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A B S T R A C T   

Semi-arid regions of Central Asia suffer from wind erosion due to expanding steppe conversion and unsustainable 
farming practices. Empirical data from field observations are needed to support the implementation of adapted 
management. In this study, a mobile wind tunnel was used for the first time in Kazakhstan to assess the soil’s 
erodibility under real conditions. Field experiments were conducted on loamy sands with different initial con
ditions that are typical for the most erosive time of the year: a bare surface with a cloddy structure after recent 
steppe conversion, a weak crust on a plot with barley (Hordeum vulgare L.), and a plot with loose material in the 
rows of maize plants (Zea mays L.). Subsequently, different levels of mechanical stress (low, moderate, high) were 
considered to analyze the effect of disruptive forces soils experience during field cultivation (light cultivator, disc 
harrow, tractor tires) on possible soil losses. The results of wind tunnel experiments showed already great dif
ferences under initial conditions. The cloddy structure of the recent steppe conservation had the lowest sus
ceptibility against wind erosion due to a good aggregation and a large roughness, resulting in soil loss of 12 g 
m− 2. The plot grown with barley was less affected by wind erosion due to the weak crust, smaller distances 
between plants, and leaves close to the ground (soil loss of 34 g m− 2). Maize was also the most problematic crop 
in the study area because wind can blow below the plant canopy without considerable resistance during the early 
growth stages. Additionally, existing deposits in the maize rows from previous erosion events led to the highest 
soil loss of 1609 g m− 2. Mechanical stress by seedbed preparation generally increased the erodible fraction, 
resulting in higher soil losses (light cultivator: 198 ± 129 g m− 2, disc harrow: 388 ± 258 g m− 2). The most severe 
disruption of soil structure occurred on tractor tire tracks, causing a loss of 2767 ± 1810 g m− 2. Consequently, 
the pulverizing effect of tractor tires on dry soil must be considered a serious emission source. Comparing the soil 
organic carbon content of topsoil and eroded material showed that organic carbon was enriched only in the 
aeolian sediments of the recently converted plot (+69%). We conclude that soils after steppe conversion need to 
be treated with particular care from the very beginning so that severe events from the past are not repeated.   

1. Introduction 

Soil degradation is an ongoing problem worldwide (Keesstra et al., 
2016; Lal, 2001). Particular agriculture is often under the pressure of 
soil erosion, causing the redistribution of valuable topsoil, nutrients, and 
organic carbon (Cerdà et al., 2009; Montgomery, 2007). Aeolian pro
cesses usually occur without being noticed (Chepil, 1960; Funk et al., 

2014) but data from global compilation surveys confirm that erosion 
rates from conventional agriculture are up to two times higher than soil 
production rates (Montgomery, 2007). 

In the past, an extreme example has shown that soil cultivation can 
contribute to wind erosion, triggering a socio-ecological crisis (Peters 
et al., 2008). Known as the Dust Bowl Syndrome in the Great Plains of 
the USA during the 1930s, multiple natural and anthropogenic factors, 

Abbreviations: ASD, aggregate size distribution; EF, erodible fraction; MWAC, Modified Wilson and Cook; PSD, particle size distribution; SOC, soil organic carbon; 
SUSTRA, Suspension Sediment Trap. 
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including extensive steppe conversion, unsustainable farming practices 
and severe drought, caused devastating soil erosion on 20–40 million 
hectares (Hornbeck, 2012; McLeman et al., 2014; Zobeck et al., 2013). 
The Dust Bowl initially started on individual fields and turned into 
erosion among areas until it expanded to broad-scale events with 
land-atmosphere interactions (Peters et al., 2008), exceeding soil loss 
rates that have ever been recorded. Dust storms are still occurring in the 
Great Plains, but their current extent is far less concerning due to the 
adaptation of conservation tillage and no-till farming practices (Lal 
et al., 2007; Lee and Gill, 2015). Still, in many parts of the world, soil 
cultivation causes a considerable increase in wind erosion events (Shao, 
2008). 

The semi-arid steppe regions of Central Asia are challenged by soil 
erosion due to intense agriculture and extreme climate conditions 
(Reyer et al., 2017; Robinson, 2016). This is reinforced as climate 
models indicate an increase in the natural factors that promote wind 
erosion, such as higher temperatures and a change in precipitation 
patterns (Duulatov et al., 2021; Li et al., 2020b). Kazakhstan, in 
particular, faces an increasing risk of soil degradation due to wind 
erosion (Li et al., 2020b). Historically, northern Kazakhstan was part of 
the largest steppe conversion of the twentieth century (Virgin Lands 
Campaign, 1954–1963), where extensive grasslands were converted to 
arable land for grain production. Moldboard plowing was commonly 
used for steppe conversion and cultivation in order to increase spring 
wheat production, but it caused severe wind erosion and soil degrada
tion (Meinel and Akshalov, 2015). Large areas of cropland were aban
doned during the collapse of the Soviet Union (1991), but recent steppe 
conversion is expanding arable land again (Frühauf et al., 2020; 
Kraemer et al., 2015; Prishchepov et al., 2020). As a result, cascading 
effects may be possible as more land is exposed to wind erosion (Peters 
et al., 2008). Severe soil degradation in Kazakhstan could also threaten 
food security in Central Asia because of its important role as a grain 
exporter (FAO, 2012). Hence, soil erosion mitigation is an important 
step to ensure the achievement of the Sustainable Development Goals 
(Yin et al., 2022). 

Assessments of erosion risks in the semi-arid steppe regions of Cen
tral Asia are rare (Borrelli et al., 2021), especially for wind erosion 
(Bezak et al., 2021; Field et al., 2009). However, they are necessary to 
develop adequate solutions. Field observations and laboratory tests from 
less-studied regions of the world can add to existing knowledge and 
provide useful benchmarks for building erosion models (Webb et al., 
2020). Furthermore, empirical data are more accurate at smaller scales 
and can support sustainable management practices. For this purpose, we 
studied the wind erosion processes in the Kazakh Steppe in detail. In a 
recent study, we derived the potential erodibility of semi-arid steppe 
soils from aggregate stability tests. We could show that arable fields of 
northern Kazakhstan are susceptible to erosion, independent of their soil 
properties (Koza et al., 2022). In the present study, a mobile wind tunnel 
was used to assess the soil erodibility by wind under real conditions. 
Properly constructed and operated wind tunnels can be used to inves
tigate the erodibility of the intact surface, with and without plant resi
dues, as well as the disturbed soil under controlled and natural wind 
conditions (Zobeck and Van Pelt, 2015). In areas where continuous 
monitoring is difficult and reliable data are limited, data collected from 
mobile wind tunnel experiments offer a reasonable compromise to 
evaluate erosion risk, even if minor inaccuracies occur during the 
experimental setup (Marzen et al., 2020). 

Wind erosion processes can be selective by removing the fine clay 
and silt-sized particles that contain disproportionately greater amounts 
of organic matter (Chappell et al., 2013; Zobeck and Fryrear, 1986). 
While the coarse sand fraction (>500 µm) is predominantly unaffected 
by wind erosion and stays within the field, the finer fractions are eroded 
and blown out (Kok et al., 2012; Shao, 2008). Fine-textured soils favor 
aggregation and prevent erosion, but the very fine sand fraction is the 
size with the lowest threshold (Shao, 2008), which can initiate suspen
sion by abrading larger aggregates (Zobeck and Van Pelt, 2015). Overall, 

wind erosion can redistribute not only soil but also organic carbon 
(Gregorich et al., 1998). Investigating the wind-blown sediments’ 
composition and the soil organic carbon (SOC) content is a relevant 
research topic (Iturri and Buschiazzo, 2023). On a local scale, land use 
sustainability relies on preserving SOC (Shao et al., 2011). Globally, 
unknown SOC rates of aeolian sediments from semi-arid environments 
cause uncertainty in carbon cycle estimates (Chappell et al., 2013). 

