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Introduction

Abstract

Bujnovsky R., Malik P, Svasta J.: Evaluation of the risk of diffuse pollution of groundwater by
nitrogen substances from agricultural land use as background for allocation of effective measures.
Ekoldgia (Bratislava), Vol. 35, No. 1, p. 66-77, 2015.

The risk of diffuse pollution of groundwater by nitrogen substances from agricultural land is perce-
ived as a result of the interaction of groundwater vulnerability (determined by the characteristics of
the environment overlying groundwater in relation to water transport or soil solution) and loading
of overlying environment by nitrogen. Index of groundwater vulnerability was assessed on the basis
of four parameters, namely, the amount of effective rainfall in the period from October to March, the
capacity of soil to accumulate water, the average depth of the groundwater table and the permeability
of the rock environment. Assessment of the index of loading of overlying environment by nitrogen
was based on two parameters, namely, nitrogen balance and crop cover on agricultural land in the
winter half on districts level in 2012, which corresponds with current state of the load. The resulting
risk of groundwater pollution by nitrogen was expressed by the formula counting with the transfor-
med values of groundwater vulnerability index and the index of loading of overlying environment by
nitrogen. From practical point of view, the above mentioned indexes, as well as the subsequent risk
of diffuse groundwater pollution, were spatially expressed via three associated categories. Based on
the evaluation of relevant parameters, 5.18% of agricultural land falls into the category of very high
and high risk, 42.20% in the medium risk category and 52.62% in the category of low and very low
risk of diffuse pollution of groundwater by nitrogen from agricultural land.

Key words: groundwater, vulnerability, environment load, agricultural land use, risk of pollution,
nitrogen.

Diftuse pollution from agriculture, which often has intensive character, is considered as a
major cause of the insufficient water quality currently observed in many parts of Europe,
contributing 50-80% of the total nitrogen load and about half of the total phosphorus load
on Europe’s freshwaters (Dworak et al., 2010; EEA, 2012; OECD, 2012). The situation may be
different in smaller catchments with high population densities (e.g. large cities), insufficient
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wastewater treatment or many industrial facilities discharging poorly treated wastewater.

Understanding the main causes leading to the occurrence of an excessive pollution of ground-
water (with respect to nitrogen substances) is the key to an effective solution of the mentioned
problem. The starting point for solving this problem is to identify areas that significantly contrib-
ute to current water status. Environmental risk assessment, through which it is possible to identify
these areas, is based on the concept of ‘source of pollution > transport path > receptor (part of the
environment and/or human health)’ (Daly et al., 2002; Malik, Svasta, 2004; Windolf et al., 2012),
which, given the particular type and origin of contamination, may be interpreted as nutrient load
environment > transport nutrients in the environment > receptor. The specific vulnerability of
groundwater in groundwater body (hydrogeological structure) represents a more ‘environmen-
talist’ thinking on groundwater protection, as it seeks to provide below-limit concentrations of
specific substances across the aquifer. This way of risk evaluation is presented.

In relation to the pollution of groundwater with nitrogen, the risk is considered as a re-
sult of interaction of vulnerability, determined by the nature of the environment relevant to
transport of nitrogen, and nitrogen (N) load to overlying environment as a result of agricul-
tural land use. The specific type of risk, immediately related to agriculture land use, is a risk of
nitrogen leaching from (the root layer of) soil, whilst the amount of washed nitrogen in vari-
ous forms (mainly nitrates, nitrites marginally) usually does not correspond to the amount
of nitrogen entering into groundwater (e.g. Schaffer, Delgado, 2002).

Material and methods

Groundwater pollution by nitrogen (especially nitrates) is caused by its leaching, which is a function of the amount
of rainfall exceeding water retention capacity of the soil, especially in the winter half and the amount of residual
nitrogen in the soil at the end of the growing season (e.g. ADAS, 2007; De Jong et al., 2007; Haberle et al., 2009).
The risk assessment of groundwater pollution with nitrogen is based on indexing the parameters of overlying media,
which are denoted by the term vulnerability (with respect to groundwater), and parameters of the load of the overly-
ing environment by nitrogen called also as hazard, which arises as a consequence of land management. This comes
with a choice of available parameters of environment and land management. The description of method for assessing
the risk of diffuse pollution of groundwater by nitrogen is a part of the next chapter.

