impact was obtained by dry

sieving. Therefore, a horizontal sieving apparatus

(Analysette 3, Fritsch GmbH, Idar-Oberstein, Germany)

with eight different sieves (8, 5, 3, 2, 0.85, 0.5, 0.25, and

0.05 mm) was used for 60 s and an amplitude of 1 mm.

Sieving time was restricted to prevent fragmentation due

to abrasion (Cole, 1939). The dry-aggregate size distribu-

tion after drop-shatter was described by the mean weight

diameter (MWD), which is commonly used as a stability

index (Nimmo & Perkins, 2002), as calculated based on

Equation 2:

MWD¼
Xn

i¼1

xiwi ð2Þ

where xi is the mean diameter of the size fraction [mm],

and wi is the proportion of the total sample retained on

the sieve. The upper limit was estimated by doubling the

size of the largest sieve (Larney, 2007). The derived mid-

point (12 mm) was used as an MWD for samples that did

not disintegrate under the impact of 60 J.

The erodible fraction, a simple index for potential

wind erosion (Larney, 2007), can be calculated as the

weight percent of aggregates <0.84 mm after separating

fragments (Chepil, 1953). Sieving can be obtained with a

rotary (Chepil, 1962) or a comparable horizontal sieve

(L!opez et al., 2007). A European standard sieve size of

0.85 mm can also be used (Leys et al., 1996). The poten-

tial erodible fraction (EFp) was calculated after drop-

shatter and dry sieving with an 0.85 mm horizontal sieve

using Equation 3:

EFp¼
W <0:85

TW
#100% ð3Þ

where W < 0.85 is the weight [g] of <0.85-mm aggre-

gates, and TW is the initial weight [g] of the total sample.

In general, soils with an EF >60% are considered critical

(Anderson & Wenhardt, 1966) and indicate a high risk of

wind erosion (Larney, 2007). In contrast, an EF <40%

indicates a negligible risk of wind erosion. (Leys

et al., 1996). However, according to the erodibility classi-

fication by Shiyatyi (1965), as cited by Zachar (1982) and

L!opez et al. (2007), an EF >50% already indicates a high

risk of wind erosion. Still, they consider EF <40% to

indicate substantial resistance to wind erosion.

2.4.2 | Wet-aggregate stability

A unified framework with three treatments was used to

analyse aggregate stability against water disruption. The

treatments were conducted on 3–5 mm aggregates col-

lected previously by dry sieving. If gravel was visually

present within the 3–5 mm aggregate fraction, samples

were omitted to avoid misleading results. Immediately

before each test, aggregates were oven-dried at 40'C for

24 h and cooled in a desiccator (ISO 10930, 2011).

Fast wetting

The fast wetting treatment, also called “slaking”, corre-

sponds to a heavy rain event and is recommended for

comparing soils containing high amounts of organic car-

bon (Le Bissonnais, 2016, 1996b), such as the Cherno-

zems in the study area. As the first step, 4 g of aggregates

were gently immersed in a 250-ml beaker filled with

50 ml deionised water. After 10 min, the supernatant was

decanted, and aggregates were carefully transferred to a

0.05-mm sieve immersed in ethanol to determine frag-

ment size distribution.

Slow wetting

The slow wetting treatment corresponds to a light rain

event on soil aggregates. A fine-pored cellulose sponge

(height 3.7 cm) was placed in a flat vessel for pre-wetting.

Distilled water was added to a height of 3 cm. A filter

paper (DP 5893125, Hanemühle Fine Art GmbH, Dassel,

Germany) was placed on the sponge and saturated. Then,

4 g aggregates were arranged on the filter paper. Thus,

capillary flow slowly wetted aggregates for 30 min before

being transferred to a 0.05-mm sieve immersed in ethanol

to determine fragment size distribution.

Wet shaking

The mechanical breakdown by shaking after pre-wetting

treatment corresponds to the breakdown by raindrop

impact. Aggregates were pre-wetted with 95% ethanol to

remove air from aggregates. Then, 4 g of aggregates were

gently immersed in a 250-ml beaker filled with 50 ml

95% ethanol. After 10 min, the ethanol was removed with

a pipette. The soil aggregates were then carefully trans-

ferred to a 250-ml Erlenmeyer flask filled with 200 ml

deionised water. Then, the flask was shaken for 1 min at

20 rounds per minute using an overhead shaker (GFL
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3040, Gesellschaft für Labortechnik mbH, Burgwedel,

Germany). After letting the soil fragments settle for

30 min, the water was removed. The aggregates were

carefully transferred to a 0.05-mm sieve immersed in eth-

anol to determine fragment size distribution.

Fragment size distribution

Two successive steps were completed to measure frag-

ment size distribution after each treatment. First, aggre-

gates transferred to a 0.05-mm sieve immersed in ethanol

(95%) were moved five times in circles by hand to sepa-

rate fragments >0.05 mm from fragments <0.05 mm.

Ethanol (95%) was used to reduce further breakdown and

was recycled by filtering. Second, fragments >0.05 mm

were dried at 40!C for 48 h and then sieved. A horizontal

sieving apparatus with six different sieves (2, 1, 0.5, 0.2,

0.1, and 0.05 mm) was used to separate fragments. Dry

sieving was carried out for 60 s with an amplitude of

0.5 mm. The measured mass percentage of each size frac-

tion was used to calculate the MWD (Equation 2) for

each breakdown mechanism. A gravel correction is nec-

essary to avoid misinterpretation of results if gravel con-

tent is between 10% and 40% (ISO 10930, 2011). Since

samples with gravel were avoided initially, the content

was always less than 10%. Still, if gravel was retained on

the 2 mm sieve, it was weighted additionally, and the

MWD was calculated without gravel.

According to Le Bissonnais (2016, 1996b), the stability

of aggregates can be classified based on the following MWD

values: >2 mm “very stable” aggregates, 1.3–2.0 mm “sta-

ble” aggregates, 0.8–1.3 mm “medium” stable aggregates,

0.4–0.8 mm “unstable” aggregates, and <0.4 mm as “very

unstable” aggregates. “Very unstable” aggregates indicate a

“high permanent risk,” “unstable” aggregates indicate “fre-

quent” risk, and “medium” stable aggregates suggest “vari-

able” risk depending on climatic parameters. The risk of

water erosion is “limited” for “stable” aggregates and “very

low” for “very stable” aggregates (ISO 10930, 2011).