Wind tunnel experiments have been used to understand the com
bined effects of topsoil characteristics and agricultural management 
practices influencing surface characteristics and soil loss rates. Sirjani 
et al. (2019) and Shahabinejad et al. (2019) showed a significant rela
tionship between soil erosion rates and the mean weight diameter in 
Iran’s arid and semi-arid regions. Overall, various studies show the 
significant effect of tillage on soil structure (Bronick and Lal, 2005) and 
the associated increase in erosion risks (Zobeck and Popham, 1990). 
After studying the aerodynamic roughness of five cultivated soils, Zhang 
et al. (2004) concluded that roughness length is the dominant parameter 
in evaluating soil erodibility on arable soils in China. It is well known 
that the soils erodibility of fixed sandy soils can accelerate under culti
vation (Li et al., 2004; López et al., 1998; Reynolds et al., 2007). How
ever, on-farm experiments that measure soil losses caused by wind 
erosion after the application of mechanical stresses are limited. 

We provide the first indications from in situ measurements for the 
control and prevention of wind erosion on arable land in Central Asia’s 
dry steppe. A mobile wind tunnel was used to explore the erosion risk of 
different surface characteristics under the natural conditions of 
Kazakhstan’s agricultural steppe soils. We examined short-term soil and 
SOC loss as well as changes in soil characteristics at a field scale caused 
by aeolian processes in response to different management practices 
commonly used in agriculture. Wind tunnel experiments were con
ducted after recent steppe conversion on a bare and cloddy surface and 
further cultivated and sown with barley and maize. Additional experi
ments were conducted after applying different mechanical stresses to 
evaluate the effect on soil loss. Mechanical disruptions were comparable 
to the forces soils experience under real conditions during field culti
vation. Therefore, aggregate breakdown by a light cultivator and a disc 
harrow was imitated by hand with a lifting or a turning tool. The pul
verizing effect of aggregates by heavy tillage implements on tractor tire 
tracks was simulated by crushing aggregates intensively. To verify the 
functionality of the mobile wind tunnel, we compared the aeolian sed
iments collected during the experiments inside the tunnel and aeolian 
deposition from natural wind erosion events. 

The main objectives of this study are (i) to quantify soil losses 
depending on different agricultural management practices and surface 
characteristics, (ii) to determine the changes in particle size distribution 
(PSD) and aggregate size distribution (ASD) of aeolian sediments and 
depositions, and (iii) to quantify SOC losses due to wind erosion. 

2. Materials and methods 

2.1. Study area and test site 

The study area is located in the Eurasian steppe in northern 
Kazakhstan. The test site is located east of Astana and north of Pavlodar 
(Fig. 1A). The area of interest has been shaped by floodplains of the 
Irtysh River or lacustrine-alluvial depositions from thermokarst lakes 
during the Quaternary (Aubekerov and Gorbunov, 1999). The soils at 
the test site were assigned to Haplic Kastanozem (FAO, 2014) and 
Chestnut in the national classification system (Stolbovoi, 2000). The 
nearby Irtysh River has the highest water security in Kazakhstan and can 
be used for irrigation (FAO, 2012). Overall, the fertile soils favor the 
cultivation of cereals in northern Kazakhstan, but climate conditions 
cause a permanent risk of wind erosion (Fig. 1B). 

The climate is dry continental, with an annual mean temperature of 
2.9 ◦C and annual precipitation of 299 mm at 2 m height (based on 
weighted interpolation 1991–2020) (Harris et al., 2020; Zepner et al., 
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2021). Wind is always present in the study area with the highest speed in 
winter and spring. The average mean wind speed in the study area at a 
height of 10 m is 4.1 m s− 1, with strong wind gusts exceeding 40 m s− 1. 
The main wind direction is southwest (Fig. 1C) (DTU, 2021; FAO, 2012; 
Meteoblue, 2023). The estimated threshold wind speed is 4 m s− 1 at 
0.3 m height (Scheffer et al., 2016), corresponding to 7.4 m s− 1 at 10 m 
height derived from the logarithmic wind profile (Shao, 2008; Wieringa, 
1992). The transport capacity Q (dimensionless) of the wind (Fig. 2) can 
be calculated based on the Eq. 1: 

Q = u2(u − ut) (1)  

where u (m s− 1) is the wind speed and ut (m s− 1) is the threshold wind 
speed (Fryrear et al., 1998; Funk et al., 2023). 

Three adjoining agricultural fields (140 ha each) were used for the 
experiments. They had been abandoned for several years and were 
covered with typical grassland vegetation (locally called zalesh). One 

field represents the primary situation, as the conversion from grassland 
steppe to arable land was carried out before by breaking the grass cover 
with a disc harrow and stirring the soil up to 0.25 m depth with a 
cultivator in the spring of 2022 (Plot 1). As usual, cultivation with a crop 
did not follow immediately, and the initial surface remained fallow in a 
rough, cloddy state. The two arable fields share the same history. They 
were converted from steppe in 2019 by disc harrow and cultivator. The 
fields were cultivated with barley in 2020, with potatoes in 2021, and 
seedbed preparation was carried out on both arable fields with a culti
vator (depth of 0.2 m) in May 2022. Afterward, one field was sown to 
barley (Plot 2) and the other to maize (Plot 3). Both are common crops in 
the study area. 

2.2. On-farm experimentation 

2.2.1. Design 
On-farm experiments are challenged by ensuring plot uniformity and 

remaining other factors equal while isolating the consequence of me
chanical stress (ceteris paribus effect). Nevertheless, they are of unique 
value and of great expressiveness that comes from conducting experi
ments under real farm management conditions. This on-farm experi
ment was designed to study wind erosion processes and quantify soil 
losses under typical conditions in agriculture (Fig. 3). The experiments 
were conducted with a mobile wind tunnel, which allows repeated in
vestigations of aeolian processes within a shorter time than in the nat
ural environment, where these factors are highly variable in time and 
space (Van Pelt and Zobeck, 2013). Wind tunnel measurements were 
conducted in June 2022 when plants had just emerged, but soil surfaces 
were still susceptible to wind erosion. This allowed us to study wind 
erosion at the transition from bare soils to early stages of plant devel
opment. Surfaces were prepared as tilled with a cultivator, disc harrow, 
or pulverized by tractor tires. The timing of the experiment also ensured 
that they were conducted under climatic conditions where soil loss by 
wind erosion occurs regularly in the study area (FAO, 2012). 

2.2.2. Setup: mobile wind tunnel 
The mobile boundary layer wind tunnel shown in Fig. 4A (Umwelt- 

Geräte-Technik GmbH, Müncheberg, Germany) was extensively tested 
under various conditions to become familiar with its technical charac
teristics before conducting experiments. An axial fan of 7.7 kW powered 
the air stream of the push-type tunnel. In the field, the electric power 
was provided by an 11.5 kW diesel generator. The fan and generator are 
mounted on a two-axle trailer. A 5-m long flexible hose leads the air 
stream to a flow straightener on the ground, eliminating the fan’s vor
texes and ensuring a laminar flow. The flow straightener consists of PVC 

Fig. 1. Location of the test site in northern Kazakhstan (A). Typical agricultural environment in the dry steppe of Kazakhstan with aeolian sediments moved by 
suspension during a common wind erosion event observed on the test site in June 2022 (B). Relative frequency (%) of wind velocities, classified for 16 wind di
rections (average of 1991–2020). Wind speeds (at 10 m height) below (light blue) and above a threshold of 7.4 m s− 1 (dark blue) are shown (C). 

