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1 Introduction
Rainfall-induced erosion is one of the most important 
concerns involved with layered soil system of diff erent 
geotechnical green infrastructures such as a multilayered 
landfi ll cover system (MLCS) (Xue et al., 2016). It needs 
prime attention particularly if environmental infl uence 
of uncovered waste is considered (Shaikh et al., 2019a; 
Yamsani et al., 2017). Shaikh et al. (2021) investigated 
seepage characteristics of MLCSs under an extreme 
ponding condition through detailed laboratory column 
tests and fi nite-element seepage analyses. Their study 
suggested that erosion can be controlled by managing 
surface-water runoff , minimizing seepage fl ow, and 
selecting a surface layer material that can withstand 
anticipated erosive stresses. Swope (1975) studied 24 
landfi ll cover systems in the USA and found that 33% had 
slight erosion, 40% had moderate erosion, and more than 

20% had severe erosion. In the United States of America, 
most landfi ll cover system top decks are designed to have 
an inclination in the range of 2 to 5%, after accounting 
for settlement, to promote surface runoff  (Nyhan, 2005). 
Based on the literature, slopes fl atter than 2% may cause 
water to be ponded on the surface (Anderson & Stormont, 
1997). Slopes greater than 5% likely promote erosion, 
unless preventive measures are taken (Gross et al., 2002). 
Excessive erosion or slope instability rises as the cover 
system inclination increases (Morris & Stormont, 1998). 
The soil surface should be uniformly graded and sloped 
at about 3% to prevent ponding of rainwater (Koerner & 
Daniel, 1997). According to Sherard et al. (1976), erosion 
potential of soil is primarily a function of the size of soil 
particles, inter-particle cohesive forces, and velocity 
of transporting fl uid (air or water). Erosion-resistant 
materials such as soil-gravel mixtures, gravel, riprap, 
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and geo-synthetic erosion control materials, may be 
utilized to help in reducing erosion (Gray & Sotir, 1996). 
In addition to these, use of asphalt concrete, articulated 
block systems, construction and demolition wastes, and 
lightweight manufactured aggregates can also be used 
(Barnswell & Dwyer, 2012). 

Landreth et al. (1991) recommends a minimum cover 
soil thickness of 900 mm or greater for a few specific 
types of MLCSs such as evapotranspiration or capillary 
barrier cover system. The minimum thickness of surface 
layer is established based on consideration of rooting 
depth of surface vegetation, anticipated erosion rate, 
and construction tolerances (Øygarden et al., 1997). For 
shallow-rooted plants such as certain grasses, a 150 mm 
thick layer of soil usually provides adequate rooting 
depth (Zhan et al., 2007). Thus, the minimum thickness 
of a vegetated surface layer is generally 150 mm (USEPA, 
1989). If plants with deeper roots are considered, 
thickness of topsoil should be increased to accommodate 
the excess root growth (Blight, 2009). The most common 
material used to construct the surface layer is locally 
available topsoil which contains adequate organic matter 
and plant nutrients (Hoor and Rowe, 2013). It helps to 
promote growth of vegetation (Khapre et al., 2017). Thus, 
previous researchers (Schnabel et al., 2012; Song et al., 
2017) have had diverse opinions on the relation between 
erosion and infiltration in vegetated soils. Climatic 
factors affect the types of vegetation that grow on MLCS 
surface layers (Bonaparte et al., 2002). Climatic criteria 
for designing MLCSs may include quantity and seasonal 
distribution of precipitation, intensity and duration of 
specific storm events, seasonal temperature variations, 
depth of frost penetration, quantity of snow melt, wind 
speed and direction, solar radiation, and humidity (Jarvis 
et al., 2011). Heavy rainfall for a prolonged period leads 
to increase in rainwater infiltration and erosion of MLCS 
(Maqsoud et al., 2011). Drier climate results in shrinkage 
and desiccation cracks in MLCS surface layer (Landreth 
et al., 1991). Cracks may also develop due to the effects 
of freeze-thaw cycles in cold regions (Dune et al., 2011). 
Repeated cycles of wetting and drying can induce 
fatigue stress in the geomaterials, thereby deteriorating 
its performance (Nyhan et al., 1990). As a result, hydraulic 
conductivity may increase in surface layers because of 
cracks and root growth (Sinnathamby et al., 2014). The 
effect of climate change on functioning of MLCS has been 
rarely investigated from the purview of geotechnical 
engineering. Most of the existing studies solely discuss 
the influence of rainfall on surface erosion of vegetated 
cover soil (Shaikh et al., 2019b) without much emphasis 
on the infiltration happening simultaneously. Some 
studies (Gadi et al., 2017; Ghosh et al., 2019) attempted 
for understanding the infiltration rate through vegetated 

Table 1 Basic characteristics of soils used in the study 

Properties Clayey silt 
(ML)

Specific gravity 2.65

Hygroscopic water content (%) 5

Saturated hydraulic conductivity (m.s-1) 2.9E-8

Specific surface area (m2.g-1) 55

Linear shrinkage (%) 2

Free swell index (%) 10

% mass of gravel (>4.75 mm) 0

% mass of coarse sand (2.0–4.75 mm) 17

% mass of medium sand (0.425–2.0 mm) 16

% mass of fine sand (0.075–0.425 mm) 16

% mass of silt (0.002–0.075 mm) 19

% mass of clay (<0.002mm) 32

Liquid limit (% mass) 42

Plastic limit (% mass) 22

Shrinkage limit (% mass) 21

Plasticity index (%) 20

Optimum moisture content (% mass) 20

Maximum dry density (g.cm-3) 1.73

Soil pH value with water (at 28.5 °C) 6.85

Organic content (% mass) 0.48

Cation exchange capacity (meq.100 g-1) 8

soils without considering the erosion. Limited studies 
(Zhang et al., 2014) attempted for evaluating the 
combined effects of infiltration and vegetation on rain 
induced erosion of surface soils of the MLCS. 

This study attempts to address this issue by monitoring 
the infiltration of surface soils alongside the vegetation 
and erosion due to rainfall activity. The prime objective 
of the study is to access the temporal variation in erosion, 
infiltration, and vegetation characteristics of surface layer 
in a pilot Multilayered landfill cover system (MLCS) under 
natural and controlled rainfall simulation events.

2 Materials and methods

2.1 Study area

As understood from the above-mentioned literature, 
field monitoring programmes might solve such problems 
involving MLCS erosion. Hence for this study, a pilot MLCS 
was constructed in the backyard of the civil engineering 
department, Indian Institute of Technology Guwahati, 
India. Configuration and individual layer material of 
field model were selected in accordance with the 
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recommendations of the United States Environmental 
Protection Agency (USEPA, 1989). Soils used for the MLCS 
model were locally collected from a nearby hill. The MLCS 
is made of the conventional layers: hydraulic barrier, 
drainage system, and surface protection layer along with 
various geosynthetic inclusions as additional barrier, 
drainage, and filter layers for superior performance. 
Locally available hill soil, reddish in colour, was selected 
for its use as a surface protection layer. Geotechnical 
characterization of this surface soil was evaluated using 
standard procedures in the ASTM guidelines (ASTM 
standard D422-63 (2007); ASTM standard D854 (2014); 
ASTM standard D5084 (2014); ASTM standard D4318 
(2017)), and corresponding results are summarized in 
Table 1. It was low plastic clayey silt soil (ML according 
to the Unified soil classification system (ASTM standard 
D2487, 2017)). This soil would depict moderate infiltration 
and good resistance to erosion as understood from its 
plasticity and density characteristics. However, a detailed 
study would show an exact performance of the surface 
soil with growing vegetation.

2.2 Experimental set-up

The construction of the pilot cover system, filling up 
with materials, compacting every layer, erecting rainfall 
simulator, and installation of weather monitoring systems 
have been done with extreme care to avoid any kind of 
experimental errors. The coefficient of uniformity for 
100 mm rainfall was found to be around 90% (Shaikh et 
al., 2019a). About 8,000 kilograms of soils were used for 

preparing the setup. The usual recommendation of cover 
slope angle is 3 to 7°, however, to understand the worst 
probable performance a slope of 10° is adopted in this 
study. The photograph of operational field set-up under 
simulated rainfall is presented in Fig. 1. The properties 
of rainfall simulator are in accordance with Shaikh et 
al. (2019b). A micro weather station equipped with rain 
gauge (ECRN 100 high-resolution double-spoon tipping 
bucket type rain gauge, Meter Group Inc. (2019a)) is 
installed in the vicinity of field pilot MLCS. The weather 
monitoring during the test period is summarized in Fig. 
2. The rainfall simulation experiments are started after 
finishing the regular monsoon for understanding the 
maximum possible erosion scenario. 

The surface area is categorized into small grids for 
quantifying spatial heterogeneity in vegetation growth, 
infiltration, and soil loss depth. The grid size was selected 
based on the initial measurements of vegetation and 
infiltration. Fig. 3. illustrates the layout of 81 locations, 
where the vegetation percentage, infiltration rate, and 
eroded depth of soil surface are measured on surface 
protection layer of MLCS. The vegetation density was 
measured in accordance with procedures detailed in 
Gadi et al. (2017) by collecting photographic images 
of vegetated surface with varying time and processing 
them with a freeware Image analysis program (Image-J) 
similar to methods followed by Shaikh et al. (2019b). 
The infiltration rate was attained through sequential 
measurements of 150 ml Mini disk infiltrometer (MDI, 
Meter Group Inc. (2019b)) at every location as mentioned 

Figure 1 MLCS test setup during a rainfall simulation event
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Figure 2 Weather monitoring during the test period monitored using ECRN 100

 

Figure 3 Schematic layout of measurement locations 
involved in evaluating surface layer

 

Figure 4 Repeated infiltration measurements around 
desiccation cracks on surface soil 

in the grid. Measurements were repeated in locations 
with desiccation cracks and increased grass cover, to 
account for all real field conditions as depicted in Fig. 4. 
Further, the varying depth of surface is measured using 
Vernier calipers at different points, to attain a spatial 
soil loss profile on temporal basis throughout the study 
period.

3 Results and discussion

3.1  Temporal variation of infiltration, vegetation, 
 and erosion

Fig. 5 depicts the contours describing the temporal 
variation of infiltration rate, vegetation density, and 
eroded depth of surface layer of the pilot MLCS under 
above-shown weather conditions. Though the study 
was conducted for one year and the data were evaluated 
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Figure 5 Temporal and spatial variation of infiltration, vegetation, and erosion
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on weekly basis, every two-month average results were 
considered in describing the contours to reduce the 
number of figures and have a representative picture. 
From the depicted results it can be observed that within 
the initial days the amount of infiltration, vegetation 
density, and eroded depth are relatively low indicating 
the effect of newly compacted surface layer. Similar 
results are observed by Shrestha et al. (2005); Bhave and 
Sreeja (2013); Adams and Smith (2014); Yamsani et al. 
(2017). The infiltration was observed to vary 6E-09 to 1.5E-
06 throughout the study period. The least infiltration was 
observed in months of July on the surface subjected to 
intense drying; such a behaviour is expected in general. 
The variation in infiltration rate for a particular period of 
time is about tenfold within the considered area of study. 
Greater degree of variation is observed with growing 
vegetation. Variation was also observed around the mild 
cracks generated during the dry spell. However, it was 
also noted that these mild cracks were found to be closed 
with high intensity rainfall simulations in the months of 
November and December. As a result, there is a decrease 
in corresponding infiltration rate for that particular time. 

The eroded depth of soil was observed to vary from 0 to 
15 mm within the considered study period accounting 
to about 5% of the surface soil thickness (300 mm as 
suggested in USEPA (1989)). Significant amount of 
erosion was noted during the rainfall simulation period 
nearly 12 mm, while during natural rainfall only about 6 
mm of erosion was observed. The purpose of simulation 
experiments was to observe the worst possible behaviour 
of surface soil layer. Fig. 2 depicts only 3 weeks of about 
100 mm cumulative precipitation during the natural 
monsoon, and there were only couple of cloud burst 
events accounting to about 70 mm rainfall during the 
natural cycle. Consecutive simulation of 12 cloud burst 
events has generated about 12 mm depth of soil loss. 
In this 12 mm of erosion depth, most of it was observed 
in the early months of July to November. Further, no 
significant variations in depth of erosion were noticed 
from months of November to March indicating nearly 
stable behaviour. Increased vegetation density and 
reduced climatic variations might be attributed for this 
stable behaviour which was similar to the observation 
made by Shaikh et al. (2019b). 

3.2  Spatial variation of infiltration, vegetation, 
 and erosion

Early results in Fig. 5, indicate that the infiltration increased 
with increasing the length of the slope. Infiltration in the 
toe regions was relatively high owing to the loose soil 
structure formed as a result of erosion from crest of the 
slope. In contrast, the vegetation density is relatively 
low towards the toe region. Thus, the interception 

(water retention on the plant leaves) was small. Hence, 
bigger proportion was distributed between infiltration 
and surface runoff. This significantly influences the 
variation in runoff as well as the settlement of eroded 
soil mass. The settled soil mass near the toe region even 
influenced the eroded depth to indicate a relatively lower 
value. However, all these variations are evident in initial 
stages of study, and in later stages, a uniform variation 
in observed parameters was noted. This could be likely 
due to the controlled rainfall condition in simulation 
experiments, relatively uniform weather conditions, 
and due to increased stability because of enhanced 
vegetation density in months of November to March. 
The all-time biggest soil loss depth was seen at the slope 
length of 4 m. This is likely due to lack of uniformity in 
compacting the soil of this region or the presence of 
some foreign loose matter in the soil of this region. The 
observed low soil loss towards the toe region is likely due 
to runoff sedimentation.

3.3  Influence of infiltration on erosion 
 of vegetated soil

In general, the runoff and consecutive erosion are 
observed to be low when infiltration is high. However, 
the surface dryness was noted to increase infiltration 
and erosion in the months of July to November due to 
increased temperatures while the vegetation density 
was relatively low. And in the later stages of the study, 
as the vegetation density increased, the water holding 
capacity of surface soil was observed to increase. Hence, 
the average infiltration rate in both wet and dry weeks 
was observed to increase. Such findings were reported in 
Gadi et al. (2017) while studying hydraulic conductivity in 
green infrastructures. During this stage, the erosion rate 
is relatively low in comparison to early stages of study. 
In summary, this indicates the strong interplay between 
the infiltration and erosion behaviour of vegetated 
soil. For better understanding the relation between 
infiltration and erosion behaviour of vegetated soil, an 
integrated model that considers continuous changes of 
these parameters and resulting degradation needs to 
be developed. Such a study would bring a preliminary 
inference in developing effective soil loss models for 
surface soils used in MLCSs. 

4 Conclusions
This article deals with the field evaluation of surface soil 
layer of a pilot MLCS in terms of its erosion and infiltration 
rate under the influence of natural and simulated rainfall 
for a period of a year. The study evidently presented the 
diverse reasons behind contrasting behaviour of erosion 
at higher rates of infiltration in vegetated and partially 
vegetated soil. Antecedent moisture contents have 



– 7 –

Acta hort regiotec, 24, 2021(1): 1–8

© Slovak University of Agriculture in Nitra
www.uniag.sk

Faculty of Horticulture  and Landscape Engineering
http://www.fzki.uniag.sk

greater influence on erosion and infiltration behaviour 
of surface soils. The rate of infiltration was observed to 
increase during days of no rainfall due to the formation of 
surface desiccation cracks and low in-situ water contents. 
Further, the infiltration was found to decrease with partial 
closure of desiccation cracks and increase in antecedent 
water contents owing to high intensity rainfall during 
simulated rainfall study. The high soil losses due to 
erosion during simulated rainfall events decreased 
significantly, as the vegetation increased. Vegetation was 
found to have significant effect on reducing the soil loss 
depth of surface soil layer of MLCSs. The study indicates 
the need of bioengineering for protecting the surface 
layer of MLCSs.
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1 Introduction
Soil compaction by tractor wheels is one of the 
unfavourable factors of soil degradation (Botta et al., 2010; 
Pagliai et al., 2003). Soil compaction reduces soil porosity 
and aeration, rates of water movement and nutrients, 
and root growth (Pott et al., 2020; Seehusen et al., 2019). 
Soil penetration resistance, bulk density, aggregate 
formation, and stability are important indicators of soil 
quality (Šimanský et al., 2018; Batey, 2009; Gregory et 
al., 2009). These indicators are also useful for evaluating 
physical resistance to compaction and recovery of 
compacted soils due to diff erent soil processes (Bartzen 
et al., 2019). In order to understand better whether a fi eld 
is subjected or not to soil compaction, it is necessary 
to reply to questions about intensity, extension, depth 
and time of compaction, which requires a site-specifi c 
investigation across the fi eld (Carrara et al., 2007). 
Therefore, studies of eff ects of tractor passages on site-

specifi c key quality indicators of soils can be useful tools 
for evaluating their resistance to repeated passages of 
wheeled tractors

The objective of the study was to quantify possible 
diff erences in four soil physical indicators between inter-
track (uncompacted) zone and track (compacted) zone 
created by four passages of a wheeled tractor. 

2 Material and methods
Field studies were carried out on arable plots of the 
Vicarello experimental station, Volterra, Tuscany 
(43° 27‘ N, 11° 30‘ E) of the former Experimental Institute 
for Soil Survey and Conservation (Florence, Italy). 
A  local average annual precipitation is 678 mm and 
average annual air temperature is 12.7 °C with absolute 
extreme values -10 °C and 40 °C (Torri et al., 1999). The 
soil is classifi ed as clayey loam Vertic Cambisol (WRB). 
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The objective of the study was to quantify the diff erences in soil physical indicators between inter-track (uncompacted) zone 
and track (compacted) zone created by four passages of a wheeled tractor (Landini Globus 70/DBKL Techno). Field studies were 
carried out on plots of the Vicarello experimental station, Tuscany (43° 27‘ N, 11° 30‘ E). A local average annual precipitation is 678 
mm and average annual air temperature is 12.7 °C with absolute extreme values -10 °C and 40 °C. Bulk density, moisture content, 
water-stable aggregation, and penetration resistance were determined by conventional methods in the 0–0.40 m soil layers. The 
results showed that the 0.05–0.10 m soil layer, compared to the 0.20–0.25 m and 0.35–0.40 m soil layers, showed a higher degree 
of compaction by tractor wheels. In this soil layer, signifi cant (at P <0.05 and <0.01) diff erences between the inter-track and track 
zone were observed for bulk density (1.18 ±0.10 g.cm-3 and 1.35 ±0.10 g.cm-3) and moisture content (24.9 ±2.3% and 27.9 ±2.3% 
of volume). Passages of tractor even resulted in an insignifi cant increase of total amounts (from 66.2 ±4.7% to 68.6 ±2.7%) and 
mean weight-diameters (from 2.29 ±0.30 mm to 2.40 ±0.04 mm) of water-stable aggregates. There were no signifi cant diff erences 
in average penetration resistance of the uppermost 0–0.10 m soil layers between the inter-track (0.77 ±0.26 MPa) and track zone 
(0.64 ±0.12 MPa). Average soil penetration resistance was signifi cantly (P <0.001) higher in the 0–0.40 m layer of the track zone 
(1.07 ±0.23 MPa) than in that of the inter-track zone (0.76 ±0.11 MPa).
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Properties of the Ap soil horizon were: sand – 15%, 
silt – 43%, clay – 42%, pH – 8.2, total CaCO3 – 12.8%, total 
organic matter – 0.5% (Torri et al., 1999).

A size of the studied arable plot with winter wheat 
(Triticum aestivum L., cv. Pandas) was equal to 10 × 25 m. 
Disturbed field moist samples of clayey loam Vertic 
Cambisol were taken in the inter-track and track zone 
created after 4 passages of a wheeled tractor (Landini 
Globus 70/DBKL Techno) with engine power of 48 kW and 
mass of 25,595 kg. An average ground contact pressure 
and total contact area of front/rear tractor tyres on a soil 
surface were equal to: 60/50 kPa and 0.18/0.30 m2 (Pagliai 
et al., 2003). These ground contact pressures are in the 
ranges of conventional pressures of wheeled tractors on 
soils (Holthusen et al., 2018). 

The combined soil samples, consisting of four 1-kg soil 
subsamples, were taken from the depth of 0–0.25 m 
to analyse amounts of size fractions of water-stable 
aggregates (WSA). Two subsamples were taken from 
the inter-track zone and two subsamples were collected 
from the track zone. The soil samples were air-dried. 
Afterwards, 500 g of air-dried soil samples were sieved 
through a set of sieves with diameters of openings of 0.25, 
0.5, 1.0, 2.8, 5.66 and 9.51 mm to quantify a distribution 
of amounts of each size fraction of dry stable aggregates. 
Then, 50 g of these aggregates were composed from 
the corresponding mean-weighted portions of each 
size fraction. The amounts of size fractions of WSA were 
measured in three replicates by a wet sieving method 
using a set of sieves with the above-mentioned diameters 
of openings. The 0.25–9.51 mm dry stable aggregates 
were capillary saturated by water for 10 min, placed on 
a top of a set of the sieves, immersed directly into water 
in an apparatus for vertical oscillation, and mechanically 
oscillated with a stroke of 40 mm and at the frequency of 
30 cycles.min-1 for 10 min (Valboa et al., 2015). Afterwards, 
size fractions of WSA were collected from each sieve 
and subjected to drying at 40 °C in a thermostat. The 
weight of each size fraction, corrected for sand content, 
was expressed as a percentage of the total amount of 
WSA. Data on the amounts of size fractions of WSA were 
used for calculations of mean weight diameters of WSA 
(Šimanský et al., 2018).