2.5 | Statistical analyses

RStudio (Version 4.1.2, RStudio Team) was used for statisti-

cal analyses and graphs (R Core Team, 2020). All measured

properties from each plot were tested for normal distribu-

tion (Shapiro-Wilk test) and variance homogeneity

(Levene's test), followed by variance analyses (one-way

ANOVA). Tukey's HSD (honestly significant difference)

test was performed to identify mean group values that are

significantly different (Table A1). For all soils, texture trian-

gles (Figure 3) were illustrated with the “soiltexture” pack-

age (Moeys, 2018) and the principal component analysis

(PCA) (Figure 4) with “factoextra” (Kassambara &

Mundt, 2020). Pearson's correlation was performed

between aggregate stability indicators and all measured soil

properties for all samples and individual sites (Table A2).

Significances of correlations are indicated at a level of

p < 0.05. Subsequently, a correlation matrix was generated

with “corrplot” (Taiyun & Simko, 2021) for all soils

(Figure 5). The aggregate stability indicators from grassland

and cropland were tested for normal distribution (Shapiro–

Wilk test) and variance homogeneity (Levene's test). After-

ward, Welch's t-test (unequal variance t-test) was applied

for each site due to unequal sample groups (Figure 6).

All soils and cropland soils from each site were tested

for variance homogeneity (Levene's test), followed by the

rank-based Kruskal-Wallis test to compare sites and to

assess erosion risk across the study area. The Dunn's test

was used as post hoc for the non-parametric pairwise

multiple comparisons (Figure 7). Further, variance ana-

lyses (one-way ANOVA) and Tukey's HSD test were con-

ducted for comparing the three different wet-aggregate

stability indicators on all sites (not shown).

3 | RESULTS

3.1 | Soil properties and aggregate
stabilities in the study area

The pH of all soil samples was 7.3 ± 0.8 (mean ± SD), the

EC 261.9 ± 158.3 μS cm"1, the C:N ratio 11.6 ± 1.2, the TIC

content 1.7 ± 2.3 g kg"1, and the SOC content 23.9

± 10.9 g kg"1. In the study area, more than half of the sam-

ples had a silt loam texture (n = 87); the remaining soils

were classified as either loam (n = 26), sandy loam (n = 14),

silty clay loam (n = 8), or loamy sand (n = 1). Overall, the

samples of the seven sites covered a wide range of sand (2–

76%), silt (18–80%), and clay contents (6–30%). A textural gra-

dient occurred from Sites 1–3 with low sand content to Sites

6–7 with high ones (Figure 3a). The SOC contents decreased

with declining clay and silt contents (Figure 3b). The average

MWD of aggregates determined by drop-shatter was 6.6

± 3.0 mm and EFp accounted for 34.2 ± 15.3%. Indicators of

wet-aggregate stability showed an MWD after fast wetting of

0.6 ± 0.5 mm, after slow wetting of 1.0 ± 0.6 mm, and after

wet shaking of 1.0 ± 0.5 mm (Table A1). Aggregate stability

was highest in soils from Site 1 and lowest in soils from Site

7, independent of the mechanical stress applied.

3.2 | Relationship between soil
properties and aggregate stability

The two main principal components of the PCA describe

69.5% of the data variability. The PCA shows a strong
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positive correlation between the different aggregate sta-

bility indicators. The eigenvectors of drop-shatter, fast

wetting, slow wetting, and wet shaking form a small

angle (Figure 4), indicating a similar relationship

between the various aggregate stability indicators and soil

properties. However, the correlation among the three

FIGURE 3 Soil texture triangles define textural classes (a) (Soil Science Division Staff, 2017) of all sites and soil organic carbon contents

in combination with clay, silt, and sand contents (b). It shows the decrease of SOC content with increasing sand content. The legend is

classified according to minima, first quartile, median, third quartile, and maxima of soil organic carbon contents

FIGURE 4 Biplot of the principal component analysis (PCA) indicates a strong relationship between different aggregate stability indicators

due to eigenvectors close to each other. The closest relationship between all stability indicators and soil organic carbon can also be observed.

Texture, soil organic carbon, and aggregate stability indicators strongly contribute to the principal components indicated by arrow length
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wet-aggregate stability indicators (r = 0.87–0.92) was

higher than those with the stability indicator determined

by drop-shatter (r = 0.50–0.59) (Figure 5). The PCA

eigenvector of SOC suggests a positive relationship to the

aggregate stability indicators, showing a strong relation-

ship (Figure 4), which is in line with correlation analysis

(Figure 5). A moderate correlation was observed between

aggregate stability determined by drop-shatter and SOC

(r = 0.51). The correlation coefficients were similar for

SOC and aggregate stability determined by fast wetting

(r = 0.42), slow wetting (r = 0.49), and wet shaking

(r = 0.43). In addition, a negative and very weak correla-

tion was observed between TIC and all aggregate stability

indicators (Figure 5). Both PCA and bivariate correlation

analysis showed that other soil properties had only a

minor impact on soil aggregate stability.

Noteworthy, the relationships between soil properties

and aggregate stability indicators varied strongly between

sites (Table A2). While the correlation between SOC and

aggregate stability is strong at Site 1, 3, and 5, and moder-

ate at Site 2, correlations were nonsignificant at Sites 4, 6,

and 7. The SOC contents on Site 6 (13.3 ± 3.2 g kg!1)

and 7 (14.1 ± 2.9 g kg!1) were the lowest in the study

area (Table A3), but this does not apply to Site 4 (25.3

± 10.3 g kg!1), where SOC contents were similar to those

at Site 3 (21.2 ± 4.1 g kg!1) and 5 (19.8 ± 5.4 g kg!1).

