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1. Introduction

Surface and groundwater nitrate (NO,) pollution is consid-
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Abstract

Water pollution, both surface and underground, by agricultural activity is a relatively serious prob-
lem. The pollutants are transported from the soil to the water. The aim of this paper is to evaluate the
soil transport function on the basis of present knowledge of soil nutrient (nitrogen and phosphorus)
transport and soil and local properties. The west Slovak lowlands, south Slovak basins and east Slo-
vak highlands were selected due to their different climate and soil parameters. Soil nutrient trans-
port was classified as (1) very weak, (2) weak, (3) moderate, (4) strong and (5) very strong. Accord-
ingly, we defined the area of individual categories of soil transport function in agricultural soils in
three observed areas in Slovakia. Thus we could determine the origin of the water pollution potential
risk. Moreover, this is very important when it comes to observing of the Nitrate Directive as farmers
can harmonise nitrogen and phosphorus fertilisation to soil categories. In the case of nitrogen, its
transport is very dependent on soil nitrification intensity with nitrogen, and the most fertile soils (on
Zitny ostrov) are very susceptible to water pollution. Almost 88% of agricultural soil in this area are
in the strong and very strong nitrogen transport categories. On the other hand, only 2.1% of soils in
hilly and cold landscapes (Ondavska vrchovina) feature water nitrogen pollution. Phosphorus trans-
portis very strong on the hilly landscape with shallow soils (less than 0.30 m) and/or with gravel high
content (Ondavské vrchovina). Especially in these locations, an increase of water body phosphorus
content and thus a decrease in water quality (almost 50% of total agricultural soil area) is possible.

of “error” (ecological accident, insufficient filtering of waste,
etc.). However, nutrients are deliberately supplied to the soil in
order to increase its fertility resulting in crop yield increase. In

ered one of the most important water quality issues worldwide
(Nolan, 2001; Puckett et al., 2011). Since the end of the 1950s, NO,
concentrations in surface water and in groundwater are continu-
ously increasing (Billen and Garnier, 1999; Birgand et al., 2007).
An increase of NO,- concentration in surface water can trigger
primary production and therefore anoxic conditions, promoting
the eutrophication of water bodies (Rivett et al., 2008).
Agricultural activity can pollute both surface and ground-
water sources. Water pollution may result from improper agri-
cultural practice, especially due to the incorrect application of
chemical substances (fertilisers, pesticides, etc.) (Minda$§ and
Skvarenina, 1995; Behera et al., 2003; Zhu et al., 2005; Garnier et
al., 2010; Torma et al., 2013, Koco et al., 2016, Fazekasova et al.,
2016) and the properties of the soil itself may also be a factor.
Organic and inorganic pollutants can enter into the soil either
by incorrect application of selected materials or by some kind

this paper, we focus on the problem of possible water pollution
with nitrogen and phosphorus because these two nutrients are
the main causes of change in water quality and eutrophication.
Transport of potassium (as third basic nutrient in agriculture) is
more of an economic than an environmental problem we will
not be discussing further in this research.

Pollution of water resources (surface and underground) by
agricultural activity is a relatively serious problem (Horel et al.,
2014; Torma and Vil¢ek, 2015). Water pollution caused by ag-
ricultural practices means that the above mentioned nutrients
are transported from the soil to the water. We assumed that the
nutrients not accumulated in the soil or consumed by the plants
are transported, with varying intensity, into water sources de-
pending on soil properties and site characteristics. The trans-
port mechanism can be categorized i) vertically (through the
in-depth soil profile) or ii) horizontally (on the soil surface). Re-
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gardless of which mechanism is implemented, in most cases the
destination of the pollutants is water. Soil transport property is
one of its main ecological functions, playing a dominant role in
water pollution. Meanwhile, agriculture is considered one of the
main sources of nitrogen pollution, inter alia, through nitrate
leaching to the groundwater (Oenema et al., 2011; Gémoryova
et al., 2013). Furthermore, the application of nitrogen fertilisers
increases the danger of water source pollution (Goulding, 2000;
Di and Cameron, 2002; Zhang et al. 2005; Engstrom et al. 2010,
Tang et al,, 2010). Nitrate leaching to groundwater alone repre-
sents a loss of soil fertility and also a threat to the environment
and human health (Addiscott, 1996; Timsina et al., 2001; Di and
Cameron, 2002; Ju et al,, 2009; Hou et al., 2012; Shen et al,, 2013;
Sui et al., 2015).