In the inter-track and track zone, six soil samples were 
collected from each soil depth of 0.05–0.10 m, 0.20–0.25 
and 0.35–0.40 m to determine moisture content and bulk 
density. The soil moisture content was measured by the 
gravimetric method (oven drying at 105 °C). The soil bulk 
density was determined by the method of sampling steel 
corers: volume – 0.0001 m3, internal diameter – 0.05 m, 
length – 0.051 m, wall thickness – 0.0015 m. The samples 
were weighed and oven-dried (at 105 °C) up to achieving 

a constant weight. The soil penetration resistance was 
measured by an Eijkelkamp electronic penetrometer 
with conventional parameters: cone diameter of 0.016 m, 
cone angle of 60°, base area of 100 mm2 and average 
penetration speed of 0.02 m.s-1. In each studied zone, 
20 penetrometer readings were done at 0.01 m intervals 
over the depth of 0–0.40 m (Pagliai et al., 2003).

One-way ANOVA analysis of variance was applied to 
evaluate the significance of differences between means 
of the studied data (at P ≤0.05).

3 Results and discussion
The results of our studies showed that significant (at 
P  <0.01) differences in bulk density between the inter-
track and track zone were observed only at the depth of 
0.05–0.10 m (Fig. 1). As compared to the 0.20–0.25 m and 
0.35–0.40 m soil layers, the 0.05–0.10 m soil layer showed 
a higher degree of compaction by tractor wheels. In this 
soil layer, significant (at P <0.05 and <0.01) differences 
between the inter-track and track zone were observed 
for bulk density: 1.18 ±0.10 g.cm-3 and 1.35 ±0.10 g.cm-3, 
respectively. According to Fulajtár (2006), threshold 
values of bulk density of clayey loam soil exceed 1.40 g.cm-3. 
The soil bulk density increased with increasing soil 
depth in the inter-track and track zone. In the inter-
track and track zone, soil bulk density demonstrated 
a high variability at all the studied soil layers, and often 
exceeded its critical values.

Significant (at P <0.05) differences in soil bulk density 
were recorded only between the soil layers of 0.05–0.10 m 
(1.18 ±0.10 g.cm-3) and 0.20–0.25 m (1.31 ±0.10 g.cm-3) 
in the inter-track zone. Differences in soil bulk density 
between soil layers in the track zone were not significant 
although the soil bulk density of 0.35–0.40 m soil layer 
showed maximum values in this zone (Fig. 1).

The soil moisture content in the inter-track and track 
zone also increased with the depth (Fig. 2).

In the inter-track zone, significant differences in the soil 
moisture content were observed between the 0.05–0.10 
and 0.20–0.25 m layers (at P = 0.05) and between the 
0.05–0.10 m and 0.35–0.40 m layers (at P <0.01). There 
were no significant inter-layer differences in the soil 
moisture content in the track zone.

Soil compaction by tractor wheels resulted in a significant 
(at P = 0.05) increase of moisture content only at the 
0.05–0.10 m layer. A decrease in macroporosity, in general, 
and volumes of storage (0.5–50 µm) and transmission 
(elongated and continuous, 50–500 µm) of pores, could 
be a reason of the significant differences in the soil bulk 
density and moisture content in the 0.05–0.10 m soil 
layer in the track zone (Głąb & Kulig, 2008; Pagliai et al., 
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meso- and micropores and, therefore, 
showed no significant differences in 
the soil moisture content between 
the inter-track and track zone. 
Threshold values of moisture content 
of clay loam and clayey soil are 
20–24% (Fulajtár, 2006). Our results 
showed that if the soil moisture 
content exceeded 25%, then the 
compaction of the 0.05–0.10 m soil 
layer could lead to an unfavourable 
increase in its bulk density above the 
threshold values.

The passages of wheeled tractor 
did not significantly affect the total 
amounts of size fractions of WSA at 
the surface 0–0.25 m soil layer despite 
the significant increase in the soil 
bulk density of the compacted 0.05–
0.10 m soil layer. The total amounts 
of size fractions of WSA were equal 
to 66.2 ±4.7% in the inter-track zone 
and 68.6 ±2.4% in the track zone. 
Mean weight diameters of WSA also 
showed no significant differences in 
the inter-track (2.29  ±0.30 mm) and 
track zone (2.30 ±0.04 mm).

The distribution of size fractions of 
WSA is presented in Fig. 3.

Maximum amounts of WSA size 
fractions of 1.0–2.8 mm and 
5.66–9.51  mm were observed in 
the inter-track zone and track zone, 
respectively. There was only a trend 
in increasing amounts of almost all 
size fractions of WSA in the track 
zone. The 1.0–2.8  mm size fraction 
of WSA was most sensitive to the 
compaction by a wheeled tractor. 
The size fractions of WSA of clayey 
loam soil showed a  high resistance 
to ground contact pressures of 
a  wheeled tractor because of clay 
particles having strong binding 
forces (de Andrade Bonetti et al., 
2017). 

The results of our studies 
demonstrated that the penetration 
resistance increased after soil 
compaction by the wheeled tractor 
(Fig. 4). 
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Figure 1 Distribution of bulk density at the layers of 0.05–0.10 m, 0.20–0.25 m 
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Figure 2 Distribution of moisture content at the layers of 0.05–0.10 m, 0.20–

0.25 m and 0.35–0.40 m in the inter-track and track zone of clayey loam 
soil

2003). Elongated pores larger than 
500 µm are important for drainage 
in fine-textured soils (Pagliai et al., 
2003). These changes in the soil 
porous space could be responsible 
for an increase in water retention 

by meso- and micropores and for 
a decrease in hydraulic conductivity 
of compacted 0.05–0.10 m soil layer 
(Lipiec et al., 2006). The 0.20–0.25 m 
and 0.35–0.40 m soil layers probably 
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According to our results, mean 
values of penetration resistance of 
the 0–0.40 m layers were equal to 
0.76  ±0.11 MPa in the inter-track 
zone and 1.07 ±0.23 MPa in the 
track zone. There were significant (at 
P  <0.001) differences in penetration 
resistance of these soil layers in the 
inter-track and track zone. There 
were no significant differences in 
average penetration resistance 
of the uppermost 0–0.10 m soil 
layers between the inter-track 
(0.77  ±0.26  MPa) and track zone 
(0.64 ±0.12 MPa). Mean values of 
penetration resistance of clayey loam 
soil did not exceed its critical value 
of 2.5 MPa for plants (Carrara et al., 
2007).

4 Conclusions
Repeated passages of a wheeled 
tractor on the clayey loam Vertic 
Cambisol contributed to the 
formation of track zones with 
significantly higher values of bulk 
density and moisture content only 
in the 0.05–0.10 m layers compared 
to the 0.20–0.25 m and 0.35–0.40 m 
layers. The size fractions of WSA of 
clayey loam soil in the 0–0.25 m layer 
showed a high resistance to loadings 
of a wheeled tractor because of 
clay particles having strong binding 
forces. Soil penetration resistance 
was significantly higher in the track 
zone than in the inter-track zone 
only in the 0–0.40 m layers but did 
not show significant differences 
in the 0–0.10  m soil layers. 
Recommendations are to:
1. avoid wheeling when the soil 

moisture content corresponds to 
threshold values,

2. reduce the number of passages of 
wheeled tractors.
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1 Introduction
Crops growth and productivity are strongly infl uenced 
by various biotic and abiotic stresses and soil quality 
(Thalmann & Santelia, 2017). These factors can be aff ected 
on a larger or a smaller scale by human activities. Plants 
require a number of soil nutrients such as N, P, and K for 
their growth, but soil nutrient levels may decrease over 
time after crop harvesting, as nutrients are not returned 
to the soil (Rawat et al., 2019) and therefore the use of 
fertilizers, ameliorants and amendments is justifi ed. In 
modern agriculture, fertilization is considered to be an 
intensifying factor that can signifi cantly increase the yield 
of cultivated crops, especially on sandy soils. In general, 
sandy soils are characterized by low sorption capacity, low 
organic carbon content (SOC) and especially low nutrient 
content (Behera & Shukla, 2015). SOC is a key parameter 
of soil quality, and its content in sandy soil is often below 
1%. Sandy soil has typically higher levels of aeration and 
heat leading to higher levels of decomposition in soil 
organic matter (Osman, 2018). 

Within the Slovak Republic, the soil fund is highly 
heterogeneous. Textural light soils (sandy, loamy-sandy) 
represent only about 9% of the agricultural land fund in 
Slovakia, but in some localities of the Záhorská Lowland 
or the Danubian Lowland they are among the dominant 
ones. In order for sandy soils to be suitable for agricultural 
production, farmers must pay considerable attention 
to them through various intensifi cation practices, 
including fertilization. In recent years, in addition to 
conventional organic and mineral fertilizers, biochar 
has been applied to the soil, especially for its positive 
benefi ts for agronomic practice (Horák et al., 2020). As 
published, the biochar increases soil pH (Gondek et al., 
2020), mainly in acid soils (Horák, 2015), improves soil 
sorption capacity (Cornelissen et al., 2018; Gondek et al., 
2020) and a whole complex of soil physical properties 
such as: soil structure (Obia et al., 2016), soil water regime 
(Igaz et al., 2018), as well as soil biological properties 
(Mierzwa-Hersztek et al., 2018) resulting in an increase 
in plant productivity (Mierzwa-Hersztek et al., 2018).The 

Relationships between soil organic matter and crop yield after 
biochar substrates application and their combination with mineral 
fertilizers on sandy soil
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In this fi eld study, under the soil conditions of southern Slovakia (Dolná Streda, sandy Haplic Arenosol), there were quantifi ed the 
eff ects of biochar substrates (1. Eff eco 50:50; 2. Eff eco 33:33:33) in two rates (10 and 20 t.ha-1) applied alone or in combination 
with mineral fertilization on soil organic matter (SOM) content and crop yields for period of 3 years (2018-2020) but also the linear 
relationships between SOM and crop yields depending on the application of biochar substrates and its combination with mineral 
fertilizers. The results showed that the content of soil organic carbon (SOC) increased from 8.5 g.kg-1 in unfertilized control to 
13.8 g.kg-1 in Eff eco 33:33:33 at 20 t ha-1. However, SOC decreased from 13.6 g.kg-1 in fertilized control to 10.1 g.kg-1 in Eff eco 50:50 
at 10 t.ha-1. Biochar substrates and their combination with mineral fertilizers did not have a signifi cant eff ect on changes in labile 
carbon in the soil. The eff ect on the crop yields was diametrically diff erent in the fi rst year after the application of biochar substrates 
compared to the second and third year. In the second and third year, the same trend was observed in the reaction to substrates – 
including a more robust eff ect on the increase in crop yields in the third year after the application of biochar substrates and 
also biochar substrates with mineral fertilizers. The linear relationships between SOC and crop yields were found only in biochar 
substrates alone treatments.
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behaviour of biochar in the soil environment significantly 
depends on its properties, which are influenced by the 
feedstock for its production, methods and conditions 
during its production (Singh & Cowie, 2010), but also the 
soil-climatic conditions of sites.

In the soil-climatic conditions of the Slovak Republic, 
the application of biochar is associated with a lack of 
knowledge of its effects on soil properties, and on crop 
yields. However, the most important consideration for 
farmers is whether biochar, when applied to the soil, brings 
sufficient benefits through increased yields, and influence 
on soil properties leading to clear economic benefits.

There is a presumption that biochar will not be 
a  balanced fertilizer  in the soil environment  due to its 
high stability, but its addition to the soil may play a key 
role in nutrient dynamics through the direct addition or 
indirect influence of soil properties that increase nutrient 
availability (e. g. by increasing the pH of acidic soils or by 
increasing the content of organic substances).  Biochar 
producers must  focus  on achieving a product with 
the best possible properties  during the production 
process  or  recommend  biochar  application with other 
fertilizers in various combinations. Subsequently, before 
the actual use of such products, it is necessary to verify 
them in production conditions, and their effects must be 
tested in different soil-climatic conditions, including the 
place of use, i.e. Slovakia.

Based on the above overview, the aim of this study was to 
quantify the effects of added biochar substrates and their 
combination with mineral fertilization on C content and 
crop yields during a period of 3 years from its application 
in sandy soil.

2 Material and methods 
In autumn 2017, the field research with biochar substrates 
and their combinations with other mineral fertilizers 
were carried out on the cultivated soil of the Dolná Streda 
locality (Slovakia). Soil was classified as Haplic Arenosol 
(Arenic, Calcic) (WRB, 2015). The soil contained 819 g.kg-1 
of sand, 105 g.kg-1 of silt and 76 g.kg-1 of clay on average 
(classified as sandy in texture), 9.7 g.kg-1 of soil organic 
carbon and the content of total nitrogen was 1.3 g.kg-1, 

contents of available P and K were 175 and 165 mg.kg-1, 
respectively, and the average soil pH in H2O was 7.6. At 
the experiment site, a long-term average annual rainfall 
is in the range 520–600 mm and the average annual 
temperature ranging from 9–10 °C was recorded.

A long segments block design was applied, with plots 
measuring 7.5 × 12 m (90 m2) with a protective belt of 
1 m left between individual plots (the total of 10 plots). 
Experimental treatments are shown in Table 1. Biochar 
substrates were applied to each plot and incorporated to 
0.15 m by disking. The control plots were also disked. In 
2017 (before experiment establishment), durum wheat 
was grown as the preceding crop. During the experiment, 
sunflower, durum wheat, and maize were planted in 2018, 
2019 and 2020, respectively. The disking performed up to 
the depth of 0.15–0.18 m was used. Before the sowing of 
sunflower in spring 2018, urea was applied into the soil. 
The dose of urea was 100 kg.ha-1. In the spring 2019, both 
mineral fertilizer – urea and monoammonium phosphate 
(AMOFOS NP 12-52) at rates of 100 kg.ha-1 and 100 kg.ha-1 
respectively were applied. In 2020, during the vegetation 
season for maize, urea and AMOFOS were applied at rates 
of 100 and 100 kg.ha-1 – 50% before sowing and the other 
50% on June 10.

Effeco 50:50 is the biochar (pyrolyzed hard wood) 
blended with dried sheep manure in the proportion 1 : 1 
and it contains 43% of total organic carbon, 1.2% total N, 
0.49% P, and 24.6% K, and its pH is 8.18. Effeco 33:33:33 
is the biochar (pyrolyzed hard wood) blended with dried 
sheep manure and the residue from the biogas station 
(originally – cattle manure) in the proportion 1  :  1  :  1, 
and it contains 45.4% of total organic carbon, 1.3% 
of total N, 0.79% P, and 15.5% K, and its pH is 8.44. The 
content of heavy metals in both types of biochar does 
not exceed the limit rates, which are set by agriculture 
regulation 577/2005. Both types of biochar substrates are 
granulated into pellets and all substrates are trademarks 
of the company Zdroje Zeme ag.

Soil samples were collected in all treatments from the 
depth 0–0.2 m, twice a year (spring and autumn) during 
the 3-year period. For each sampled zone (included 
all treatments), three different locations were chosen 

Table 1 The investigated treatments

Treatment Rates (t.ha-1) Treatment Rates (t.ha-1)

Control – no fertilization 0 Fertilized Control – mineral fertilization (MF) 0

Effeco 50:50 10 Effeco 50:50 + MF 10

Effeco 50:50 20 Effeco 50:50 + MF 20

Effeco 33:33:33 10 Effeco 33:33:33 + MF 10

Effeco 33:33:33 20 Effeco 33:33:33 + MF 20
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randomly. At each location, soil samples were collected 
and mixed to create an average sample. Soil samples 
were dried at laboratory temperature and grinded. 
SOC content was measured using the wet combustion 
method-oxidation of SOM by a mixture of 0.07 mol.
dm-3 H2SO4 and K2Cr2O7 with titration using Mohr’s salt, 
and labile carbon (CL) content was determined using 
0.005 mol.dm-3 KMnO4 (Hrivňáková et al., 2011).

Plants of sunflower, durum wheat, and maize were 
sampled in triple repetition at the end of the vegetation 
season. The ears of maize and sunflowers capes were 
taken from one randomly selected 1.2 m row – (wide 
row crops), while the durum wheat was sampled from 
a randomly selected 1 × 1 m square – narrow row crop. 
Ears, capes, grains, and seeds from each plant were 
obtained under laboratory conditions.

All results were compared by the analysis of variance 
(ANOVA) procedure by using the Statgraphics Centurion 
XV.I (Statpoint Technologies, Inc., Warrenton, VA). 
Differences in means were determined by calculating 
the least significant difference (LSD) using the 5% level. 
To evaluate the trends between SOM and crop yields, the 
simple linear regression model was used.

3 Results and discussion 

3. 1 Soil organic carbon

A higher content of SOC was determined at higher rate 
than lower rate of both tested biochar substrates applied 
alone, however, a statistically significant increase of SOC 
was observed in Effeco 33:33:33 at 20 t.ha-1 compared 
to the control (Table 2). Biochar is a significant source of 
stable carbon and its stability is a result of the production 
process. During the production process, the carbon base 
of the biological materials used to produce biochar is 

rearranged and aliphatic carbon chains (chain structures 
whose chemical bonds are easily attacked by microbial 
enzymes) are converted to aromatic rings (usually 
six carbon – such as benzene or occasionally other 
atoms, such as nitrogen, linked in the ring structure by 
strong chemical bonds that are resistant to microbial 
decomposition). Further restructuring leads to the 
coupling of these aromatic groups into large complexes 
by the process known as condensation. This is achieved 
using well-pyrolyzed biochar made up of leaves of 
condensed aromatic rings of various sizes, along with 
ash and traces of smaller molecules. Aromaticity and 
the degree of condensation are associated with the 
stability of biochar (Shackley et al., 2016). In this study, 
the biochar substrates contained 43.0% (Effeco 50:50) 
and 45.4% (Effeco 33:33:33) of C and for this reason, the 
increase of SOC in sandy soil due to their applications is 
not surprising. Biochar substrates application into the 
soil can be linked with decreasing microbial activity, 
lower CO2 production, and a fall in mineralization which 
results in an increase in SOC in the soil – a negative 
priming effect (Cheng et al., 2016). Interestingly, the 
increase in labile carbon content (CL) in the soil was 
not statistically confirmed due to the large variance of 
values in the biochar substrate alone treatments. It was 
more at a lower than a higher application rate for both 
biochar substrates alone. Its more significant increase 
could be inhibited by the sorption of labile carbon by 
biochar alone in the substrate, which in turn promotes 
the formation of relatively stable organic matter in the 
soil (Jones et al., 2012).

Different effects on the content of SOC but also CL 
were observed in the treatments of biochar substrates 
combined with mineral fertilization (Table 2). Mineral 
fertilizers are considered to be significant accelerators 
of some soil processes (Horák et al., 2017), which was 

Table 2 Contents of soil organic carbon and labile carbon in the individual treatments (2018–2020 – average)

Treatment Rate (t.ha-1) SOC (%) CL (mg.kg-1)

Control – no fertilization 0 0.90a 828a

Effeco 50:50 10 1.06ab 1,047a

Effeco 50:50 20 1.17ab 1,025a

Effeco 33:33:33 10 1.23ab 1,110a

Effeco 33:33:33 20 1.38b 1,081a

Fertilized control – mineral fertilization (MF) 0 1.36bc 1,149a

Effeco 50:50 + MF 10 1.01a 936a

Effeco 50:50 + MF 20 1.47c 1,448a

Effeco 33:33:33 + MF 10 1.11ab 1,012a

Effeco 33:33:33 + MF 20 1.10ab 1,074a
Different letters (a, b, c) indicate that treatment means are significantly different at p ≤ 0.05 according to the LSD multiple-range test
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confirmed by our results. The SOC decreased significantly 
from 1.36% (MF-control) to 1.01% in Effeco 50:50 at 
10  t.ha-1 + MF and in the Effeco 33:33:33 both rates + 
MF decreased and in the Effeco 50:50 at 20 t.ha-1 + MF 
even increased, but these results were not statistically 
significant. The CL contents corresponded to the SOC in the 
individual treatments, which means that in addition to the 
Effeco 50:50 at 20 t.ha-1 + mineral fertilization treatment, 
the CL values decreased compared to the MF-control, 
but statistically insignificant for large variability in the 
replicates (Table 2). Under certain conditions, the mineral 
fertilizers applied together with biochar substrates can 
contribute to the preferential use of these substrates by 
stimulating microbial activity, while soil microorganisms 
can preferentially utilize labile sources of added biochar 
substrate or soil organic matter (Singh & Cowie, 2014), 
which can cause the so-called positive priming effect 
with consequent reduction of SOC.