Additionally, the silt content at Site 1 (64.3 ± 11.5%)

affected all four aggregate stability indicators (r = 0.67–

0.78). However, at Site 2, the silt content was similar

(65.4 ± 7.6%) to that at Site 1 but only a weak, nonsignifi-

cant correlation with aggregate stability could be

observed. Further, TIC had a moderate negative impact

on aggregate stability at Site 3 and a strong negative at

Site 5, with both sites being well above the average TIC

content of all sites (Site 3: 4.7 ± 0.9 g kg!1, Site 5: 5.0

± 3.6 g kg!1; all sites: 1.7 ± 2.3 g kg!1; Table A3). The

correlation between TIC and the wet-aggregate stability

was higher than for the dry-aggregate stability deter-

mined by drop-shatter (Table A2).

3.3 | Comparison of aggregate stability
and soil properties on grassland and
cropland

Mean values of aggregate stability indicators were higher

for grassland than cropland at all sites (Table A3), show-

ing a decline in aggregate stability from grassland to

cropland. The decline was 14–62% for the drop-shatter,

65–77% for the fast wetting treatment, 39–69% for the

slow wetting, and 38–70% for the wet shaking, respec-

tively (Figure 6). Overall, mean values of SOC were

higher for grassland than for cropland (Table 2). Compar-

ing grass- with cropland, SOC decreased between 1–30%

(Figure 6) due to tillage. A significant decrease could only

be observed at Sites 1 and 3 (Figure 6; Table A1). The

TIC and clay content were generally higher on cropland

than on grassland (Table A3).

3.4 | Comparison of erosion risk on
cropland under different mechanical
stresses

Mechanical stress applied to cropland soils with drop-

shatter revealed a mean MWD of 5.8 ± 2.4 mm and an

average EFp of 33.9 ± 15.7%, suggesting that all croplands

are prone to wind erosion. Mean values obtained by

drop-shatter for Sites 3–7 with lower SOC contents

showed significantly higher EFp than Sites 1–2, indicat-

ing a higher susceptibility to wind erosion (Figure 7).

About 71% of the soils showed EFp of <40% (negligible

risk of wind erosion), while the remaining 29% of soils

had values above and are, therefore, at risk of wind ero-

sion. However, only about 6% of the study soils, all

located at Sites 3–6, showed very high EFp values of

>60%, indicating a “high” risk of wind erosion

(Anderson & Wenhardt, 1966). Results obtained for all

sites indicate that fast wetting was significantly more dis-

ruptive than the other wet-aggregate stability treatments

(Figure 8a–c). Comparing the different wet-aggregate sta-

bility treatments revealed that the decline MWD values

increased with increasing overall stability (Figure 8a,b).

In general, the fast wetting treatment caused lower aver-

age MWD values (0.4 ± 0.2 mm) than slow wetting (0.8

± 0.3 mm) and wet shaking (0.8 ± 0.3 mm) (Table A3).

This means 98% of the soils of the study area were at a

“frequent” (44%) or “permanently high” (54%) risk of

water erosion upon heavy rain or snowmelt events. Espe-

cially, Sites 3, 5, and 7 showed significantly lower MWD

values than other sites, indicating a “permanently high”

risk of water erosion. As simulated by the slow wetting

treatment, even a light rain event revealed “frequent”

erosion risk for 59% of the samples. Especially, Sites 3–7,

where SOC is below 30 g kg!1, seem prone to water ero-

sion at relatively moderate disruption by wetting. The

wet shaking treatment showed similar results (“frequent”

risk on 53% of the samples) as the slow wetting treatment

(Figure 7; Figure 8a,b). Gentle rain and raindrop impact

caused the highest risk of water erosion on Site 7, similar

to the fast wetting treatment. Hence, the overall soil erod-

ibility by water, independent of wetting energy applied, is

the highest on Site 7, where the lowest SOC and clay con-

tent were measured in the study area.
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4 | DISCUSSION

4.1 | Soil properties promoting
aggregation in steppe soils

A significant positive relationship was observed between

SOC and aggregate stability in the study area, indicating

organic matter as an important binding agent. This result

aligns with a previous study (Koza et al., 2021), and under-

lines the importance of organic matter, which contributes

decisively to aggregate stability in the semi-arid steppe,

similar to other climatic zones (e.g., Eynard et al., 2005;

Malobane et al., 2021; Rahmati et al., 2020; Xue

et al., 2019). Overall, aggregate stability increased with

increasing SOC content, independent of the disruptive

force applied. However, no strong relationship between

aggregate stability and SOC could be detected on Site

4, even though SOC did not differ from Sites 3 and 5. This

reflects the possibility of additional factors that influence

aggregate stability, such as biotic factors (e.g., plant spe-

cies, roots, microbial activity, termites) or soil manage-

ment (e.g. fertiliser, crop history) (Amézketa, 1999;

Bronick & Lal, 2005). The lack of relationships between

measured soil properties and aggregate stabilities on Sites

6 and 7 suggests that these soils did not contain enough

binding agents (e.g., SOC and clay) to effectively support

aggregate formation (Bronick & Lal, 2005). While it is gen-

erally accepted that inorganic carbon favours soil aggrega-

tion (Bronick & Lal, 2005; Six et al., 2004), the effect may

depend on clay content and the particle size of calcium

carbonates (Dimoyiannis et al., 1998; Le

Bissonnais, 1996a). Our results revealed a negative correla-

tion between TIC and aggregate stability. Surprisingly,

inorganic carbon seemed less relevant as a binding agent

in northern Kazakhstan, even in soils with high TIC con-

tent. However, this agrees with a previous study from that

region, where dissolving carbonates for texture analysis

did not cause dispersion of aggregates (Koza et al., 2021).

Dimoyiannis et al. (1998) observed that silt-sized carbon-

ates negatively influenced wet-aggregate stability in Greek

agricultural soils. One reason might be that soils low in

clay content and with silt-sized calcium carbonates feature

the typical instability of silty soils (Le Bissonnais, 1996a).

4.2 | Effect of tillage on aggregate
stability and soil properties

Our results are consistent with previous studies, showing

that aggregate stability was lower for cropland than

FIGURE 5 Correlation

matrix reveals significant linear

correlations (p < 0.05) between

soil organic carbon, texture, and

the four aggregate stability

indicators determined by the

drop-shatter, fast wetting, slow

wetting, and wet shaking test.