Fig. 2. The transport capacity of the wind (gray area), the frequency of hourly 
wind speeds above a threshold of 7.4 m s− 1 (blue bars), and the frequency- 
related transport capacity (red bars) of the test site are shown. 
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tubes (length = 150 mm, diameter = 12 mm, material thickness =
0.23 mm) and has the same cross section as the measurement section 
(height = 0.8 m, width = 0.8 m). The measurement section consists of 
six single segments (total length = 6 m) placed on two metal rails over 
an open surface area of 4.8 m2. Each segment has an acrylic glass win
dow, allowing visual observation and easy access to the inside of the 
tunnel between measurements. The power supply for the fan is adjust
able by an attached control panel for a regulated increase in wind speed. 
A cup anemometer at the end of the tunnel at the height of 0.5 m was 
used to monitor comparability between all experiments independent of 
ambient conditions (temperature, air pressure, wind speed, wind di
rection) on the test site. 

The air stream of the mobile wind tunnel showed a logarithmic wind 
speed profile up to 0.4 m height measured on raw concrete, comparable 
to sandy roughness (Appendix Fig. A1A). A maximum wind speed of 16 
m s− 1 was measured at 50 Hz (u* = 0.85 m s− 1). Wind profiles of the 
roughness lengths of this study are presented in Appendix Fig. A1B. To 
ensure that the simulation of saltation in the wind tunnel is comparable 
to the development under natural conditions, the Froude number cri
terion was used (White and Mounla, 1991). The Froude number F 
(dimensionless) value can be calculated with Eq. 2: 

F =
u2

gH
(2)  

where u (m s− 1) is the uniform wind tunnel speed, g (m s− 1) is the gravity 
constant, and H (m) is the restricted height of the wind tunnel. The 
saltating flow in the wind tunnel is free of facility constraints below a 

value of F = 20 (Owen and Gillette, 1985, as cited in White and Mounla, 
1991) or below the more conservative value of F = 10 (White and 
Mounla, 1991). The dimensions of this mobile wind tunnel allow a 
Froude number of 20 at 12.5 m s− 1 or 29 at 15 m s− 1 speed. However, 
the ideal Froude number can usually only be archived in large stationary 
wind tunnels at very low wind speeds (Maurer et al., 2006). 

2.2.3. Setup: sediment traps 
Two types of passive sediment traps were used at the end of the wind 

tunnel to collect eroded material (Fig. 4B). Modified Wilson and Cook 
(MWAC) samplers were used to measure the vertical distribution of the 
aeolian sediments. The MWAC consists of a PE bottle of 100 ml and a 
glass in- and outlet tube with an inner diameter of 8 mm. They were 
installed at the ground level and attached to a pole at 0.05 m, 0.10 m, 
0.15 m, 0.20 m, 0.25 m, 0.30 m, and 0.35 m height to collect eroded 
material. The MWAC samplers are popular in wind erosion studies and 
seem less influenced by ambient wind speed (Zobeck et al., 2003). Since 
very low collection rates were possibly to be expected, MWACs of all 
heights were weighed before and after each experiment. Additionally, a 
SUSTRA (Suspension Sediment Trap, replica by Umwelt-Geräte-Technik 
GmbH, Müncheberg, Germany) with an opening diameter of 0.05 m was 
used to collect sediments in the height range between 0.025 and 
0.075 m (Funk et al., 2004; Funk and Engel, 2015; Janssen and Tetzlaff, 
1991) to catch higher amounts of aeolian sediments for further analyses. 
The traps were installed in the center of the tunnel with space to each 
other to keep the air stream’s disturbance as low as possible. 

The vertical distribution of the horizontal sediment loss was used to 

Fig. 3. Hierarchical data structure defining the study design.  

Fig. 4. The mobile wind tunnel during experiments on maize (A), MWACs and SUSTRA for collecting aeolian sediments at the wind tunnel outlet (B), and aeolian 
depositions from natural wind erosion events on the edge of a field (C). 
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quantify wind erosion (Funk et al., 2014). Therefore, the sediment mass 
collected in the MWAC was related to the MWAC’s inlet surface area of 
2.655 × 10− 4 m2 and the surface area inside the mobile wind tunnel. 
Then, the soil loss (g m− 2) was derived from semi-logarithmic regression 
by fitting the total mass of caught sediments (qz) at the height (z) to ln(z) 
(Koza et al., 2023). Quantifying soil loss with the MWACs allows good 
repeatability. An experiment with five repetitions on a highly erodible 
surface showed a standard deviation of 8.8%. 

The SOC ratios were calculated as the content of SOC collected by the 
traps to the content of SOC in the topsoil. 

2.2.4. Procedure 
The weather conditions were comparable during the entire time of 

investigations. The mobile wind tunnel was aligned in the same direc
tion as the crop rows, which were also aligned with the main wind di
rection in the study area. All experiments were conducted consistently. 
The wind speed was steadily increased within the first 5 min from 
0 m s− 1 to 15 m s− 1 (at 0.5 m height) and held constant for an additional 
55 min. Various experiments with running times up to 120 min were 
conducted before ensuring the soil loss was completely depleted during 
each experiment independent from plot or mechanical stress applied. 
Hence, the maximal soil loss was measured for each individual 
experiment. 

The mobile wind tunnel simulated wind erosion events on three 
experimental plots. Plot 1 had a bare surface after steppe conversion in 
preparation for fallow. Small plant residues and clods were left from the 
land cover change (Fig. 5A). In contrast, emerging plants from the 
previous seeding covered the arable plots (Plot 2 and Plot 3). Barley 
(Hordeum vulgare L.) was grown on Plot 2, and maize (Zea mays L.) on 
Plot 3. Plant heights were comparable (0.15 m) but differed in densities 
and plant silhouettes. Barley had eight tillers (BBCH code 28) on average 
at the current phenological stage of development, and maize plants had 
four unfolded leaves (BBCH code 14) (Meier, 2018). The barley field was 
covered with 200 plants per m2 and a row distance of 0.18 m. The maize 
field was covered with eight plants per m2 with a row distance of 0.7 m 
and a distance between plants of 0.1–0.2 m. However, while Plot 2 had 
weak crusted soil (Fig. 5B), topsoil material on Plot 3 had already been 
pre-sorted (Fig. 5C) due to previous natural wind erosion events. Thus, 
there were already deposits in the slightly deeper seed rows, which were 
then easily mobilized again during the wind tunnel experiments, which 
were orientated along the rows. 

Each plot was prepared in four ways before using the wind tunnel. 
The initial experiment was conducted on the original surface with the 
undisturbed surface structure and existing plants. The following exper
iment was conducted at the same position after removing the plants and 
refreshing and mixing the surface with a small hand-operated rake 
(three spikes with a length of 60 mm as a lifting tool). Hence, a low 
mechanical stress as made by a light cultivator was applied. We used the 
low mechanical stress application as a benchmark for comparing plots 
and applied stresses, because the initial situation differed in various 

interfering factors such as soil structure and plant cover. A third 
experiment at the same position was prepared using a tool with three 
rotating spikes (radius of 70 mm as a turning tool) applying moderate 
stress with a disc harrow characterized by further breakdown of the 
aggregates. Finally, the fourth experiment was conducted at the same 
place after crushing all aggregates, similar to the pulverizing effect on 
tractor tire tracks or driving paths in the field. 