3.2 Crops yield

The crops yield during the first three years of biochar 
substrates application and their combinations with 
mineral fertilizers are summarized in Table 3. In our 
case, the average yield of sunflower seeds was 1.86 
t.ha-1 (control) and only after application of the biochar 
substrate Effeco 50:50 at a rate of 20 t.ha-1 the yield 
increased statistically significantly. In the case of a lower 
rate but also both rates of the Effeco 33:33:33, we did 
not find a statistically significant increase in the yield of 
sunflower seeds. The effect of biochar substrates on crops 
yield was also assessed in comparison with conventional 
sunflower fertilization on this sandy soil, this means the 
second control was a treatment with additional urea 
fertilization at a rate of 100 kg.ha-1 (Mineral fertilization, 
MF-control). Compared to the MF-control (Urea at rate of 

100 kg.ha-1 in 2018), we observed on average an increase 
in the yield of sunflower seeds in the treatments Effeco 
33:33:33 in rates of 10 and 20 t.ha-1 + MF by 270 and 610 
kg.ha-1 respectively, and in treatment Effeco 50:50 at 
a rate of 10 t.ha-1 + MF by an average of 1.01 t.ha-1, but 
these findings were not statistically significant due to 
the large variance of values between replicates (total of 
3 replicates). However, between the MF-control and the 
biochar substrate Effeco 50:50 at a rate of 20 t.ha-1 + MF, 
we noticed a statistically significant difference in the yield 
of sunflower seeds. It is clear from the above that a higher 
rate of biochar substrate Effeco 50:50 without additional 
fertilization, but also in combination with 100 kg of urea 
per hectare had the most significant effect on increasing 
the yield of sunflower seeds on sandy soil in 2018.

Interestingly, in the next two years the same trends in 
the crops yield after biochar substrate treatments were 
observed, being completely different compared to 2018. 
In 2019, the wheat grain yield increased statistically 
significantly in the treatments with both biochar substrates 
in both rates compared to the unfertilized control. 
Compared to the unfertilized control, the grain yield 
increased by 56, 98, 35 and 53% in the treatments Effeco 
33:33:33 at 10 t.ha-1, Effeco 33:33:33 at 20 t.ha-1, Effeco 
50:50 at 10 t.ha-1 and Effeco 50:50 at 20 t.ha-1 respectively. 
When compared to fertilized control (MF-control: 
Amofos + Urea of 2019), wheat grain yield increased 
statistically significantly only in the case of Effeco 50:50 
substrate  – significantly more after the higher than the 
lower application rate. As mentioned above, also in 2020, 
the trends in increasing the yield in individual biochar 
substrate treatments followed the year 2019.

The size of crops yield is dependent on various factors 
including soil-climatic conditions and soil management 

Table 3 The crops yield in the individual treatments

Treatment Rate (t.ha-1) Crops yield (t.ha-1)

sunflower 2018 wheat 2019 maize 2020

Control – no fertilization 0 1.86a 1.99a 1.85a

Effeco 50:50 10 2.23a 2.69b 2.13a

Effeco 50:50 20 3.39b 3.04b 3.95b

Effeco 33:33:33 10 2.16a 3.11b 4.33b

Effeco 33:33:33 20 2.27a 3.95c 5.78c

Fertilized Control – mineral fertilization (MF) 0 1.93a 2.04a 1.90a

Effeco 50:50 + MF 10 2.94a 2.99b 4.85b

Effeco 50:50 + MF 20 5.09b 5.06c 5.90b

Effeco 33:33:33 + MF 10 2.20a 2.58ab 2.18a

Effeco 33:33:33 + MF 20 2.54a 2.69ab 3.07a
Different letters (a, b, c) indicate that treatment means are significantly different at p ≤ 0.05 according to the LSD multiple-range test
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practices including fertilization. One of the most 
significant factors affecting crops yield is climate 
(Kováčik  & Ryant, 2019; Aydin et al., 2020). Crops have 
different requirements on temperature and precipitation; 
however, their optimal distribution is crucial during 
the vegetation season of crops (Gantner et al., 2008). 
Observed sunflower seeds and wheat grain yield data 
in 2018 and 2019 respectively, were compared to the 
average crop yields obtained for specific crops during the 
studied seasons in Slovakia, and the maize grain yield in 
2020 is an estimate of average yields (Fig. 1). The average 
gained yield of sunflower seeds in 2018 and wheat in 
2019 in Slovakia was reported to be 2.93 t.ha-1 and 4.90 t.
ha-1, respectively. In 2020, the average estimate of corn 
grain yield was 7.59 t.ha-1 (STATdat, 2020). Considering 
the limitation of tillage operations on the site (only 
disking and reduced tillage) since the biochar substrates 
application in autumn 2017, the observed crop yields in 
the field experiment were compared to the lower values 
referring to the country’s average. However, we must 
also remember that the soil at the experimental site was 
sandy. And so, for this reason, it is not surprising that 
the yields were below the average yields of individual 
crops in Slovakia. According to the results of Agegnehu 
et al. (2016) as well as Aydin et al. (2020), the application 
of biochar and its combination with other manure or 
mineral fertilizers significantly increased crop yields; 
however, this effect is more significant in low productive 
sandy soils than in high productive loam, silt loam, silty 
clay loam or clay soils (El-Naggara et al., 2019).

3.3 Relationships between soil organic carbon 
 and crops yield 

Since biochar is a source of carbon, we assumed that 
the application of biochar substrates to the soil would 
increase its content in the soil, which could result in an 
increase in crop yields. The linear relationships between 
total, labile carbon and crop yields are shown in Fig. 2. It 

is evident from the data that the higher content of SOC 
in the soil resulted in higher crop yields, but a statistically 
significant effect was found only in the case of biochar 
substrates alone treatments. In the case of biochar 
substrates combined with mineral fertilizers, we did not 
find a statistically significant linear relationship between 
SOC and crop yields, which could indicate that other 
factors may have influenced the formation of crops in 
those treatments – e.g. soil properties influenced through 
the application of supplied biochar substrates or mineral 
fertilization – improving soil pH, sorption capacity, 
nutrient regime or physical properties (Horák, 2015; Igaz 
et al., 2018; Juriga & Šimanský, 2019). Despite the fact that 
a positive correlation was found between the content of 
SOC and CL (in treatments with biochar substrates alone 
r = 0.738, P <0.01; also, in treatments biochar substrates 
with mineral fertilizers r = 0.806, P  <0.001) the content 
of CL did not have a statistically significant effect on 
increasing the crop yields not even in biochar substrates 
alone treatments, nor in biochar substrates combined 
with mineral fertilizers.

4 Conclusions 
The results showed that the effects of biochar substrates 
on change in SOM and crop yields is dependent on the 
rates and type of biochar substrates employed as well as 
their combination with other mineral fertilizers. Overall, 
our results showed a robust effect on crop yields due to 
applied biochar substrates in the second year after its 
incorporation to the sandy soil with the same trend in the 
third year especially in treatments using biochar substrates 
alone, compared to the first year after their application. 
Increase in crop yields is linked to higher SOC in the soil 
due to biochar substrates alone being applied, and in the 
case of treatments using biochar substrates together with 
mineral fertilizers, the increase of crop yields was affected 
by other factors – probably as a result of the improvement 
of other soil properties, nutrient supply etc. after the 
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incorporation of biochar substrates to the soil, but also 
additional mineral fertilization. Going forward, further 
research is important to identify those effects which 
are responsible for the increase in crop yields in biochar 
substrates with mineral fertilizers treatments.
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1 Introduction
Tillage is one of most widespread form of human impact 
on soil cover being sometimes highly destructive. 
However, it is a complicated issue that covers various 
aspects of crop rotation, cultivation technologies 
and fertilization and their infl uence on soil chemistry, 
physical properties, soil organic matter quality and 
quantity, and many others. Although above-mentioned 
issues have been frequently studied, there is still not 
suffi  cient knowledge in some fi elds. First of all, there 
is relatively little data from long-term, fully controlled 
fi eld experiments. Most of publications are based on 
single sampling of the soils under various uses (crops/
fertilization/other factors) or short-term observations 
with no suffi  cient reconstruction of land-use history, crop 
rotation, and fertilization. Therefore, the obtained data 
cannot be precisely interpreted, and fi nal conclusions 
are not certain. Considering increasing intensity 
of agricultural production due to growing human 

population and limited resistance of the soils to external 
factors, detailed studies on tillage (in general) impact on 
soil cover are highly recommended.

The purpose of this study was to evaluate long-term 
eff ects of two crops (cereals and blueberries) and 
several fertilization practices (various combinations 
of farmyard manure, NPK, and CaNPK fertilizers) on 
chosen indicators of soil eco-chemical state, including 
pH, sorptive properties and buff ering capacity. The 
studied soil properties are of key importance for 
nutrients management in arable soils and may infl uence 
environmental quality of agroecosystems.

2 Material and methods
The studies were performed at the Warsaw University 
of Life Sciences – SGGW experimental station in 
Skierniewice (51° 57’ 54.3” N, 20° 9’ 31.8” E). Average annual 
temperatures for this region are around 8  °C, whereas 
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applied to determine textural 
fractions and groups.

 y pH by the potentiometric 
method in a suspension with 
water and 1 mol.dm-3 solution of 
KCl (Bednarek et al., 2004).

 y The content of total organic 
carbon (TOC) and total nitrogen 
(N) by dry combustion (Vario 
MacroCube, Elementar).

 y The contents of basic cations (Ca2+, 
Mg2+, Na+ and K+) by inductively-
coupled plasma atomic emission 
spectrometry (ICP-OES, Avio 
200, Perkin Elmer) after samples 
extraction in 1 mol.dm-3, pH = 7.0 
solution of ammonium acetate.

 y Exchange acidity (Hw) by the 
Sokolov method (Bednarek et al., 
2004).

 y Hydrolytic acidity (Hh) by the 
Kappen method (Bednarek et al., 
2004).

 y Buffering properties according 
to the Arrhenius procedure 
(Bednarek et al., 2004).

Moreover, the following parameters 
were calculated based on the results 
obtained: sum of exchangeable basis 
(TEB) as a sum of exchangeable Ca2+, 
Mg2+, Na+ and K+; cation exchange 
capacity (CEC) as TEB + Hw; basic 
saturation of soil sorption complex 
(BS) as (TEB × 100)/CEC. Statistical 
analysis included measures of central 
tendencies and dispersal, Dunn’s test, 
correlations, and cluster analysis.

3 Results and discussion

3.1 Basic characteristics of the soils

Humic horizons of the studied 
Planosols were characterised by 
loamy sand texture at every plot, 
and contained 72.9–81.5% of sand 
(2.0–0.05 mm), 13.8–19.7% of silt 
(0.05–0.002 mm) and 4.0–7.7% of clay 
(<0.002 mm) fractions. Bulk density 
ranged from 1.45 to 1.66 g.cm-3, 
whereas total porosity from 35.6 
to 44.6% during the study period 
(Table  1). The soils contained 

sum of precipitation varies around 
530 mm. The station is located in 
a flat post-glacial landscape and 
Planosols developed form sandy 
substrates over loams are typical 
soils. Beginning from the year 1923, 
in the station there are conducted 
long-term experiments on the effects 
of various crops and fertilization 
practices on soil properties and plant 
yielding. This study was based on 
three major experiments and several 
fertilization options, according to Fig. 
1. Experiment 1 (Ex-1, established 
in 1923) covers various options of 
mineral fertilization without organic 
fertilization and cereals as a crop. 
Experiment 2 (Ex-2, established 
in 1992) covers various options of 
mineral fertilization and farmyard 
manure application at rate of 25 t.ha-1 

every 4 years and cereals as a crop. 
The last experiment (Ex-3, established 
in 1975) covers various options 
of mineral fertilization without 
organic fertilization and blueberry 
as a crop. The following options of 
mineral fertilization were chosen 
for this study: control (no mineral 
fertilization), NPK, and CaNPK. In all 
experiments nitrogen was applied 
as ammonium sulfate (30 kg.ha-1 of 

N from 1921 to 1976 and 90 kg.ha-1 
of N from 1976), phosphorus as 
superphosphate (30  kg.ha-1 of P2O5 
from 1921 to 1976 and 26 kg.ha-1 of 
P2O5 from 1976) and potassium as 
potassium chloride (30 kg.ha-1 of K2O 
from 1921 to 1976 and 91 kg.ha-1 of 
K2O from 1975). Calcium was applied 
every 4 years as 1.6 t.ha-1 of CaO. All 
fertilization options covered three 
replications. The size of a single plot 
was 4 × 9 m (36 m2), and spacing 
between the plots was 2 m.

The soils were sampled in August 
2017. Three cores from A-horizons 
were taken from each plot and 
mixed into one average sample. The 
samples were air-dried and sieved 
though a 2.0 mm sieve. Earth fraction 
(<2.0  mm) was used for the further 
analysis. Bulk samples were taken 
from central parts of A-horizon using 
the 100 cm3 steel rings. The following 
laboratory analyses were done:

 y Bulk density and total porosity 
using the gravimetric method 
(Bednarek et al., 2004).

 y Particle-size distribution by 
mixed pipette and sieve methods. 
The Polish Soil Science Society 
classification (PTG, 2009) was 

Figure 1 Design of the experiment

 



– 23 –

Acta hort regiotec, 24, 2021(1): 21–27

© Slovak University of Agriculture in Nitra
www.uniag.sk

Faculty of Horticulture  and Landscape Engineering
http://www.fzki.uniag.sk

3.79–11.79 g.kg-1 of TOC and 0.37–0.91 g.kg-1 of N. Both 
TOC and N contents considerably varied between plots. 
TOC/N ratio ranged from 9.7 : 1 to 15.1 : 1.

3.2 Soil pH

Soil pH is an important factor influencing forms, mobility, 
bioavailability, and toxicity of chemical elements and 
various compounds. Therefore, it is a good indicator of 
living conditions of soil biota and biochemical processes 
(Kowalkowski, 2002; Błońska & Januszek, 2010). It is also 
one of key factors influencing crop production and quality 
(e.g. Limon-Ortega & Martinez-Cruz, 2014). Knowledge 
about pH and its feedbacks with other soil parameters 
is essential for the development of efficient nutrient 

management systems. Tillage and fertilization effects on 
soil pH have been frequently studied. The results of this 
study show importance of both crops and fertilization 
for this soil characteristics. Mean soil pH-H2O varied from 
5.03 to 6.53, whereas pH-KCl from 3.13 to 6.14 (Fig. 2). 
The lowest values were noted at plots Ex-3/NPK and Ex-3/
CaNPK followed by slightly higher at Ex-1/NPK and Ex-1/
Cont. The lowest pH at Ex-3/NPK and Ex-3/CaNPK plots 
can be explained by mixed effect of blueberries and NH4

+ 
application as fertilizer. Ammonium form of nitrogen is 
preferred by blueberries, however, their uptake by roots is 
associated with secretion of H+. Low pH at Ex-1/Cont. and 
Ex-1/NPK plots is probably an effect of leaching of basic 
cations and/or their removal with the crop. The process 

Table 1 Basic physical characteristics of the soils

Experiment 
options

Replicates Textural 
group

Bulk density 
(g.cm-3)

Total 
porosity (%)

TOC 
(g.kg-1)

N 
(g.kg-1)

TOC/N 

Ex-1/Cont.

1 LS* 1.60 38.9 4.73 0.430 11.0

2 LS 1.52 42.2 4.36 0.370 11.8

3 LS 1.59 39.8 3.79 0.378 10.0

Ex-1/NPK

1 LS 1.66 36.5 5.80 0.544 10.7

2 LS 1.58 40.9 5.42 0.466 11.6

3 LS 1.59 39.3 5.50 0.476 11.6

Ex-1/CaNPK

1 LS 1.66 36.9 6.58 0.604 10.9

2 LS 1.61 40.1 5.04 0.437 11.5

3 LS 1.56 43.2 4.88 0.392 12.5

Ex-2/Cont.

1 LS 1.59 38.2 5.87 0.543 10.8

2 LS 1.50 41.8 5.04 0.520 9.7

3 LS 1.58 39.1 5.70 0.538 10.6

Ex-2/NPK

1 LS 1.64 37.1 7.11 0.671 10.6

2 LS 1.47 42.2 8.39 0.833 10.1

3 LS 1.48 42.7 6.98 0.603 11.6

Ex-2/CaNPK

1 LS 1.51 42.3 8.48 0.782 10.8

2 LS 1.50 44.6 8.41 0.759 11.1

3 LS 1.55 40.5 6.52 0.563 11.6

Ex-3/Cont.

1 LS 1.53 41.3 6.23 0.462 13.5

2 LS 1.60 38.8 7.61 0.503 15.1

3 LS 1.59 38.2 4.68 0.372 12.6

Ex-3/NPK

1 LS 1.45 43.1 11.23 0.913 12.3

2 LS 1.49 42.5 7.29 0.562 13.0

3 LS 1.52 40.4 11.79 0.783 15.1

Ex-3/CaNPK

1 LS 1.65 35.6 7.82 0.698 11.2

2 LS 1.56 40.8 7.64 0.689 11.1

3 LS 1.59 39.2 7.84 0.591 13.3
* LS – loamy sand
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influencing sorption of ionic substances by the soils was 
confirmed by the results of many studies (e.g. Vang & 
Huang, 2001; Kang et al., 2009).

Exchange acidity strongly varied among the studied 
plots  – from 0.09 to 2.28 cmolc.kg-1 (Fig. 4). It was the 
lowest at plots fertilized with Ca in experiments 1 and 
2 and controls in experiment 2 and 3. The highest Hw 
was noted for Ex-3/NPK and Ex-1/Cont. The observed 
tendencies confirm acidifying effect of blueberries and 
neutralizing effects of lime and manure in relation to 
acidic ions.

Hydrolytic acidity is the content of exchangeable acidic 
ions and their easily hydrolysable forms. It ranged from 
1.21 to 6.07 cmolc.kg-1, showing lower variability as 
compared to Hw. However, tendencies were also clear. The 
lowest values were generally observed at plots fertilized 
with Ca and/or farmyard manure, whereas the highest 
at Ex-3/NPK plots (Fig. 5). Positive correlation with TOC 
content (r = 0.592) confirm key role of SOM as a source 
of acidity.

of SOM decomposition as a source of H+ (e.g. Hulugalle & 
Weaver, 2005) can also have some effect, however, the 
role of this factor is probably low and difficult for precise 
estimation. The highest pH noted at plots Ex-2/Cont., Ex-2/
CaNPK and Ex-1/CaNPK confirm importance of manure 
and Ca fertilizers as agents neutralizing soil acidity.

3.3 Sorptive properties

Soil sorption capacity is a measure of soil solid phase 
potential to absorb ionic substances. Clay minerals and 
soil organic matter (SOM) play a key role in this area 
(Thompson et al., 1989; Okołowicz, 1996; Jaworska et 
al., 2008). Therefore, effects of various external factors 
on this property should be considered mainly from the 
perspective of changes in clay mineralogy and SOM. Crop 
rotation and fertilization effects on CEC were subjects 
of numerous studies (e.g. Rojas et al., 2013; Šimanský & 
Polláková, 2014). CEC in this study ranged from 3.06 to 
6.76 cmolc.kg-1. The observed values are typical for loamy 
sand and sandy loam, poor-moderately abundant in 
SOM soils (Raczuk, 2011). The lowest mean value of CEC 
was noticed at Ex-1/Cont. and Ex-1/NPK plots, whereas 
the highest at plots fertilized with calcium, in particular 
in combination with farmyard manure (Ex-2/CaNPK) (Fig. 
3). Previous studies of Šimanský et al. (2019) showed that 
soil of the studied plots fertilized with farmyard manure 
is characterized by better quality of SOM as evidenced 
by higher content of humic acids and lower of fulvic 
acids. The observed differences between experimental 
options in terms of CEC were statistically significant 
in many cases. There was not observed a significant 
correlation between CEC vs TOC content and positive 
correlation with clay content (r = 0.618). The lack of 
positive correlation with TOC content can be explained 
by heterogeneity of SOM quality as affected by various 
tillage practices. Importance of SOM quality as a factor 

 

Figure 2 Soil pH under various crops and fertilization 
practices
mean values ±SD, n = 3

 

Figure 3 Cation exchange capacity under various crops 
and fertilization practices
mean values ±SD, n = 3

 

Figure 4 Exchangeable acidity in the soils under various 
crops and fertilization practices
mean values ±SD, n = 3
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Basic cations occurred at amounts from 1.43 to 6.63 
cmolc.kg-1. Their lowest contents were noted at Ex-1/
Cont. plots followed by Ex-3/NPK. Most abundant were 
the plots fertilized with Ca in experiments 1 and 2 (Fig. 
6). Generally, higher contents of exchangeable basis were 
recorded at plots with organic fertilization as compared 
to other plots. It highlights its important role as 
a source of basic cations. Calcium predominated among 
exchangeable basis in the studied soils, irrespective of 
crop and fertilization practices. It constituted 62.0–86.0% 
of basis on average. Exchangeable Mg constituted 
7.9–15.8%, K 3.3–17.1% and Na 1.0–5.3% of basis (Fig. 
7). The observed composition of soil sorption complex is 
typical for most soils of Poland (e.g. Orzechowski et al., 
2005; Bartmiński & Klimowicz, 2008). Basis constituted 
45.2–98.3% of exchangeable cations on average. The 
lowest BS was observed at Ex-1/Cont. and Ex-3/NPK plots, 
whereas the highest at plots of experiment 2, in general.