The aim of this paper is to compare three Slovak regions
(lowlands, basins and highlands) characterized by different soil
and climate parameters in terms of possible water pollution
originating from the soil.

The maps of potential water sources pollution were created
using an algorithm based on soil and local parameters.

2. Materials and methods

Our research is focused on three Slovakian regions to dem-
onstrate the differences in nutrient transport intensities and
also possible water resource pollution (Fig. 1).

The studies presented in this work were carried out in
three different regions of Slovakia (DZatko, 2002). Zitny ostrov
in Western Slovakia (132,807 ha of agricultural soils) represents
the lowlands with an altitude from 105 to 143 m a.s.l. (mean alti-
tude 117 m a.s.l.). The most widespread soil types in this region
are Chernozems and Fluvisols. South Slovakian basins in the
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middle of Slovakia (122,132 ha of agricultural soils), which in-
clude Ipelskd kotlina, Lu¢enecka kotlina and Rimavska kotlina
represent the typical basins, and their altitudes vary from 125
to 409 m a.s.l. (mean altitude 218 m a.s.l.). The Dystric Plano-
sols and Haplic Luvisols are the most widespread soil types in
this region. Ondavska vrchovina in the eastern part of Slovakia
(136,514 ha of agricultural soils) represents the highlands with
altitude from 119 to 870 m a.s.l. (mean altitude 347 m a.s.1.). The
dominant soil types in this region are Cambisols and Gleyic Flu-
visols. The characteristics of all three regions are presented in
Table 1.

The basis for this paper was to check the possibility of nutri-
ent (nitrogen and phosphorus) transport from the soil in two di-
rections, e.g. leaching into the depths outside the soil profile and
water erosion nutrient overland flow. For this type of research,
the decisive factors were the atmospheric conditions (especially
the amount of precipitation) and terrain slope.

In the case of nitrogen transport, the problem is mainly
related to nitrate anion leaching. NO," is highly soluble in soil
water, is poorly adsorbed by soil particles and is therefore prone
to be leached by the water percolating along the soil profile. We
assumed that the more nitrates undergoing nitrification in the
soil, the more nitrates should be leached.

The amount of nitrified nitrogen in the soil was defined by
Bielek (1998). Accordingly, the amount of nitrified nitrogen in
the soil is described thus:

y= 0.33.00151x )

where:

y - the mean intensity of pure nitrification (mg N-NO, kg soil
per 14 days);

x — soil quality score (from 100-point scale).
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Fig. 1. The study area for evaluation of soil nitrogen and phosphorus transport (Zitny ostrov, South Slovakian basins and Ondavské vrchovina)
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Table 1
The chosen characteristics of the observed regions
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Parameter / region Zitny ostrov South Slovakian basins Ondavskd vrchovina
Altitude (m a.s.l.) 105-140 125-409 119-870
Mean annual temperature (°C) (1961-1990) 9->10 6-10 4-9
Mean annual precipitation (mm) (1961-1990) < 500-600 550-700 600-1000
Chernozems, Haplic Luvisols, Dystric Stagnic Cambisols, Eutric

Most widespread soil types

Eutric Fluvisols, Mollic Fluvisols

Planosols, Gleyic Fluvisols Cambisols, Gleyic Fluvisols

Mean soil quality score (from 100-point scale) 85.7

62.9 38.9

According to Bielek (1998), all soils in Slovakia were divid-
ed into up to 11 representative groups for which the amount of
nitrified nitrogen was determined within the growing season
(245 days). The smallest amount of nitrogen (less than 20 kg
N-NO,) is nitrified in Podzol, Solonchak and Solonetz (point
value 3-10). On the other hand, the largest amount of nitro-
gen (more than 75 kg N-NO,) is nitrified in Calcaric Haplic
Chernozems and Mollic Fluvisols (point value 60-100) (DZatko,
2002).

Field location plays an important role in water erosion.
The steeper the terrain slope, the more soil (including nitrogen
attached to soil particles) can be transported by water erosion.
Therefore, slope size is an important parameter also taken into
the account in nitrogen transportation on the soil surface. The
coefficients for the slope category are presented in Table 2.

There were five categories of the soil nitrogen transporta-
tion capacity created by a mutual combination of both above
mentioned factors (amount of soil nitrified nitrogen and slope
coefficients).