Results and discussion
Groundwater vulnerability

The vulnerability of groundwater was expressed by groundwater vulnerability index (iZPzV)
and the following formula (1):

iZPzV = EZ x KPAV + HPV x PHP (1)

where

iZPzV is the groundwater vulnerability index,

EZ is the amount of effective rainfall in the period October to March (in mm),
KPAV is the soil capacity to accumulate water (in mm) (Bujnovsky et al., 2009),
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HPV is the average depth of groundwater table level under the land surface (in m),
PHP is the permeability of the rock environment, expressed by hydraulic conductivity (in m-s™).

The amount of effective rainfall in the period October to March was expressed as une-
vaporated precipitation, summarised for respective period after being calculated on monthly
basis (Svasta, Malik, 2006), as well as effective rainfall in winter half of the year. Spatial in-
formation on the average depth of groundwater table level under the land surface were taken
from Malik et al. (2012) and permeability of the rock environment was based on the results
by Malik et al. (2007).

Table 1. Rating of environmental parameters.

Parameter Value
Effective rainfall (EZ) X. - III. <100 mm 1
101-150 mm 2
151-200 mm 3
201-250 mm 4
>250 mm 5
Soil capacity to accumulate water (KAPV) <100 mm 1.0
101-200 mm 0.8
201-300 mm 0.6
301-400 mm 0.4
>400 mm 0.2
Depth of groundwater table level under the land surface (HPV) <1.5m 5
1.6-3.0 m 4
3.1-5.0m 3
5.1-10.0m 2
>10 m 1
<1-10°* m-s™ 0.2
N . . o 1-10°¢ to 1-10° m-s™! 0.4
F;;n;sablllty of the rock environment/hydraulic conductivity 110 to 110~ m-s! 06
1.10* to 1.10° m-s™ 0.8
>1.107° m-s™ 1.0

The scores of individual parameters of environment that enter into the calculation of
groundwater vulnerability index (iZPzV) are reported in Table 1.

Index of groundwater vulnerability by nitrates from agricultural land use is rated at five
levels, and to each one, calculated and transformed value is assigned (Table 2).

From practical point of view, groundwater vulnerability index was spatially expressed
via three associated categories — very low and low, medium and high and very high (Fig.
1). Based on the evaluation, 3.32% of agricultural land of the Slovak Republic falls into the
category of very high and high vulnerability, 32.34% into the medium vulnerability category
and 64.34% into the category of low and very low vulnerability.
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Table 2. Categorisation of the values of groundwater vulnerability index (iZPzV).

Groundwater vulnerability level Calculated iZPzV values Transformed iZPzV values (th iZPzV)
Very low <2.32 1
Low 2.33-4.24 2
Medium 4.25-6.16 3
High 6.17 - 8.08 4
Very high > 8.08 5

Level of groundwater vulnerability

I Low and very low

Fig. 1. The spatial distribution of associated categories of groundwater vulnerability.

Load of overlying environment (agricultural land) by nitrogen

Assessment of the load of overlying environment by nitrogen was based on nitrogen balance
(BN) and crop cover on agricultural land in the winter half (RK) on districts level in 2012,
which corresponds with current state of the load. This year was selected, as it belongs to
those in which at national level, higher N surplus caused also by lower uptake influenced by
weather course as well as by the higher N consumption in fertilizers since 1991 was observed.
The scores of individual parameters of land management that enter into the calculation of the
corresponding index (iZNPD) is reported in Table 3.