2.3. Soil analyses 

2.3.1. Topsoil and surface parameters 
Topsoil samples for physical and chemical analyses were collected in 

each plot before the experiments from 0 to 25 mm depth using a flat 
square-cornered shovel (Larney, 2007). The topsoil’s PSD was measured 
with a laser diffraction analyzer (Helos/KR+Quixel, Sympatec GmbH, 
Clausthal Zellerfeld, Germany). Before laser diffraction, 10 g soil was 
chemically pretreated with 30% hydrogen peroxide (H2O2) to oxidize 
organic binding material (Koza et al., 2021). In order to complete 
dispersion for texture analyses, 3 g of soil was pretreated with 0.05 M 
sodium pyrophosphate (Na4P2O7 × 10 H2O) and physically dispersed 
for 60 s with 60 W sonication. Particle size classes of clay (0–2 µm), silt 
(2–50 µm), and sand (50–2000 µm) were used to assign soil texture. 
Subclasses were used for further distinction (Soil Science Division Staff, 
2017). Topsoils on all plots were identified as loamy sands (Soil Science 
Division Staff, 2017). However, while contents of sand, silt and clay 
were identical on Plot 1 and Plot 2 (sand: 76%, silt:18%, clay: 6%), the 
sand content on Plot 3 was slightly higher (sand: 83%, silt: 13%, clay: 
4%). The pH of 6.5 ± 0.2 (mean ± standard deviation) and electrical 
conductivity of 137.3 ± 57 µS cm− 1 were measured in distilled water at 
a 1-to-2.5 soil-to-solution (weight-to-volume) ratio. Total carbon was 
analyzed by dry combustion of 1 g of soil at 1130 ◦C (varioMax Cube, 
Elementar Analysensysteme GmbH, Langenselbold, Germany). Total 
inorganic carbon was analyzed by dispersing 2 g of ground sample 
material in 50 ml 2 M HCl at 50 ◦C and subsequently detecting the 
released CO2 (soliTIC module interfaced to the varioMax Cube). The 
total carbon content of 15.5 ± 1.7 g kg− 1 corresponds to the SOC 
because the inorganic part is negligible (0.1 ± 0.0 g kg− 1). The SOC 
content was slightly higher on the recently converted plot (Plot 1: 
17.8 g kg− 1) compared to the arable plots (Plot 2: 14.9 g kg− 1, Plot 3: 
13.8 g kg− 1). The gravimetric method determined soil water content 
(Gardner, 2018). Three samples were collected from each experimental 
plot and oven-dried at 105 ◦C for 24 h. The water content was calculated 
by the difference in sample mass before and after drying and was 
comparable between all runs (2.2 ± 0.6%). 

Erodible fraction (EF) was determined by the dry sieving method. 
About 1 kg of dry topsoil was collected before each experiment. The EF 
can be calculated as the weight percent of aggregates < 0.84 mm after 
separating fragments (Chepil, 1962). In this study, a horizontal dry-sieve 
(López et al., 2007) with 0.85-mm openings (Koza et al., 2022) was used 
to calculate EF (%) with Eq. 3: 

Fig. 5. The initial surface roughnesses: rough cloddy seedbed after steppe conversion on Plot 1 (A), a weak crust on Plot 2 grown with barley (B), and loose material 
in the rows of maize on Plot 3 (C). The surface roughness without plants and after applying high mechanical stress on Plot 3 (D). The folding ruler is 0.4 m × 0.4 m, 
showing an area of 0.16 m2. 
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EF =
W < 0.85

TW
× 100% (3)  

where W < 0.85 is the weight (g) of < 0.85-mm aggregates and TW is 
the initial weight (g) of the total sample. The risk of wind erosion is 
considered relatively high for soils with EF > 60% (Larney, 2007) and 
negligible for soils with EF < 40% (Chepil, 1953). The highest EF of the 
undisturbed topsoil was measured on the plot cultivated with maize 
(80.5%), the second highest on the plot cultivated with barley (68.4%), 
and the lowest after steppe conversion (54.8%). All three plots showed 
comparable EFs after applying high mechanical stress (83.5 ± 1.1%). 

The aerodynamic roughness length (z0) of each surface was derived 
as a mean from wind profile measurements with a hot-wire anemometer 
at three wind speeds. The roughness length of the surface can be 
calculated based on the logarithmic wind profile with Eq. 4: 

u =
u*

k
ln
(

z − d
z0

)

(4)  

where u is wind speed (m s− 1) at height z (m), u* is the friction velocity 
(m s− 1), d is the displacement height, and k is the Kármán constant 
(~0.4). Soil roughness length was initially highest on the barley with 
8.08 mm (Fig. 5B), second highest after steppe conversion with 7.40 mm 
(Fig. 5A), and lowest on maize with 5.17 mm (Fig. 5C). After high me
chanical stress was applied, the roughness length was initially 0.20 mm 
on Plot 1, 0.19 mm on Plot 2, and 0.05 mm on Plot 3 (Fig. 5D). Topsoil 
and surface characteristics of laboratory and field measurements are 
presented in Table 1. 

2.3.2. Aeolian sediments and depositions 
Aeolian sediments collected during wind tunnel experiments were 

also analyzed with laser diffraction, but in combination with a dry 
dispersion unit (Helos/KR+Rodos Vibri/L, Sympatec GmbH, Clausthal 
Zellerfeld, Germany. This configuration determines the dry soil’s ASD of 
2 g in a free aerosol jet, measuring 29 physical classes up to 2 mm. The 
aggregate size classes microaggregates (<250 µm) and macroaggregates 
(>250 µm) were derived from the standard hierarchical aggregate order 
(Tisdall and Oades, 1982). Additionally, typical fractions of different 
modes of motion during wind erosion events were used for a better 
classification of aeolian sediments. These are long-term suspension 
(<20 µm), short-term suspension (20–70 µm), modified saltation 
(70–100 µm), saltation (70–500 µm) and creep (>500 µm) (Funk and 
Reuter, 2006; Kok et al., 2012; Shao, 2008). 

Sediments collected by the MWACs at the ground level, 0.05 m and 
0.10–0.35 m were also analyzed for SOC. Sediments collected by the 
SUSTRA were analyzed for pH, electrical conductivity, total carbon, 
total inorganic carbon, PSD, and ASD. 

Aeolian depositions from natural wind erosion events in May 2022 
were collected from the edges of both arable fields (Fig. 4C) by sampling 
the layer of buried vegetation (Larionov, 1993). They were analyzed 
equally to the topsoil and aeolian sediments described above for pH, 
electrical conductivity, total carbon, total inorganic carbon, PSD, and 
ASD. 

2.4. Statistical analyses 

RStudio (Version 4.1.2., RStudio Team) was used for statistical an
alyses and graphs (R Core Team, 2020). The Shapiro-Wilk test and his
tograms were applied to test all data for normal distribution. 
Consequently, the Spearman correlation (rs) was performed between 
calculated sediment losses and all measured parameters. A correlation 
matrix was generated with "corrplot" (Taiyun and Simko, 2021), indi
cating the significance of correlations at a level of p < 0.05. The Ran
domized Complete Block Design was used to compare different 
mechanical stresses. Each level of stress was replicated on three plots. 
Statistically, the Kruskal-Wallis test was applied due to rank-based 
simulations. The Dunn’s test was used to identify mean group values 
that are significantly different (p ≤ 0.1). 

