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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.
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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:

EFp¼W <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
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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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FIGURE 8 Scatterplot compares the three different wet-

aggregate stability treatments with each other. The fast wetting

treatment is the most disruptive test. In contrast, the MWDs

obtained by slow wetting and wet shaking treatment are

comparable. The positions of the dots to the 1:1 line indicate that

the decline of aggregate stability between fast wetting and the other

treatments increases with increasing MWD
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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

rp rp rp rp rp rp rp

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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