The ability to neutralize acidic and alkaline ionic 
substances (buffering properties) is controlled by 

a complex of soil physical, physicochemical and chemical 
properties. CaCO3, clay minerals and SOM are the most 
important constituents in this area (Kowalkowski, 2002; 
Malczyk et al., 2008; Walenczak et al., 2009). Effects of 
some external factors on buffering capacity of the soils, 
including tillage and fertilization, are still poorly explored. 
Influence of some factors can be clearly explained; 
however, some have indirect effects. In the studied soils, 
buffering capacity of acids ranged from 0.86 to 15.03 cm2, 
whereas alkali from 5.40 to 33.54 cm2 (Fig. 8). The observed 
values are typical, considering characteristics of the soils 
(Raczuk, 2011). The lowest ability to neutralize acidic ions 
was noted at Ex-1/Cont. plots that were characterized by 
the lowest sorption capacity and content of basic cations. 
Only slightly higher values were observed for Ex-1/NPK 
and Ex-3/NPK experimental options. This observation 
demonstrates little relevance of NPK fertilization (in a form 
and doses like in the present study) as a factor increasing 
soil ability to neutralize acidic ions. The observation 
can be partially confirmed by Lieb et al. (2011), who 

 

Figure 5 Hydrolytic acidity in the soils under various crops 
and fertilization practices
mean values ±SD, n = 3

 

Figure 6 Average contents of basic cations in the soils 
under various crops and fertilization practices

 

Figure 7 Base saturation in the soils under various crops 
and fertilization practices
mean values ±SD, n = 3

 

Figure 8 Buffering capacity (PHCl and PNaOH) in the soils 
under various crops and fertilization practices 
mean values ±SD, n = 3
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most studied soils. Particularly high 
P-NaOH values were observed at 
Ex-3/NPK and Ex-3/CaNPK plots (Fig. 
8) that were characterized by the 
highest acidity. The obtained data 
clearly show strong impact of crops 
and fertilization on soil buffering 
capacity, as confirmed by statistically 
significant differences (Table 2).

Fig. 9 shows combined effects of 
the studied crops and fertilization 
practices on soil eco-chemical state 
indices based on cluster analysis. 
Two major groups of samples can 
be distinguished on the graph. 
The first group covers control 
plots of experiment 1 and NPK 
and CaNPK fertilization options 
in experiment 3. Such layout 
demonstrates strong impact of 
blueberries on soil eco-chemical 
state. The effect is accelerated by 
application of fertilizers containing 
ammonium form of nitrogen. 
Strong acidification, high acidity, 
low content of exchangeable basis 
and base saturation, as well as low 
ability to neutralize acidic ions are 
typical features of the soils in this 
group. The second group covers soil 
affected by manure and/or mineral 
fertilization under cereals as a crop. 
These are soils of higher pH and CEC, 
lower acidity, and larger ability to 
neutralize acidic substances.

observed negative effect of nitrogen 
deposition on buffering capacity of 
alpine soils. Application of farmyard 
manure or CaO considerably 
increased the ability. Effect of Ca 
application in experiment 3 was 
partially neutralized by blueberries. 
Based on the Ulrich (1981) concept, 

silicate buffer system is active in 
most studied soils. This buffer system 
maintenance soil pH at level >5.0–
≤6.3 and binding of acidic substances 
by weathering products of primary 
silicates is responsible mechanism. 
Higher ability to neutralize alkaline 
ions than acidic ones was noted in 

Table 2 Comparison of chosen soil parameters at control plots (Ex-1/Cont.) vs other options of experiment based on 
p-values, Dunn Test

Ex-1 Ex-2 Ex-3

NPK CaNPK Cont. NPK CaNPK Cont. NPK CaNPK

pH-H2O 0.471 0.355 0.060 0.837 0.095 0.136 0.258 0.280

pH-KCl 0.440 0.008 0.019 0.292 0.013 0.316 0.456 0.700

CEC 0.554 0.019 0.395 0.898 0.013 0.797 0.080 0.354

Hw 0.049 0.001 0.012 0.024 0.000 0.041 0.000 0.003

Hh 0.016 0.518 0.276 0.009 0.260 0.039 0.000 0.003

TEB 0.341 0.001 0.018 0.064 0.001 0.051 0.670 0.090

BS 0.292 0.002 0.006 0.181 0.006 0.090 0.837 0.328

P-HCl 0.092 0.000 0.001 0.007 0.000 0.008 0.154 0.016

P-NaOH 0.007 0.182 0.129 0.001 0.038 0.038 0.000 0.001

 
Figure 9 Cluster analysis of the studied soils based on pHH2O, TEB, Hw, Hh, BS, 

CEC, PHCl and PNaOH (Ward method, Euclidean distance)
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4 Conclusions
The results of this study clearly demonstrate the 
importance of crop and fertilization practices for soil 
eco-chemical state. Both mineral fertilizers and farmyard 
manure significantly contributed to higher sorptive 
capacity as compared to control. Lower exchangeable 
acidity and higher sum of exchangeable basis and base 
saturation were noted in fertilized soils and cereals as 
a crop. The studies confirmed strongly acidifying effect 
of blueberries, in particular in combination with NPK 
fertilizers, as evidenced by the highest exchangeable 
acidity, hydrolytic acidity and the lowest base saturation. 
Liming applied every 4 years partially neutralized the 
acidifying effect of blueberries. Fertilization and crops 
also strongly influenced buffering capacity of the studied 
soils. Extremely low ability to neutralize acidic ions was 
noted in unfertilized soils, whereas the highest in soils 
fertilized with Ca and cereals as a crop. The highest 
ability to neutralize alkaline ions was typical for fertilized 
soils under blueberries. In a broader context, this study 
confirmed huge role of long-term field experiments for 
understanding processes running in arable soils and 
their importance to sustain quality and productivity of 
agricultural soils. 
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1 Introduction

Water resources management and the design of fl ood 
prevention and adaptation strategies are becoming more 
challenging due to the uncertainties of climate change 
(Refsgaard et al., 2013). Global warming, variations in 
precipitation, and changes in the frequency of extreme 
events increase the probability of fl ood occurrences 
and change the total and seasonal water supply, 
among other impacts (Parry et al., 2007). Projections 
by the fi fth iteration of the Intergovernmental Panel on 
Climate Change (IPCC) point towards a likely decrease 
in precipitation over the Mediterranean by 30–45%, 
especially if temperature rises by 1.4 °C (Cisneros, 2014; 
Zhai et al., 2018). Consequently, the frequency of fl ash 
fl oods and droughts in the region is expected to increase 
in the coming years, seriously altering the ecological and 
hydrological patterns of river basins (Tzoraki, 2020).

Addressing of climate change eff ects in the development 
of hazardous risk adaptation and mitigation plans

has been on the agenda of many governments and 
institutions (Lavell et al., 2012). Hence, eff ective planning 
requires the examination of both current and projected 
climate change scenarios (Shrestha at al., 2017). 
According to IPCC, GCMs are advanced tools currently 
available for simulating the response of global climate 
system to increasing greenhouse gas concentrations. 
The use of GCMs has been the most crucial method for 
studying the implications of climate change (Wu et al., 
2015). In a global scale, several studies have quantifi ed 
potential changes in hydrological dynamics of river 
basins by climate change projections on the basis 
of GCMs (i.e., Sharafati et al., 2020; Ismail et al., 2020; 
Ebrahim et al., 2012; Hajian et al., 2016; QIN & LU, 2014; 
Emam et al., 2016; Yilmaz & Imteaz, 2011). The fi ndings 
of these studies indicate that hydrological processes 
are highly sensitive to precipitation and temperature. 
Therefore, climate change can have a signifi cant eff ect 
on hydrological regime of a river basin (Sharafati et al., 
2020).

Numerical assessment of climate change impact on the hydrological regime 
of a small Mediterranean river, Lesvos Island, Greece

Eleni Ioanna Koutsovili1*, Ourania Tzoraki1, Nicolaos Theodossiou2, Petros Gaganis3

1University of the Aegean, Department of Marine Sciences, Mytilene, Greece 
2Aristotle University of Thessaloniki, Department of Civil Engineering, Thessaloniki, Greece
3University of the Aegean, Department of Environment,  Mytilene, Greece

Article Details: Received: 2021-02-22      |      Accepted: 2021-03-31      |      Available online: 2021-05-31

                               Licensed under a Creative Commons Attribution 4.0 International License

Frequency of fl ash fl oods and droughts in the Mediterranean climate zone is expected to rise in the coming years due to change 
of its climate. The assessment of the climate change impact at a basin scale is essential for developing mitigation and adaptation 
plans. This study analyses the variation of the hydrologic regime of a small Mediterranean river (the Kalloni river in Lesvos Island, 
Greece) by the examination of possible future climate change scenarios. The hydrologic response of the basin was simulated based 
on Hydrologic Modeling System developed by the Hydrologic Engineering Center (HEC-HMS). Weather Generator version 6 from 
the Long Ashton Research Station (LARS-WG 6.0) was utilized to forecast climate data from 2021 to 2080. These forecasted climate 
data were then assigned as weather inputs to HEC-HMS to downscale the climate predictions of fi ve large-scale general circulation 
models (GCMs) for three possible emission scenarios (such as RCP 2.6, RCP 4.5, and RCP 8.5). The alteration of the Kalloni hydrologic 
regime is evaluated by comparing GCMs based estimates of future streamfl ow and evapotranspiration with business as usual (BaU) 
scenario. Variation was noted in seasonal and in annual scale forecasting of long-term average discharges, which show increasing 
trend in autumn and decreasing in summer and there is observed a general upward trend of actual evapotranspiration losses.

Keywords: climate change, hydrological regime, HEC-HMS model, GCMs, LARS-WG 6.0

*Corresponding Author: Eleni Ioanna Koutsovili. University of the Aegean, Environment School, Department of Marine 
Sciences, 81100 Mytilene, Greece; e-mail: mard18001@marine.aegean.gr

Research Article

DOI: 10.2478/ahr-2021-0022



– 29 –

Acta hort regiotec, 24, 2021(1): 28–48

© Slovak University of Agriculture in Nitra
www.uniag.sk

Faculty of Horticulture  and Landscape Engineering
http://www.fzki.uniag.sk

et al., 2018; Sharafati et al., 2020). 
Additional, weather generators 
have been used successfully for 
downscaling the output of the GCMs 
over different regions (Sharafati et al., 
2020). Weather Generator developed 
by the Long Ashton Research 
Station (LARS-WG) has been widely 
used to assess possible effects of 
climate change on hydrological 
processes (Sharafati et al., 2020). 
However, uncertainties associated 
with simulating various response 
mechanisms in GCMs are responsible 
for the fact that GCMs may simulate 
quite different responses to the 
same forcing (Randall et al., 2007). 
These differences are unlikely to 
be consistent with the uncertainty 
range of regional projections. 
Despite considerable improvements 
in computational power in recent 
years, climate models do not 
guarantee a representative range 
at finer scales of drainage systems 
(Shrestha et al., 2017). 

Future greenhouse gas emission 
scenarios are appropriate tools for 
analyzing the influence on future 
emission outcomes due to various 
driving forces and assessing related 
uncertainties (IPCC, 2000). The IPCC 
defined a series of Representative 
Concentration Pathway (RCP) 
emission scenarios for future climate 
projections based on the Coupled 
Model Intercom Paring Project phase 
5 (CMIP5). These scenarios are based 
on different 21st century pathways 
of greenhouse gas (GHG) emissions, 

population, and socio-economic 
conditions (IPCC, 2014). The RCPs 
include a stringent mitigation 
scenario (RCP2.6), two intermediate 
scenarios (RCP4.5 and RCP6.0), and 
one scenario with very high GHG 
emissions (RCP8.5) (IPCC, 2014). These 
various climate change scenarios can 
be used to define the climate change 
impact on hydrological processes, by 
downscaling the large-scale GCMs 
predictions to local scale with the 
LARS-WG (Sharafati et al., 2020). 

The main objective of the current 
study is the numerical evaluation of 
climate change impact (2021–2080) 
on the hydrological regime of a smal 
Mediterranean river, the Kalloni 
river, which flows over Lesvos 
Island of Greece. The river basin 
is of significant importance due 
to high biodiversity richness of its 
NATURA 2000 areas. The developed 
approach based on the integration 
of spatial downscaling of GCMs and 
hydrological simulation has been 
adopted in the study. 

2 Material and methods
A methodological framework 
summarized in Fig. 1 was developed 
in the study to assess climate change 
effects on the hydrology of the 
Kalloni river basin. Climate change 
impacts on the basin hydrology were 
evaluated by comparing GCMs based 
estimates of future streamflow and 
evapotranspiration with business as 
usual (BaU) or baseline scenario. 

Although GCMs are very important 
tools for studying the implications 
of climate change, these contain 
biases when compared to observed 
data due to their parameterization 
systems and large grid size (Sharma 
et al., 2007). Outputs from the GCMs 
are typically defined at 250–600 km 
grids which are quite coarse relative 
to the scale of exposure units in 
most regional impact assessments. 
In fact, hydrological studies dealing 
with climate change impacts 
on small basins are particularly 
challenging, as they may require 
rainfall and temperature data at 
spatial resolution of 1 km2 (Shrestha 
et al., 2017). In order to overcome 
this problem, many different 
downscaling methods have been 
developed over the last few decades 
(Ebrahim et al., 2012). These methods 
aim to provide sufficient hydrological 
variables by downscaling large-scale 
GCMs forecasts to a local scale 
(Ebrahim et al., 2012). Subsequently, 
the generated variables can be used 
as inputs to basin-scale hydrological 
models to predict climate-induced 
changes in flow patterns. There is 
a range of different downscaling 
techniques, which are mainly 
dynamical downscaling, statistical 
downscaling, regression based 
downscaling, weather typing 
procedure and the stochastic 
weather generator (Semenov & 
Barrow, 1997; Wilby et al., 2002; 
Sunyer et al., 2012; Shrestha et 
al., 2017). The most commonly 
applied are dynamic and statistical 
downscaling methods (Shrestha et 
al., 2017). Dynamic downscaling is 
based on high-resolution regional 
climate models combined with 
observations and output from 
lower-resolution larger-scale climate 
models, while statistical downscaling 
is based on the development and 
application of statistical relationships 
between local weather variables and 
large-scale predictors (Wilby et al., 
2002; Hewer & Gough, 2018; Nourani  

Figure 1 Flow diagram of methodological framework 
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1962). More specifically, the average 
annual temperature is approximately 
17 °C, with an average minimum 
temperature of 12.2 °C and an 
average maximum temperature of 
21.4 °C. The mean annual rainfall 
depth over the Kalloni river basin 
is 514 mm, ranging from a daily 
minimum of 2.1 mm in summer 
(July) to a maximum of 98.5 mm in 
winter (January). Historical weather 
data from 2003 to 2020 in terms 
of daily precipitation, maximum 
and minimum temperature, solar 
radiation, relative humidity, and wind 
speed were collected from the Agia 
Paraskevi Meteorological Station. 
Water level data was obtained from 
automatic hydrometric station 
operating in Kalloni bridge. The river 
velocity and level were measured 
by field work to construct the rating 
curve. 

In recent years, extended periods 
of drought are followed by sudden 
rainfalls of high intensity and 
short duration. This results in large 
volumes of water, which are not 
properly absorbed by the soil, 
ending up in the urban fabric. At the 
same time, the reduced cross-section 
of the riverbed at this point leads to 
overflow of the river with hazardous 
consequences for the infrastructures 
and the inhabitants. As a result, 
Kalloni experienced significant 
floods in 1986, 2005, 2011, 2016 
(Matrai & Tzoraki, 2018). 

 
Figure 2 Kalloni river basin in Lesvos Island, Greece

 

 
Figure 3 (a) Altitude and (b) Land uses of basin area 

2.1 Study area

The Kalloni river basin illustrated 
in Fig. 2, which occupies the area 
of 40.28 km2 was considered for 
the current study. The basin drains 
the wider area of the Kalloni 
settlement which is the second 
largest commercial centre of Lesvos 
Island. Its hydrographic network, 
with the total length of 34.92 km, 
is characterized as a  dendritic type 
with many ephemeral streams. The 
basin area varies from lowland to 
mountainous in nature (Fig. 3a). 
North-western and western parts 
are mountainous areas with altitude 
reaching 690.3 m. North-eastern and 
central parts are intermediate hilly, 
of an average altitude of 300 m. The 
southern part is a large plain with an 

altitude almost equal to mean sea 
level. Main economic activities in the 
area are agriculture, livestock, and 
small local businesses. Fig. 3b shows 
that the watershed is primarily 
covered by agriculture (olive groves 
and cultivation patterns). Moreover, 
there are some small pine and oak 
forests at the northern tip of the 
basin, brushland habitats at the east 
and some artificial surfaces. Finally, 
in the southern part of the basin at 
the mouth of the torrent, wetlands 
and swampy areas develop. Land 
use data are provided by the 
Decentralized Administration of the 
North Aegean.

The study area has a Mediterranean 
climate with warm, dry summers 
and cool, mild, rainy winters (HMSO, 

a b
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2.2 Geomorphological analysis 

Analyses of geomorphological and hydrological 
characteristics of the study area were performed through 
HEC-GeoHMS extension of ArcMap and ArcHydro toolbox. 
HEC-GeoHMS extension was developed as a geospatial 
hydrology toolkit for engineers and hydrologists. The 
program allows users to visualize spatial information, 
document watershed characteristics, delineate subbasins 
and streams, and expediently create hydrologic inputs 
for Hydrologic Modeling System version 4.3 developed 
by the Hydrologic Engineering Center (HEC-HMS) 
(USACE, 2013). More specifically, HEC-GeoHMS produces 
a background map file and a basin model file as inputs to 
HEC-HMS. The map file visualizes basin‘s subbasins and 
watercourses of the study area, and the basin model file 
contains hydrological and geomorphological elements 
of the basin.

A digital elevation model (DEM) with 25 m grid from the 
European Environmental Agency was used as an input 
in HEC-GeoHMS to derive eight additional datasets that 
collectively describe drainage pattern of the watershed. 
The first step is to fill the sinks from the raw DEM and 
then use it as an input to delineate the Kalloni stream 
network and the watershed boundary. The produced 
datasets consist of five grid layers that represent the flow 
direction, flow accumulation, stream definition, stream 

segmentation, and watershed delineation, and two 
vector layers of the watershed and streams. Various stages 
of watershed generation in HEC-GeoHMS are shown in 
Figs 4, 5 and 6. Therefore, twenty-three subbasins and 
corresponding reaches are identified within the Kalloni 
basin area.

2.3 Rating curve calculation 
 with field measurements

River monitoring is a critical issue for hydrological 
modeling that relies strongly on the use of flow rating 
curves (Manfreda, 2018). Rating curves define stage-
discharge relationship and are usually developed 
by making frequent direct discharge measurements 
at stream gauging stations. Moreover, rating curves 
depend on the hydraulic characteristics of the stream 
channel and floodplain. Hence, they may vary over time 
in alluvial rivers, as river-bed characteristics change over 
time (Westerberg et al., 2011). This implies the need for 
frequent and time-consuming field survey. 

In this study, field work measurements were carried out 
at characteristic cross sections of the streams aiming 
at calculating rating curves. The equipment consisted 
of a small flow meter device with a propeller, which is 
a  portable flow measurement system in rivers, open 
canals or even in open water pipes. The rating curve 

             

 Figure 4 Kalloni raw DEM and fill DEM produced in HEC-GeoHMS
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 Figure 5 Flow direction and flow accumulation maps generated in HEC-GeoHMS

    

 Figure 6 Stream network and watershed generation in HEC-GeoHMS
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equation for discharge (Q) and stage (H) was calculated 
as follows:

 Q = 2.7837 × H1.1608 (2.1)

Subsequently, the observed flow time series generated 
by the rating curve are used to calibrate the hydrological 
model HEC-HMS for time period 2018–2019. Each 
observed value of daily discharge was estimated from 
the rating curve equation using observed daily stage 
measured in real time by a telemetric station operating 
in Kalloni since 2018. 

2.4 Spatial downscaling of large-scale 
 climate predictions

Weather Generator version 6.0 from the Long Ashton 
Research Station (LARS-WG 6.0) is a single site numerical 
model for generating daily time-series of climate 
variables, namely, precipitation (mm), maximum and 
minimum temperature (°C), and solar radiation (MJm-2.
day-1). LARS-WG 6.0 is suitable for downscaling coarse 
resolution climate model simulations in local spatial scale 
for different climate change scenarios (Sharafati et al., 
2020). The model, after calibrating site parameters with 
observed weather data for the baseline period, is capable 
of simulating synthetic daily time series of weather data 
that are statistically similar to the observed weather 
(Wilks & Wilby, 1999). LARS-WG 6.0 uses a semi-empirical 
distribution to calculate the length of wet and dry days 
(Racsko et al., 1991). Moreover, it considers each weather 
variable as a stochastic variable, and simulates seasonal 
cycles through Fourier series (Sharafati et al., 2020).