3. Results 

3.1. Relationship between soil losses and soil parameters 

The results show significant correlations between soil loss, topsoil 
and surface characteristics. The strongest correlations occurred between 
soil loss, EF, and roughness length. The Spearman rank coefficient 
analysis showed a strong correlation between soil loss and EF (rs = 0.83), 
sand (rs = 0.62), as well as mechanical stress (rs = 0.60). The strongest 
significant negative correlation was observed between soil loss and 
roughness length (rs = 0.73) as well as silt (rs = 0.59) and SOC (rs =

0.59). Because parent material on the test site did not change between 
different experimental runs, there was consequently no correlation be
tween applied mechanical stresses and topsoil texture characteristics 
(Fig. 6). 

Table 1 
Soil losses from three different plots with similar topsoil and different surface characteristics caused by different mechanical stresses similar to the disruptive forces soil 
experiences from a light cultivator (low), disc harrow (moderate), and tractor tires (high).   

Plot Mechanical 
stress 

Topsoil characteristics  Surface characteristics Soil 
losses    

pH 
Electrical 

conductivity 

Soil 
organic 
carbon 

Clay Silt Sand 
Soil 

moisture 
Erodible 
fraction 

Roughness 
length Total Relative    

(-) (µS cm− 1) (g kg− 1) (%) (%) (%) (%) (%) (mm) (g 
m− 2) 

(%) 

Steppe 1 Initital 6.6 72 17.8 6 18 76 1.8 55 7.40 11.7 55 
conversion  Low        56 5.21 21.4 (100)   

Moderate        67 5.29 27.1 127   
High        82 0.20 1230.3 5746 

Arable 2 
Initital (with 
barley) 

6.6 129 14.9 6 18 76 3.0 68 8.08 33.8 14   

Low        71 3.80 245.6 (100)   
Moderate        61 5.36 617.1 251   
High        84 0.19 1761.0 717  

3 
Initital (with 
maize) 6.1 211 13.8 4 13 83 1.7 80 5.17 1609.0 492   

Low        83 2.34 327.1 (100)   
Moderate        74 2.90 519.3 159   
High        85 0.05 5309.1 1623  
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3.2. Quantity of soil losses 

The wind tunnel experiments showed great differences, already 
under the initial situations. The lowest soil losses were measured on the 
rough surface after the conversion of steppe to arable land (11.7 g m− 2) 

and on the weak-crusted and well-covered surface of barley 
(33.8 g m− 2). The highest soil loss was measured on maize 
(1609.0 g m− 2), although plants were also present on the surface. 

Soil losses significantly differed between the low and high mechan
ical stress applications. Overall, increasing mechanical stress by tillage 

Fig. 6. Correlation matrix shows significant correlations (p < 0.05) between soil loss and topsoil and surface characteristics. The strongest correlations between soil 
loss, erodible fraction, and roughness length are revealed. 

Fig. 7. Total (A) and relative (B) soil loss derived from wind tunnel experiments on three test plots with the initial situation and after different mechanical stresses 
were applied. During the early growth stages of maize, the soil loss is higher than on the bare surface. Please beware of the compressed scale. 
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or tractor tires increased total soil losses on all three plots considerably 
(Fig. 7A). The absolute soil losses after tractor tire crushing on Plot 1 
(1230.3 g m− 2) and Plot 2 (1761.0 g m− 2) were in a similar range, 
which has the same texture but small differences in SOC. Soil loss on Plot 
3 was several times higher (5309.1 g m− 2), where the highest sand 
content and lowest SOC are present. Regarding the cultivated area, 
tractor tire tracks only partially affect agricultural fields. Tillage tools for 
cultivating barley and maize have a working width of six meters. The 
tractor’s two rear tires have a total width of 1.42 m. Hence, about 23% 
of each field is disrupted by high mechanical stress that can pulverize 
aggregates. From this field-size perspective, the relative changes in soil 
losses between low and high mechanical stress application showed that 
the application of tillage creates soil structures susceptible to wind 
erosion, but tractor tires increase soil losses by multiple (Fig. 7B). 

With an estimated bulk density of 1.3 g cm− 3 on the test site, the 
simulated wind erosion event would cause a loss of topsoil depth of 
0.01 mm after steppe conversion and 0.03–1.24 mm after further tillage 
implementations. On tractor tire tracks, which account for about one- 
fourth of the fields, 0.95 mm of topsoil would be eroded on Plot 1, 
1.35 mm on Plot 2, and 4.08 mm on Plot 3. 

3.3. Changes in particle and aggregate size distributions 

The PSD of topsoil and aeolian sediments from all plots showed that 
soils are both bimodal distributed. The two maxima were 7.5 µm and 
210.0 µm in particle size. Fine silt (2–20 µm) is up to 14%, coarse silt is 
below 5%, and very fine sand (50–100 µm) is up to 16%. The fine to 
medium sand particles (100–500 µm) are the dominant particle sizes 
with at least 57% (Fig. 8). Comparing the particle size classes of clay, 
silt, and sand from the topsoil and the aeolian sediments showed a 
tendency to more finer particles in the sediments of the steppe conser
vation plot, already beginning in the clay fraction (Fig. 8A, 
Appendix Table A1). On Plot 2 and 3, aeolian sediments had lower silt 
and very fine sand content but much higher fine and medium sand 
fractions (100–500 µm) than the topsoil (Fig. 8B, Appendix Table A1). 
The fine and medium sand subclasses together showed a relative in
crease of 31% on Plot 2 (fine and medium sand: topsoil = 54%, aeolian 
sediments = 71%) and 19% on Plot 3 (fine and medium sand: topsoil =
59%, aeolian sediments = 70%). Plot 1 only showed a relative increase 
of 4% (fine and medium sand: topsoil = 54%, aeolian sediments = 56%) 
because of contrary trends within these two subclasses. However, this 
trend in which fine and medium sand particles’ content increases during 
wind erosion is explicit if PSD from the depositions is considered. The 
depositions showed a distinct relative increase of the fine and medium 

sand of 41% for barley (fine and medium sand: deposition = 76%) and 
34% for maize (fine and medium sand: deposition = 79%) compared to 
the topsoil. This also becomes apparent by the increasing slope of the 
PSD curve for the aeolian sediments. On the contrary, particles below 
100 µm decrease in the aeolian sediments, especially the fine silt frac
tion. In general, results showed no major change in clay particles. Coarse 
sand particles (500–100 µm) get detached only occasionally and are less 
than 1% in the depositions. 

Results of aggregate size analysis showed that independent of the 
samplers’s height, aeolian sediments contained mainly (65–86%) 
microaggregates (<250 µm) and some (14–35%) macroaggregates 
(>250 µm). Non-erodible aggregates larger than 850 µm were collected 
only in negligible amounts (Fig. 9). Even though differences in ASD at 
ground level and 0.05 m height were minimal, the percentage of 
microaggregates decreased with increasing height. Aggregates suitable 
for typical long-term suspension (<20 µm) were collected on the steppe 
conversion plot (2–4%) but only marginally on the arable plots. 
Comparing aeolian sediments at the ground level with sediments from 
0.10 to 0.30 m height showed that aggregates suitable for short-term 
suspension increased on Plot 1 with height (19–29%), but decreased 
on Plot 2 (13–6%) and Plot 3 (12–9%) (Appendix Table A2). At the same 
time, the aggregate fraction typical for saltation changed contrary. They 
decreased on Plot 1 (78–64%) (Fig. 9A) and increased on Plot 2 
(81–88%) or remained at a high level on Plot 3 (86–85%) (Fig. 9B). 
While aeolian sediments collected from arable plots above 0.05 m height 
were larger in size than sediments collected near the ground, this 
applied for only for 20% of the distribution from the steppe conversion 
plot (crossing point between solid and dashed/dotted line in Fig. 9A). 