Whilst nitrogen balance is a certain estimate of residual nitrogen in the soil, crop cover
in the autumn-spring period is a factor that can significantly affect the amount of nitrogen
leaching losses (e.g. Dabney et al., 2001; Lacroix et al., 2005). Nitrogen leaching in the condi-
tions of Central Europe is particularly important in the autumn-spring period (e.g. Haberle
et al., 2009; Buczko, Kuchenbuch, 2010).

The load of overlying environment by nitrogen was expressed by the index (iZNPD) and
the following formula:
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Table 3. Rating of parameters of agricultural land management.

Parameter Value

Nitrogen balance (BN) <20.0 kg N-ha'.year! 1

20.1-40.0 kg N-ha".year™ 2

40.1-60.0 kg N-ha"-year™ 3

60.1-80.0 kg N-ha'-year™ 4

> 80.0 kg N-ha'.year™ 5
Crop cover on agricultural land in the winter half with <20% 1.0
regard to nitrogen uptake capacity (RK) 21-40% 0.8
41-60% 0.6
61-80% 0.4
>80% 0.2

iZNPD = BN x RK 2)
where

iZNPD is the load of overlying environment by nitrogen,
BN is the nitrogen balance (calculated by OECD, 2007) (in kg N ha™ year™),
RK is the crop cover on agricultural land in autumn-spring period (in %).

Information on fertilizer N consumption was obtained from the Central Control and
Testing Institute for Agriculture (UKSUP), and information on crop production and animal
stocks by districts was obtained from Statistical office of the Slovak Republic.

Index of the load of environment by nitrogen was rated at five levels, and to each one,
calculated and transformed value was assigned (Table 4).

Table 4. Rating of index expressing overlying environment load by nitrogen (iZNPD).

Level of overlying environment load by Calculated iZNPD values Transformed iZNPD values
nitrogen (th iZNPD)

Very low <1.16 1

Low 1.17 - 2.12 2

Medium 2.13 -3.08 3

High 3.09 - 4.04 4

Very high > 4.04 5

Spatial distribution of the index of overlying environment load by nitrogen, similarly as
in the case of previous index, was expressed via three associated categories — very low and
low, medium and high and very high (Fig. 2). Based on the evaluation, 25.07% of agricultural
land falls into the category of very high and high load, 14.63% to medium load category and
60.30% into the category of low and very low load by nitrogen.
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Fig. 2. The spatial distribution of the associated categories of environmental load by nitrogen.

Table 5. Categorisation of the values of risk of groundwater pollution by nitrogen.

Level of risk of groundwater pollution by nitrogen RZPzV values
Very low <2.0
Low 2.1-4.0
Medium 41-6.0
High 6.1-8.1
Very high > 8.1

Risk of groundwater diffuse pollution by nitrogen (RZPzV)

The risk of groundwater pollution with nitrogen was expressed by the formula into which
enter the transformed values of groundwater vulnerability index and index of loading of
overlying environment by nitrogen, ranging within levels one to five (Equation 3). In fact,
this procedure represents the application of the evaluation matrix, which in such type of as-
sessment is used (Wrightson et al., 2008):

RZPzV = thiZPzV + thiZNPD  (3)

Risk of groundwater diffuse pollution by nitrogen, with classification criteria stated in
Table 5, was spatially expressed through the associated three risk categories (Fig. 3). Based
on the evaluation, 5.18% of agricultural land falls into the category of very high and high risk,
42.20% in the medium risk category and 52.62% in the category of low and very low risk of
diffuse pollution of groundwater by nitrogen from agricultural land.
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Risk level of groundwater
contamination by nitrogen

‘ ‘ Low and very low

- High and very high

Fig. 3. The spatial distribution of the associated categories of the risk of groundwater diffuse pollution by nitrogen
from agricultural land use.

The above values and spatial distribution of risk of groundwater pollution by nitrogen
substances are somewhat distorted by the index values of the overlying environment load by
nitrogen, which is processed from available data at district level. More precise results of the
risk of groundwater pollution by nitrogen from the use of agricultural land can be achieved
via using more detail data on nitrogen consumption and cropping structure, which can be
obtained only from specific farms.