Methodology for spatial downscaling using LARS-WG to 
generate future climate data can be divided into three 
major steps: model calibration (Site Analysis), model 
validation (QTest), and generation of synthetic weather 
data (Generator). Parameter files derived during the 
model calibration step are used to generate synthetic 
weather data having the same statistical characteristics 
as the original observed data but differing on a daily 
basis. In order to ensure that the simulated data 

probability distributions are close to the true long-term 
observed distributions, a model validation process must 
be performed. The QTest validation option of LARS-WG 
carries out a statistical comparison of generated and 
observed weather data using the Kolmogorov-Smirnov 
(K-S) test, the T-test, and the F-test. Once LARS-WG has 
been calibrated and the performance of the weather 
generator has been verified, synthetic weather data may 
be simulated using the Generator option. This option 
may be used to generate synthetic data which have the 
same statistical characteristics as the observed weather 
data (baseline scenario), or to generate synthetic weather 
data corresponding to a climate change scenario from 
GCMs (Semenov & Barrow, 2002). 

The current version LARS-WG 6.0 generates high 
resolution climate change scenarios over a region using 
direct outputs from General Circulation Models (GCMs). 
LARS-WG 6.0 incorporates projections from five GCMs 
with the different climate scenarios RCP2.6, RCP4.5, and 
RCP8.5 used in the IPCC. Table 1 summarizes the different 
GCMs and RCPs that are taken into consideration in this 
study to forecast futuristic climate data for a period of 60 
years from 2021 to 2080. Calibration of site parameters 
is performed for baseline period of 18 years from 2003 
to 2020.

2.5 Hydrological simulation and calibration

Hydrologic Engineering Centre’s Hydrologic Modeling 
System (HEC-HMS) was designed by the United States 
Army Corps of Engineers (USACE) as a software tool for 
simulating complete hydrological cycle in the context 
of solving engineering problems (Scharffenberg et al., 
2010). HEC-HMS is a deterministic, semi-distributed, 
conceptual model which is designed to simulate 
precipitation-runoff processes of dendritic drainage 
basins. It is applicable to a wide range of geographic 
areas for solving the widest possible range of problems 
(USACE, 2013). The software has been applied in a wide 
variety of geographical regions, such as large river basins, 
and small municipal and natural watersheds. In addition, 
depending on objectives of the study, it can be applied 

Table 1 Summary of the five GCMs and corresponding emission scenarios (RCPs) 

GCM Institution Grid Resolution RCP

EC-EARTH European community Earth-System Model 1.125° × 1.125° RCP4.5, RCP8.5

GFDL-CM3 NOAA Geophysical Fluid Dynamics Laboratory 2° × 2.5° RCP4.5, RCP8.5

HadGEM2-ES Met Office Hadley Center, United Kingdom 1.25° × 1.875o RCP2.6, RCP4.5, RCP8.5

MIROC5
Atmosphere and Ocean Research Institute (The University of 
Tokyo), National Institute for Environment Studies and Japan 

Agency for Marine-Earth Science and Technology, Japan
1.40° × 1.41° RCP4.5, RCP8.5

MPI-ESM-MR Max Planck Institute for Meteorology, Germany 1.85° × 1.875° RCP4.5, RCP8.5
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for simulation of either individual events or continuous 
large-scale events. 

HEC-HMS has been widely used all over the world in 
a number of studies, including flood forecasting (Verma 
et al., 2010), land use change impacts (Ali et al., 2011), and 
also assessing the impact of climate change. Nyaupane 
et al. (2018) used HEC-HMS for prediction of future peak 
flow condition in the Irwin Creek watershed located 
in Charlotte, North Carolina. The study highlighted 
the significance of consideration of climate change as 
a factor likely to result in increased peak discharge in the 
existing urban watersheds. The hydrologic impacts of 
climate change in the Tungabhadra river basin in India 
was also assessed by Meenu et al. (2012). They utilized 
the HEC-HMS to model hydrologic processes and the 
Statistical Down Scaling Model (SDSM) to downscale 
daily precipitation, and maximum and minimum 
temperature. Moreover, Bai et al. (2019) proposed 
a  framework combining HEC-HMS and the Coupled 
Model Intercomparison Project Phase 5 (CMIP5) GCMs to 
assess the impact of climate change on flood events in 
the Nippersink Creek watershed located in Northeastern 
Illinois. They found that the increase in greenhouse gas 
concentration under RCP 8.5 scenario can increase future 
precipitation. It may induce a greater impact on flood 
events by 110% increase from historically-observed 100 
year return period flood.

Each model run incorporates a basin model describing 
basin‘s connectivity and physical characteristics, 
a  meteorological model storing the precipitation and 
evapotranspiration data, and a control specification 
with run options to attain outcomes (Verma et al., 2010). 
In HEC-HMS, a basin model is constructed by dividing 
the hydrological cycle (evaporation, surface runoff, 
infiltration, and groundwater recharge) into individual 
parts with possibility of processing each one separately. 
Therefore, each component of the hydrological cycle 
is represented by a mathematical model. HEC-HMS 
also provides supplemental analysis tools for model 
optimization, forecasting streamflow, depth-area 
reduction, assessing model uncertainty, erosion and 
sediment transport, and water quality (Wang et al., 
2016). Furthermore, spatial data sets can be organized 
in GIS platforms using HEC-GeoHMS, and then directly 
imported into HEC-HMS (Ali et al., 2011).

In the present study, hydrological simulation is 
performed in the examined basin with a daily time 
step. For infiltration loss calculation of the watershed, 
the “deficit and constant“ method is implemented. The 
deficit and constant loss model uses a single soil layer to 
account for continuous changes in moisture content (US 
Army Corps of Engineers, 2008). In addition, the “Clark 

unit hydrograph“ method is used to transform the flows 
and calculate the direct runoff from excess precipitation. 
The runoff is considered to be through a linear reservoir. 
Furthermore, the “linear reservoir“ method is used to 
account the baseflow. The central idea of the method is 
to take into account an underground reservoir charged 
during the infiltration phase of rainwater and then 
discharged, contributing to the surface flow after the 
end of the rainfall. Finally, the “Lag“ method is selected 
as the channel routing model. Table 2 summarizes the 
calculation methods for all the components of the HEC-
HMS model applied in the present study.

Table 2 Calculation methods for components of the 
basin and meteorological models

Component Calculation method

Canopy simple canopy

Loss deficit and constant

Transform clark unit hydrograph

Baseflow linear reservoir

Routing lag

Evapotranspiration constant monthly

The inclusion of the evapotranspiration process in the 
HEC-HMS model is significant for long-term simulations, 
and it is also necessary when using the deficit and constant 
loss method. In the case of the Kalloni, the method of 
constant monthly evapotranspiration is selected, which 
requires a potential monthly evaporation rate (mm.
month-1) and a crop coefficient from all subbasins. The 
modified Blaney-Criddle method is applied to calculate 
the mean daily potential evapotranspiration for each 
month (Doorenbos & Pruitt, 1977): 

 ETd = a + b × p × (0.46 × T + 8.16) (2.2)

where: 
ETd – the daily potential evapotranspiration (mm.d-1); 
T – the average monthly temperature (°C); p – the mean 
daily percentage of annual daytime hours (%), and a, b 
are the adjustment coefficients of the original Blaney-
Criddle equation depending on the air humidity, the 
hours of actual sunshine and the wind speed. In this case, 
the values -2.15, 1.38 are chosen for the coefficients a, 
b, respectively. These values are selected for moderate 
relative humidity conditions during the day (20–50%), 
for average wind speed conditions, and for theoretical to 
actual sunshine ratio between 0.6 and 0.8 (Ponce, 989). 
The mean daily percentage of annual daytime hours (p) 
expresses the percentage (%) of daylight hours each 
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month in relation to the total daylight hours of the year. 
This percentage is calculated from the following equation 
(Blaney & Criddle, 1950):

  (2.3)

where:
N – the average astronomical daylight duration related to 
the latitude of the study area (h); m – the number of days 
in the month under consideration (d). Finally, the daily 
ETd is converted to monthly using the formula: 

 ΕΤm = ETd × μ (2.4)

where:
ETm – the monthly potential evapotranspiration (mm.
month-1); μ – the total number of days in the respective 
month

The HEC-HMS model is calibrated using observed data 
(e.g., river discharge) to improve the predictability and 
reliability of the model. The model accuracy is typically 
based on specific statistics and ratings developed to 
evaluate various performance criteria, such as accuracy 
of predicting peak flows, total hydrograph volume, peak 
flow, time to peak etc., depending on project goals 
(World Bank Group, 2015). In this research, a set of model 
parameters is estimated empirically and manually using 
the HMS model’s tool “Calibration Aids”. The accuracy 
and performance of the calibrated model is evaluated 
by three goodness-of-fit measures, the Nash–Sutcliffe 
efficiency (NSE) coefficient, the percentage bias error 
(PBIAS), and the Root Mean Squared Error standard 
deviation ratio (RMSE Std. Dev.) of observations.

1. Nash-Sutcliffe efficiency (NSE) coefficient (Nash & 
Sutcliffe, 1970):

  (2.5)

 where:
 Qi

obs and Qi
sim – the observed and simulated discharge 

 value at the ith step, respectively;  is the average 

 of the observed discharge values; n – the number 
of observed/simulated values. The NSE coefficient 
determines the relative magnitude of the error variance 
compared to the observed data variance. NSE takes 
values in range between negative infinity (-∞) and 1; 
value of 1 indicates a perfect agreement, while negative 
values indicate very poor agreement. Generally, model 
calibration can be considered satisfactory if the NSE 
coefficient is greater than 0.50, while NSE coefficient 
values greater than 0.75 indicate a very good calibration 
of the model (Moriasi et al., 2007).

2. Percentage bias error (PBIAS), defined as:

  (2.6)

 where:
 Qsim and  – the simulated and observed mean 

discharge, respectively. This measure reflects the 
model’s capability to maintain water balance by 
reproducing total runoff volume. The lower PBIAS, the 
better is the model’s performance.  

3. Root Mean Squared Error standard deviation (RMSE 
Std. Dev.), given by: 

  (2.7)

 where:
 Qi

obs and Qi
sim – the observed and simulated discharge

 value at the ith step, respectively;  – the average of 
the observed discharge values, and n is the number 
of observed/simulated values. RMSE Std. Dev. 
incorporates the benefits of error index statistics and 
includes a  normalization factor, so that the resulting 
statistic and reported values can apply to various 
constituents. RMSE Std. Dev. varies from the optimal 
value of 0 to a large positive value. Lower values of 
RMSE Std. Dev. nominate a lower root mean square 
error normalized by the standard deviation of the 
observations, which indicates the adequacy of the 
model simulation (Moriasi et al., 2007).

Table 3 General performance ratings for examining statistics

Performance rating NSE PBIAS RMSE Std. Dev.

Very Good 0.75< NSE ≤1.00 PBIAS <±10% 0.00≤ RMSE Std. Dev. ≤0.50

Good 0.65< NSE ≤0.75 ±10%≤ PBIAS <±15% 0.50< RMSE Std. Dev ≤0.60

Satisfactory 0.50< NSE ≤0.65 ±15%≤ PBIAS <±25% 0.60< RMSE Std. Dev ≤0.70

Unsatisfactory NSE ≤0.50 PBIAS ≥±25% RMSE Std. Dev >0.70

Source: Moriasi et al., 2007
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The performance ratings for the three goodness-f-fit 
measures given by Moriasi et al. (2007) are based on 
the evaluations and corresponding values reported 
from individual studies. The ratings are summarized in 
table 3.

3 Results and discussion 

3.1 Calibration of the HEC-HMS model 

Calibration of the HEC-HMS model are conducted 
manually using model’s tool “Calibration Aids”. Fig. 
7 shows comparison of observed and simulated 
monthly discharge for the calibration period and Table 
4 summarizes calibration performance metrics. As 
observed, the HEC-HMS model calibration succeeded, 
while it accurately estimates peak discharge and volume. 
The model performance for river discharge is very good 
according to NSE and RMSE Std. Dev. and good according 
to PBIAS measure. 

3.2 Calibration and validation 
 of the LARS-WG 6.0 model

Daily precipitation, temperature, and solar radiation data 
for the period 2003–2020 are used for the LARS-WG 6.0 
model calibration. Generated time series from calibrated 
site is generated from random seeds, and performance 
of LARS-WG 6.0 is evaluated using the QTest validation 
option. The QTest compares probability distributions, 
means, and standard deviations for observed and 
generated data from LARS-WG 6.0. All statistical tests 

carried out in Qtest calculate a p-value. A very low 
p-value means that the simulated climate is unlikely to 
be the same as the ‘true’ climate. The level of p-value that 
is considered significant is subjective and depends on 
the importance of a very close fit for each application 
(Semenov & Barrow, 2002).

Evaluation of the LARS-WG 6.0 performance in 
simulating daily precipitation and temperature data 
for the Kalloni is presented in Tables 5 and 6. The K-S 
test was used to compare observed and generated data 
histograms. Table 5 showcased that simulation of both 
minimum and maximum temperature was perfect. It can 
also be noted that the model performed very well fitting 
for mean precipitation in winter and autumn seasons, 
while on the other hand, very poor performance was 
observed for summer period (Jun – Aug). The reason for 
the poor performance may be attributed to the lack of 
precipitation recorded in summer and small available 
database time series for baseline scenario. Semenov and 
Barrow (2002) have reported that sample size affects 
the likelihood of a significant p-value and the tests are 
more likely to give a significant result with more data. 
A small sample size with little observed precipitation 
data in summer gives little information, as to approach 
‘true’ distribution. Chisanga et al. (2017) also reported 
a poor performance in precipitation due to the lack of 
observed data during summer. Furthermore, significant 
differences between simulated and observed data 
might be due to LARS-WG smoothing of observed 
data in order to eliminate random noise (Semenov & 

 
Figure 7 HEC-HMS calibration results for river discharge (m3.s-1)

Table 4 Calibration performance measures

Peak discharge (m3.s-1) Volume (mm) Date of peak NSE PBIΑS RMSE Std. Dev.

Simulated 1.52 143.27 24/01/2019
0.784 -0.10% 0.46

Observed 1.52 143.27 24/01/2019
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statistical characteristics of observed 
and generated monthly weather 
data. R2 value of 0.99 demonstrates 
excellent performance of LARS-WG 
6.0 in simulating weather variables. 
Ratings of the Nash-Sutcliffe 
efficiency coefficient and percentage 
bias error also showed a very good 
performance of LARS-WG 6.0 in fitting 
monthly statistics. Performance 
of LARS-WG 6.0 in simulating 
climate variables is demonstrated 
in Fig. 8 which compares observed 
and generated average monthly 
precipitation, and minimum and 
maximum temperature.

3.3 Analysis of precipitation 
 and temperature variables 

The first step in analysing effects 
of climate change on river basin 
hydrology is to quantify changes 
in weather variables. Table 7 
summarized downscaling results 
for mean annual precipitation and 
temperature for various GCMs-RCP 

Barrow, 2002). Ebrahim et al. (2012) 
have also stated that significant 
difference during winter season is 
likely due to LARS-WG smoothing 
for observed data.

Performance of LARS-WG 6.0 is also 
checked by using coefficient of 
determinant (R2), the Nash–Sutcliffe 
efficiency (NSE) coefficient, and 
percentage bias error (PBIAS). Table 
6 summarized results of analyses of 

Table 5 K-S test for daily precipitation, minimum and maximum temperature distributions

Month Mean precipitation Min temperature Max temperature

K-S p-value assessment K-S p-value assessment K-S p-value assessment

Jan 0.14 0.97 perfect 0.05 1.00 perfect 0.11 1.00 perfect

Feb 0.05 1.00 perfect 0.11 1.00 perfect 0.05 1.00 perfect

Mar 0.09 1.00 perfect 0.05 1.00 perfect 0.05 1.00 perfect

Apr 0.06 1.00 perfect 0.09 1.00 perfect 0.05 1.00 perfect

May 0.07 1.00 perfect 0.05 1.00 perfect 0.05 1.00 perfect

Jun 0.24 0.49 good 0.05 1.00 perfect 0.05 1.00 perfect

Jul 0.54 0.00 very poor 0.11 1.00 perfect 0.05 1.00 perfect

Aug 0.64 0.00 very poor 0.05 1.00 perfect 0.05 1.00 perfect

Sep 0.15 0.95 perfect 0.05 1.00 perfect 0.05 1.00 perfect

Oct 0.05 1.00 perfect 0.05 1.00 perfect 0.05 1.00 perfect

Nov 0.04 1.00 perfect 0.05 1.00 perfect 0.05 1.00 perfect

Dec 0.03 1.00 perfect 0.11 1.00 perfect 0.05 1.00 perfect

Table 6 Performance results of LARS-WG 6.0 in fitting monthly precipitation and temperature statistics 

R2 NSE PBIAS

Mean monthly precipitation 0.983 0.977 5.370

Min monthly temperature 0.997 0.992 2.640

Max monthly temperature 0.997 0.996 0.900

 
Figure 8 Comparison of LARS-WG 6.0 generated and observed baseline data 

of mean monthly precipitation, minimum and maximum monthly 
temperature

Observed Min Temperature
Observed Max Temperature
Observed Mean Temperature
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scenarios as well as percentage 
changes of these parameters 
compared to baseline scenario. 
The results show a consistently 
increasing trend both in precipitation 
and temperature values for all 
climate models except GFDL-CM3 
which shows a reduction of future 
rainfall by 5.79%. Table 7 also shows 
a large divergence in changes of 
annual rainfall totals which range 
from -5.79% (GFDL-CM3) to +6.99% 
(MIROC5) for RCP 8.5 and from 
+0.47% (GFDL-CM3) to +9.14% (MPI-
ESM-MR) for RCP 4.5. The annual rate 
of changes of mean temperature at 
the Kalloni river basin also range from 
+6.63% (MPI-ESM-MR) to +15.03% 
(GFDL-CM3) for RCP 8.5 and +4.23% 
(EC-EARTH) to +10.01% (GFDL-CM3) 
for RCP 4.5. 

Variations in GCMs outputs 
concerning predicted annual rainfall 
totals and average temperatures for 
future simulation period 2021–2080 
are shown as boxplots in Figs 9a 
and 9b, respectively. The boxplots 
represent 25th, 50th (median) and 
75th percentiles, and horizontal 
lines show mean annual values for 
Baseline Business as Usual (BaU) 
scenario. The generated data from 
Baseline BaU scenario for the period 

Table 7 Annual changes in precipitation and temperature for all examined GCM-RCP scenarios 

Scenario Annual precipitation (mm) Temperature (°C)

GCM RCP mean value percent change (%) mean value percent change (%)

HadGEM2-ES 2.6 529.49 5.36% 18.82 7.59%

EC-EARTH 4.5 537.59 6.97% 18.24 4.23%

GFDL-CM3 4.5 504.90 0.47% 19.25 10.01%

HadGEM2-ES 4.5 543.42 8.13% 19.00 8.63%

MIROC5 4.5 546.65 8.77% 18.83 7.63%

MPI-ESM-MR 4.5 548.50 9.14% 18.29 4.54%

EC-EARTH 8.5 525.75 4.61% 18.83 7.62%

GFDL-CM3 8.5 473.44 -5.79% 20.12 15.03%

HadGEM2-ES 8.5 517.97 3.07% 19.51 11.51%

MIROC5 8.5 537.67 6.99% 19.28 10.18%

MPI-ESM-MR 8.5 536.96 6.84% 18.66 6.63%

Baseline BaU 502.56 0.00% 17.50 0.00%

 

Figure 9 Variations in future (a) mean annual precipitation and (b) mean annual 
temperature forecasts compared to baseline scenario under the 
influence of each emissions scenario 
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2021–2080 match site statistics based on historical 
records without taking into account climate change. 
Variations in GCMs result indicate the range of uncertainty 
in GCM predictions and they arise mainly from wide 
rainfall patterns generated by different climate models 
(Hajian et al., 2016; Bates et al., 2008). Therefore, studies 
investigating the potential effects of climate change on 
water resources using outflows from a single GCM greatly 
reduce the validity and usefulness of the findings (Hajian 
et al., 2016).