The positive correlation between

aggregate stability indicators and

soil organic carbon indicates

that organic is the most

important binding agent,

enhancing aggregation

KOZA ET AL. 9 of 20



 
5. Publications       
 
 

47 

 

FIGURE 6 Boxplots for all sites show the soil organic carbon content for grassland (dark green dots) and cropland soils (light green

dots) and the lower mean weight diameters (MWD) for all aggregate stability indicators. Every dot represents the measurement of one

individual soil sample. The number of samples defines the width of each boxplot, and numbers above the boxplot indicate the relative

decline from grassland to cropland. Different lower case letters indicate significant differences (p < 0.05) between the two dominant land use

types
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grassland (e.g. Six et al., 1998). The breakdown of soil

structure by tillage is due to mechanical stress repeatedly

applied to soil (Amézketa, 1999). Six et al. (1998) showed

that frequently disrupted soils contain less intra-

aggregate particular organic matter and less stable micro-

aggregates within macroaggregates. Additionally, crop-

land soils rewet much faster than grassland soils because

of their lower organic matter content (Caron et al., 1996;

Six et al., 2004). Higher organic matter contents typically

increase the water drop penetration time (Chenu

et al., 2000), thus reducing overall soil wettability (Woche

et al., 2017). Therefore, the disruptive force by wetting

during wet–dry cycles outweighs the stabilising effect of

drying, particularly for cropland soils, causing an overall

decrease in aggregation (Six et al., 2004). In addition, the

studied grassland soils had extensive visible roots, similar

to observations in the prairies of North America

(Beniston et al., 2014). Roots physically stabilise the soil

structure and thus, account for the higher aggregate sta-

bility of grassland soils as determined by the drop-shatter

method (Tisdall & Oades, 1982).

Similar patterns in aggregate stability of cropland vs

grassland soils have been observed in the Kulunda steppe

of southern Russia (Bischoff et al., 2016; Illiger

et al., 2019; Schmidt et al., 2020). Bischoff et al. (2016)

also noted a decrease in SOC contents and aggregate sta-

bility, determined by wet-sieving, from grassland to crop-

land across different steppe types (forest, typical, dry).

Mikhailova et al. (2000) compared Chernozems from the

Kursk region of Russia under native grassland with a

continuously cropped plot and observed a relative decline

in SOC content of 38% (grassland = 55.3 ± 2.7 g kg!1;

cropland = 34.5 ± 1.5 g kg!1). This result is similar to

the substantial SOC loss due to tillage at Sites 1 and 3 but

disagrees with findings at Site 2 with similar SOC con-

tent. In summary, aggregation decreases with decreasing

SOC content, but tillage further worsens the structural

stability of soils. Our study suggests to use agricultural

practices that support soil organic matter accumulation

and minimising the disruptive impact of tillage (e.g., by

direct seeding, mulching, or catch crops) because they

provide the highest potential for reducing the vulnerabil-

ity of steppe soils against erosion.

Apart from soil degradation due to declining aggre-

gate stability and mostly decreasing SOC contents, crop-

ping also affected TIC and clay contents of the studied

soils. The higher TIC contents in cropland than in grass-

land soils can be explained by tillage-induced erosion of

topsoil layers. Typically, topsoils are more depleted in TC

than the less weathered deeper horizons. Removal of sur-

face soil exposes deeper material and thus, results in

apparent increases in topsoil TIC contents (Suarez, 2017).

The higher clay content in the cropland soils suggests

depletion of particles >2 μm, likely by wind erosion.

Even though tillage does not directly influence soil tex-

ture, previous studies have shown that wind redistributes

particles in semi-arid grasslands (Larney, 2007; Li

et al., 2009), especially in the absence of vegetation

FIGURE 7 Erosion risk as determined from four aggregate stability tests similar to disruptive forces soils experiences under field

conditions. Boxplots show that cropland is more vulnerable to the disruptive forces of water than wind. Especially, the severe breakdown of

aggregates during heavy rain or snowmelt events causes a high risk of water erosion. The number of samples defines the width of each

boxplot. Different lower case letters show significant differences (p < 0.05) between sites for each stability indicator
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(Gyssels et al., 2005). Since clay has a higher threshold

against aerodynamic forces due to more efficient cohe-

sion of particles (Shao, 2008), wind erosion causes prefer-

ential removal of coarser particles and subsequent clay

enrichment in topsoils of croplands.

4.3 | Assessment of potential erodibility
on cropland by mechanical stress

Measuring aggregate stability with different methods

revealed that all cropland soils in the study area are prin-

cipally prone to erosion by wind and water. This supports

the view of erosion as the major factor in soil degradation

of croplands in Central Asia (Hamidov et al., 2016;

Mirzabaev et al., 2016). The aggregate size distribution of

dry soil is a major factor influencing wind erosion

(Skidmore et al., 1994). Applying mechanical stress with

the drop-shatter method on dry soil to assess the erodibil-

ity by wind showed that almost all soils are potentially

erodible. Results of EFp from Kazakhstan are well in

line with measurements from semi-arid Argentinean

Pampas (EF = 39.5%) using a rotary sieve on similar

soils (Colazo & Buschiazzo, 2010). The risk of wind ero-

sion in northern Kazakhstan is moderate, as 29% of the

soils are prone, and 71% are expected to resist wind ero-

sion. Still, soils low in SOC exhibit a higher EFp, sug-

gesting an increased risk of wind erosion in the study

area, particularly once SOC is further lost by less sus-

tainable agricultural practices. Yet, wind erosion

depends on additional environmental factors such as

micro-topographic (microrelief, vegetation cover, etc.),

macro-topographic conditions (windbreaks, etc.), and

especially climate (wind abundance and speed, tempera-

ture, rainfall, etc.) (Shao, 2008). In Central Asia, the

wind erosion rate is mostly related to wind speed

(r2 = 0.31–0.72), followed by temperature (r2 = 0.06–

0.66), and precipitation (r2 = 0.16–0.56). Due to the

strong correlations between erosion rate and climate

factors, northern Kazakstan will likely be highly sensi-

tive to climate change (Li et al., 2020).