Comparing particle and aggregate size analyses from aeolian de
positions revealed that PSD is bimodal while aggregates are unimodally 
distributed. However, there is no major difference for about 80% of the 
distribution. Independent of the method, particles and aggregates above 
100 µm were similarly distributed. In contrast, size distributions showed 
that depositions contain about 20% of particles < 50 µm and 10% of 
particles < 20 µm while aggregates < 50 µm are rare and aggregates 
< 20 µm are negligible (Fig. 10). 

3.4. Quantity of soil organic carbon losses 

The SOC content in the topsoil was slightly higher on the steppe 
conversion plot compared to arable Plots 2 and 3. Comparing the SOC 
contents of topsoil and aeolian sediments from all plots revealed major 
differences between the steppe conversion plot and the arable plots. 
While there was a SOC increase of 69% in the aeolian sediments 

Fig. 8. Particle size distribution from topsoils (solid line), aeolian sediments collected during wind tunnel experiments (dashed line) by SUSTRA, and depositions 
from natural wind erosion events (dotted line). 
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compared to the topsoil on Plot 1, there was a decrease of 13% on Plot 2 
and a decrease of 35% on Plot 3. The SOC decline was also apparent in 
the depositions, similar to the PSD results. The depositions showed a 
decline of SOC in the depositions of 22% on Plot 2% and 36% on Plot 3 
(Fig. 11, Appendix Table A3). The calculated soil loss and the SOC 
content of the aeolian sediments could be used to estimate the total 
losses of organic carbon. The loss of SOC mass was estimated to be 
0.3 g m− 2 on the steppe conversion plot, 0.4 g m− 2 on Plot 2, and 
14.3 g m− 2 on Plot 3. However, after high mechanical stress, the total 
organic carbon loss on Plot 1 with 36.9 g m− 2 was higher than Plot 2 
with 22.8 g m− 2, even though higher total soil loss was recorded. Similar 
to the total soil loss, the mass loss of organic carbon was highest on Plot 
3 with 47.3 g m− 2. 

The ratio of the SOC content collected by MWACs at different heights 
showed no variation between ground level and near-ground (0.05 m 
height). Still, the SOC ratio was enriched in aeolian sediments collected 
at a sampler height of 0.18 m on the steppe conversion plot and depleted 
on the arable plots at 0.20 m height. The contrary trends between the 
steppe conversion and arable plots are visualized in Fig. 12. Soil organic 
loss was further proven by observing depletions in the aeolian de
positions of Plot 2 (SOC ratio = 0.78) and Plot 3 (SOC ratio = 0.64) 
(Fig. 12, Appendix Table A3). 

4. Discussion 

4.1. Influence of topsoil and surface on soil erodibility 

Significant relationships between EF and roughness length, as well as 
mechanical stress and roughness length, prove that the interactions 
between properties affect wind soil erodibility. On the test site, EF and 
roughness length have the greatest effect on soil loss. This finding aligns 
well with previous studies by Zhang et al. (2004), Sirjani et al. (2019) 
and Shahabinejad et al. (2019). Altogether, our results reinforce the 
importance of ASD and linked roughness length to the soil’s suscepti
bility. Recent studies showed that soil aggregation in northern 
Kazakhstan depends on organic binding material, favored by high 
amounts of silt and clay particles (Koza et al., 2022, 2021). This also 
applies to this study’s test site, where soil loss increases with decreasing 
silt and SOC content. Nevertheless, the typical amount of SOC on the test 
site is comparable with results from sandy soils worldwide (Yost and 
Hartemink, 2019). Thus, the sandy soils of the Kazakh Steppe can be 
easily incorporated into models or evaluation schemes of erodibility. 

4.2. Soil losses by wind erosion 

Historical climate data (1991–2020) show that wind speeds above 
the threshold of 7.4 m s− 1 occur on average about 6.5% of the year 
(Fig. 1C). Based on the frequency distribution of wind speeds above 
7 m s− 1 and the corresponding transport capacity of each wind speed, 
the weighted transport capacity was derived. Frequency-related trans
port capacity is highest between 8 and 11 m s− 1 (Fig. 2), accounting for 
more than 60% of the total loss capacity in the study area. Wind tunnel 
experiments were conducted with a wind speed of 15 m s− 1 (at 0.5 m 
height). Considering the logarithmic wind profile, the wind tunnel 
simulations are comparable to natural wind speeds above 13.2 m s− 1 (at 
10 m height) on a low roughness length of 0.05 mm. On average 
(1991–2020), wind speeds exceed 13.2 m s− 1 for about 6 h per year 
(Meteoblue, 2023), but account for more than 10% of the 
frequency-related transport capacity. The overall outcome is consistent 
with the findings from northeast Germany (Funk et al., 2023). Please 
note that the mentioned weather data are hourly averages, which un
derestimate wind erosion because gusts are not considered, or on the 
contrary, wind erosion is overestimated if soil is covered. 

It is well known that sandy soils, which are dominant in the study 
area, are more susceptible to wind erosion than fine-textured soils 
(Chepil, 1952). This result aligns with a previous study (Koza et al., 
2022) on a test site with loamy sand about 200 km away, where the soil 

Fig. 9. Aggregate size distribution from aeolian sediments collected during wind tunnel experiments by MWAC samplers at the ground level (solid line), 0.05 m 
(dashed line), and 0.10–0.35 m (dotted line) during wind tunnel experiments. 

Fig. 10. Comparison of the particle (solid line) and aggregate (dashed line) size 
distribution of aeolian depositions from natural wind erosion events on 
arable plots. 
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erodibility was determined from aggregate stability tests. The previous 
and present studies underline the continuation of the degradation pro
cesses by wind erosion in the study area. The wind tunnel itself con
straints saltation during simulation because the calculated Froude 
number is above 20. Therefore, soil losses calculated from the vertical 
distribution of the mass fluxes in the tunnel provide safe estimates 
because transport profiles of real events are assumed to increase more 
with height, resulting in higher transport rates. The lowest soil loss was 
measured after the recent steppe conversion (Plot 1) on the bare surface. 
Immediately after converting steppe to arable land, aggregate stability 
was at its best, and the SOC content was highest. Since it was the first 
intervention after a long period without tillage, these aggregates still 

represent a part of the natural soil structure. Clods resulting from steppe 
conversion were decisive for the high roughness length and an effective 
measure against wind erosion. With further tillage, these clods are 
subjected to further breakdown. Similar results were obtained from 
cultivated fine-textured soils of the semi-arid region of Argentina 
(Colazo and Buschiazzo, 2010) and northwest China (Zhang et al., 
2004). Comparing the effects of vegetation cover of barley and maize 
showed that the soil loss by wind erosion was highest on maize. Even 
though both arable plots had soils with EFs above 60%, indicating a high 
erodibility risk (Larney, 2007), the roughness length was lowest on 
maize. The relatively low number of plants with high row distances 
favored wind erosion in this early plant growth stage. With a mobile 
wind tunnel, Funk and Engel (2015) showed that wind can blow below 
the plant canopy of maize without considerable resistance throughout 
different growth stages. Similar results were obtained by Burri et al. 
(2011) for perennial ryegrass on sand. Our results for maize support the 
findings that soil losses during early growth stages can be higher than 
losses on the bare surface. It is also important to remember that soil loss 
on maize is different between plant rows and close to the plants them
selves. Without considering the variability over the wind tunnel width, 
the shown results are estimations (Dong et al., 2004; Funk and Engel, 
2015). For maize, the horizontal distribution of the soil loss across the 
wind tunnel width is highest close to the plant row and lowest between 
rows (Funk and Engel, 2015). Therefore, the soil loss on maize is lower if 
the row orientation is not parallel to the wind. In contrast, soil loss was 
lower with barley plants compared to the bare surface. 

