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1 Introduction
The soil is composed of an erodible and a non-erodible 
soil fraction. The erodible fraction (EF) of the soil easily 
gets moving due to the wind, while the non-erodible 
fraction remains practically at rest. The amount of soil 
transported by wind depends on the ratio of erodible 
and non-erodible fraction in the surface layer of 
the soil (Woodruff  & Siddoway, 1965). Non-erodible 
aggregates stand out into the turbulent layer of the 
air fl ow, cause greater soil surface roughness, absorb 
much of the wind energy, and thus protect erodible 
fraction (Webb  & Strong, 2011). The degree of soil 
erodibility  is  thus  given  by the ratio of erodible and 
non-erodible soil fraction, which was expressed by 
Chepil (1950) by the value of the soil erodibility factor. 
The limit size of soil particles, which get moving by 
the wind, is called the soil erodibility limit or critical 
minimum (Pasák, 1970). Chepil (1950) further states that 
relatively few soil particles larger than 0.5 mm become 
moving by the action of the wind. Based on a wind 
tunnel research, he set the boundary between erodible 
and non-erodible soil fraction at 0.84 mm. Pasák (1970) 

reached the same limit by laboratory measurements in 
a wind tunnel.

EF can be determined by aggregate analysis. Chepil 
(1942, 1952, 1962), Chepil and Basil (1943), and Lyles et 
al. (1970) describe in their works an aggregate analysis 
using a rotary sieve. It is a device with a nest of sieves 
placed one behind the other, which, in addition to sifting 
the soil sample, simulates the abrasion of soil aggregates, 
which occurs when the aggregates are carried by the 
wind. However, according to the research of many 
authors (Kemper & Rosenau, 1986; Kettler et al., 2001; 
López et al., 2001; López et al., 2007), the availability of 
the rotary sieve is limited both by its price and by the 
fact that it is not mass-produced, and it is necessary to 
build the sieve to order. For this reason, an alternative 
method for determining individual size categories of 
soil particles/aggregates was searched. Toogood (1978) 
modifi ed the method of aggregate analysis so that it 
could be possible to use fl at sieves, or nests of sieves. 
López et al. (2007) used a standard rotary sieve and a nest 
of sieves for aggregate analysis, which he placed on an 
electromagnetic (vibrating) shaker. The comparison of 
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both techniques showed that the EF values obtained 
with the flat sieve were valid and comparable with those 
obtained using the rotary sieve, and flat sieving can be 
considered as a suitable alternative to the rotary sieve.

In 1994, Fryrear et al. suggested a different method of 
determining the wind EF, using a computational model 
based only on the physical and chemical properties of 
the soils. Despite the fact that this model is validated only 
for soil conditions in the USA, it is also used by authors in 
other areas – e.g. for the Sahelian zone of Africa (Visser 
et al., 2005), for China (Du et al., 2015), for Europe (Borelli 
et al., 2016) or for Slovakia (Lackóová, 2016). López et al. 
(2007) used the Fryrear`s equation (1994) to determine 
EF in the semiarid regions of Central Aragon (Spain) and 
the semiarid Pampas (Argentina) and found that the 
equation could not be used here. Similar conclusions 
were reached by Guo et al. (2017), who used the equation 
to determine the EF content in the agro-pastoral ecotone 
of northern China.

The purpose of this research is to verify whether the 
equation according to Fryrear et al. (1994) is applicable 
for determination of the EF content in the conditions of 
the Czech Republic and if not, to create a new equation 
that would meet the needs of local conditions.

2 Material and methods
Soil samples for the determination of EF content were 
taken from ten different main soil units, which, according 
to the map of potential threat of arable land by wind 
erosion, that was made by the Research Institute for Soil 

and Water Conservation (RISWC) (2020), are the most 
susceptible to wind erosion (Table 1). These were mainly 
soils located in the south-eastern part of the Czech 
Republic (Southern Moravia) (Fig. 1).

The main soil unit (MSU) is defined as a synthetic 
agronomized unit characterized by a purposeful 
(agronomic) grouping of genetic soil types, subtypes, soil-
forming substrates, texture, soil depth, type and degree 
of hydromorphism, and land relief. The classification 
system represents 78 MSU (RISWC, 2020). MSU is a part of 
an evaluated soil-ecological unit.