In our study area, wind occurred predominantly

(98.5%) at wind speeds of 3.4 ± 2.1 m s!1 in the year after

soil sampling (observed period: 07/01/2019–06/30/2020),

with wind gusts reaching up to 21.5 m s!1 at 2 m height.

However, assuming that the aerodynamic drag and lift

overcome the retarding forces of the surface particles at

speeds of 4–6 m s!1 in 30 cm above the soil surface

(Scheffer et al., 2016), potential wind erosion events are

rather rare. Considering the logarithmic wind profile

(Shao, 2008) and estimated surface roughness of 0.005 m

for fallow with negligible vegetation (Wieringa, 1992),

wind speeds must exceed 5.9 m s!1 at 2 m height. Based

on measured 15 min time intervals, wind speeds high

enough to potentially start erosion on bare fallow

occurred at 13% during the observed period. This indi-

cates limited wind speed events for potential wind ero-

sion on bare fallow in the study area. In Central Asia, the

wind speed increased significantly (+0.6 m s!1 decade!1,

p < 0.001) from 2011 to 2019, and moderate and hetero-

geneous changes are expected in future (Li et al., 2020;

Wang et al., 2020). However, projections for northern

Kazakhstan include particularly strong warmings and

increasing precipitation that will also affect wind erosion

severely, leading to complex spatiotemporal patterns (Li

et al., 2020).

The disruptive force of water is another major factor

causing the breakdown of aggregates, thus triggering soil

erosion on cropland (Li & Fang, 2016). Applying three

different wetting treatments simulating different field-

relevant events of water-induced disruptions showed that

all studied soils are at risk of water erosion. Depending

on the applied wetting treatment, the erosion risk varies

among soils, indicating that aggregate stability is ulti-

mately controlled by the properties of the soil and the

amount of energy applied (Le Bissonnais, 2016, 1996b).

The fast wetting treatment indicated a severe break-

down of aggregates for all cropland soils. This aligns

with Le Bissonnais (2016, 1996b), who showed that fast

wetting during heavy rain or snowmelt is highly disrup-

tive because of the slaking effect, that is, the compres-

sion of air trapped inside aggregates upon wetting

(Le Bissonnais, 2016, 1996b; Yoder, 1936). In contrast,

the disruption by slow wetting, as during sustained light

rainfall, is assumed to result from disproportional swell-

ing of materials, while wet shaking treatment decreases

the mechanical cohesion upon raindrop impact

(Le Bissonnais, 2016, 1996b).

According to the World Meteorological Organisation

(WMO, 2018), precipitation <2.5 mm h!1 is defined as

light rain, 2.5–10 mm h!1 as moderate rain, and 10–

50 mm h!1 as heavy rain. In the study area, precipitation

was measured on 154 days (observed period: 07/01/2019–

06/30/2020), accounting for a total of 245.4 mm. Overall,

rain occurred predominantly as light rain (96.6%), and it

seems that differential swelling could be an important

mechanism for the breakdown of aggregates in the study

area. Thus, during light rain events or as a consequence

of raindrop impact, there is a “frequent” risk in all situa-

tions or a “variable” risk of water erosion depending on

topographic and climatic conditions (ISO 10930, 2011).

Especially soils on Site 3–7 with SOC contents <30 g kg!1

are prone to water erosion during rainfall. Besides repeti-

tive snowmelt in spring, heavy rain events were recorded

in September 2019 (10.0 mm h!1) and February 2020

(10.5 mm h!1), assuming an intense aggregate
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breakdown and subsequent erosion by water runoff inde-

pendent of the soil properties. However, the disruptive

force of slaking during the heavy rain event under field

conditions in September could be influenced by plant res-

idues after harvesting (Six et al., 2004). In February, the

soil temperature was still below the water freezing point

and disruptive forces by water possibly interfered with

structural changes induced by frost (Six et al., 2004).

Future model projections indicate a change in precip-

itation duration, magnitude, and intensity, causing an

increase in rainfall erosivity in northern Kazakhstan

(Duulatov et al., 2021). Based on an intermediate com-

bined approach valuing duration and magnitude equally,

Pruski and Nearing (2002) reported that every 1% of pre-

cipitation change could cause a 1.7% change in erosion.

While currently all cropland soils in northern Kazakh-

stan are prone to disruptive forces by water, erosion

might increase under higher precipitation rates in future,

leaving the strongest negative impact on SOC-poor soils.

5 | CONCLUSIONS

Soil organic matter is the most important binding agent

that supports aggregate stability in topsoils under grass-

and cropland in semi-arid steppe regions. Tillage was not

consistently accompanied by decreasing SOC content but

always declined aggregate stability. We showed that soil

properties, such as organic matter content and texture,

determine the aggregate stability in a given soil. At the

same time, tillage serves as an additional modifier

enhancing the overall risk of wind and water erosion on

all croplands. Nevertheless, erosion risk is generally

higher for soils with low SOC content. Our results sug-

gest that the aggregate stability of cropland soils in north-

ern Kazakhstan is more vulnerable to the disruptive

forces caused by water than by wind. The soil erodibility

by wind is moderate, and wind speed conditions imply

limited risk. In contrast, the breakdown of aggregates

during wetting reveals a serious threat of water erosion.

Even though the region is semi-arid, recurring heavy rain

and snowmelt events imply a severe risk. Furthermore,

disrupting aggregates by water may also promote subse-

quent soil loss by wind erosion. In particular, slacking

during snowmelt potentially paves the way for extensive

wind erosion in spring. The semi-arid steppe soils of Cen-

tral Asia might face an even higher risk of combined

water and wind erosion in future since predicted rainfall

conditions might cause an increase in topsoil slacking.