Subsequently, it is important to examine the response 
of these parameters to climate change in a shorter time 
scale, as they show significant seasonal fluctuations. 
Tables 8 and 9 show average seasonal changes in 
total rainfall and average temperature. Table 8 shows 
that rainfall varies significantly between different 
GCMs, whereas Table 9 shows more uniform results for 
temperature. These variations, as well as the final values 
of the rainfall and temperature parameters on a monthly 
basis, are visualized in Figs 10a, b, c and 11a, b, c, 
respectively. As observed, the average cumulative rainfall 
shows a  downward trend in spring and summer and 

Table 8 Seasonal changes in mean precipitation for all simulated GCM-RCP scenarios 

Scenario Seasonal Precipitation (mm) Seasonal percent change (%)

GCM RCP winter spring summer autumn winter spring summer autumn

HadGEM2-ES 2.6 267.63 93.15 32.43 137.47 1.12% 5.10% 7.10% 14.37%

EC-EARTH 4.5 274.33 81.09 27.61 155.94 3.65% -8.51% -8.82% 29.73%

GFDL-CM3 4.5 266.84 94.61 30.37 86.82 0.82% 6.75% 0.30% -27.77%

HadGEM2-ES 4.5 275.80 87.46 33.05 148.44 4.21% -1.32% 9.15% 23.49%

MIROC5 4.5 288.08 88.86 28.56 142.60 8.85% 0.26% -5.68% 18.64%

MPI-ESM-MR 4.5 279.92 88.85 27.15 153.99 5.77% 0.25% -10.34% 28.11%

EC-EARTH 8.5 262.57 83.54 28.23 152.74 -0.79% -5.74% -6.77% 27.07%

GFDL-CM3 8.5 234.61 91.97 32.50 82.70 -11.35% 3.77% 7.33% -31.20%

HadGEM2-ES 8.5 267.23 87.66 31.59 132.66 0.97% -1.09% 4.33% 10.37%

MIROC5 8.5 285.50 87.65 27.93 138.04 7.87% -1.11% -7.76% 14.84%

MPI-ESM-MR 8.5 276.69 88.60 25.37 147.62 4.55% -0.03% -16.22% 22.81%

Baseline BaU 264.66 88.63 30.28 120.20 0.00% 0.00% 0.00% 0.00%

Table 9 Seasonal changes in mean temperature for all simulated GCM-RCP scenarios 

Scenario Mean seasonal temperature (oC) Seasonal percent change (%)

GCM RCP winter spring summer autumn winter spring summer autumn

HadGEM2-ES 2.6 10.89 17.00 27.19 20.04 12.53% 9.14% 5.18% 7.11%

EC-EARTH 4.5 10.35 16.32 26.63 19.47 6.89% 4.73% 3.04% 4.10%

GFDL-CM3 4.5 10.78 17.14 28.25 20.60 11.40% 10.01% 9.30% 10.10%

HadGEM2-ES 4.5 10.94 17.14 27.46 20.30 12.98% 10.03% 6.25% 8.50%

MIROC5 4.5 10.78 16.81 27.38 20.18 11.33% 7.87% 5.92% 7.86%

MPI-ESM-MR 4.5 10.35 16.47 26.81 19.35 6.96% 5.72% 3.71% 3.45%

EC-EARTH 8.5 10.97 16.93 27.18 20.06 13.36% 8.66% 5.15% 7.22%

GFDL-CM3 8.5 11.67 17.92 29.21 21.50 20.59% 15.00% 13.00% 14.93%

HadGEM2-ES 8.5 11.34 17.56 28.08 20.88 17.18% 12.71% 8.63% 11.60%

MIROC5 8.5 11.10 17.16 27.96 20.70 14.63% 10.16% 8.18% 10.67%

MPI-ESM-MR 8.5 10.48 16.72 27.35 19.89 8.23% 7.33% 5.83% 6.32%

Baseline BaU 9.68 15.58 25.85 18.71 0.00% 0.00% 0.00% 0.00%
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Figure 10 Variations in monthly precipitation forecasts compared to baseline BaU scenario under the influence of each 

emissions scenario (a) RCP 2.6, (b) RCP 4.5, and (c) RCP 8.5
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Figure 11 Variations in monthly temperature forecasts compared to baseline BaU scenario under the influence of each 
emissions scenario (a) RCP 2.6, (b) RCP 4.5, and (c) RCP 8.5 
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a particularly upward trend in winter 
and especially autumn. Moreover, 
there is a shift of peak rainfall from 
January to February, while January 
shows a drop in cumulative rainfall. 
Finally, in terms of temperature, 
there is a general increase in average 
temperature throughout the year, 
while the largest changes occur 
during the winter months.

3.4 Climate change impact 
 on evapotranspiration

Monthly potential evapotranspira-
tion is computed using the modified 
Blaney-Criddle method (Blaney & 
Criddle, 1950) with projected tem-
perature data for 2021–2080 period. 
Evapotranspiration under various 
GSMs-RCP scenarios is compared to 
corresponding baseline Business as 
Usual (BaU) scenario and percentage 
changes are summarized in Table 10. 
Overall results indicate an increase 
in seasonal evapotranspiration in 
the region, with significant chan-
ges for instance of 7.42%, 7.07%, 
7.77% and 7.78% for winter, spring, 
summer and autumn, respectively, 
occurring in GFDL-CM3 model for 
RCP 8.5 emission scenario. Variations 
in monthly evapotranspiration for 
all scenarios are represented in Figs 
12a, 12b and 12c. 

3.5 Climate change impact 
 on streamflow

Annual peak and average monthly 
river discharges are computed using 
the calibrated HEC-HMS model 
based on projected weather data 
for 2021–2080 period. Figs 13a, b, 
c and 14a, b, c show annual peak 
and seasonal discharge variations 
respectively, under all examined 
GCM models for three RCP scenarios. 
Although the results from different 
scenarios vary considerably, a general 
increasing trend of flow peaks is 
observed, especially during the long-
term period 2040–2080. In terms of 
monthly variations, January presents 
highest peaks in all scenarios as well 

 a

 
b

Figure 12 Monthly evapotranspiration variations under all examined GCM models 
for (a) RCP2.6, (b) RCP4.5, and (c) RCP8.5 scenarios
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Table 10 Seasonal changes in evapotranspiration for all examined GCM-RCP scenarios 

Scenario Seasonal Evapotranspiration (mm) Seasonal percent change (%)

GCM RCP winter spring summer autumn winter spring summer autumn

HadGEM2-ES 2.6 119.35 199.50 279.98 182.56 4.53% 4.29% 3.10% 3.68%

EC-EARTH 4.5 117.03 195.55 276.50 179.82 2.49% 2.22% 1.82% 2.12%

GFDL-CM3 4.5 118.87 200.36 286.64 185.36 4.11% 4.73% 5.56% 5.27%

HadGEM2-ES 4.5 119.54 200.32 281.71 183.86 4.69% 4.71% 3.74% 4.41%

MIROC5 4.5 118.85 198.42 281.17 183.28 4.09% 3.72% 3.54% 4.09%

MPI-ESM-MR 4.5 117.06 196.44 277.58 179.27 2.52% 2.69% 2.22% 1.81%

EC-EARTH 8.5 119.69 199.05 279.91 182.65 4.82% 4.05% 3.08% 3.73%

GFDL-CM3 8.5 122.65 204.82 292.64 189.78 7.42% 7.07% 7.77% 7.78%

HadGEM2-ES 8.5 121.26 202.73 285.56 186.68 6.20% 5.98% 5.16% 6.02%

MIROC5 8.5 120.21 200.50 284.83 185.87 5.28% 4.81% 4.89% 5.56%

MPI-ESM-MR 8.5 117.58 197.91 281.02 181.91 2.97% 3.45% 3.48% 3.31%

Baseline BaU 114.18 191.30 271.55 176.08 0.00% 0.00% 0.00% 0.00%

Table 11 Annual changes in river discharge for all examined GCM-RCP scenarios

Scenario Annual discharge (m3.s-1) Annual percent change (%)

GCM RCP peak average peak average

HadGEM2-ES 2.6 4.24 1.34 -5.57% 16.86%

EC-EARTH 4.5 4.79 1.56 6.68% 36.50%

GFDL-CM3 4.5 4.70 1.37 4.68% 19.49%

HadGEM2-ES 4.5 4.70 1.48 4.68% 29.26%

MIROC5 4.5 5.02 1.58 11.80% 38.23%

MPI-ESM-MR 4.5 4.76 1.60 6.01% 39.60%

EC-EARTH 8.5 4.70 1.44 4.68% 25.84%

GFDL-CM3 8.5 4.70 1.34 4.68% 16.74%

HadGEM2-ES 8.5 4.55 1.26 1.34% 10.13%

MIROC5 8.5 4.92 1.51 9.58% 32.22%

MPI-ESM-MR 8.5 4.53 1.53 0.89% 33.69%

Baseline BaU 4.49 1.14 0.00% 0.00%
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Figure 13 Annual peak discharge variations under all examined GCM models for (a) RCP2.6, (b) RCP4.5, and (c) RCP8.5 scenarios
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as in baseline scenario. However, the 
most critical months are October 
and November, which show more 
than double discharge compared to 
the baseline scenario. Also, in future, 
dry months August and September 
are expected to have even lower 
discharges. This sudden surge of 
streamflow from summer to autumn 
months is of particular concern as 
it increases the risk of flash floods 
occurrence.

Table 11 summarizes percent 
difference in annual average and 
peak discharge between baseline 
BaU scenario and each of future 
scenarios considered. It is observed 
that average discharge is increasing 
rapidly in future, with the most 
“optimistic” scenario being for 
HadGEM2-ES model and RCP8.5 
(+10.13% increase) and the most 
“pessimistic” scenario being for MPI-
ESM-MR model and RCP4.5 (+39.60% 
increase). On the other hand, annual 
peak discharge showed smaller 
changes, which vary from -5.75% 
decrease for HadGEM2-ES model 
and RCP8.5 to +11.80% increase 
for MIROC5 model and RCP4.5. 
Moreover, Table 12 summarizes 
seasonal changes in discharge as 
percentages of the mean values. 
Autumn shows the most significant 
expected increase in discharge as 
noted above, whereas summer 
and spring are the seasons with 
the largest number of discharge 
reductions. Finally, although winter 
is the season with the highest 
discharge amounts, it presents the 
smallest future percentage changes 
under climate change scenarios.

Figure 14 Monthly discharge variations under all examined GCM models for (a) 
RCP2.6, (b) RCP4.5, and (c) RCP8.5 scenarios
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4 Conclusions 
The present study investigates the climate change impact 
on hydrologic regime of the Kalloni river basin with 
intermittent flow in response to different climatic models 
and conditions. The LARS-WG version 6.0 was used along 
with five GCM models and three emission scenarios to 
generate climatic variables. In total, eleven sets of GCM-
RCP scenarios were considered when predicting future 
rainfall, temperatures, and radiation patterns, covering 
a wide range of uncertainties. Hydrological model 
simulations were conducted for the baseline climate and 
each of the climate scenarios in the environment of HEC-
HMS version 4.3. The results obtained demonstrate that 
the approach combining hydrological model HEC-HMS 
and LARS-WG weather generator is efficient for assessing 
the effects of climate change on the patterns of the river 
hydrology. 

Annual and seasonal predictions of weather variables, 
evapotranspiration, and discharge for the Kalloni river 
basin were obtained based on various GCMs and RCPs 
scenarios for assessing climate change impact on 
hydrologic regime of the basin. Overall findings indicate 
an increase in mean annual rainfall and temperature for 
the region. In seasonal patterns, a  significant increase 
in precipitation is expected in autumn. Slight increase 
or even  decrease can be anticipated in summer and 
spring rainfall totals. A  general increasing trend of 
mean temperature and a consequent change in 
evapotranspiration was observed throughout the year, 
with the most significant change occurring in winter. The 
projected decrease in summer precipitation and higher 
evapotranspiration are expected to cause a  reduction 

in soil water and groundwater recharge in the basin 
area. This reduction in summer combined with the 
tremendous increase in autumn discharge leads to a high 
risk of flooding, particularly in the form of flash floods. 
Such findings indicate the need for integrated water 
management and flood mitigation strategies in the area 
of the Kalloni river basin.

This paper provides a quantitative framework for 
policymakers in small, intermittent flow, river basins in the 
Mediterranean, such as the Kalloni, to plan and manage 
the expected future challenges of river discharge and 
flood occurrence.
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1 Introduction 
Soil texture is an elemental parameter for soil 
classifi cation. Soil type determined according to soil 
particle size distribution is the key parameter for 
mechanical properties determination in geotechnical 
analyses (Ševelová et al., 2020) and soil nutrifi cation 
conditions in the pedologic analysis (Wlodarczyk et al., 
2008). Soil texture indicates the content of the individual 
grain size fractions in the soil. The representation 
of the  individual  grain size fractions is graphically 
represented in the grain size distribution curve (Rejšek & 
Vácha, 2018).

Particle size distribution (PSD) is an important method 
in soil science and also in geotechnics. Each of the fi elds 
uses diff erent classifi cation systems of grain size fractions 
in the soils and performs PSD analysis for a diff erent 
purpose. In soil science, PSD is determined as it aff ects 
the soil properties such as porosity, gas exchange 
and water retention (Walczak et al., 2004; Witkowska-
Walczak et al., 2002), soil conductivity (Sławiński et al., 
2006), sorption properties (Usowicz et al., 2008), etc. 
In geotechnics, PSD is needed to determine the soil 

type and the related design strength parameters for 
the building structure reliable design. PSD analysis 
procedure is defi ned for each of these fi elds by its 
standard methods, based on diff erent sedimentation 
methods. Although these methods are validated and 
other methods are based on them, they are also time-
consuming and burdened with human error in manual 
sample processing.

The grain size distribution curve for geotechnical analyses 
is created by a combination of sieve analysis (particles 
between 125 mm and 0.063 mm) and hydrometer 
(densitometer) test (particles less than 0.063 mm). 
Hydrometer (areometer, densitometer, the Casagrande’s 
test) is based on free and continuous sedimentation of 
the suspension (the Stoke’s law). During sedimentation, 
the density of the solution is read in seven defi ned 
time intervals – 2’, 5’, 15’, 30’, 60’, 120’, 240’ and 24 hours. 
Subsequently, fi ctitious sieves are formed from these 
density readings and converted to grain size fractions. 
The data obtained by the sieving and hydrometer 
method were merged and plotted in the form of the 
grain size distribution curve (Hanák, 2001).

Comparison of laser diff raction method and hydrometer method 
for soil particle size distribution analysis
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Most comparisons between the LDA and the 
sedimentation method were made for the pipette 
method (Igaz et al., 2017; Taubner et al., 2009; Beuselinck 
et al., 1998; Yang et al., 2019). The pipette method 
determines the mass percentage concentration of 
the settling suspension. The hydrometer determines 
its density (Bieganowski et al., 2018). For the pipette 
method, sample preparation, measurement method, 
measurement times, and the maximum grain size of the 
fraction that enters the sedimentation analysis (particles 
below 0.25 mm) differ. The principle is based on pipetting 
from predetermined depths and at predetermined time 
intervals. The samples are then dried, weighed, and 
the percentage of the individual fractions is calculated 
accordingly (Igaz et al., 2017).

The laser diffraction analysis (LDA) is a modern method 
that can be used, besides other purposes, to determine 
soil texture. LDA is used to measure the particle size 
distribution in the soil sample. The principle of laser 
diffraction consists of irradiating the sample particles with 
a laser beam. Sample particles bend light (diffraction). 
The angle of light refraction is inversely proportional to 
the measured particles size – large particles scatter light 
at a small angle but with low intensity, and vice versa. The 
light amount that is determined in different directions 
is used to calculate the particle size and the calculation 
depends on the sample refractive index and the medium 
in which it is dispersed. The majority of the LDA devices 
currently available enable measurements of fractions 
under 2 mm (Šulcová & Beneš, 2008); however, the 
measuring range is expanding up to 0.01–3,000 µm (Igaz 
et al., 2020). LDA is therefore used for also for PSD analysis 
of smaller soil particles as well as another method, the 
pipette method (Taubner et al., 2009).

The PSD determination of bulk materials using LDA 
is used mainly for homogenous materials with the 
expected narrow range of grain size fractions. By this 
analysis, materials with one-grain size fraction are most 
often analysed with high reliability – such as powder, 
gunpowder, or cocoa. For soil science purposes, many 
studies have been performed, which in some cases 
confirm the concordance of PSD performed using LDA 
and some sedimentation method, most often the pipette 
method (Ryżak & Bieganowski, 2010).

The purpose of the presented work was to verify the 
possibility of using LDA also for geotechnical purposes 

and to replace this analysis with the hydrometer used 
for grain size analysis according to ČSN EN ISO 17892-4 
(2017). Therefore, the results on two methods of the PSD 
determination were compared – the hydrometer method 
(sedimentation, the Casagrande’s method) and the laser 
diffraction analysis (LDA). The comparative analysis 
aimed to streamline the methods that lead to grain size 
distribution curve preparation.

2 Material and methods 

2.1 The samples 

Nine samples of 0–4 mm fraction were used for 
comparative analysis. The samples were sandy loam 
mixtures, and their texture was classified according 
to the Unified Soil Classification System (USCS) (ČSN 
EN ISO 14688-2, 2005). Then, they were classified 
according to Table 1 (ČSN EN ISO 14689-1 (2004) and 
ČSN EN ISO 14688-2 (2005)). The samples were artificially 
mixed to modify the park paths. This mixture was formed 
by mixing a gravel-sand skeleton with loamy-clayey 
filling.

All samples were sieved through a 2 mm sieve. About 
1–2 g of air-dried sample was used for LDA. About 40 g 
of sample was used in the hydrometer – this was sieved 
through a 0.063 mm sieve and fractions 2–0.063  mm 
were dried and sieved through a sieve system. For 
comparative analysis there were taken falls below 2 mm 
of these materials.

The research was conducted in the Department of 
Landscape Management laboratory.

2.2 Hydrometer test preparation

For the hydrometer, soil samples sieved through a 2 mm 
sieve were used. The weight of the samples ranged 
from 40 g to 80 g. The sample was mixed with distilled 
water and 20 ml of sodium hexametaphosphate, stirred 
for five minutes, sieved through a 0.063 mm sieve into 
a graduated cylinder and made up to 1,000 ml with 
distilled water. At the specific time intervals (2´, 5´, 15´, 
30´, 60´, 120´, 240´ and 24 hours), the values of the 
actual temperature and relative density were recorded 
using a Casagrande’s densitometer. Subsequently, the 
fictitious sieves calculation and fractions percentage 
decrease were performed. These fractions were then 
used as comparison sieves for the LDA. In combination 

Table 1 USCS Classification (ČSN EN ISO 14688-2, 2005)

  V1 V2 V3 V4 V5 V6 V7 V8 V9

USCS S4-SM S4-SM G3-G-F S4-SM S4-SM S3-S-F S4-SM S4-SM S3-S-F

Sieve <0.063 mm 18.50 20.90 13.50 16.50 17.10 9.30 18.80 19.70 11.00
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with the sieve analysis, the complete soil sample grain 
size distribution curve was obtained. For comparison 
with LDA, histogram data were obtained from these 
cumulative values. 

2.3 Laser diffraction analysis preparation

Laser analyser Mastersizer 3000 (Malvern Instruments) 
is composed of a optical unit, a dispersion unit, and a 
measurement cell. The wet dispersion unit (filled with 
distilled water) was used. The measurement range was 
0.01–3,500 μm (Malvern Instruments Ltd., 2013).

The samples for LDA were sieved at 2 mm mesh size. 
From this amount there was measured about 20 g and 
quartering was performed. All samples’ preparations 
were the same, without the use of chemicals. Some 
samples were dried at room temperature and some 
were dried at 105 °C, but all samples were fully dry 
when the measurement was performed (the samples 
were dried for practical reasons because dry soil is 
better sieved through a sieve with small meshes). After 
quartering, a small amount of soil (about 1–2 g) was 
inserted into the laser analyser. Three measurements 
were performed. First, with manual measurement, 
second, with entered fictitious sieves from hydrometer 
(fictitious sieves are imaginary sieves calculated from 
the hydrometer test). These data were obtained during 
the previous measurement with a densitometer. The 
third measurement was performed with SOP (standard 
operating procedure) measurement with no default 
sieve sizes (SOP is a predefined measurement sequence). 
The second measurement was used for comparison with 
the hydrometer test. The grain size distribution curve 
is formed by the cumulative volume in percentage. 
Laser analyser processed the specified sieves, but only 
for the histogram (percentage of individual sizes). For 
cumulative volume, the two closest sieves had to be 
selected (Malvern Instruments Ltd., 2015).

2.4 Data evaluation

Nine samples (V1 to V9) were analysed. Six samples 
were SM-S4, two were S3 S-F and one was G3-G-F. The 
analysis was performed by a combination of a sieve and 
a hydrometer. The falls percentages on the individual 
sieves are given in Table 3. 

Only grain size fractions below 0.063 mm were compared 
with LDA because the larger fraction was the result 
of sieve analysis, and this comparison was not the 
subject of this analysis. Regarding LDA, the histogram 
data corresponded to the specified sieves from the 
densitometer, and the data for the cumulative volume 
worked with fictitious sieves of the diffraction analyser.