Farming practices can affect susceptibility considerably. The exper
iments showed that the mechanical disruptions in this study caused 
higher EFs and lower roughness lengths, accompanied by increased soil 
loss. Disc harrow (turning and mixing tool) caused higher soil loss than 
tillage with a light cultivator (lifting tool). Even though we only imitated 
different tillage practices, the findings agree with the study by Tanner 
et al. (2016), where real practices were implemented in field experi
ments. Our results confirm the presumption that mechanical stress by 
tillage weakens soil structure by breaking down aggregates, leading to 
increasing erodibility. 

Fig. 11. Soil organic carbon content from topsoil, aeolian sediments collected during wind tunnel experiments by SUSTRA, and aeolian depositions from natural 
wind erosion events. Relative organic loss is shown above each bar. 

Fig. 12. Comparison of soil organic carbon ratio after steppe conversion (Plot 
1) and arable plots (Plot 2 and 3) for different heights. Additionally, trend lines 
are shown. 

M. Koza et al.                                                                                                                                                                                                                                   



Soil & Tillage Research 236 (2024) 105941

11

Our experiment also proved that crushing soil clods with tractor tires 
under dry conditions is a key contributor to soil loss from wind erosion. 
This worst-case scenario for aggregate breakdown is considered an 
important wind erosion source in the study area. Our results align with a 
study on Polish loamy sands, in which tractor tires were identified as a 
major wind erosion source (Podsiadłowski, 1988). An important step in 
the overall consideration of wind erosion susceptibility will be to 
incorporate this aspect into the design of cropping systems. Measures 
that prevent the destruction of dry aggregates include the consideration 
of soil moisture during agricultural practices, such as the timing of 
sowing, the temporal variation during the day, and the variability of 
tillage depth. 

This study proves that soil degradation by management is an ongoing 
challenge in the study area representing semi-arid ecosystems of Central 
Asia (Robinson, 2016). The main objectives of erosion control are 
maintaining soil fertility and preventing soil loss rates from exceeding 
natural soil formation (Larionov, 1993). In Central Asia, conservation 
agriculture has developed rapidly over the past 15 years, particularly in 
northern Kazakhstan. Currently, 10.5 million hectares are under 
reduced tillage, and about 2.5 million hectares (about 15.6%) of crop
land are under permanent no-till rotations (Kassam et al., 2019). No-till 
systems cut through the residues, leaving the soil less exposed to wind or 
the disruptive forces of saltating particles (Verhulst et al., 2010). In 
addition, no-till also improves uniform snow depositions, limits evapo
ration and weed growth, while yields stabilize after several years of 
consistent implementation (Lafond et al., 2006; Meinel et al., 2014). 
No-till farming practices could potentially solve the wind erosion 
problem in semi-arid steppe soils. It is expected that no-till is likely to 
expand in Asia (Lal et al., 2007) due to the increasing availability of 
suitable herbicides and high-quality seeding technologies (Grunwald 
et al., 2016). However, Central Asia’s institutional, socioeconomic and 
agroecological contexts are diverse and require a geographically 
differentiated approach. In northern Kazakhstan, replacing the common 
bare summer fallow with cover crops such as legume forages is recom
mended (Suleimenov et al., 2016). However, supplies for no-till systems 
are sometimes too expensive for farmers and there is still a need for 
knowledge regarding the application under semi-arid climatic condi
tions (e.g., heavy rains in spring make it difficult to apply herbicides 
successfully). Overall, information on crop management based on con
servation agriculture in Central Asia is incomplete (Kienzler et al., 
2012). At the test site, strip-till was implemented in 2023 as an adap
tation measure after severe soil degradation by wind occurred in 2022. 

4.3. Particle and aggregate size distributions of the soil losses 

The results of this study show the sorting process caused by wind 
erosion events on all plots. Noticeably, on the steppe conversion plot, all 
particles finer than medium sand (<200 µm) are enriched in the aeolian 
sediments except for clay. In contrast, only the fine and medium sand 
particles (100–500 µm) are enriched in the aeolian sediments and de
positions on the arable plots. In conclusion, relatively more silt particles 
get eroded on the recently converted field compared to the arable fields 
that have been under cultivation for three years already. Lackóová et al. 
(2021) studied the long-term impacts of wind erosion on PSD in a dune 
region of Slovakia. They showed that fine particles could be eroded 
within a few years, changing soil texture. Our results indicate that 
particles below 500 µm are being carried away, causing a shift of the soil 
texture class into sand. This can also be detected in the results (Fig. 8), 
where the PSD curve follows a trend towards the typical distribution 
curve of dune sands with textural particles ranging from 100 µm to 
1000 µm (Pye, 1994). 

Furthermore, our results of aggregate size analysis from aeolian 
sediments are within the typical range of saltation. Most aggregates have 
a size of 70–500 µm, which is in the common saltation fraction (Shao, 
2008). Measured aggregate sizes align with various studies showing that 
mainly mircoaggregates between 20 and 250 µm are depleted by wind 

(e.g., Yan et al., 2018). This aligns with Zamani and Mahmoodabadi 
(2013), who suggested that macroaggregates cause the low EF of soil in 
arid and semi-arid environments. Creeping particles (>500 µm) were 
only trapped rarely. Aggregates with sizes suitable for long-term 
(<20 µm) and short-term suspension (20–70 µm) (Shao, 2008) were 
collected on the steppe conversion plot but only rarely on the arable 
plots. Still, the aggregate size of each transport mode may vary 
depending on wind speed, aggregate density, and saltation/creep load 
change (Hagen, 2001). 

Analyzing PSD and ASD of aeolian depositions from natural wind 
erosion events underlines the results obtained with the wind tunnel 
experiments. They confirm the functionality of the mobile wind tunnel 
for imitating real events. The PSD and ASD from aeolian sediments 
collected during saltating processes are similar to the distribution of the 
depositions. Comparing PSD and ASD within the depositions reveals no 
differences for particles > 100 µm, which account for 75–81% of the 
soil. Hence, fine sand particles and coarser do not aggregate and can 
saltate several millimeters to several meters along the surface (Shao, 
2008). About 19–25% of aggregates in the depositions are between 
20 µm and 100 µm. Those aggregates account for all clay and silt par
ticles bound together with organic matter. They are suitable for modi
fied saltation and short-term suspension, typically accounting for several 
hours in the air while being transported hundreds of kilometers (Shao, 
2008). 