The evaluated soil-ecological unit (ESEU) consists of 
a  5-digit numerical code, which expresses the climatic 
region, the main soil unit, the slope of the land and its 
orientation to the cardinal points, the soil profile depth, 
and soil stoniness (RISWC, 2020).

Soil samples of about 5,000 g each were collected with 
a  squared-end shovel from surface layer of the arable 
land (0 to 25 mm soil depth) (Pansu et al., 2001; Paetz & 
Wilke, 2005) cultivated by conventional farming in spring 
2020. The types of crops grown at individual sampling 
points are given in the Table 1.

Air-dried soil samples were subject of the grain size 
distribution (GSD). GSD is used to determine the stability 
of soil aggregates, to divide the soil sample into individual 
soil size categories using a nest of sieves and can be 
performed either dry or wet (McKenzie et al., 2002). For 
the assessment of EF content, it is recommended to 
use the dry method, also called the dry aggregate size 
distribution (DASD) (Zobeck et al., 2003; Chandler et al., 

Table 1 Basic data from sampling sites

Sample MSU Soil taxonomy (FAO) Latitude Longitude Altitude (m) Management

1 01 Chernozems modal 48.927 N 17.119 E 228 triticale (Triticosecale)

2 04 Chernozems arenic 48.926 N 17.112 E 215 winter wheat 
(Triticum aestivum)

3 05 Chernozems modal 48.829 N 16.944 E 186 winter wheat 
(Triticum aestivum)

4 21 Regosols arenic 48.997 N 17.322 E 190 spring barley 
(Hordeum vulgare)

5 22 Cambisols modal 49.054 N 17.394 E 185 spring barley 
(Hordeum vulgare)

6 30 Cambisols modal 49.513 N 16.623 E 356 spring barley 
(Hordeum vulgare)

7 31 Cambisols arenic 49.512 N 16.591 E 363 spring barley 
(Hordeum vulgare)

8 55 Fluvisols psephitic 48.977 N 17.230 E 189 sunflower 
(Helianthus annuus)

9 56 Fluvisols modal 48.953 N 17.081 E 172 maize (Zea mays)

10 58 Fluvisols gleyic 48.996 N 16.356 E 277 maize (Zea mays)
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2005; Larney, 2008). The use of the wet method leads, 
according to Marsquez et al. (2004) or Saygin et al. (2012), 
to intensive disruption of soil aggregates. DASD is one of 
the primary factors affecting soil susceptibility to wind 
erosion (Skidmore et al., 1994).

Flat sieves with opening of 2 mm a 0.8 mm were used to 
obtain the DASD. To eliminate operation error of manual 
sieving (Diaz-Zorita et al., 2007), electromagnetic sieve 
shaker (AS 200 Retsch) was used. López et al. (2007) 
recommends a sieving time of 5 min and an amplitude 
of 0.1 mm for 100–200 g undisturbed soil mass. After 
sieving, the amount of EF sieved through the 0.8 mm 
sieve openings was weighed and the percentage of EF 
was calculated.

Equation (1) according to Fryrear et al. (1994) can be also 
used for calculation of EF content (%). It is necessary to 
know content of sand (S, %), content of silt (I, %), content 
of clay (C, %), content of organic carbon (OC, %), and 
content of CaCO3 (CC, %):

                                                (1)

R2 = 0.67 

Percentage content of sand (0.05–2 mm), silt (0.002–0.05 
mm), and clay (<0.002 mm) was determined through 
particle size distribution (PSD) using PARIO© (Fig. 2). 
PARIO© is an automated system for the PSD of soils and 
sediments. The device derives the PSD from the pressure 
decrease at a measuring depth in a suspension. The 
theory of the method is published by Durner et al. (2017) 
and procedure for the sample preparation and analysis 
can be found in the PARIO© user manual (METERGROUP, 
2020). The sedimentation methodology is based on 
the Stokes’ law. PARIO© automatically measures at the 
interval of ten seconds and continuously records the 
change of suspension pressure as well as the temperature. 
This results in highly accurate and continuous PSD curves 
(METERGROUP, 2020).

Organic carbon content was determined with chromic 
acid titration procedure (Walkley & Black, 1934), 
and carbonate content (CaCO3) was determined by 
a calcimeter. The calcimeter works in accordance with the 
method of Scheibler, which involves the determination 
of carbonate content in soil based on the volumetric 
method (Allison & Moodie, 1965).