2.5  Mastersizer 3000 data outputs 

Table 2 shows an example of LDA output. The refractive 
index is a value determining the light refraction during its 
transition from an environment to another environment. 
It is between 0 and 5. The index is constant. For dispersant 
(distilled water) and sampled material, refraction indices 
of 1.33 and 1.457 were used, respectively. The absorption 
index is a measure of the light amount that particles 
absorb. It is between 0 and 10 and the higher it is, the 
less transparent the materials are. Weighted residual 
is an indication of how well the calculated data were 
fitted to the measurement data. A good fit is indicated 
by a residual of less than 1%. Obscuration is a measure 
of the laser light amount lost due to the introduction of 
the samples into the analyser beam. Obscuration helps 
the user to set the right sample concentration during 
the measurement. Concentration is calculated using the 
Beer-Lambert’s law. Span is the width of the distribution 
measurement. The narrower the distribution, the smaller 
the span becomes. Uniformity is a measure of the 
absolute divination from the median. Specific surface 
area is the particles total area divided by the total weight. 
D (m, n) are the distribution statistics, they are calculated 
from the results (Malvern Instruments Ltd., 2015).

Table 2 The example of LDA Mastersizer 3000 output

Analysis Result

Particle name sita_V1 concentration 0.07%

Particle refractive index 1.457 span 3.656

Particle absorption index 0.01 uniformity 1.162

Dispersant name water specific surface area 188.9 m².kg-1

Dispersant refractive index 1.33 D [3,2] 11.3 μm

Scattering model mie D [4,3] 256 μm

Analysis model general purpose Dx (10) 5.51 μm

Weighted residual 0.61% Dx (50) 176 μm

Laser obscuration 27.11% Dx (90) 650 μm
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3 Results and discussion 
Nine granulometric compositions of soils were compared. 
Granulometric curves were obtained in the form of 
cumulative fall data on individual sieves and then were 
converted to histogram data. 

Figs 1 and 2 show representative results for samples V1 
and V9 for the whole analysed range of fractions 0 to 
2 mm. It is a comparison between the hydrometer test (in 
graphs marked as ARM – areometer) and LDA. The overall 
behaviour trend in all analysed samples is evident. The 
falls values on individual sieves determined from the LDA 
are in 99% of cases higher than from the hydrometer 
analysis.

The differences in the falls quantity in the individual 
sieves were determined and the difference between 
the two methods was quantified. In almost all cases, the 
amount found for individual fractions was higher for 
samples analyzed for LDA. The difference between the 
amount detected by LDA and ARM for all materials and 
all fractions is shown in Fig. 3. 

The magnitudes of the differences between the 
individual fractions were observed only from comparable 
sieves, i.e. up to the maximum of 0.063 mm. It can be 
stated that there is an evident trend in behaviour. Up to 
the 0.01 mm fraction, the data are more consistent and 
with less variability, up to the maximum of 4% by volume, 

Figure 1 Representative results for materials V1

 

Table 3 Outputs from the hydrometer

Sieve (μm) V1 V2 V3 V4 V5 V6 V7 V8 V9

1,41–1,56 0.92 4.10 1.41 1.80 1.51 1.36 0.66 0.55 1.38

3.39–3.77 0.57 1.69 1.34 1.00 1.70 0.38 0.66 0.51 1.34

4.75–5.28 1.91 0.88 1.34 1.66 1.39 0.43 0.35 0.43 0.34

6.68–7.47 1.95 1.61 0.68 0.37 0.85 0.39 1.89 1.65 0.73

9.35–10.47 1.16 2.09 0.69 1.37 2.32 0.71 2.50 3.97 0.69

13.10–14.67 3.44 2.13 1.31 0.70 2.45 0.33 3.68 4.84 1.03

22.44–25.32 2.04 1.46 1.40 2.26 0.89 1.33 3.06 3.20 0.74

35.23–39.81 3.92 2.76 1.97 3.24 2.08 1.07 3.10 2.09 1.99

63.00 3.66 2.94 2.39 2.68 2.26 0.57 0.61 2.14 2.83

125.00 4.25 5.38 4.03 6.03 4.75 3.78 4.49 7.37 5.02

250.00 10.45 7.91 6.62 9.99 8.65 9.33 10.63 12.98 8.46

500.00 14.65 11.25 10.56 14.62 13.16 16.47 14.01 16.81 13.35

1,000.00 15.84 17.90 18.94 23.10 21.79 26.24 15.81 19.74 19.47

2,000.00 23.27 27.62 25.02 20.55 29.25 25.98 23.96 18.47 20.35
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as shown in Fig. 3. For sieves over 0.01 mm, the differences 
in the detected volumes between the hydrometer and 
LDA are already larger, up to 10% of the volume (Fig. 3), 
and the values show greater variability. Fig. 4 shows drop 
differences in sieves for each sample. 

Several scientific teams have already dealt with the 
comparison of LDA and the sedimentation methods, 
especially with the pipetting method for soil science 
purposes, however, we did not find any work comparing 
LDA with the Casagrande’s sedimentation method for 
geotechnical purposes. 

Yang et al. (2019) compared LDA with the pipetting 
method and the scanning electron microscopy. They 
measured over 200 samples. The samples were prepared 
with hydrogen peroxide and hydrogen chloride. Sodium 
hexametaphosphate was used for better dispersion. 
This team used the Mastersizer 2,000 laser analyser 
and distilled water as a dispersant. Worse results were 
observed for clay, better for sand grain size fractions. The 
results of this research confirmed the suitability of the use 
of LDA instead of the pipetting method, but at the same 
time pointed out that each soil is different, and research 

Figure 2 Representative results for materials V9

 

Figure 3 The difference in quantity between the amount detected by LDA and ARM for all materials V1–V9 and all fractions
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needs to be continued and all other factors addressed 
(Yang et al., 2019).

The research carried out using the Casagrande‘s 
sedimentation method can be used to compare the 
presented results, but for soil science purposes, i.e. at 
other sedimentation times (Ryżak & Bieganowski, 2010). 
Ryżak and Bieganowski (2010) compared LDA with the 
hydrometer method. They worked with dry samples 
and with the Mastersizer 2,000 (the previous version 
of the analyser used in this study). The dispersant was 
distilled water. They proceeded with 23 samples. Only 
three fine grain size fractions were compared in the 
analyses, namely clay and silty up to 0.05 mm and sand 
up to 2 mm. Although they achieved better correlations 
for sand fraction, worse correlation than in our study 
was observed for clay fraction. The conclusion was that 
the evaluated three particle size fractions should be 
considered separately and should only be analysed 
separately from each other (Ryżak & Bieganowski, 2010).

Over 200 samples were processed by Di Stefano et al. 
(2010). They compared LDA with the sieve-hydrometer 
method. The hydrometer was carried out with different 
sample amounts at other times and using other mesh 
sizes than in our research. They used the laser analyser 
Analysette 22. Before comparing, some factors affecting 
the LDA were tested – the ultrasound duration, the 
sample pre-treatment and the diffraction theory 
applied. All samples analysis showed that the sand part 
determined by hydrometer was similar to that obtained 

by the LDA. The clay percentage was an overestimation 
to LDA (Di Stefano et al., 2010). 

The aim for determining the PSD for all mentioned 
methods is to determine the fractions percentage for 
the classification preparation. Soil classification is used 
in individual disciplines for specific purposes. However, 
individual methods differ in the methodology of 
preparation. There are different amounts of soil entering 
the analysis, differences in the sample preparation 
procedure, and the times for determining the density of 
the solution may lead to different absolute values of the 
percentages for the individual fractions. 

The observed difference between the hydrometer 
and LDA results may be due to the different sample 
preparation and different amount of sample. Due to 
the small amount of sample entering the LDA analysis, 
the samples for LDA were only air-dried, and no sodium 
hexametaphosphate was used. Therefore, the samples 
were not perfectly separated for LDA. Very different 
amounts of the sample also enter both measurements – 
about 40 g for the hydrometer and about 1–2 g for LDA.

Studies showed good statistical dependencies between 
methods for soils with prevailing grain size fractions. 
Significant differences were found in the soils with a wide 
grain size fraction range (Ryżak & Bieganowski, 2010). 
Therefore, it can be stated that this first comparison 
showed interesting relations between LDA and 
hydrometer, which will need to be subjected to a more 
detailed analysis. 

Figure 4 Drop differences in sieves for individual samples
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4 Conclusions 
There are various methods for classifying PSD of soils. They 
are based on different grain sizes of detected fractions, 
sample preparation methods, and measurement 
procedures, from which the percentage is determined – 
the distribution of the individual particles. It is very 
difficult to make a simple substitution for one method 
after another because each is associated with a specific 
purpose and focus to use. The presented results of the 
first comparison of LDA and the hydrometer method for 
the geotechnical purposes show significant differences 
in the detected amounts of falls on the sieves but at the 
same time, a good trend that could be used to determine 
the dependencies between the individual sieves. 

The analysis clearly shows better correlations between 
finer fractions. Up to the 0.01 mm fraction, the differences 
in falls were within acceptable limits. For finer-grained 
soils, especially clays (which are more difficult for 
hydrometer processing), the LDA could offer a solution. 
Furthermore, a careful analysis identified some possible 
sources of errors that arose during the transformation 
of procedures. The main reason for the differences is 
a method of sample preparation for the hydrometer 
method – the amount of used sample, the maximum 
fraction, and the use of reagent. In LDA, incomparably 
smaller amounts enter the analysis, and the sample was 
prepared without the use of a reagent. 
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1 Introduction
Data dealing with the extent and severity of soil 
degradation by the erosion of wind across the whole 
Europe is minimal (Chappell & Warren, 2003). Recent EU 
projects studies (Wind Erosion on European Light Soils 
(WEELS) and Wind Erosion and Loss of Soil Nutrients 
in Semi-Arid Spain (WELSONS), Warren, 2003) indicate 
reasons that there may be more areas potentially 
threatened by wind erosion than foreseen by the 
European Environment Agency (EEA, 1998) in the past. 
Further studies have shown that areas previously 
identifi ed as only slightly aff ected by wind erosion 
(EEA, 1998) are currently experiencing extensive erosive 
processes (Böhner et al., 2003; Gomes et al., 2003).

Inappropriate land use and landscape management, 
along with growing intensive crops, increasing 
mechanization, increasing the size of land areas, 
and removing shrubs, multiply the impact of wind 
erosion on Europe‘s most vulnerable agricultural areas 
(Warren, 2003; Riksen et al., 2003; Funk & Reuter, 2006). 
Muchová and Tárníková (2018) quantifi ed the level of 

anthropogenic impacts on the landscape by detection, 
measuring, spatial localization, evaluation, and 
visualization of land use/land cover changes. To better 
understand the geographical distribution of erosion 
processes in Europe, in early 2014, the JRC proposed an 
integrated approach of mapping the susceptibility of soil 
to wind erosion (Borrelli et al., 2014). Erodible soil fraction 
(EF) (percentage of aggregates <0.84 mm in diameter) is 
one of the key parameters for estimating susceptibility 
of soil to wind erosion (Fryrear et al., 1994; Fryrear et al., 
2000). The standard method for EF determination is the 
dry sieving by means of a rotary sieve. Fryrear et al. (1994) 
proposed a multiple regression equation for calculating 
EF in those cases where a rotary sieve is not available. This 
equation considers the contents of organic matter, sand, 
silt, clay, and calcium carbonate as predictive variables. 
The EF value (for the soil surface layer 0–20 cm) was 
calculated for 18,730 georeferenced samples in Europe 
(LUCAS data set).

The objective of this ongoing study was to analyse soil 
grain properties of the areas, where soil erosion causes 
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2.1 Historical soil grain analysis

To analyse the “historical“ grain size of the soil in the 
selected areas there were used electronic data from 
the Soil Complex Survey (SCS) (% content of sand, dust 
and clay) from years 1961–1970. Balkovič et al. (2010) 
created from the sand and clay content profile data at 
the A horizon spatial model of Slovakia (total 16, 264 
georeferenced probes). The regression kriging was used 
for interpolation and was used as an explanatory variable 
including coded topsoil grain size from SCS core probes 
(158.478 georeferenced probes in total). The sand and 
clay distribution model was calculated for a 20m cell size 
grid. We used 39 sites (probes) in selected cadastral areas 
(Fig. 2). 

The historical soil grain analysis showed that 43% of 
the arable soils consists of more than 90% of sand soil 
particles. 56% of the arable soils consists of less than 10% 
of clay soil particles. 

To calculate erodible fraction of soils, a multiple regression 
equation developed by Fryrear et al. (1994) based on the 
soil‘s texture and chemical properties (Fryrear et al., 2000) 
was used:

  (1)

where:
– all variables are expressed as a percentage; Sa – the soil 
sand content; Si – the soil silt content; Sc – the ratio of 
sand to clay contents; OM – the organic matter content; 
CaCO3 – the calcium carbonate content

2.2 Present soil grain analysis

Based on the data gained from SCS, all probes together 
with S-JTSK coordinates for 3 cadastral areas of interest 
were selected. Based on a well-defined location from 
SCS, the handheld GPS Trimble JUNO 3B and the software 
TopoL MOBILE were used directly in the field, to locate 
the site of the original SCS probe and took the sample 
from the soil surface (5 cm). A significant methodological 
problem associated with determining soil particle 
distribution is the preparation of soil samples. Kondrlová 
et al. (2012) discuss the derivation of a quick and simple 
sample preparation method for determining soil grain 
fractions by laser diffraction analysis using laser analyser 
ANALYSETTE 22 MicroTec plus.

During the field mapping, there were identified the 
locations (Fig. 3) where dust particles were accumulated 
during wind erosion events which led to a significant 
change in the soils´ grain composition.

accumulation of eroded material in long term duration. 
The results of this work point to the consequences of 
wind erosion in time (50 years). 

2 Material and methods
For the assessment of soil erosion by wind, 3 cadastral 
areas (Borský Svätý Jur, Kuklov and Kúty) located in 
the Záhorská Lowland were selected. The Záhorská 
Lowland lies in the south – west of Slovakia and fills 
the area between the Morava River in the west and 
the Small Carpathians in the east. Nowadays, blowing 
sands present, alongside river deposits, one of the 
most important phenomena and relief elements of this 
area. The sands formed during the Pleistocene by wind 
activity in the Trnava region. The total selected area is 
8,278.55 ha. To determine the potential wind erosion 
threats in the selected area (Fig. 1), the data on climate 
classification, grain size, and characteristics of the main 
soil units from the soil information system were used. In 
the selected cadastral areas, the acreage of no erosion in 
the 1st category is 11,556.42 ha (32.33%), middle erosion 
in the 2nd category 38,99 ha (0.81%), strong erosion in the, 
3rd category 1,547.01 ha (32.13%), and strong erosion in 
the 4th category 1,670.99 ha (34.71%).

Figure 1 Categories of potential soil threats posed by 
wind erosion
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Figure 3 Accumulating locations of eroded particles in cadastral areas

Figure 2 Soil particles distribution based on SCS

claysand
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values of data from SCS ranged from 
28% to 62%, with a mean value of 
56%. Erodible fraction of present 
measured data ranged from 20% 
to 59%, with a mean value of 49%. 
Comparing historical and present 
models, except one site, EF has 
decreased up to 28.4%. A mean value 
of EF decrease equals to 13.11%. 
From 39 sites, only in 2 sand content 
was higher in present mapping 
than during SCS (51.5% and 4.1%). 
The other 37 sites have lower sand 
content ranging from -20% up to 
-99%, average -59%. The clay content 
has increased in 18 sites (from 2.5% 
up to 68%) and decreased in 20 sites 
(-2.3% up to 88.3%). One site has not 
changed at all in clay content. The 
grates changes occurred in sandy, 
loamy sandy and sandy loam soils. 
The rapid increase was monitored in 
silt content in all sites (Fig. 7). 

The surface texture changed over 
the monitored period. Sand – size 
particles are generally too large to 
be suspended and transported long 
distances by wind. The reduction 
of sand particles does not mean 
that those were transported, but 
as the selected locations work as 
the accumulation zone for eroded 
particles, the silt and clay particles 
have been transported to this 
location over time. 

The statistical dependence between 
SCS and present mapping using 
the correlation coefficient, which 

The histogram (Fig. 4) of measured 
(2018/2019) grain distribution 
for sand fraction shows that % 
distribution of sand content has 
rapidly decreased. 80% of the 
selected area has the sand content 
of up to 50%. Only 3% of the area 
is covered with the sand fraction 
content of more than 80%. 

3 Results and discussion
The results show that the soil 
surface has become significantly 
rougher in 50 years only in a few 
places. However, in most areas of 
interest, the erosive phenomenon is 
manifested in the accumulation of 
a fraction of silt particles. Analysis of 
the change in the frequency of soil 
species occurrence in the monitored 

time horizon indicates a trend of 
growth of soil types with a significant 
proportion of dust particles (silt, silty 
loam). Sorting by erosion caused 
changes in soil textural class (Fig. 
5). In 15 sites the soils described 
as loamy sands would now be 
described as 8× silty loams, 4× sandy 
loams, 2× silt, and 1× loam. The 17 
sites have changed from sand to 12× 
sandy loam, 3× silty loam, 1× silt and 
loam. The 6 sites of sandy loams have 
changed to silty loams. In one case, 
sandy clay has changed to loamy 
sand.

Comparing the calculated EF for 
SCS and present mapping using the 
raster calculator, we obtained the 
erodible fraction change map over 
50 years (Fig. 6). The erodible fraction 

Figure 4 Histogram of grain distribution of present mapping
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Figure 6 Map of Erodible fraction change over 50 years

measures the statistical linear relationship between the 
values of the variables X and Y was used. The correlation 
coefficient takes values from the interval <-1; +1>. In the 
case of independence between values of variables X and 
Y, correlation coefficient equals zero, there is no linear 
value between X and Y values dependence. Positive 
correlation coefficients indicate direct dependence and 
negative values correlate with indirect dependence. We 
modelled the dependence of values on a regression line. 
The results of the models explain the % of total variability 
change in grain size fraction. Correlation coefficients are 
very low and cannot be derived over time. The variance 
of the values is very high. This phenomenon explained 
that wind erosion not only acts in one direction (as 
a  deflationary process) by taking away the finest 
particles, but also vice versa. These particles are taken 
from one place and transported to other sites, which act 
as accumulation areas in the long term.

Only a few studies have so far dealt with the quantitative 
linkage of the effects of wind erosion to analyse changes 
in grain fractions in the wind eroded soil layer. In this 
work, the effects of wind erosion on the soil surface due 
to particle size distribution (changes in sand content, silt, 
and clay fractions) over 50 years (1968 – data available 
from comprehensive soil survey and self-mapping and 
analysis (2018/2019) were investigated. A similar problem 
was analysed in the work of Li et al. (2007). They found 

EF change 50 years

EF measured dataEF SCS
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that soil particles with a size of 250–500 μm increased 
significantly but decreased for particles 50–125 μm and 
<50 μm. Lyles and Tatarko (1986) show an example of the 
grain composition of agricultural soils. They compared 
changes in grain size composition in the top 10 cm layer 
at 10 sites in Kansas during the 36 years between 1948 
and 1984. The proportion of the grain size fraction of 
sand increased in general. The most significant changes 
were experienced on medium sandy and sandy (coarse-
grained) soils. Lyles and Tatarko (1986) found out that 
sand content increased over the 36 years due to wind 
erosion by 6,5% and reduced the silt content by 7.2%. 
Leys and McTainsh (1994) found out in their research 
that wind erosion caused increase in particles with a size 
>250 μm and decrease in particles with a diameter of 
75–210 μm and <2 μm for 20 weeks. The process of wind 
erosion resulted in the effective removal of soil particles 
with a size of 50–125 μm (very fine sand) and <50 μm 
(silt and clay) during the 2 years of the experimental 
period. These observations suggest that fine soil particles 
were preferably carried away by increased wind erosion 
intensity (Li et al., 2007).

Comparison of SCS (1968) and present mapping 
(2018/2019) data revealed the opposite trend of the 
wind erosion phenomenon. There was a predominant 
decrease in sand particles´ content and increase silt 
and clay particles, which may be because it is a territory 
where transport prevails the finest particles and their 
accumulation at short distances from the erosion site. 
The distribution change in the particle size is evident in 
favour of the silt particle fraction.