The phosphorus transport in the soil depends on “soil vol-
ume”, i.e. it is dependent on the soil depth, particle size distri-
bution and, naturally, on terrain slope. The amount of trans-
ported phosphorus is proportional to both terrain slope and soil
texture but is inversely proportional to soil depth. This means
that less phosphorus should be transported from greater soil
depths and vice versa, the higher the gravel content and the
steeper the slope, the more phosphorus should be transported
from the soil. Categorisation of soil phosphorous transporta-
tion capacity is based on a combination of above mentioned
soil and location parameters. All necessary soil parameters can

Table 2

be taken from the database of the Soil Monitoring System of
Slovak soils. Detailed analyses of parameters and assignment
of coefficients was published by Torma (2003).

The coefficients for mentioned soil and location parame-
ters are presented in Table 2. We obtained 60 parameter combi-
nations on the basis of three soil depth, four soil gravel content
and five location slope categories.

Spatial identification and quantification of soils were per-
formed according to above mentioned parameters on the basis
of the soil parameter data layer in the observed regions using
a geographic information system, i.e. the ArcGIS environment
(Fig. 2).

For the purpose of this paper, the maps of nutrient trans-
port within the soil (potential water source pollution) for the
three observed regions were created by ArcGIS 10.3 software
on the basis of the above mentioned method.

3. Results and discussion

Water-body contamination occurs when there is a high ni-
trogen and phosphorus content near the soils (Carpenter et al.,
1988; Kumazawa, 2002; Ju et al., 2005). This is caused by imbal-
ance between the applied nutrients in agriculture in the form
of mineral fertiliser or manure and crop nutrients uptake (Me-
konnen et al,, 2016). Although nitrogen losses through leach-
ing vary over a field due to diversification of the soil physical
properties and N status of soil (Xu et al., 2013), just the wrong
application of fertilisers (disproportionately high doses, appli-
cation at the wrong time, etc.) is one of the most common rea-

Soil and locality parameters and assigned coefficients for transport calculation

Parameters

Soil depth (m) 0.0-0.3 0.3-0.6 > 0.6

Coefficient 0.8 0.5 0.2

Gravel contents (%) 0-5 5-25 25-50 > 50

Coefficient 0.4 0.6 0.8 1.0

Locality slope (°) 0-3 3-7 7-12 12-17 >17
Coefficient 0.2 0.4 0.6 0.8 1.0
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soil slope (°):
0-3; 3-7; 7-12; 12-17; >17 \

intensity of nitrification:
y=0.33 ¢"°°"; x = soil quality score

\limits for nitrogen transport

|

Soil nitrogen and phosphorus loss

soil slope (°):
0-3; 3-7; 7-12; 12-17; >17

soil depth (m):
0.0-0.3; 0.3-0.6; >0.6

limits for phosphorus transport

gravel content (%):
0-5; 5-25; 25-50; >50

Fig. 2. Soil and locality parameters taken into account for evaluation of soil nitrogen and phosphorus transport

sons for a increase in water source nitrogen and phosphorus
content.

As mentioned above, both the high nitrate nitrogen soil
content and terrain slope are important factors for soil nitrogen
loss. Losses through water erosion do not normally account for
a large portion of the soil nitrogen budget but should be consid-
ered for surface water quality issues. The mutual combination
of above mentioned soil nitrogen transport limits (Fig. 2) and
the assigned coefficients (Table 2) were chosen to obtain soil
nitrogen transport coefficients. These coefficients result in five
categories of soil nitrogen transport intensity:

very low soil nitrogen transport — coefficient below 0.10;

low soil nitrogen transport — coefficient 0.10-0.25;

moderate soil nitrogen transport — coefficient 0.26-0.40;
strong soil nitrogen transport — coefficient 0.41-0.50;

very strong soil nitrogen transport — coefficient over 0.50.

The same method was chosen for phosphorus transport
with soil depth, soil gravel content and location slope param-
eters taken into account. The mutual combination of mentioned
limits (Fig. 2) and the assigned coefficients (Table 2) result in
final coefficients for soil phosphorus transport. According to
these coefficients, there were five categories of soil phosphorus
transport intensity:

very low soil phosphorus transport - coefficient over 3.80;

low soil phosphorus transport — coefficient 2.41-3.80;

moderate soil phosphorus transport — coefficient 1.31-2.40;
strong soil phosphorus transport- coefficient 0.51-1.30;
very strong soil phosphorus transport — coefficient below

0.50.