Index methods, in combination with the overlaid maps within the GIS, are an important
group of various methods that find use in the groundwater vulnerability as well as the particu-
lar risk assessment (National Research Council, 1993; Burkart et al., 1999; Gogu, Dassargues,
2000; Voigt et al., 2004; Berkhoff, 2008). Kerr-Upal et al. (1999) have used analogical approach
of a risk assessment for groundwater contamination by nitrates, as mentioned earlier in this
paper, according to which the risk is a result of evaluation of the properties of the soil environ-
ment and land use patterns together with nitrogen load. The risk assessment resulting from the
fertilizer application in Slovakia (Holubec et al., 2005) was based on the amount of N applied
per year and subsequent scoring of these values with regard to the limits of N rates in defined
vulnerable areas and degree of vulnerability. Such approach does not consider other nitrogen
sources as well as the excess of nitrogen in autumn, which is subject to leaching in winter half,
as referred by Haberle et al. (2009). Consumption of commercial fertilizers and animal manure
is frequently used as the indicator of environment load by nitrogen. A more objective indicator
of real load is nitrogen balance, which is usually interpreted in relation to the potential leaching
risks of this nutrient (e.g. Halberg et al., 2005; Sieling, Kage, 2006; Bujnovsky, 2014).

The term vulnerability is frequently used in connection with the implementation of the
Nitrate Directive in vulnerable zones but with different meaning as these are defined by the
nitrates content in groundwater (Ondrejkova et al., 2012). Defined vulnerable areas also in-
clude areas where the nitrate content in groundwater exceeds the concentration limits. It is
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necessary to mention that the risk of groundwater pollution by nitrates from agriculture is
justified only where the nitrate concentration has not exceeded the value 50 mg-1™'. Other-
wise the risk of over limit contamination is actually filled and in view of this substance is
achieved insufficient state of groundwater.

The need to take effective measures

As the current trend of nitrates decreasing at EU level seems relatively slow to reach the level
of water quality comparable at least good ecological status in 2027, it implies that additional
measures are needed to reduce diffuse pollution, which can be implemented through River
Basin Management Plans within Water Framework Directive (WFD) and through full com-
pliance with the Nitrates Directive (Solheim et al., 2012). It creates pressure on extension
of Nitrate Directive vulnerable zones and apprises the need of updating the relevant Action
Programs and incorporating the WFD requirements to cross-compliance - management re-
quirements for the provision of agricultural support schemes in respect of decoupled direct
payments.

Understanding the main causes leading to groundwater pollution and achieving the re-
quired improvement represents complex problem and the assessment of the risk of diffuse
pollution of groundwater by nitrogen is important part of the whole picture as illustrated in
Fig. 4.

WED environmental objectives for groundwater concerning quality include preventing
the deterioration of groundwater bodies, as well as reversal of significant sustained upward
trend in the concentration of a pollutant that is caused by human activity with the aim of
progressively reducing groundwater pollution.

Diffuse groundwater pollution by nitrates can be caused by current as well as past ac-
tivities. Reversing the unfavourable state of water (in our case above, the threshold concen-
tration of nitrates in groundwater) to reach the target state (up to 50 mg L") is a process
that is not fully controlled by changes in agricultural activities in short period. As follows
from a number of publications (e.g. Schilling, Wolter, 2007; Meals et al., 2010; Windolf et al.,
2012), time for responding groundwater body/zone to the effects of measures at restoring
the groundwater quality varies from a few years to decades and consists of the time needed
to create the necessary effect in practice, the time required for expression of the effect on the
level of the ground water level and the time required for water body/zone in response to the
effect of measures. Amongst these, the last one is usually the longest. As follows from the
results of an evaluation using the model MONERIS (Vernohr, 2012), the residence time of
nitrates in groundwater within the international Danube river basin in Slovakia ranges from
5 to 50 years. This time lag is a key reason why some groundwater bodies may not achieve
good status by 2015 or later even if all necessary measures are implemented soon by Member
States (Solheim et al., 2012).