4 Conclusions

Wind erosion selectively removes smaller and lighter 
particles, leaving coarser and denser particles behind. 
However, there are also locations where the eroded 
material is accumulated and changes the grain soil 
properties in favour of silt and clay particles. The objective 
of this study was to analyse soil grain properties of the 
areas where soil erosion causes accumulation of eroded 
material in long term duration. The results of this work 
point to the consequences of wind erosion in time (50 
years). Continuous transport of soil particles during 
erosion phenomena can cause a dramatic change in 
soil composition. Authors dealing with this issue have 
analysed only areas where fine particles are carried away 
so far. There are also locations where the finest particles 
accumulate (whether in the windbreak area or forest 
edges or field inclinations). The results of this work clearly 
indicate a change in the grain composition of the eroded 
field. However, it has not been possible to get a trend of 
the dependence of this change over time yet. 
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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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1 Introduction 
Natural ecosystems are dependent on water, but also 
ecology and landscape infl uence water quality and 
availability (González et al., 2013). The practice of 
releasing non-purifi ed water into water bodies leads 
to deterioration of water quality, eutrophic processes 
(algal blooms), and might have a signifi cant impact on 
biodiversity. Until now humans have signifi cantly aff ected 
water quality and quantity and therefore the goal of 
ensuring availability and sustainable management of 
water and sanitation for all is listed on the 6th place in the 
UN’s “The 2030 Agenda for Sustainable Development“ 
(United Nations, 2015). Due to the overall importance of 
water and its multipurpose use, it has special protection 
by a set of regulations under the umbrella of Water 
Framework Directive – WFD (Directive 2000/60/EC, 2000) 
in the territory of the EU, which is the most important 
legal instrument in the fi eld of water in the European 
Union. Concerning wastewater treatment (WWT), its 

daughter directive Council Directive 91/271/EEC on 
urban wastewater treatment, is in charge, while some 
specifi c pollutants are covered by the Directive 2013/39/
EU (2013), regarding priority substances. The method 
of constructed wetlands (CWs) as a solution for WWT is 
well known and has wide applicability (Vymazal, 2005). 
In recent years upon enacting the Directive 2013/39/
EU (2013) regarding priority substances in the fi eld of 
water policy, the role of CWs was also examined (Gorito 
et al., 2017), but further research is necessary. Currently, 
when green technologies are taking advantage and 
in the context of promoting the circular economy, 
reconnecting urban environment with nature, CWs are 
seen as a promising solution. Besides water, purifi cation 
CWs can provide other services such as habitat creation 
sites, urban wildlife refuges, recreational or educational 
facilities, landscape engineering, etc. (Stefanakis, 2019).

Harmonizing with the WFD and later on respecting 
standards posed by its daughter directives is one of the 
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core questions for both members and candidate states. 
Presently, there is a lack of WWT facilities in Serbia. 
Therefore, it i imperative for the country, on its way toward 
joining the EU to provide wastewater purification for all 
pollution sources (Kolaković et al., 2013; SEPA, 2019). It is 
necessary to treat wastewater as close as possible to the 
place of origin which for small settlements excludes large, 
centralized treatment systems. Besides the conventional 
method of WWT, CW represents a favourable solution 
for small settlements for up to 5,000 inhabitants. 
CWs have been in use for decades worldwide and in 
Serbia from 2004, when the first CW was established 
(Josimov-Dundjerski et al., 2013, 2015a). Northern Serbia 
(Vojvodina Province) has been characterized by flat 
land, being a part of the Pannonian Plain. Numerous 
water bodies intersect the plain consisting of rivers and 
drainage canals, as well as natural wetlands adjacent to 
river meanders, or formed from abandoned meanders. 
In such a landscape, common reed (Phragmites australis 
(Cav.) Trin. ex Steud.) builds dense stands along riverbeds. 
Especially, it covers large areas of wetlands, where it 
represents dominant vegetation. Bearing this in mind 
CWs are leading nature-based solutions for wastewater 
purification. Another important fact is that in the 
Northern Serbia – Vojvodina Province the dominant type 
of settlements are villages with up to 5,000 inhabitants 
(Josimov-Dunđerski et al., 2015b), relatively uniformly 
dispersed within the landscape, where centralized 
systems are not an appropriate solution.

The paper aims to select favourable locations for CW 
installations intended for settlements within the rural 

area of the South Bačka District. During the examination, 
the most important spatial criteria were analyzed.

2 Material and methods 

2.1 Study area

The research area in this paper encompassed the 
South Bačka District (Fig. 1). The area is characterised 
by flat land, mostly cultivated as arable land. Besides, 
an important feature is a dense hydrographic network 
consisting of artificial drainage canals, which join rivers. 
Small settlements – villages are the dominant type of 
settlements and are relatively uniformly dispersed over 
the District. The average number of inhabitants for 
35  examined settlements was 2,485, while minimum 
and maximum were 738 and 4,831, respectively 
(Statistical Office of the Republic of Serbia, 2014). The 
overall population of the South Bačka District according 
to the census from 2011 was 86968 inhabitants. This 
assumes the production of 13,045 m3 of wastewater 
daily, if calculated as 150l/day per inhabitant equivalent 
(Dalmacija, 2010). 

2.2 Constructed wetlands

The primary function of CWs is wastewater purification. 
Wastewater can originate from various sources: 
municipal, industrial, agriculture, etc. The cores of CWs 
are wetland plants, which are intentionally planted 
and irrigated by wastewater. Typical plants of CWs are 
common reed (Phragmites australis) and rush (Typha 
angustifolia). Plants feed on nutrients available in 

Figure 1 Location of investigated area – the South Bačka District, Republic of Serbia
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wastewater and provide oxygen to the root zone. They 
also enable microorganisms from rhizosphere to conduct 
nitrification and other processes of degrading organic 
molecules from wastewater making them available to 
plants. Additionally, plants absorb and bioaccumulate 
heavy metals and other toxic compounds (Nikolić et al., 
2015). Each CW is composed of several segments/fields 
which have an impermeable bottom. The segments are 
placed in line and wastewater flows from one field to 
another until the end. At the outlet, water is purified up 
to a level posed by wastewater quality standards. The 
efficiency of purification depends on a type of CW and can 
be above 80–90% for total nitrogen, total phosphorus, 
BOD, COD, and total suspended solids (Vymazal, 2005).

The Pannonian part of Serbia, the Vojvodina Province, is 
characterized by a flat landscape intersected by the dense 
hydrographic network. Wetland plants overgrow edges 
of watercourses and shallow marshy areas, all forming 
dense uniform stands, providing nesting places for birds 
and shelter for other organisms. The most represented 
plant is common reed which is an indigenous species for 
the region. Therefore, CWs are well-fitting the landscape 
of the region. 

2.3 GIS and analysed data

Presently, for any spatial analysis, support system, 
such as the geographic information system (GIS) is 
irreplaceable, where a multi-layered approach facilitates 
the decision-making process when a land-use prospect is 
an issue (Muchová et al., 2016). GIS as a spatially oriented 
information system enables data processing through 
operations of collecting, storing, handling, analysis, 
and presentation, which provides the basis for further 
decision making. Advantage and specifics of GIS in 
comparison to other databases are the precise definition 
of the exact place on the Earth‘s surface to which these 

data refer. Within GIS, data are organized in layers for 
easier handling, where each layer is presenting a set of 
data of the same type. Input GIS data can be in vector 
format (point, polyline, polygon), or raster format  – 
matrices covering certain space. Each cell of the matrix 
represents a specific pixel (Benka, 2011). 

To fulfil the research aim concerning spatial analyses, 
free geographic information system (GIS) software 
QGIS was applied. The main criteria for positioning 
CWs included following spatial features: distance from 
a settlement, distance to water bodies, land use, and 
elevation. For practical reasons, above all satisfying 
a cost-saving request, a CW had to be in the vicinity of 
a settlement. For a  similar reason, it is important to be 
close to the watercourse, where purified wastewater will 
be discharged. For both criteria, the distances of 500 m 
and 1000 m were chosen and mapped. When building 
any wastewater facility, it must be positioned at a lower 
altitude than the settlement. That enables the free 
low-pressure gravitational flow of wastewater through 
the sewage network which finishes in the wastewater 
treatment facility. Therefore, the criterion of elevation 
was chosen and mapped as a belt surrounding each 
analysed village. Finally, analysing the land cover after 
the arable land exclusion, abandoned areas and those 
covered by grass are assumed as favourable land uses. 
These data were extracted from CORINE land cover (CLC, 
2018). All input data were in vector format except data on 
elevations – Shuttle Radar Topography Mission (SRTM) 30 
(NASA JPL, 2013), which were in raster format. 

Additional analysis was focused on grading of individual 
plots, to obtain a degree of favourability. For this purpose, 
a system of scoring was set, where points were assigned 
for each plot according to a level of favourability, i.e. the 
least favourable  – 2 points, less favourable  – 3 points, 
moderately favourable – 4 points, favourable – 5 points 

Figure 2 Schematic modelling workflow of the applied processes
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and very favourable – 6 points. 
For each criterion, there were 3 
possibilities for grading: 2  points 
for more favourable, 1 point for 
less favourable and 0 points for 
unfavourable. Namely, distances 
of 500 m from settlement and 
watercourse were assigned to 
2 points, and 1 point if the distance 
is within 500–1,000 m. Complete 
schematic modelling workflow, of 
the processes applied in the paper, is 
shown in Fig. 2. 

3 Results and discussion 
After delineation of the study area, 
GIS layers were formed, where each 
layer presents one criterion: distances 
from the settlement (Fig. 3), distances 
from watercourse (Fig. 4), land use 
according to the CORINE land cover 
(CLC) (https://land.copernicus.eu/
pan-european/corine-land-cover) 
(Fig. 5) and elevation SRTM 30. 
Concerning elevation, all settlements 
were at the same elevation in 
comparison to the adjacent area or 
higher, and therefore this criterion 
was not further analysed. As for CLC, 
the analyses were performed only 
from the attribute tables and were 
not presented in maps. Finally, all 
layers were overlapped to form the 
final map. On this map settlements 
with more than 5,000 inhabitants 
were excluded, settlements which 
have already been connected to 
centralized wastewater treatment 
facilities and those already having 
installed some type of wastewater 
treatment. Further analysis was 
orientated towards grading of 
individual plots, to obtain a degree 
of favourability. For this purpose, 
a system of scoring was set, where 
points were assigned for each plot 
according to a level of favourability 
(Table 1). For each criterion, there 
were 3 possibilities for grading: 2 
points for more favourable, 1 point 
for less favourable and 0  points for 
unfavourable. Namely, distances 
of 500  m from settlement and 

Figure 3 Distance from settlement within the South Bačka District, Republic 
of Serbia 

 

Figure 4 Distance to water bodies within the South Bačka District, Republic 
of Serbia 

 

Figure 5 Land use within the South Bačka District, Republic of Serbia
Source: CLC, 2018 
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watercourse were assigned to 2 points, and 1 point if the 
distance is within 500–1,000  m. Additionally, according 
to CLC pastures were chosen as favourable areas (code 
231) and transitional woodland/shrub (code 324) for 
which 2 points were assigned. Less favourable areas 
where 1 point was assigned, were: land principally 
occupied by agriculture, with significant areas of natural 
vegetation (code 243), complex cultivation patterns 
(code 242) and non-irrigated arable land (code 211) (Fig. 
5). For this criterion, unfavourable areas were excluded 
and therefore there was no chance to assign one point 
to a single plot. 

Upon overlapping GIS layers for distances from 
watercourse and settlement and the land-use layer, the 
final map was obtained, with grading incorporated. Fig. 
6 presents the final result on favourability for positioning 

CWs in the surrounding area of small settlements within 
the South Bačka District, Republic of Serbia. According to 
it, very favourable plots are determined in the vicinity of 
ten settlements (marked blue in Fig. 6): Bođani, Deronje, 
Mali Bač, Bačko Novo Selo, Plavna, Čelerevo, Vilovo, 
Mošorin, Gardinovci and Lok. 

4 Conclusions 
The problem of untreated wastewater is still present in 
the South Bačka District, Republic of Serbia, concerning 
smaller settlements. Thus, this examination focuses upon 
finding the most favourable locations for positioning 
CWs in the vicinity of settlements. GIS analyses and 
further grading of plots revealed that 26,215.32 ha are 
to some extent favourable for the mentioned purpose. 
Therefore, the examination proved that in the vicinity of 

Figure 6 Favourable plots for establishing CWs within the South Bačka District, Republic of Serbia
 

Table 1 Evaluating plot favourability for positioning CWs

Character of the area upon favourability for 
positioning CWs

Points Number of separate 
plots

Area 
(ha)

The least favourable 2 12 21.09

Less favourable 3 260 3,757.32

Moderately favourable 4 470 13,897.34

Favourable 5 182 8,207.77

Very favourable 6 22 331.80

Total 26,215.32
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35 villages in the South Bačka District, there are spatial 
preconditions for establishing CWs. The obtained results 
have fulfilled the basic spatial preconditions. However, 
further analyses are necessary to be performed for precise 
positioning of each CW location, taking into account land 
ownership criterion.

Additionally, the same process could be applied to the 
whole territory of the Vojvodina Province, covering all its 
districts. Moreover, it could be utilised even further across 
the Pannonian Plain stretching to the neighbouring 
countries (parts of Austria and Slovakia, whole Hungary, 
and partly Croatia and Romania) since natural features of 
the terrain and settlements’ structure are similar. 
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infection is by direct contact with an infected person 
by droplets after sneezing and coughing, and by 
aerosol (WHO & UNICEF, 2020a). The second question 
is about the survival of coronavirus in drinking water. 

1 Material and methods
The role of water is immense, in particular as it serves as a 
universal solvent for various substances of inorganic and 
organic origin from both natural or/and human-made 
sources. It circulates not only through the hydrological 
cycle, but also fl ows through living organisms (Grabić 
et al., 2020), simultaneously contributing to diverse 
interactions with living – non-living nature. This complex 
role of water, which includes the impact of human 
societies and economies, is presented in Fig. 1. This 
implicates diff erent or even contradictory roles of water, 
i.e. clean water vs. polluted water. Especially during the 
COVID-19 pandemic, water has a dual role. Its positive 
role is, in the fi rst place, clean drinking water, which 
keeps supporting general health and good immunity. 
Another role is keeping hygienic conditions and diluting 
pollutants. Clean water is an essential raw material for the 
production of various goods (disinfectants, drugs, etc.) 
necessary in the fi ght against COVID-19, as well as for the 
production of safe food (Grabić et al., 2020).

On the other side, the negative role of water and water-
based body fl uids (e.g. saliva, urine, blood) during the 
COVID-19 pandemic is the ability to carry and spread 
undesired compounds, in this case, coronavirus. It is 
confi rmed that the most common way of spreading 
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 Figure 1 Diverse roles of water apart from and during the 
COVID-19 pandemic
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A study conducted on other coronaviruses in tap water 
demonstrated a 99.9% die off within 10 days at 23 °C and 
over 100 days at 4 °C (Gundy et al., 2009). Bearing in mind 
that coronaviruses are susceptible to chlorination and UV 
radiation, there is a predominant opinion that the virus 
is not likely to be found in drinking water after proper 
preparation (WHO & UNICEF, 2020b). The third question 
is related to the presence of the virus in wastewater 
(WW). Recently, coronavirus has been confirmed in 
untreated WW in Australia (Ahmed et al., 2020). However, 
the duration of coronaviruses survival in WW is just 2–4 
days (Gundy et al., 2009) and preliminary results showed 
no infectivity for receiving rivers.

Even efforts to fight pandemics can result in certain 
water pollution, e.g. remedies used to cure COVID-19 
patients (Yang et al., 2020), increased use of disinfectants. 
Finally, water is also used in the production process of 
various goods produced exclusively for the prevention of 
spreading and curing COVID-19 patients, among which 
are: diverse medical equipment, protective clothes, drugs 
and vaccines, etc. 

2 Results and discussion
The human water cycle is a complex covering all aspects 
where water is consumed by humans including both 
clean water uptake and WW generation. Bearing in 
mind the contradictory role of water during pandemic 

conditions and to mitigate and overcome the crisis, 
special attention has to be paid to two aspects:
1. providing sufficient quantities of clean water for 

drinking and handwashing,
2. adequate treatment or/and management of WW 

(Fig. 2). 
The first aspect addresses water supply services. Namely, 
it is believed that up-to-date disinfection methods 
used for drinking water preparation are adequate for 
coronavirus elimination; nevertheless, water supply 
services are put to a new challenge, since patterns of 
distribution have been changed (Cooley et al., 2020). 
Furthermore, sufficient amounts of water at the 
required quality are also necessary to satisfy the needs 
of industry-producing goods intended to suppress the 
pandemic. 

The second aspect is associated with WW management. 
The research confirmed that the COVID-19 has been 
found in the faeces of COVID-19 patients, which opens 
the possibility for fecal-oral transition (Xiao et al., 2020). 
The duration of the WW treatment process contributes 
to a decrease in the concentration of coronavirus in 
the treated WW. However, collateral negative effects 
may arise from the increased use of disinfectants 
and antibiotics decreasing the efficiency of the water 
purification process, especially the biological part of WW 
treatment. 

 
Figure 2 Multiple roles of water during COVID-19 pandemic and critical hotspots
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Additionally, there are questions of WW reuse and the 
use of ambient water where the presence of coronavirus 
has been confirmed. WHO and UNICEF (2020a) advise 
never to release “untreated faecal sludge and WW from 
health facilities... on land used for food production, 
aquaculture or disposed of in recreational waters”. 
Regarding irrigation, special attention has to be paid to 
sprinkler irrigation. Namely, this irrigation type produces 
fine droplets, which are easily turned into aerosols. 
During the COVID-19 conditions, if there is a concern 
that water is contaminated by the virus, the application 
of such irrigation practice should be restricted. Similarly, 
greywater application has to be restricted only to the 
irrigation of outdoor greenery, while it should be avoided 
when it comes to the irrigation of plants intended for 
food (especially fruits and vegetables) (Grabić et al., 
2020). Using contaminated water on farms poses a risk for 
farmers to get in touch with the virus during harvesting 
fruits or vegetables, or conducting daily routines related 
to raising domestic animals. Finally, to conclude, during 
the pandemic, uncontaminated water – virus-free – is 
a  crucial component in the production of safe food 
(Grabić et al., 2020). As a precaution measure, wearing 
protective clothes, gloves, and facial masks for workers, 
engaged in WW treatment/reuse, must be applied as 
obligatory (Dabić et al., 2018). Another recommendable 
measure is WW testing on the presence of COVID-19 and 
acting according to the results.

In developed countries, obligatory WW treatment 
enables the elimination of the virus during the process 
of WW treatment, and only in cases of incomplete WW 
treatment, a small portion of the virus can survive. Since 
the problem of water pollution is more pronounced 
in developing countries (UNESCO & WHO, 2019), there 
is a risk of coronavirus spread off using contaminated 
untreated surface water and unprepared drinking water 
originating from contaminated surface waterbodies.

Acknowledgment

This work was supported by the Ministry of Education, 
Science and Technological Development of Serbia (Grant 
No. 451-03-68/2020-14/ 200117)

References 
Ahmed, W., Angel, N., Edson, J., Bibby, K., Bivins, A., O‘Brien, 

J. W., Choi, P. M., Kitajima, M., Simpson, S. L., Li, J., Tscharke, B., 
Verhagen, R., Smith, W. J. M., Zaugg, J., Dierens, L., Hugenholtz, 
P., Thomas, K. V., Mueller, J.F. (2020). First confirmed detection 
of SARS-CoV-2 in untreated wastewater in Australia: A proof 
of concept for the wastewater surveillance of COVID-19 in the 
community. Sci. Total Environ., 728.

Cooley, H., Gleick, P. H., Abraham, S., & Cai, W. (2020). Water 
and the COVID-19 Pandemic: Impacts on Municipal Water Demand. 
Issue Brief (Pacific Institute, Oakland, CA, July 2020). Retrieved 
from: https://pacinst.org/wp-content/uploads/2020/07/Water-
and-COVID-19_Impacts-on-Municipal-Water-Demand_Pacific-
Institute.pdf 

Dabić, B., Mladenović, E., & Grabić, J. (2018). The potential 
of greywater for irrigation of urban greenery: the situation in 
the Republic of Serbia. Glasnik Šumarskog fakulteta Univerziteta 
u Banja Luci, 1(28), 103–112 (in Serbian). 
DOI: https://doi.org/10.7251/GSF1828103D

Grabić, J., Zemunac, R., Bubulja, S., & Dabić, B. (2020). 
Importance of water for safe food production and public health 
protection under COVID-19 pandemic. XXIV International Eco-
Conference, XI Safe Food 2020, Novi Sad, Serbia, 133–140.

Gundy, P. M., Gerba, C. P., & Pepper, I. L. (2009). Survival of 
coronaviruses in water and wastewater. Food Environ Virol., 1, 
10.

UNESCO & WHO (2019). Progress on Household Drinking 
Water, Sanitation and Hygiene 2000–2017: Special Focus on 
Inequalities (UNESCO & WHO, New York).

WHO & UNICEF. (2020a) Water, sanitation, hygiene and waste 
management for the COVID-19 virus. Technical brief.

WHO & UNICEF (2020b). Water, sanitation, hygiene, and waste 
management for SARS-CoV-2, the virus that causes COVID-19. 
Interim guidance. 

Xiao, F., Sun, J., Xu, Y., Li, F., Huang, X., Li, H., Zhao, J., Huang. 
J., & Zhao J., (2020). Infectious SARS-CoV-2 in feces of patient 
with severe COVID-19. Emerg. Infect. Dis., 26, 1920–1922.

Yang, C., Song, G., & Lim, W. (2020). A review of the toxicity 
in fish exposed to antibiotics. Comp Biochem Physiol C Toxicol 
Pharmacol, 237, 108840.

nnnnnn


	10.2478_ahr-2021-0018
	10.2478_ahr-2021-0019
	10.2478_ahr-2021-0020
	10.2478_ahr-2021-0021
	10.2478_ahr-2021-0022
	10.2478_ahr-2021-0023
	10.2478_ahr-2021-0024
	10.2478_ahr-2021-0025
	10.2478_ahr-2021-0026
	10.2478_ahr-2021-0027