Therefore, sustainable land use strategies need to con-

sider the potential risk of water erosion to mitigate fur-

ther soil degradation.
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TABLE A2 Correlation coefficients (r) between aggregate stabilities and soil properties with statistical significances levels

(p < 0.001 = ***, p < 0.01 = **, p < 0.05 = *) for all sites

Site(s)

Aggregate

stability

indicators

pH

Electrical

conductivity

Total inorganic

carbon

Soil organic

carbon Clay Silt Sand

r
p

r
p

r
p

r
p

r
p

r
p

r
p

All Drop-shatter !0.20 * 0.12 !0.27 ** 0.51 *** 0.10 0.06 !0.08

Fast wetting !0.11 0.05 !0.27 ** 0.42 *** !0.04 0.15 !0.10

Slow wetting !0.09 0.09 !0.25 ** 0.49 *** 0.00 0.19 * !0.14

Wet shaking !0.07 0.06 !0.18 * 0.43 *** 0.12 0.26 ** !0.23 **

1 Drop-shatter !0.16 !0.55 !0.17 0.76 ** !0.53 0.78 ** !0.65 *

Fast wetting !0.37 !0.69 * !0.24 0.81 ** !0.63 * 0.68 * !0.50

Slow wetting !0.33 !0.74 ** !0.22 0.77 ** !0.51 0.67 * !0.53

Wet shaking !0.21 !0.65 * !0.19 0.77 ** !0.56 0.74 ** !0.59 *

2 Drop-shatter 0.01 0.17 !0.27 0.30 !0.04 !0.27 0.29

Fast wetting 0.57 ** 0.52 ** !0.12 0.22 * !0.28 0.36 !0.25

Slow wetting 0.45 * 0.44 * !0.21 0.38 ** !0.36 0.38 !0.24

Wet shaking 0.31 0.34 !0.28 0.40 ** !0.32 0.40 * !0.27

3 Drop-shatter 0.21 !0.33 !0.43 ** 0.35 *** 0.13 !0.18 0.15

Fast wetting !0.20 -0.05 !0.64 ** 0.77 *** !0.09 0.19 !0.25

Slow wetting !0.10 !0.19 !0.67 ** 0.83 *** !0.21 0.23 !0.10

Wet shaking !0.16 !0.07 !0.59 ** 0.77 *** !0.12 0.18 !0.17

4 Drop-shatter !0.61 ** 0.20 !0.38 0.48 * !0.28 !0.43 0.40

Fast wetting !0.37 0.20 !0.21 0.25 !0.55 !0.31 * 0.39

Slow wetting !0.32 0.37 !0.23 0.24 !0.60 !0.34 ** 0.42

Wet shaking !0.34 0.32 !0.22 0.21 !0.59 !0.36 ** 0.43

5 Drop-shatter !0.62 * !0.09 !0.38 0.52 0.15 !0.55 0.40

Fast wetting !0.85 *** !0.60 * !0.86 *** 0.85 *** !0.53 !0.52 0.61 *

Slow wetting !0.89 *** !0.57 !0.92 *** 0.87 *** !0.59 * !0.54 0.64 *

Wet shaking !0.78 ** !0.50 !0.73 ** 0.75 ** !0.51 !0.35 0.47

6 Drop-shatter !0.02 !0.27 -0.12 0.38 !0.02 !0.05 0.04

Fast wetting !0.01 !0.22 !0.16 0.05 !0.21 * !0.40 ** 0.36 **

Slow wetting 0.12 !0.20 !0.09 0.12 0.01 !0.25 0.18

Wet shaking !0.02 !0.41 !0.30 0.41 0.26 0.04 !0.12

7 Drop-shatter !0.42 !0.32 !0.22 0.07 !0.27 0.01 0.05

Fast wetting 0.03 !0.20 !0.16 0.16 !0.53 * !0.27 0.35

Slow wetting !0.05 !0.33 !0.19 0.26 !0.41 !0.11 0.19

Wet shaking !0.18 !0.17 !0.28 0.43 !0.13 0.24 !0.16
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Preface: 

After evaluating the overall resistance of aggregates to disruptive forces and discussing the 

results (Koza et al., 2022), it was concluded that steppe soils are prone to wind and water 

erosion. However, quantifying soil loss by wind under real soil conditions is lacking for Central 

Asia but crucial for a comprehensive approach. 

 

Summary:  

This publication assesses soil losses by wind velocity of 15 m s-1 (at 0.5 m height) under real 

soil conditions using a mobile wind tunnel. Wind erosion was quantified on fallow that was 

recently converted from grassland and arable plots cultivated with common crops. Additionally, 

soil loss rates were quantified after mechanical stress was applied, similar to common 

agricultural practices. The PSD and ASD, as well as SOC contents of topsoil, aeolian sediments, 

and depositions, were investigated. This third publication (Koza et al., 2024) is the first up-to-

date study that provides recommendations for wind erosion prevention based on field 

experiments conducted under real soil conditions. 

 

Highlights: 

• First wind erosion study with a mobile wind tunnel in Kazakhstan. 

• Vegetation, aggregation, and tillage as erosion-controlling factors were tested. 

• Mechanical stress from seedbed preparation determines soil susceptibility to wind 

erosion. 

• Tractor tire tracks must be considered a serious emission source. 

• Steppe conversion requires best-adapted measures of erosion prevention early on. 
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6. Discussion

Various research questions were addressed and discussed in the published journal contributions, 

all focusing on the main drivers of erosion under the influence of parent soil, land use, and 

climate. The following discussion is structured according to the research questions developed 

at the beginning of the dissertation. 

Which chemical pretreatment efficiently removes the binding agents to successfully measure 

PSD by laser diffraction? 

Results indicate that chemical pretreatments seem unnecessary if LDA include standard 

dispersion and sonication for particle size analyses of Chernozem and Kastanozem silty soils 

containing low and medium amounts of organic binding material and medium to high amounts 

of secondary carbonates. Steppe soils show incomplete dispersion or even aggregation when 

HCl is used to dissolve carbonates. Therefore, HCl is not advised as a pretreatment, and 

carbonates do not support aggregation in the topsoil layer. However, the results show that 

organic matter is the most important binding agent in steppe soils and H2O2 removes organic 

efficiently (Koza et al., 2021). 

What are the effects of different pretreatments for measuring particle sizes with laser diffraction 

for modeling soil loss estimates? 