4.4. Soil organic carbon losses by wind erosion 

The results of this study show the selective character of erosion 
processes, as the clay and silt fractions of the soils contain dispropor
tionately greater amounts of SOC (Chappell et al., 2013; Zobeck and 
Fryrear, 1986). Comparing topsoil and aeolian sediments revealed 
enrichment of SOC in the eroded materials. Hence, wind erosion can be 
one factor responsible for the typical decline in SOC content in the 
topsoil caused by steppe conversion to arable land. In our recent study, 
we also observed this decline between grass- and cropland in northern 
Kazakhstan (Koza et al., 2022), similar to the nearby Kulunda steppe 
(Bischoff et al., 2016). Still, Gregorich et al. (1998) reviewed that carbon 
losses by mineralization are dominant within the first years after con
version, and erosion becomes a more important process after estab
lishing a new equilibrium a few years later. From the recently converted 
plot, fine particles and aggregates suitable for suspension were removed, 
while on the arable plots, the dominant fractions were in the size range 
typical of saltation. Aeolian sediments and depositions were not 
enriched with SOC. The slightly enriched SOC ratio of the steppe con
version plot can be considered a reasonable value for SOC loss from 
topsoil by suspension and is comparable to various studies (Nerger et al., 
2017). In contrast, the ratio of the arable plots is < 1. A loss of SOC is 
registered but somewhat unusual because SOC ratios in the saltation 
layer from literature are mainly > 1 (Li et al., 2020a; Nerger et al., 
2017). This means that disproportional amounts of SOC do not get 
removed by saltation on this loamy sand test site. However, the deple
tion of SOC in the aeolian sediments from arable plots can be easily 
explained by the higher amount of fine and medium sands in aeolian 
sediments and depositions, unfavorable for the organic binding mate
rial. Zenchelsky et al. (1976) observed that the SOC ratio also depends 
on the wind speed. High wind speeds (11.4 m s− 1) resulted in lower SOC 
ratios compared to low speeds (7.3 m s− 1). Larger soil fractions con
taining more mineral than organic matter were eroded with increasing 
speed. This aligns with our experimental setup of 15 m s− 1 and the 
archived results. 

Therefore, wind erosion does not necessarily lead to a decline in 
primary productivity on cropland. Still, it is important to consider that 
the total soil loss was substantially higher on arable plots where aeolian 
sediments were depleted of SOC, compared to the low soil loss on the 
steppe conversion plot with the highly SOC-enriched sediments. Hence, 
estimations revealed that after applying high mechanical stress, the soil 
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loss on the arable plot with the same texture (Plot 2) is higher than on 
the steppe conversion plot, but the total SOC loss is lower. 

5. Conclusions 

This study assesses the risk of wind erosion in the semi-arid steppe of 
Kazakhstan, one of Central Asia’s most important regions for growing 
crops. We show first effects of wind erosion as a soil degradation process 
based on results obtained from field experiments: 

i. Mobile wind tunnel experiments verify that agricultural man
agement practices severely increase the risk of wind erosion on 
sandy steppe soils in different ways. After the recent steppe 
conversion, soil loss was low. On arable plots that underwent 
cultivation during the past three years, soil losses increased 
considerably. In the early growing season, fields cultivated with 
barley were less affected by wind erosion than maize fields. 
Among common agricultural practices, a disc harrow caused 
higher soil losses than a light cultivator. The most severe soil 
losses originate from experiments simulating tractor tire tracks or 
driving paths in the field.  

ii. Wind erosion caused sorting processes on all plots. After recent 
steppe conversion, PSD and ASD of the aeolian sediments showed 
a composition that indicates a higher susceptibility for suspension 
transport. At the same time, aeolian sediments and depositions 
originated from arable plots were generally coarser and in the 
typical size range of saltation.  

iii. Associated with the sorting process of particles and aggregates on 
the recently converted plot, the suspension-dominated aeolian 
sediment was enriched in SOC and blown out from the field. In 
contrast, the saltation processes on the arable plots caused a 
depletion of SOC in the aeolian sediments and resulted in de
positions on the field edges with lower SOC. 

Altogether, wind erosion due to steppe conversion is a considerable 

factor causing soil degradation on sandy soils. The risk of wind erosion 
will further increase due to climate change. Consequently, understand
ing the effects of wind erosion on soil and SOC losses is necessary for 
supporting sustainable soil management and mitigating soil degrada
tion. Our wind tunnel experiments successfully provided first results to 
quantify and qualify these processes. 
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Appendix

Fig. A1. Logarithmic wind profiles of sandy roughness under three different friction velocities derived from three different wind speeds (A) and logarithmic wind 
profiles of different roughness lengths (equal wind speed) after low (light cultivator), moderate (disc harrow), and high (tractor tires) mechanical stress applica
tion (B).  
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Table A1 
Particle size classes and selected subclasses from topsoil, aeolian sediments, and depositions. The subclasses of fine/coarse clay and very coarse sand are not shown.  

Plot Source 

Particle size classes (USDA) Selected particle size subclasses (USDA) 

Clay 
0 2 µm 

Silt 
2–50 µm 

Sand 
50–2000 µm 

Fine silt 
2–20 µm 

Coarse silt 
20–50 µm 

Very fine sand 
50–100 µm 

Fine sand 
100–200 µm 

Medium sand 
200–500 µm 

Coarse sand 
500–1000 µm 

(%) (%) (%) (%) (%) (%) (%) (%) (%) 

1 Topsoil 6 18 76 14 4 12 28 26 9 
Sediment 6 21 73 15 5 16 34 22 1 

2 
Topsoil 6 18 76 14 4 12 26 28 10 
Sediment 3 11 86 8 3 11 35 36 3 
Deposition 4 10 85 9 2 10 45 30 0 

3 
Topsoil 4 13 83 10 3 11 29 30 12 
Sediment 3 9 88 7 2 9 33 37 8 
Deposition 4 9 87 8 1 7 37 43 1   

Table A2 
Aggregate size and modes of motion classes in aeolian sediments collected during wind tunnel experiments.  

Plot MWAC 
height 

Aggregate size classes Modes of motion classes 

Micro- 
aggregates 
< 250 µm 

Macro- 
aggregates 
> 250 µm 

Long-term 
suspension 
< 20 µm 

Short-term 
suspension 
20–70 µm 

Modified 
saltation 

70–100 µm 

Saltation 
70–500 µm 

Creep 
> 500 µm 

(%) (%) (%) (%) (%) (%) (%) 

1 Ground level 86 14 2 19 17 78 2  
0.05 m 85 15 4 20 15 74 3  
0.10–0.30 m 83 17 3 29 16 64 4 

2 Ground level 80 20 1 13 15 81 5  
0.05 m 83 17 1 12 14 86 2  
0.10–0.35 m 65 35 0 6 8 88 5 

3 Ground level 83 17 1 12 15 86 2  
0.05 m 83 17 1 13 15 82 4  
0-10-0.35 m 73 27 0 9 12 85 5   

Table A3 
Soil organic carbon content from topsoil, aeolian sediments, and depositions, as well as soil organic carbon ratio as content from the eroded material to the content 
from the topsoil.  

Plot Source 
Measured Calculated MWAC  

height 

Measured Calculated 
Soil organic carbon 

content 
Soil organic carbon ratio Soil organic carbon content Soil organic carbon ratio   

(g kg− 1) (-)  (g kg− 1) (-) 

1 Topsoil 17.8 / Ground level 20.8 1.17  
Sediment 30.0 1.69 0.05 m 22.3 1.25     

0.10-0.30 m 30.0 1.69 
2 Topsoil 14.9 / Ground level 15.7 1.06  

Sediment 13.0 0.87 0.05 m 15.9 1.07  
Deposition 11.7 0.78 0.10-0.35 m 13.0 0.87 

3 Topsoil 13.8 / Ground level 11.3 0.82  
Sediment 8.9 0.65 0.05 m 11.5 0.83  
Deposition 8.8 0.64 0.10-0.35 m 8.9 0.65  
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