Statistical analyses for validation of the Eq. (1) for the 
conditions of the Czech Republic, as well as other 

Figure 1 Location of soil sampling points in the territory of Southern Moravia
Source data: Borders of the state, region – © ARCDATA PRAHA, s.r.o., Surveying Office and Czech Statistical Office
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statistical analyses, were performer by using the Unistat© 
Statistics Software (UNISTAT Ltd.).

3 Results and discussion
The results of DASD and PSD analyses are given in the 
Table 2. The EF content sieved through the 0.8 mm sieve 
openings (EF-sieve) ranges from 43.14% to 72.28%. 
According to the erosion classification given by Zachar 
(1982), nine samples are very erodible because all these 
soil samples exceed 50% of the EF content. The EF content 
calculated according to Eq. (1) (EF-equation) ranges from 
33.97 to 47.48%.

The relationship between EF-sieve and EF-equation 
is shown in Fig. 3. The correlation coefficient takes on 

value 0.5679 (p-value <0.005). According to the statistical 
analyses, the Eq. (1) underestimates the results by 45% 
on average.

Used statistical analyses (two-sample F-test for variance 
and two-sample t-test with equality of variances) show 
that the content of EF-sieve and EF-equation differ 
statistically significantly from 95%. It follows that the Eq. 
(1) cannot be used to calculate the EF content for the 
soils of the Czech Republic, at least not for the samples 
analysed.

The reason is probably the lower content of CaCO3 in 
the Czech soils because other factors entering the Eq. (1) 
have approximately the same values for soils in the Czech 
Republic and the soils in the USA for which Eq. (1) was 

Figure 2 PARIO© devices for automatic determination of particle size distribution of analysed soil samples

Table 2 Results of pedological analyses of soil samples

Sample Sand (%) Silt (%) Clay (%) Organic carbon (%) CaCO3 (%) EF-sieve (%) EF-equation (%)

1 14.04 55.02 30.94 1.10 0.10 60.17 37.72

2 65.32 24.32 10.36 1.70 0.16 68.33 47.48

3 52.36 29.20 18.44 1.83 0.05 71.47 42.65

4 54.64 28.14 17.22 2.32 0 72.28 41.05

5 39.02 37.70 23.28 1.69 0 56.54 40.27

6 35.62 47.00 17.38 1.73 0 58.11 40.74

7 33.08 46.60 20.32 1.38 0.10 57.73 41.28

8 46.28 39.16 14.56 0.97 0 57.07 46.62

9 21.66 57.82 20.52 1.02 0 53.46 41.23

10 33.94 27.58 38.48 2.28 0 43.14 33.97
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increasing the EF content. If there is 
more CaCO3 in the soil than this limit, 
the EF content decreases due to the 
formation of secondary aggregates. 
According to Chepil (1954), a 3% 
CaCO3 content in the soil has no 
effect on aggregate stability, but an 
increase in the CaCO3 content to 10% 
or more will result in an increase in 
stability. However, the author notes 
that the mentioned effect is visible 
only in light soils. Lehrsch et al. (1993) 
report that the content of 0–4% 
CaCO3 in soils with a higher content 
of clay particles increases the stability 
of soil aggregates but increasing the 
CaCO3 content to 4–32% increases 
the content of EF in the soil.

EF content is also influenced 
by management. Overwinter 
breakdown of soil aggregates leads 
to a higher EF content especially 
after conventionally tilled fallow, 
which leaves low crop residue or 
bare soils. Bullock et al. (2001) point 
out to the fragility of zero tillage 
soils once the protective layer of 
surface residue is removed. Soils that 
were cultivated after several years 
of zero tillage, were not erodible in 
autumn, but they were not resilient 
to overwinter processes, and became 
susceptible to wind erosion in spring. 
Conventional tillage forms soil clods 
and leads to soil aggregate clustering 

tested. The range of soil properties 
for the USA and Czech soils is given 
in the Table 3.

Another reason for underestimating 
the EF calculation could be the term 
of soil sampling. In spring, soil is more 
susceptible to loss by wind due to the 
disruption of soil aggregates caused 
by low temperatures during winter. 
A larger amount of EF can be found 
in the surface layer of the soil and, 
as Kozlovsky Dufková (2010) states, 
in the area of Southern Moravia this 
problem occurs every year as a result 
of the freeze and drying process and 
the freeze-thawing process.