Different pretreatments did not affect texture class for silty soils in the study area. Modeling 

soil loss by wind erosion using SWEEP shows that pretreatments did not influence soil loss 

estimates if texture-based parameters were measured. Pretreatments affect aggregates mainly 

built of silt, clay, and binding agents. Therefore, sand is less affected by pretreatments and stays 

low in silty soils (Koza et al., 2021). However, the very fine sand fraction is also an erosion 

driver, because it has the lowest threshold friction velocity at which wind erosion begins, and 

the ability to increase the detachment of particles by abrasion (Shao, 2008). On the contrary, if 

texture-based parameters, such as the GMD, are derived by pedotransfer functions from PSD 

and binding agents, the modeled results show a high variation of soil loss estimates. Hence, 

using input data from measured values are recommended. New pedotransfer functions are 
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required to derive soil parameters based on PSD data obtained by laser diffraction for steppe 

soils. Neglecting the pretreatments to remove binding agents is recommended because standard 

dispersion for LDA is sufficient (Koza et al., 2021). Additionally, the measured mean wind 

speeds with a temporal resolution of 15 minutes are rarely high enough for modeling soil loss 

in the study area. A higher resolution of wind speeds will likely improve the accuracy of 

estimated soil losses. Furthermore, the complex interactions between soil erodibility and 

climate erosivity must be considered in semi-arid regions and are challenging erosion models. 

Measuring soil loss rates under field conditions with in-situ experiments is required to validate 

erosion models for steppe soils of Central Asia (Koza et al., 2021). 

 

Which physical and chemical soil properties of the topsoil enhance aggregation and counteract 

erosion in dry steppe soils?  

Analyzing texture and its binding agents to model wind erosion (Koza et al., 2021) points out 

the importance of the structural unit the soil exist in the field. Therefore, aggregates were 

investigated to assess the soil's potential erodibility by Koza et al. (2022). The number of test 

sites was increased to cover a large range of physical and chemical soil properties (sand: 2–

76%, silt: 18–80%, clay: 6–30%, SOC: 7.3–64.2 g kg-1, TIC: 0.0–8.5 g kg-1, pH: 4.8–9.5, EC: 

32–946 μS cm-1) that follow a regional approach. Results show that texture and aligned organic 

matter content determine the aggregate stability in a given soil. Therefore, sandy soils with low 

SOC content have the highest risk of erosion in the study area (Koza et al., 2022). 

 

How does land use affect aggregate stability and how erodible are steppe soils by wind and 

water? 

Results from the two most dominant land use types in the semi-arid steppe of northern 

Kazakhstan, crop- and grassland, show that tillage decreases aggregate stability severely, even 

without organic carbon changes. All soils under cultivation are susceptible to the erosive forces 

of wind and water, independent of their soil properties. Tillage serves as an additional modifier, 

enhancing the overall risk of soil degradation (Koza et al., 2022). The results are consistent with 

previous studies (e.g., Amézketa, 1999; Six et al., 1998) and demonstrate that soil structure is 

severely degraded due to the repeated application of mechanical stress by tillage. Despite semi-
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arid climate conditions, soil's potential erodibility seems higher for the disruptive forces caused 

by water than by wind. During an observed period of one year (2019–2020), precipitation 

occurred on 154 days. Predominantly light rain, repetitive snowmelt in spring, and rare heavy 

rainfall were recorded (Koza et al., 2022). However, future model projections indicate a change 

in precipitation duration, magnitude, and intensity, causing an increase in rainfall erosivity in 

the study area (Duulatov et al., 2021). Disrupting aggregates by water may promote subsequent 

soil loss by wind erosion. Aggregate stability tests indicated that overall soil erodibility by wind 

is moderate, and the erosivity by wind implied a limited risk due to low wind speed conditions 

in the study area (Koza et al., 2022). Still, wind speed increased significantly in Central Asia 

from 2011 to 2019, and moderate and heterogeneous changes are expected (Li et al., 2020; 

Wang et al., 2020). Climate models also indicate extreme temperatures causing draughts 

(WHO, 2012). The interplay of climatic factors will result in complex spatiotemporal patterns 

of soil erosion in Central Asia in the future.  

 

What are the short-term effects of various agricultural management practices on surface 

characteristics and soil loss rates by wind erosion? 

Various field experiments on loamy sands were carried out by Koza et al. (2024) on initial soil 

surfaces to quantify the soil loss by wind erosion under real soil conditions. Wind tunnel 

experiments on bare surfaces after plowing and arable plots under cultivation with common 

crops showed that soil loss after recent steppe conversion was low but considerable on arable 

plots that underwent cultivation during the past three years. In-situ measurements also 

demonstrated that wind erosion affects maize fields more than plots cultivated with barley. 

Maize plants show a reduced roughness length, which favors wind erosion during the early 

growth stadium. After simulating common agricultural practices (light cultivator, disc harrow, 

tractor tires), results show that tillage tools determine soil susceptibility to wind erosion. The 

effect of tractor tires was most severe causing the highest soil loss rates (Koza et al., 2024). 

 

What particle and aggregate sizes are detached and deposited during aeolian processes? 

All investigated loamy sand plots experienced a sorting process due to wind erosion. After the 

recent steppe conversion, aeolian sediments contained more clay, silt, and very fine sand 
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particles. In contrast, clay and silt content decreased while fine and medium sand particles 

increased in the aeolian sediments and depositions originating from arable topsoils (Koza et al., 

2024). Measured aggregate sizes of aeolian sediments correspond to findings from several 

studies indicating that predominantly microaggregates between 20–260 µm are depleted by 

wind (Yan et al., 2018). The PSD and ASD of aeolian sediments collected during wind tunnel 

experiments and from natural wind erosion deposition were similar and underline the 

functionality of the mobile wind tunnel for imitating real events (Koza et al., 2024).  

 

How much organic carbon is lost by aeolian processes? 