The basic problem of reducing the diffuse water pollution from agriculture, especially by
nitrates, consists mainly in reducing the surplus of applied N with regard to its off-take by
crops that is possible to reach through balanced fertilisation (total amount of N, P rate) and
timing. It corresponds with key principle — improvement of the N efficiency by tightening
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Risk of over-limit pollution of groundwater by nitrogen based on

environment load and vulnerability assessment

|

Nitrate content in groundwater (groundwater monitoring)

Nitrate concentration Nitrate concentrangP n Nitrate concentration
<25mg L range 25-50mgL > 50 mgL'l
with upward trend and
the possibility of limit
exceedance
Other areas Defined vulnerable zones in terms of Nitrate Directive

}

Speed and direction of groundwater convection

}

Proposal and realisation of cost-effective measures having preventive or moderating
effect on groundwater quality
(In the context of agricultural measures, typical remediation measures are not eligible.)

Fig. 4. The risk of diffuse groundwater pollution by nitrogen from the use of agricultural land in relation to draft
measures to maintain or improve the water status.

the N cycle as highlighted by Webb et al. (2010). Just the timing of N fertilizers and animal
manures (especially the liquid ones) can significantly contribute to the minimisation of N
loses through leaching without negative impact on crop productivity (that should be in rela-
tion to soil productivity potential of given site). As introduced by Torstensson et al. (2006),
key problem at the application of animal manure is the insufficient synchronicity between
mineralisation of organic N and its uptake by crop. In line with above mentioned, nitrogen
from organic manures, animal ones inclusive, is less manageable than fertilizer N that is im-
mediately available for root system of crops. Also covering of soil by winter crops, perennial
crops as well as winter catch crops is not insignificant (e.g. Dabney et al., 2001; Lacroix et al.,
2005). It is necessary to pay attention also to N loses from insufficient storage capacities for
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animal manures (e.g. ALTERRA, 2007, 2008). Above mentioned information was reflected at
definition of types of measures relevant for Slovak conditions (Bujnovsky, 2014).

More precise identification of the current sources of pollution, taking into account the
character of pollution, is indispensable precondition of setting up the therapy or prevention
through target-oriented and efficient measures. Any re-assessment of adopted measures in
agriculture related to water protection against pollution presupposes especially the clarifica-
tion of the scale of the challenge from agricultural pressures and the determination of the
efficiency of the adopted measures. As introduced by Schroder and Neeteson (2008), without
scientific insight in the causes of success and failure, there is a risk of focusing on the wrong
aspects.

In view of the above, the decisive basis for the selection and subsequent implementation
of effective measures in agriculture represent information about the risk of groundwater pol-
lution by nitrates in response to residence time of nitrates in groundwater and the status and
development trend of nitrate concentration in groundwater.

Conclusion

Understanding the main causes leading to the occurrence of an excessive pollution of
groundwater is the key to an effective solution of the mentioned problem. The starting point
for solving this problem is to identify areas that significantly contribute to current water
status via risk assessment.

The risk of diffuse pollution of groundwater by nitrogen from agricultural land is per-
ceived as a result of the interaction of vulnerability (determined by the characteristics of the
environment overlying groundwater in relation to the water transport or soil solution) and
loading of overlying environment by nitrogen.

Based on the evaluation, 5.18% of agricultural land of selected sub-basin falls into the
category of very high and high risk, 42.20% in the medium risk category and 52.62% in the
category of low and very low risk of diffuse pollution of groundwater by nitrogen from agri-
cultural land.

With regard to complexity of the given problem, there are considerable reserves and as-
sessment of the risk of diffuse pollution of groundwater by nitrogen is important part of the
whole picture. So, decisive basis for the selection and subsequent implementation of effective
measures in agriculture represent information about the risk of groundwater pollution by
nitrates in response to residence time of nitrates in groundwater and the status and develop-
ment trend of nitrate concentration in groundwater.
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