According to some authors (e.g. 
Skidmore & Layton, 1992; Tatarko, 
2001; Šimanský et al., 2013), 
the intensity of soil aggregates 
disruption caused by freeze is also 
affected by the content of organic 
matter and CaCO3 in the soil. Lehrsch 
et al. (1991) reports that soils with 
a high content of organic matter 
increase their stability when frozen. 
The positive effect of organic matter 
on the stability of soil aggregates 
is also mentioned by Kavdir et 
al. (2004) or Arthur et al. (2013). 
Colazo and Buschiazzo (2010) report 
that increasing the CaCO3 content in 
soil up to 5 g.kg-1 has the effect on 

Figure 3 Relationship between EF content measured by sieving (EF-sieve) and 
calculated from equation (EF-equation)
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Table 3 Comparison of soil properties entering Eq. (1) (Fryrear et al., 1994) in the USA and the Czech Republic

Content of (%) US soils Analysed soils of the CR

Sand 5.5–93.6 14.0–65.3

Silt 0.5–69.5 24.3–57.8

Clay 5.0–39.3 10.4–38.5

Organic carbon 0.1–2.7 1.0–2.3

CaCO3 0–25.2 0–0.2

SC ratio (sand/clay content) 1.2–53.0 0.5–6.3

EF measured (EF-sieve) 9.0–86.0 43.1–72.3

EF calculated (EF-equation) 7.7–82.3 34.0–47.5

Coefficient of determination (R2) 0.67 0.32

Mean of measured EF 47.5 59.8

Standard deviation of measured EF 13.4 8.9
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which means better resistance to wind erosion (Zobeck et 
al., 2003). Negative effect of tillage, disk harrow or other 
cultivation that leads to the disruption of soil aggregates, 
is evident only within dry soils. Clods are forming during 
cultivation of wet soil and thus it leads into the decrease 
of susceptibility to wind erosion (Fryrear et al., 1994).

The correlation analyses were performed between 
EF-sieve and different soil properties and a correlation 
matrix was created (Table 4). One factor entering 
the correlation analysis (clay) was omitted from the 
correlation matrix due to multicollinearity. It is a strong 
correlation between the explanatory (independent) 
variables in which the least squares method cannot be 
used due to too large estimates of standard errors of 
regression parameters or too wide confidence intervals. 
In practice, multicollinearity means that one of the pair of 
explanatory variables that are strongly interdependent is 
extra in the model and should be eliminated (Chatterjee 
et al., 2000).

The Table 4 shows that all soil properties are correlated 
significantly with EF-sieve. The strongest relations can 
be found with silt and sand (both negative correlation), 
weaker relationship with organic carbon, CaCO3 (also 
negative), and SC ratio (the only positive correlation).

Using multiple regression analysis, a new equation (2) 
was created with help of the statistical program Unistat©, 
and it should be able to determine the content of EF in 
the analysed soils:

  (2)

where:
R = 0.8238 (R2 = 0.6786) with significance at P <0.001 
and EF – calculated content of erodible particles (%); S – 
content of sand (%); I – content of silt (%); C – content of 
clay (%); OC – content of organic carbon (%); CC – content 
of CaCO3 (%)

The amount of analysed soil samples for validation of 
the Fryrear`s equation (1) for the conditions of the Czech 

Republic is relatively small. Fryrear et al. (1994) used more 
than 3000 samples to identify the relationship between 
EF and physical and chemical properties of soils in the 
USA. López et al. (2007) used 27 soil samples from Spain 
and Argentina to validate the Eq. (1) for his conditions, 
and Guo et al. (2017) used 74 soil samples to establish 
a new equation that meets the requirements of the 
conditions of northern China.

For this reason, it will be necessary to carry out further 
research, ideally to take soil samples from all MSU, so 
that the equation can be further specified and used 
universally for all soils in the Czech Republic.

4 Conclusions
Soil samples from 10 sites of the Czech Republic were 
used for validation of the Fryrear`s equation (1994) for 
calculation of EF content. Sand, silt, clay, organic carbon, 
and CaCO3 content were the input parameters which 
the equation was compiled from. Statistical analyses 
found out that the Fryrear`s equation (1994) is not 
applicable to soils in the Czech Republic because it 
underestimates the results by 45%. New equation was 
proposed with value of the correlation coefficient R = 
0.8238 which means good applicability of the equation 
for the local soils. For wider use of the equation, it would 
be appropriate to extend statistical analyses to other 
soils of the Czech Republic.
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