Associated with the sorting process of particles (Koza et al., 2024), the blown-out material after 

recent steppe conversion was enriched in SOC (ratio of content collected by the traps to the 

topsoil = 1.7), while aeolian sediments and depositions from the arable plots were depleted 

(SOC ratio = < 0.9). Hence, on sandy soils, more SOC is lost directly after steppe conversion 

compared to the plots that have been under cultivation for three years already. The decrease in 

SOC aligns with the decrease in clay content caused by wind erosion (Koza et al., 2024).  
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7. Future research

This dissertation's scientific contributions and sequential discussions underpin the progress 

achieved in the addressed research questions. In the course of numerous sampling campaigns 

and field experiments, several observations were scientifically investigated, for example, the 

high risk of water erosion after snowmelt (Koza et al., 2022) or tractor tire tracks as a major 

source of soil loss by wind erosion (Koza et al., 2024). However, research must continue to 

investigate further interactions of factors that cause erosion to support and develop sustainable 

management practices in cultivated steppes. During the course of this dissertation, new research 

ideas and gaps were identified. Research approaches that could be of serious value include: 

Area-based estimation of soil loss: 

After assessing key parameters for wind erosion events in Koza et al. (2021) and monitoring 

the vegetation and landscape structure throughout the study area during a field campaign in 

2019, the next step is to use remote sensing to model wind erosion on a larger scale in order to 

derive area-based estimations of wind erosion hotspots and their origin. 

Transferability of methods and knowledge to other regions of interest: 

It is conceivable that the tools and methods developed in Kazakhstan are of potential interest 

for arid and semi-arid regions in Central Asia. Field experiments are lacking along the Eurasian 

Steppe Belt (e.g., southern Russia, Mongolia). However, they do not have to be limited to 

Central Asia. For example, one of the driest regions in Germany ("Mitteldeutsches 

Trockengebiet") is located leeward of the Harz Mountains. This area has a similar latitude as 

the study area in northern Kazakhstan, and pedogenesis developed similar soils. Currently, 

different climatic conditions with higher mean temperatures and precipitation sums are present 

(Zepner et al., 2021). Dry periods have increased over the last century, indicating regional 

climate change and the risk of wind and water erosion have been present in the past, and 

adaptation measures are needed (Fabig, 2007). The know-how established in Kazakhstan could 

also be applied in this vulnerable but fertile region of Germany to support adaptation measures 

and prevent soil degradation.  
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Wind tunnel experiments on Chernozems: 

The sandy Kastanozem soils investigated by Koza et al. (2024) showed that blown-out material 

was enriched in SOC only after steppe conversion but depleted on cropland. Based on the 

findings of Koza et al. (2024), it is necessary to measure the carbon loss from Chernozems due 

to their high organic carbon content and role in climate change mitigation (Krasilnikov et al., 

2018). Chernozems are present at the northern end of the study area. Field observations from 

April 2018 and severe deposition at the luv side of the fields in June 2022 confirm the presence 

of wind erosion events on Chernozems. 

Extension of field observations with a focus on dust and SOC: 

Dust significantly impacts the Earth's system by transporting organic matter that contributes to 

the carbon cycle. However, knowledge of the role of wind erosion in the redistribution of fine 

and carbon-rich materials is limited (Shao et al., 2011). The MWAC samplers collected aeolian 

sediments during wind tunnel experiments by Koza et al. (2024). These samples can be used 

for dust emissions but lack efficiency (Mendez et al., 2016). Subsequently, a portable aerosol 

spectrometer can obtain further information on the temporal variation, size distributions, and 

fractions of dust particles. Further studies would help to understand how agriculture influences 

the interaction between dust and the carbon cycle that affects climate via feedback loops. 

Quantifying soil loss from dirt roads and agricultural driving paths 

Koza et al. (2024) showed that tillage creates soil structures susceptible to wind erosion. Still, 

tractor tires increase soil losses by a multiple. Accounting for about 20% of each field, the 

disruption caused by tractors and resulting soil losses must be investigated in more detail (e.g., 

temporal and spatial scale) to prevent this major dust emission source.  

Controlling specific adaptation measures:  

The results of Koza et al. (2024) have prompted the local farmer of the test site to implement 

strip-till as an adaptation measure to prevent the particularly high soil loss from wind erosion 

on corn. Crop residues are known to prevent wind erosion (Meinel et al., 2014), but empirical 

data showing the difference between conventional tillage and strip-till in terms of soil loss 

quantities are of interest for the cultivated steppe soils of Central Asia. 
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8. Conclusion and synthesis

Concerning the overall research questions: 

What are the main drivers of erosion under the influence of parent material, land use, and 

climate in the cultivated steppe of Kazakhstan? 

With its sequential publications, findings, and considerations, this dissertation is to my 

knowledge the first comprehensive and up-to-date study investigating the drivers and processes 

of soil degradation processes based on field measurements in northern Kazakhstan. Parent 

material with high sand contents is particularly erodible. The risk of erosion is limited under 

grassland but all cropland soils are prone to erosion by wind and water. Furthermore, cultivated 

steppe soils seem much more susceptible to water than wind erosion. Therefore, sustainable 

land use strategies must consider the interplay between the disruptive forces of wind and water. 

During snowmelt, slaking breaks down aggregates and potentially paves the way for extensive 

wind erosion events in spring. Soil organic matter is the most important binding agent 

counteracting soil erosion in the cultivated steppe of Kazakhstan. Management strategies must 

increase soil organic content to favor aggregation but also decrease tillage intensities because 

mechanical stress from seedbed preparation determines soil susceptibility to wind erosion. A 

wider approach to sustainable land use also requires considering the consequences of tractor 

tire tracks to prevent further soil degradation. Overall, agriculture on steppe soils requires best-

adapted measures of erosion prevention from the very beginning. This synthesis introduces a 

unique perspective that adds to the current understanding of erosion drivers and processes under 

semi-arid climate. 
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Appendix 

Fig. A1. 

Typical signs of soil 

erosion observed in the 

study area:  

(A) dust devil,

(B) dust emission by

tractor tires on dirt road,

(C) soil depositions along

shelterbelts, and

(D) rill erosion and

missing plant emergence.



XXI 

Fig. A2. 

Soil sampling and 

determination of soil type 

in the study area. 

Fig. A3. 

Fast (A) and slow (B) 

wetting tests to determine 

the resistance of the soil 

to heavy or light rain 

events. 

Fig. A4. 

The installation of the 

wind tunnel on a trailer 

to be mobile throughout 

the study area. 
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