Soil categorisation from the point of view of water source
pollution in the framework of chosen regions in the Slovak
Republic

The observed regions were selected for their specific soil
and climate parameters to show how possible nitrogen and
phosphorus water pollution depends on soil quality and param-
eter and location slope.

The Zitny ostrov region is characterised by very fertile
soils, e.g. Chernozems and Mollic Fluvisols (deep soils with-
out gravel and with high content of humus), which are lo-
cated in a very warm lowland region with low precipitation
(Skvarenina et al., 2009; Vido et al., 2016). The mean soil point
value is 85.7 on a 100-points scale. Mean nitrified nitrogen is
1.20 mg N-NO, kg of soil per 14 days (e.g., more than 80 kg
N-NO, ha™ during the vegetation period) in these conditions,
which can be defined as extreme nitrification intensity (Bielek,
1988). Therefore, the danger of nitrogen leaching from the soil
in this region is very high, although the region is flat and water
erosion is negligible.

Almost 90% of all agricultural soils in this region are catego-
rised as strong and very strong nitrogen transportation (Table 3,
Fig. 3), and strong nitrogen transport alone may cause strong
groundwater source pollution. This can be very dangerous in
this region because it is the location of major drinking water
sources.

In the soil, however, phosphorus (P) is, contrary to the rath-
er mobile nitrate (NO,"), quite immobile and vertical movement
of phosphorus is assumed to be strongly restricted because of
the high phosphorus fixation capacity in mineral soils (Heckrath
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Table 3
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The share of individual soil categories with various intensity of soil nitrogen and phosphorus transport in the framework of the observed regions (%)

Intensity of soil nitrogen and phosphorus transport

Zitny ostrov

very weak weak moderate strong very strong
Nitrogen 0.0 8.1 4.3 324 55.2
Phosphorus 93.3 0.5 6.2 0.0 0.0

South Slovakian basins

very weak weak moderate strong very strong
Nitrogen 0.8 9.9 50.1 384 0.8
Phosphorus 74.3 15.5 1.3 7.4 1.5

Ondavské vrchovina

very weak weak moderate strong very strong
Nitrogen 38.0 38.8 21.1 2.1 0.0
Phosphorus 18.4 154 18.0 29.6 18.6
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Fig. 3. The soil categories of observed regions from the point of view of soil nitrogen transport and detailed view over several hundred hectares

et al. 1995; Sims et al., 1998). However, the high positive soil
phosphorus balance following high fertilization suggests a bigP
surplus, and constitutes a potential threat to the quality of
groundwater and surface waters (Gaj et al., 2018). Although re-
cent research has revealed that phosphorus leaching can occur
from heavily fertilised agricultural lands (McDowell and Sharp-
ley, 2004), soluble P losses of <1 kg P ha™' yr are more common
on the whole (Sims et al., 1998). Phosphorus transport along the
soil profile is very weak in this region due to the deep soils in

178

which high phosphorus attachment to the soil particles and/or
on organic matter can occur. The absence of water erosion helps
to keep the phosphorus in the soil. On the other hand, soils in
the mentioned region are calcareous, which helps to keep the
phosphorus in place. Calcium phosphates made up around one-
third of the total phosphorus content in the upper soil. With the
slightly alkaline pH of the manured soil, calcium phosphates
are not readily dissolved, and will not contribute to phosphorus
leaching hence excess phosphorus retained in the form of cal-
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cium phosphates in the heavily manured soils can be considered
as a rather stable form (Schmieder, 2019).

More than 93% of the total area of agricultural soils is
characterized by very weak phosphorus soil transport (Table 3,
Fig. 4).

The South Slovakian basins region is located in the south-
ern part of middle Slovakia. Middle fertile soils (mainly Haplic
Luvisols and Dystric Planosols) are common there. When com-
pared with the soils in Zitny ostrov, the soils are not so deep (the
bedrockislocated closer to the surface) and have a steeper slope.
The mean point value reaches 62.9 on a 100-point scale. Mean
nitrified nitrogen is 0.85 mg N-NO,- kg of soil per 14 days (e.g.
about 60 kg N-NO,” ha™ during the vegetation period). This in-
tensity of nitrification is defined as high (Bielek, 1998). All above
mentioned facts result in a less intensive soil nitrogen transport
(Table 3, Fig. 3). A half of the agricultural soils are moderate ni-
trogen transport, which means that possible water source pollu-
tion is moderate. However, soil management can significantly
influence the soil nitrogen loss. Bramorski et al. (2015) reported
that the absence of soil tillage led to higher soil erosion and
higher total nitrogen losses mainly in organic form and associ-
ated with the finer soil minerals. On the other hand, the losses of
fertiliser-derived N from tilled soil plots were higher.

The danger of stronger soil phosphorus transport increases
in the South Slovakian region, especially due to greater location
slope, where water erosion has more favourable conditions to
develop. Another reason for phosphorus leaching is differing
soil textures. This risk is mainly attributed to structured soils
like clay and clay loams, where macropores may provide rapid
transport of solutes and particles (Jarvis, 2007). On the other
hand, for coarse-textured soils without macropores, the direct

Soil nitrogen and phosphorus loss

risk of P leaching losses after P application is generally low due
to P adsorption (van Es et al., 2004; Glaesner et al., 2011; Sgrensen
and Rubaek, 2012).

More than 10% of total area of agricultural soils in this re-
gion are in the moderate, strong and very strong soil phosphorus
transportation categories (Table 3, Fig. 4), which is in part due to
the different soil textures compared with the above mentioned
Zitny ostrov region.

The region Ondavska vrchovina (a cold region with low
soil quality) is located in north-eastern Slovakia. The terrain is
relatively hilly and the most widespread soil types are Cambisols
with a relatively high gravel content as well as Gleyic Fluvisols
with a high clay content in the southern part of this region. These
soils are the least fertile of all the observed regions. The mean
point value reaches only 38.9 on a 100-point scale and only 0.59
mg N-NO,” kg™ of soil per 14 days (e.g., about 30 kg N-NO,- ha*
during the vegetation period) is nitrified in these conditions.
This is called low nitrification intensity (Bielek, 1998).

Because most soils are located on relatively steep slopes, it
can be assumed that nutrient transport should be strong. This
was not confirmed in the case of nitrogen due to the very small
amount of nitrified nitrogen. Of the total area of agricultural
soils, three-quarters are categorised weak and very weak nitro-
gen transportation. Low intensity of nitrification alone limits the
strong nitrogen soil transport (Table 3, Fig. 3).

As mentioned above, the soils are not very deep, and con-
tain a high amount of gravel. In combination with the hilly fea-
ture of the country, phosphorus transport is strong. The concen-
trations of eroded phosphorus in water are strongly influenced
by the applied soil management system and increase with the
intensity of fertilisation and soil tillage (Bertol et al., 2003). Szara
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Fig. 4. The soil categories of observed regions from the point of view of soil phosphorus transport and detailed view over several hundred hectares
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et al. (2019) reported that liming applied in combination with
mineral fertilisers reduces sandy soil sorption capacity leading
to higher soil profile phosphorus mobility, causing phosphorus
release from the soil. Farias et al. (2018) found that the highest
losses of phosphorus occur on slopes with concave land forms,
reaching values higher than 0.02 mg 1, which is a critical value
for eutrophication.

This region is characterised by its hilly landscape, and al-
most one-half of the agricultural soils are in the strong and very
strong phosphorus transport categories. Therefore the risk of
water source phosphorus pollution is relatively high (Table 3,
Fig. 4). Increased amounts of phosphorus in water can be de-
tected in all these places.

5. Conclusions

Generally, the potential nutrient (nitrogen and phosphorus)
pollution of water sources is related to intensive and/or poor ag-
ricultural practices. Soil transport properties provide informa-
tion about vertical and horizontal nutrient transport. This leads
to eutrophication, as the surplus of soil pollutants can enter wa-
ter sources.

The above mentioned algorithm can, on the basis of known
parameters, classify each soil location based on potential water-
source pollution category.

Very weak, weak and moderate nitrogen transport (e.g.,
very weak, weak and moderate potential for water source pol-
lution with nitrogen) was detected in almost 90% of agricultural
soils in Slovakia, and only 11.4% were in the strong and very
strong nitrogen transport soil categories. In the case of phospho-
rus, more than half of agricultural soils are in the very weak
transport category. On the other hand, strong and very strong
phosphorus transport occurs in more than a quarter of agricul-
tural soils in Slovakia. Especially in the hilly landscape locations
with shallow soils and/or with high gravel content, there can be
an increased phosphorus content entering the water bodies and
therefore there may be a decrease in water quality.
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